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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].

17
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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].

23




Chapter 1

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].

26



Introduction

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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ABSTRACT

Conversely to most tumour types, magnetic resonance imaging (MRI) was rarely
used for eye tumours. As recent technical advances have increased ocular MRI’s
diagnostic value, various clinical applications have been proposed. This systematic
review provides an overview of the current status of MRI in the clinical care of uveal
melanoma (UM) patients, the most common eye tumour in adults. In total, 158 articles
were included. Two- and three-dimensional anatomical scans and functional scans,
which assess the tumour micro-biology, can be obtained in routine clinical setting.
The radiological characteristics of the most common intra-ocular masses have
been described extensively, enabling MRI to contribute to diagnoses. Additionally,
MRI’s ability to non-invasively probe the tissue’s biological properties enables early
detection of therapy response and potentially differentiates between high- and low-
risk UM. MRI-based tumour dimensions are generally in agreement with conventional
ultrasound (median absolute difference 0.5 mm), but MRI is considered more accurate
in a subgroup of anteriorly located tumours. Although multiple studies propose that
MRI’s 3D tumour visualisation can improve therapy planning, an evaluation of its
clinical benefit is lacking. In conclusion, MRI is a complementary imaging modality
for UM of which the clinical benefit has been shown by multiple studies.
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INTRODUCTION

Although magnetic resonance imaging (MRI) has been used to image uveal melanoma
patients since its introduction in the 1980s [1,2], it was sparsely used in clinical practice
as eye-motion resulted in a low image quality. As a result, the diagnosis and treatment
of intra-ocular tumours was primarily based on ophthalmic imaging modalities, such
as fundoscopy and ultrasound, conversely to tumours in other parts of the body, where
advances in MR- and CT-imaging have significantly improved clinical care. In the last
decade, however, technical developments have enabled the acquisition of high-quality
MR-images of the eye and orbit [3,4,5,6,7,8,9,10]. As a result, MR-imaging has been
proposed for different ocular conditions such as inflammation, refractive conditions,
glaucoma and several malignancies [10,11,12,13,14,15,16,17,18,19,20,21].

For uveal melanoma (UM) patients specifically, multiple clinical applications of ocular
MRI have been proposed [11,22,23,24,25,26,27,28,29,30]. MRI makes it possible to
obtain a complete 3D visualisation of the eye and orbit, without the limited penetration
depth of ultrasound or fundoscopy [31,32]. This 3D visualisation makes MRI more
accurate in measuring the dimension of anterior tumours, especially if conventional
ultrasound is not able to visualise the entire tumour due to its limited penetration
depth or limitations in probe placement [32]. Furthermore, a study comparing MRI and
histopathological findings suggests that MRI is more reliable than ultrasound in the
detection of optic nerve invasion and extrascleral extension [28]. Different studies,
therefore, propose methods to use MRI to further advance the treatment planning
of these patients [33]. Additionally, MRI can probe different biological aspects of the
tumour without the need of a biopsy. These new imaging biomarkers have proven to
aid in the diagnosis and follow-up of patients with UM and other intraocular masses
and may also provide prognostic information [15,26,28,34,35,36,37,38,39].

With MRI emerging as a clinically valuable imaging modality for the eye, it is important to
understand its strengths and limitations from an ophthalmic perspective, especially since
a high level of care has already been attained with the conventional techniques. However,
as most ocular-MRI studies are described from a radiological or physics perspective, their
implications for ophthalmic clinical practice are often not fully explored. Therefore, we
systematically reviewed the ocular MRI literature from an ophthalmic perspective, with
particular attention to the clinical implications of MRI for patients with uveal melanoma.
In this review, we will describe the characteristics of UM on MRI, followed by possible
clinical applications of MRI in the differential diagnosis, treatment planning and follow-
up of these patients. Finally, these evaluations will be combined into indications for
ocular MRI in the care of patients with an intraocular mass.
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MATERIALS AND METHODS

This systematic review was carried out according to the PRISMA 2020 statement
[40]. PubMed and the Cochrane Library were searched for full-text articles in English,
published between January 2000 and December 2022 using the following term:

(“ocular ma*” OR “intraocular ma*” “Uveal melanoma” OR “Choroidal melanoma”
OR “iris melanoma”) AND (“magnetic resonance imaging [MeSH] OR “MRI”)

In Rayyan [41], all records were screened jointly by two authors (MJC, JWB) based on
the title and abstract. The full text was read for all potentially eligible records. Articles
were excluded if no details were provided on the use of MRI (full text only), it did not
involve an intraocular mass or only considered metastatic disease outside the orbit.
Additionally, studies that did not include in vivo MR-imaging were excluded. Single
case studies were excluded when larger studies were available on a similar topic.
These case studies are listed in Appendix A. The remaining articles were assessed to
determine the contribution of MRI in the clinical care for patients with an intraocular
mass. Furthermore, records were identified from reference lists of included studies.
An overview of the search and inclusion process is shown in Figure 1.

In this review, data from several studies were combined for quantitative MRI
measures of the tumour perfusion and diffusivity [11,26,28,34,35,36,37,38,42,43
,44,45]. Moreover, the data comparing ultrasound-based and MRI-based tumour
dimensions of different studies were combined in a Bland-Altmann plot in order
to provide a comprehensive evaluation of the agreement between these modalities
[3,28,32,33,46,47]. The methods for this review were not previously registered.
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Figure 1. Flowchart of the search and inclusion process.

UVEAL MELANOMA ON MRI

Modern ocular MRI scans are preferably performed on a 3T MRI scanner with a
surface coil as the increased signal to noise ratio delivers a higher diagnostic value
compared to scans acquired with a head coil or a 1.5 tesla scanner [10,21,48]. These
protocols preferably contain both two- and three-dimensional anatomical sequences
complemented with functional imaging [10,11,21]. The two-dimensional sequences
are particularly useful to evaluate anatomy, layer of origin and to assess the margins
of the lesion, while the three-dimensional sequences allow for a comprehensive
assessment of tumour geometry through multiplanar reconstructions. This three-
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dimensional evaluation proved to be particularly valuable in the determination of
the tumour dimensions in the context of therapy selection, planning and follow-up
[3,10,47]. In addition to these anatomical scans, functional MRI-scans provide different
quantitative imaging biomarkers which can aid in the differential diagnosis, staging and
assessment of therapy response [26,28,34,37,38,39]. It has been shown that these MRI
scans can be performed safely and reliably at field strengths up to 7 tesla, in patients
with modern intraocular lenses (IOL) or a Baerveldt glaucoma implant, after silicon oil
tamponade and with tantalum markers sutured to the sclera [33,49,50,51,52,53,54,55].

Anatomical Evaluation

In MRI, multiple images with different contrasts are generally jointly evaluated. These
different contrasts provide the complementary information needed to distinguish
different pathologies such as intraocular masses, associated retinal detachment,
necrosis and other treatment related effects [21,22,28,56,57,58]. For the eye, these
contrasts should at least include T2-weighted scans and T1-weighted scans, the latter
before and after administration of an intravenous gadolinium-based contrast agent
(Figure 2A-Q).

B. precontrast T1-WI
Eyelid e CEye"d
Cornea —

Lens Leme

Vitreous Vitreous

Figure 2. Transversal anatomical MR-images of a patient with a uveal melanoma (dagger)
and associated retinal detachment (white arrow). (A) On T2-weighted images, most lesions
are hypointense compared to the vitreous. (B,C) T1-weighted imaging before (B) and after
(B) contrast showing an hyperintense mass which is enhancing. Note that the choroid, extra
ocular muscles (EOM), ciliary body (black arrow) and eyelid also enhance.

The signal intensity characteristics of UM on these types of MR-images have been
described extensively [10,11,26,28,34,36,37,45,56,59,60,61,62,63,64,65,66,67,68,69,7
0,71,72,73,74,75,76]. As almost all intraocular lesions, including UM, are hyperintense
on T1- and hypointense on T2-weighted imaging compared to the vitreous, Ferreira
[28] proposed to use the choroid and nearby extraocular muscle as reference on T1-
and on T2-weighted imaging, respectively. Using these tissues as a reference, she
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described that UM are mostly hyperintense on T2-weighted imaging and hyperintense
or isointense on T1l-weighted imaging. The signal intensity on T1-weighted imaging
correlated significantly to pigmentation [28,72], which is also clearly visible in Figure
3B, where the melanotic part (blue arrow) is more hyperintense than the amelanotic
part (pink arrow). As opposed to retinal detachment, all UM, but also retinoblastomas
and haemangiomas, enhance after contrast administration [11,28,74,77,78]. These
characteristics are an important first step to differentiate UM from accompanying
phenomena, such as detachments of the retina and choroid, which can be identified
based on signal intensity and morphology [22,79]. The signal intensity of retinal
detachment varies based on its contents [11] and can have a similar signal intensity
as the UM on non-enhanced scans (Figure 2A,B, arrow). Therefore, contrast-
enhanced T1-weighed scans are important to differentiate retinal detachment from
UM, as the retinal detachment does not enhance (Figure 2B,C, arrow) [10,22,28].
Retinal detachment can be observed reliably on MRI [28,75]; however, small retinal
detachments might be missed on MR-images with poorer image quality [48,80,81].
Haemorrhagic retinal detachment and other intraocular haemorrhages are easier to
recognise in their subacute stage when they are hyperintense on native T1l-weighted
images and do not enhance after contrast administration [10,11]. In contrast to retinal
detachment, necrosis and inflammation are better depicted on T2-weighted imaging,
as is illustrated in Figure 3 [22,56]. Using the aforementioned features, MRl is able to
distinguish UM from accompanying features or other pathologies, such as peripheral
exudative haemorrhagic chorioretinopathy [25].

A T2-WI g D. 3D T1-Wi gd

_

8.1 mm

Figure 3. (A,B) patient with necrosis (A) in a bipartite uveal melanoma (cross). The amelanotic
part (B), pink arrow) is isointense, while the melanotic part ((B), blue arrow) is hyperintense
compared to the choroid on T1. (C) Extraocular extension (white arrow) is best visualised on
the contrast-enhanced T1-weighted scan with fat suppression. (D) A volumetric scan allows
for three-dimensional visualisation of the tumour and surrounding structures and provides
the most accurate dimension measurements (line) as the measurement plane (D) can be
reconstructed perpendicular to the sclera (dotted line).
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One of the advantages of MRI compared to ultrasound and fundoscopy is that the
complete orbit can be evaluated. This allows for a more accurate screening for
extrascleral extension, optic nerve invasion and inflammatory processes [11,15,2
7,28,29,30,82,83,84,85,86,87,88,89,90,91,92,93,94,95]. MRI generally outperforms
ultrasound in screening for extrascleral extension (Figure 3C) [27,28,29,30]. Only
small extrascleral extensions have been reported to be missed on both MRI and
ultrasound [28,29]. In the screening for extrascleral extension, it is important
to use fat-suppressed scans, as they provide better differentiation of a potential
extrascleral extension of the tumour and orbital fat [10]. Additionally, a three-
dimensional assessment of the enhancing extraocular component is advised, as the
muscle insertions might be mistaken for extrascleral extension [28,29,30]. Brisse et al.
reported only a limited accuracy in identifying optic nerve invasion in retinoblastoma
on their contrast enhanced T1 sequences (AUC = 0.64; 95% Cl, 0.55-0.72) [96]. On the
other hand, MRI was found to reliably demonstrate or exclude optic nerve invasion in
fourteen UM cases [28]. In this particular series, one case of optic nerve invasion was
missed on ultrasound, but seen on MRI. Therefore, Seibel et al. recommend performing
an MRI for all patients with a juxtapapillary located UM, as even small melanoma
might invade the optic nerve [97].

Functional Scans

In addition to these anatomical assessments, functional MRI can provide multiple
types of quantitative information on function and biology of an intraocular mass [15
,26,28,34,35,36,37,38,39,68,72,98,99,100]. In oncology, perfusion weighted imaging
(PWI) and diffusion weighted imaging (DWI) are the most commonly used functional
MRI techniques and have proven to be valuable in the differential diagnosis and
assessment of therapy response in other tumour sites.

Similar to fluorescein angiography, in PWI, an image is acquired every few seconds
during and after the administration of an intravenous contrast agent (Figure 4A,B).
Current clinical MRI scanners can acquire a three-dimensional image of the complete
eye with an isotropic resolution of at least 1.5 mm every 2 s [28,72]. As a result,
the complete lesion, and not only its ventral surface, can be assessed with PWI.
Additionally, the concentration of contrast agent can be determined on these images,
which, through pharmacokinetic modelling [72,101], provides quantitative information
of the tissue’s microvasculature [37,72,102].
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Figure 4. (A) The three different time intensity curves (TICs): A wash-out TIC of a UM patient
before treatment, a plateau TIC from the same patient 3 months after treatment and a
progressive curve in a patient with a schwannoma. (B) Four timepoints of the PWI-MRI of the
same UM patient before treatment, showing an increase in signal intensity in the tumour at
timepoint 0.5 and 1 min and decrease towards the end of the acquisition (4 min), resulting
in the green time intensity curve (A).

In clinical practice, the amount of signal enhancement, the peak intensity and the
temporal evolution of the enhancement are assessed [10,22,28,43,74]. This proves a
relatively straightforward description of the uptake and potential outflow of contrast
agent. For UM, a combined analysis of two studies showed a peak intensity of 1.60
0.39 (n =51) [28,43]. Absence of enhancement or lower peak intensities are indicative
for retinal detachment [10,22,28] or benign lesions [43], although haemangiomas
show a stronger enhancement than UM [74]. For the interpretation of these metrics,
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it is important to acknowledge that the lesion’s pigmentation is a confounding factor
on the observed enhancement [72].

Temporal evolution of the contrast uptake is visualised by a Time Intensity Curve
(TIC) and is commonly characterised as progressive, plateau or wash-out (Figure 4A)
[28]. Similar to other masses, the TIC shape of intraocular masses is indicative of its
malignancy. Benign lesions generally have a progressive or plateau TIC, whereas
malignant lesions often show a wash-out or plateau TIC [34]. A combined analysis
of two studies [28,34] shows that most UM showed a wash-out TIC (69%), whereas
the remaining UM showed a plateau TIC (31%). As a result, a progressive curve is
considered a clear indication that the lesion is of another aetiology, as it was not
observed in any of the UM patients. In UM, the amount of wash-out is reported
to decrease after radiotherapy and in these patients, progressive curves have been
observed (Figure 4A) [46]. Interestingly, these perfusion changes were observed
before changes in size became apparent, making PWI a potential early biomarker
of therapy response [46]. Quantitative analysis of these data, for example, through
pharmacokinetic modelling, is reported to be indicative for patient prognosis.
For example, higher peak intensities and transfer rates between blood plasma and
extravascular extracellular space were found in UM with monosomy 3, an important
genetic marker for metastatic risk [28,37].

The second commonly used functional MRI technique in oncology is DWI, a technique
which assesses the diffusion (i.e., mobility) of water molecules within a tissue. This
diffusion, quantified as an apparent diffusion coefficient (ADC) [102], is a reflection of
the tissue’s density and cell size and has been found to be a non-invasive biomarker
of a lesion’s malignancy [15]. For the eye, obtaining DWI has been challenging due to
eye motion and the magnetic field inhomogeneities present in the orbit, but several
DWI techniques have been developed, enabling ocular applications of this technique
[10,35,103,104,105,106].

In the orbit, a low ADC is indicative of malignant lesions, whereas benign lesions,
retinal detachment, inflammation and lesions after treatment tend to have an
ADC above 1.35 x 107 mm?/s [38,39]. Several studies measured the ADC of UM
[11,28,36,37,44,45] and found a combined ADC of 1.11 £ 0.24 x 107> mm?/s (Figure 5).
Interestingly, one of these studies consistently reported lower ADC values for both
the UM and vitreous [36], illustrating the importance of locally validating the used
protocol against the values presented in literature [107].
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Figure 5. (A) Two-thirds of the perfusion classifications in UMs show a wash-out TIC, whereas
most benign lesions have a progressive curve, which is not observed in UM. Plateau TICs are
observed in both benign and malignant ocular masses [28,34,41]. On average, UMs show
a relative enhancement of 1.6 after contrast administration [28,42]. (B) The ADC value, a
measure of diffusion, of UM is 1.11 = 0.24 x 107 mm?/s (gray area), which is lower than most
benign orbital lesions and higher than orbital lymphoma [26,28,35,36,37,38].

DIFFERENTIAL DIAGNOSIS

Conventional ophthalmic imaging, such as ultrasound and fundoscopy, is generally
sufficient to differentiate UM from other intraocular masses [108,109]. However, in
some patients, not all necessary criteria can be accurately evaluated due to the size
and/or location of the mass or due to the presence of opaque media such as cataract,
vitreous haemorrhage or massive choroidal effusion [11,28,110,111]. In these cases,
MRI can contribute to the differential diagnosis, as it can assess different aspects of
the lesion such as its origin, signal intensities and functional parameters. Although
prospective studies on the accuracy of MR-based differential diagnosis of intraocular
masses are still lacking, several studies and case reports provide indications of its
current value.

Different studies showed that by using only anatomical information, such as location,
origin and signal intensity, MRI can contribute to the differential diagnosis for
various intraocular masses including retinal pigment epithelium adenomas [73],
cysts [112], retinoblastoma [21,77,113,114,115], Coats disease [116], uveitis [15,117],
choroidal effusion [118], neurofibroma [119] and UM [120,121]. Additionally, different
reports showed that anatomical MRI can identify choroidal haemangioma [74,122],
schwannoma [123,124] and scleritis [125,126]. However, other studies report that
relying on anatomical characteristics alone can result in an inconclusive or even
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erroneous interpretation of the images, as the anatomical characteristics are often
similar for distinct pathologies. For example, although UM are commonly hyperintense
on T1 due to their pigmentation, making this an important clue in the differential
diagnosis, melanocytomas are also hyperintense on T1. Furthermore, as approximately
15% of UM are unpigmented [28,127,128], the lack of T1-hyperintensity alone is not
sufficient to exclude UM from the differential diagnosis. As a result, an MR-based
diagnosis without inclusion of functional scans has been reported to be inconclusive
for teratocarcinosarcoma [129], malignant rhabdoid tumour [130], leiomyoma
[131,132], lymphoma [133] and intraocular metastasis [75,94].

Given the different perfusion and diffusion characteristics of distinct intraocular
and orbital masses, it is recommended to include functional imaging when the
presence of a mass in the eye or orbit is expected [11,15,17,28,134]. Based on signal
intensities alone, schwannomas, for example, can appear similar to an amelanotic
UM [123], although the observed heterogeneous enhancement is less typical for UM
[94,113,124]. PWI, however, provides a much stronger differentiation, as the observed
progressive TIC (Figure 4) has not been found in any UM [124]. Similarly, lymphomas
can be difficult to differentiate from UM on T1- and T2-weighted imaging [133].
However, the very low ADC values observed in lymphoma, 0.66 = 0.09 x 1073 mm?/s
compared to 1.11 = 0.24 x 107> mm?/s for UM, can provide a clear indication of the
lesion’s diagnosis [38,135,136,137,138]. Furthermore, one study reported the use of an
MRI-based radiomics model to differentiate uveal melanoma from other intraocular
masses, such as ocular metastases and melanocytomas [100].

THERAPY PLANNING

Conventionally, MRI has had a limited role in ocular radiotherapy [139,140]. A notable
exception has been stereotactic radiosurgery, where MRI is reportedly being used to
complement CT imaging [141,142,143,144,145,146,147] and has shown to contribute
to an increase in local control [148]. However, for other forms of ocular radiotherapy,
such as brachytherapy and proton beam therapy, the therapy is planned using a dome-
shaped model to approximate the tumour geometry. This model is conventionally
based on the tumours prominence and basal diameters as obtained by ultrasound,
complemented by intra-operative data and optical imaging [139]. In contrast to
this approximate description of the tumour geometry, MRI is proposed to provide a
complete three-dimensional visualisation of the tumour and surrounding structures [3].
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In general, a good agreement between ultrasound and MRI-based tumour dimensions
is found (Figure 6) [30,32,33,46,47]. However, MRl was considered more reliable when
the full tumour extent could not be visualised on ultrasound [32]. In these cases, a
discrepancy between the modalities was often observed. Four studies [28,32,33,46]
compared ultrasound- and MRI-based tumour dimension measurements using a
modern MRI protocol, including three-dimensional contrast enhanced scans [48]
with an isotropic acquisition resolution of at least 1.0 mm. A combined analysis of
72 patients (Figure 6) showed that, on average, the ultrasound measurements were
slightly larger than the MRI measurements (p < 0.01, Prominence; median 6.3 mm
vs. 6.1 mm and largest basal diameter (LBD); 14.7 mm vs. 14.0 mm). The full tumour
extent was more often not visible in anterior tumours compared to posterior tumours
(78% and 22% respectively, p < 0.001), which resulted in an increased median absolute
difference in prominence of 0.2 mm and LBD of 1.2 mm, respectively (Figure 6C), with
both MRI and ultrasound measurements performed including sclera.
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Figure 6. Comparison between MRI and ultrasound-based tumour measurements. Although
both modalities generally are in agreement (A), larger differences are found for anterior
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Figure 6 Contiuned

tumours (A,B), orange markers in (D,E) and when the full tumour extent was not visible on
ultrasound ((C), open circles in (D,E)). Overall, the prominence and LBD measurements were
larger on ultrasound (Wilcoxon signed-rank test, p < 0.01) (F) and anterior tumours were
more often not fully visible on ultrasound (p < 0.001) (G). Small tumours were defined as
tumours with a prominence including sclera <7 mm and an LBD < 16 mm.

Although several studies have shown the feasibility of fully three-dimensional MRI-
based therapy planning [97,135,136,149,150,151,152], none of these methods are
available clinically. A recent study showed that MRI can also improve the conventional
model-based, planning, as in specific cases, it provided more accurate axial length
and tumour-marker distance measurements [33]. Moreover, modern planning systems
such as OCTOPUS, RayOcular and Plaque Simulator do provide the option to show MR-
images in the therapy planning, which can subsequently be used to verify, and, when
needed, adapt, the model-based treatment plan to conform the three-dimensional
visualisation of the MRI [139,153,154,155,156]. Others propose therapy planning by
fusing MR-images with fundus photographs, to provide a better localisation of the
fovea, one of the main organs at risk in ocular radiotherapy, which is unfortunately not
visible on MRI [81]. In this context of increasing the accuracy of ocular radiotherapy,
it is comforting to know that no significant changes were observed in tumour and eye
shape between the prone MRI-scanning position and the sitting position used during
ocular proton therapy [157].

Furthermore, two studies have shown the feasibility of verifying brachytherapy plaque
position with 1.5 tesla MRI [152,158]. However, the clinical benefit of this application
still needs to be demonstrated.

FOLLOW-UP

A reduction in tumour prominence or volume, as obtained by ultrasound, is clinically
one of the primary signs of therapy response [46,159,160,161]. In general, a rapid
reduction in tumour prominence is observed after brachytherapy, while after ocular
proton beam therapy, an initial stable of even a temporarily increase in prominence is
not uncommon. For UM patients, 3 months post ruthenium brachytherapy, a clinically
significant reduction in prominence is already apparent on both MRI and ultrasound
[46]. In proton therapy, however, this reduction can take months up to a year to occur
and a temporary increase in tumour prominence is not uncommon [161].
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Several studies showed that MRI can be used to quantify the reduction in tumour
size after treatment [46,162,163,164,165]. One study prospectively compared MRI and
ultrasound-based prominence measurements for patients treated with proton beam
therapy or brachytherapy [46]. In this study, ultrasound and MRI were generally in
agreement, but treatment-induced effects, such as extraocular inflammation, resulted
in an overestimation of the tumour prominence on ultrasound in some patients at 3
and 6 months post treatment. Additionally, this study reported that the volumetric
assessment provided by MRI enabled a more reliable evaluation of the small changes
in volume in the first months after proton therapy.

Different studies propose that functional MR-imaging can provide early biomarkers of
therapy response [26,44,46]. Favourable PWI changes, such as a decrease in wash-out,
have been observed as early as 3 months after treatment, and also when changes
in size were not yet apparent [46]. Other studies propose an increase in ADC as a
measure for therapy response [26,44,46,163]. Although, on average, the diffusivity
indeed increases after therapy, the confounding effect of (micro)necrosis might not
make it a useful biomarker on the individual patient level [46,56]; by a .

Finally, exudative retinal detachment and sick tumour syndrome, a known side
effect of irradiation in patients with an intraocular mass, is sometimes treated
with vitrectomy with tumourectomy and silicon oil tamponade. As the silicon oil
prevents accurate ultrasound imaging, follow-up with conventional ophthalmic
imaging is hindered. Monitoring these patients with MRI has been reported to
prevent secondary enucleation by differentiating local tumour recurrence from scarred
tumour residue [53].

DISCUSSION

In recent years, different MRI techniques dedicated for imaging the eye and orbit
have become clinically available, enabling the acquisition of high quality MR-images
of the eye in regular clinical care. As a result, an increasing number of ophthalmic
applications of MRI has been proposed in the last five years, especially related to
ocular oncology. This increase can also be observed in the scientific literature, where
the number of ocular oncology-related MRI-studies increased from 55 in 2000-2005
to 151 for the last 5 years. Moreover, since the radiological characteristics of the most
common primary ocular tumours, UM and retinoblastoma, have now been extensively
described, MRI can provide a similar contribution to the care for ocular oncology
patients as it does for patient groups with other tumours.
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From an imaging point of view, the eye is a relatively unique organ as it can be
accurately imaged with optical techniques. Conversely to other tumour sites, adequate
care can often be provided for intraocular masses without radiological imaging, as
the ophthalmic imaging modalities provide sufficient information for its diagnosis,
treatment and follow-up [11,28]. Notwithstanding the clinical importance of these
conventional modalities, multiple studies show the added value of MRI in specific
cases, as MRI can provide information not attainable with optical and ultrasonic
imaging. In particular, three-dimensional visualisation of the eye and tumour, and
functional assessments of the lesion’s biology, especially diffusion and perfusion
weighted imaging, provide clinically valuable complementary information.

Although fundoscopic and ultrasonic imaging are generally sufficient for accurate
diagnosis of intraocular masses, in various situations they cannot provide a definite
diagnosis, such as for lesions behind the iris, and in cases with an accompanying vitreous
haemorrhage or dense cataracts. Now, the anatomical and functional characteristics
of a lesion on MRI can aid in the diagnosis for these cases, instead of an invasive
biopsy. For a reliable evaluation of the MR-images, it is, however, critical that the
radiologist is sufficiently acquainted with the appearance of intraocular masses on MR,
especially since not all radiological characteristics of all types of intraocular masses
are known, nor have a 100% specificity. As a result, definite diagnoses based on MRI
alone can be challenging. However, as a comprehensive radiological description of UM
is available, a differentiation between UM and other masses is, in our experience, often
possible, especially in a combined evaluation with ophthalmic data. In this context,
communication between the radiology and ophthalmology professions is vital. In our
experience, an MRI can also be beneficial in an atypical presentation of a mass, for
example, for a very young patient with a lesion which, on ophthalmic imaging, appears
as a UM. While especially the functional MRl measures can provide an independent
confirmation of the diagnosis, we have also seen different cases where these biomarkers
combined with MRI’s visualisation of the mass’s internal structures, point towards a
different diagnosis, which was then later confirmed through biopsy. In general, MRI
can be used as an additional diagnostic tool, especially for atypical presentations of
intraocular lesions, if visualisation is impossible with conventional ophthalmic imaging
methods or in situations where the diagnosis is uncertain.

For the treatment selection of intraocular masses, the benefit of MRI mainly depends on

the type of lesion and the available treatment options. For example, in retinoblastoma,
the main goal of the MRI is diagnostic confirmation and detection of local tumour extent
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[21]. Although for UM, three-dimensional visualisation on MRI generally provides a more
accurate size determination than conventional ultrasound [32,33], the current treatment
protocols effectively incorporate these uncertainties, resulting in high rates of local
control (>95%) [166,167]. When, however, multiple treatment options are available for
the patient based on tumour dimensions, for example, brachytherapy and proton therapy,
a small change in tumour dimensions can have a direct impact on the choice of treatment
modality [3]. As small UM are generally accurately assessed with ophthalmic imaging, an
MRI is generally not indicated for treatment selection and planning. However, for larger
and anteriorly located UM, larger differences are observed between MRI and ultrasound
measurements. In these cases, especially when the full tumour extent cannot be visualised
on ultrasound, we advise performing an MRI, given the >0.5 mm difference in prominence
in 72% of these patients (Figure 6). In addition to these size measurements, MRI can
reportedly provide a more reliable screening for optic nerve invasion and extrascleral
extension. For juxtapapillary tumours, an MRI has, therefore, been advised [97]. When
an extrascleral component is suspected, we do advise performing an MR, as it might not
only impact treatment selection, but also aid in surgical planning.

Given the relatively the set dimensions of ruthenium plaques used in ocular
brachytherapy, an MRl is generally of limited value for treatment planning purposes in
ruthenium brachytherapy. When treating with COMS iodine plaques, which allow for a
customisation of the spatial dose profile [168], MRI could be incorporated in treatment
planning. Although in the Eye Physics Plaque Simulator, a planning software for
these plaques, MR-images can be used as an input for the planning; the clinical
benefits of this step have not yet been published. For ocular proton therapy, MRI is
increasingly being used, and was considered the second most important area of future
developments [169]. While the conventional model-based approach to treatment
planning, as used in EyePlan and EOPP, does not rely on radiological imaging, more
modern treatment planning software, including OCTOPUS and RayOcular, do provide
the incorporation of MR-images in the planning. Although an evaluation of the benefit
of adding three-dimensional MRI-visualisation to the ophthalmic imaging is still
subject of current studies [81,135,149], we recently showed that adding MR-based
measurements to the conventional model-based planning can provide a more accurate
description in 20/23 patients [33].

Compared to the diagnosis and treatment of intraocular masses, the value of MRI in
the follow-up after treatment has been studied less extensively. Conventionally, a
reduction in tumour prominence is considered the primary sign of therapy response.
UM treated with brachytherapy generally show a rapid reduction in prominence, making
the use of MRI for follow-up of little clinical value for these patients. For patients
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treated with ocular proton therapy, however, such a reduction in prominence can
take up to a year to become apparent, suggesting that an alternative biomarker of
therapy response could be of value. Until present, only two studies have prospectively
assessed MRI in the follow-up of these patients [26,46]. Although functional MRI,
especially perfusion weighted imaging, is proposed as an early biomarker of therapy
response, independent validation of these findings in a larger cohort is still needed.

With the advent of new treatments for specific types of metastatic spread of UM [170,171],
MRI-based staging and prognostication of intraocular masses might become clinically
relevant in the coming years. Different studies have shown that known histopathological
variants, such as monosomy 3 and the presence of microvascular loops, result in different
perfusion characteristics that can be detected with MRI [28,37]. Future studies should
validate these findings in larger patient groups, as well as investigating the relation of
perfusion-weighted MRI with other genetic factors, such as BAP1, EIF1AX and 8q status.
An additional area that warrants further prospective evaluation is the benefit of MRI in
the differential diagnosis. In this respect, it would be beneficial to provide a diagnostic
framework that combines the information of optical and MR-imaging, as, in our experience,
this combination of disciplines provides pivotal clues for an unambiguous diagnosis.

Although performing an MRI-scan has proven to be cost-effective for specific
indications, such as for treatment decision-making in tumours with an intermediate
size [33,172], the wide availability and immediate access of the ophthalmic modalities
will most certainly make them stay the primary imaging modality for ocular masses
for the coming decade. Nevertheless, given the increase in (biological) information
attainable by MRI, an increasing contribution of MRI in ocular oncology is expected.

CONCLUSIONS

With the advances of ocular MRI, a new way of visualising the eye and orbit has emerged
which complements the information provided by the more commonly used fundoscopic
and ultrasound imaging. MRI can aid differential diagnosis for atypical presentations of
intraocular lesions, especially when visualisation is impossible or limited with conventional
ophthalmic imaging methods. For these patients, the additional information provided by
MRI might mitigate the need for an intra-ocular biopsy. Furthermore, when the tumour
thickness and basal diameters make the patient eligible for multiple treatments, the
three-dimensional visualisation of MRI can aid treatment decision making. Furthermore,
we advise performing an MRI if optic nerve invasion or an extrascleral component is
suspected. Finally, first evidence has been provided of the benefit of including MRI for

56



Review: MRl in UM patients

ocular proton beam therapy planning and the use of perfusion-weighted MRI as an early
biomarker for treatment response assessment.

APPENDIX A

A list of case studies which were excluded when larger studies were available on a

similar topic.
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ABSTRACT

Background & purpose

Magnetic resonance imaging (MRI) is increasingly used in treatment preparation
of ocular proton therapy, but its spatial accuracy might be limited by geometric
distortions due to susceptibility artefacts. A correct geometry of the MR images is
paramount since it defines where the dose will be delivered. In this study, we assessed
the geometrical accuracy of ocular MRI.

Materials & methods

A dedicated ocular 3 T MRI protocol, with localized shimming and increased gradients,
was compared to computed tomography (CT) and X-ray images in a phantom and
in 15 uveal melanoma patients. The MRI protocol contained three-dimensional T2-
weighted and T1-weighted sequences with an isotropic reconstruction resolution of
0.3-0.4 mm. Tantalum clips were identified by three observers and clip-clip distances
were compared between T2-weighted and T1-weighted MRI, CT and X-ray images for
the phantom and between MRI and X-ray images for the patients.

Results

Interobserver variability was below 0.35 mm for the phantom and 0.30(T1)/0.61(T2)
mm in patients. Mean absolute differences between MRI and reference were below
0.27 £0.16 mm and 0.32 # 0.23 mm for the phantom and in patients, respectively.
In patients, clip-clip distances were slightly larger on MRI than on X-ray images (mean
difference T1: 0.11 + 0.38 mm, T2: 0.10 # 0.44 mm). Differences did not increase at
larger distances and did not correlate to interobserver variability.

Conclusions

A dedicated ocular MRI protocol can produce images of the eye with a geometrical
accuracy below half the MRI acquisition voxel (<0.4 mm). Therefore, these images can
be used for ocular proton therapy planning, both in the current model-based workflow
and in proposed three-dimensional MR-based workflows.
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INTRODUCTION

Ocular proton therapy (OPT) results in high local control rates and is therefore one of
the primary treatments for uveal melanoma [1], [2], [3]. Treatment planning in ocular
proton therapy is generally based on a geometrical model which is rigidly rescaled to
patient-specific eye dimensions. Therefore, definition of the target and organs at risk
(OAR) conventionally relies on several ophthalmological modalities, such as ocular
ultrasound and fundoscopic imaging, and the surgical placement of tantalum clips,
which can be identified in the eye treatment room with X-ray imaging [4].

Ocular Magnetic Resonance Imaging (MRI) offers three-dimensional imaging with
soft tissue contrast that is superior to other imaging modalities, such as ultrasound
and Computed Tomography (CT) [5], [6]. Therefore, it is increasingly used in ocular
oncology for diagnosis, treatment decision making and treatment preparation [7], [8],
[9], [10]. In the context of ocular proton therapy planning, MR-based measurements
such as tumour dimensions and clip-tumour distances have been proposed to improve
the accuracy of the current, model-based, treatment planning [4], [11]. Furthermore,
several centres are exploring the possibility of moving towards three-dimensional
(3D) MR-based ocular proton therapy [12], [13], [14], [15].

In MR-guided radiotherapy, susceptibility artefacts caused by the boundaries between
air and different tissues can limit the spatial accuracy of MR images [16]. In ocular MR,
such geometric distortions may be caused by the nasal and oral cavities and orbital
bone. At the eyelids, a wet gauze has been proposed to mitigate these artefacts [10],
[17], [18]. Although in other tumour sites acceptance criteria for geometric distortions
up to 1-2 mm have been described [19], for the eye sub-millimetre differences can
already have direct clinical implications, the most important being underdosage of
the tumour [11], [20], [21]. In general, geometric distortions caused by magnetic field
inhomogeneities scale with measured distance, suggesting that their extent will be
limited in a small organ such as the eye.

A complicating factor in the use of MRI for OPT planning is the use of tantalum
fiducial clips, which are sutured onto the sclera and are used for treatment planning
and daily position verification. Although the MR-safety of these clips has been shown,
they can result in signal void artefacts [22]. Several strategies have been proposed to
mitigate these artefacts, such as the use of a spin echo sequence, localized shimming
and increased gradient strengths (>22 mT/m) [11]. Several studies suggest that, when
such a dedicated ocular MRI protocol is used, potential geometric distortions on the
MR images are limited, as there is a high level of agreement between MRI and other
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modalities, such as the optics-based eye length measurements [23], [24]. However,
moving towards 3D MR-based OPT, the geometrical accuracy of the used MR images
becomes increasingly relevant, as possible distortions may result in an incorrect target
definition, possibly leading to a tumour underdosage or an increase in OAR toxicity.

Although the use of MRI has advantages in terms of 3D imaging and soft tissue
contrast, possible geometrical distortions would contribute to treatment uncertainties.
Therefore, the aim of this study was to assess the geometrical accuracy of a dedicated
ocular MRI protocol for ocular proton therapy planning. To this end, clip-clip and
landmark-landmark distances were assessed on the proposed MRI protocol and on
X-ray and CT images in a phantom and in patients.

METHODS

The geometric accuracy of the ocular MRI protocol currently used clinically for
proton therapy planning at the Leiden UMC and HollandPTC (proton therapy centre)
was assessed in a phantom and in patients.

The phantom (Fig. 1A-C) consisted of a cellulose acetate butyrate head-shaped shell
(Phantom Laboratory LiquiPhil Head, Salem, New York, United States) filled with a
saline solution, two 3D-printed polyamide grids as geometric reference and several
air-filled tubes, mimicking the oral and nasal cavities (Fig. 1A-B). To one of the grids,
five tantalum clips (Altomed Limited, Boldon, England), with a diameter of 2.5 mm and
a thickness of 0.17 mm, were glued (Fig. 1C-D). Furthermore, nine intersections of the
grid served as landmarks (Fig. 1E). These were chosen to have a landmark-landmark
distance representative for the field of view of the scans.

For the in vivo evaluation, data of 15 consecutive uveal melanoma patients, referred
to HollandPTC by the Leiden UMC, were retrospectively analysed after approval of the
local ethics committee and having obtained written informed consent. All patients
underwent clinical MRI scans to prepare for proton therapy. Patients had a median
tumour prominence (including sclera) of 8.3 mm (range 2.4-11.4 mm) and a median
largest basal diameter of 14.2 mm (range 7.9-17.6 mm), with 6/15 tumours being
located in the left eye. Most tumours had a central localization (10/15), with 3/15
tumours located mid-peripherally and 2/15 peripherally. The clips were placed by an
ocular oncologist, adjacent to the tumour.
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Imaging

The evaluated MRI scans are part of a protocol that was described earlier [11] and
were obtained at two 3 T scanners (phantom: Ingenia, patients: Ingenia Elition, Philips
Healthcare, the Netherlands) with a 4.7 cm surface receive coil (Philips Healthcare),
placed on the affected eye [25]. The scan parameters from this MRI protocol differ
from earlier described diagnostic protocols [7], [25] as it includes localized first-
order shimming, increased gradient strengths and resulting minimal water-fat shift,
spin echo (SE) sequences and higher refocussing angles to minimize tantalum clip
induced artefacts. These modifications of the acquisition parameters result in higher
geometrical accuracy at the cost of signal-to-noise. From the complete protocol, the
3D T2-weighted and T1-weighted SE sequences were assessed, as these are suitable
for image-based radiotherapy planning. AlL MR scans had an isotropic reconstruction
resolution of 0.3-0.4 mm (Table 1). In accordance with local clinical protocol, all
sequences were performed without fat suppression to improve clip visibility. A shim
volume of 65 x 60 x 55 mm?® was placed around the eye. For the patients, the T1-
weighted scan was obtained after administration of 0.1 mmol/kg of gadoterate
meglumine (DOTAREM, Guerbet, Roissy CdG Cedex, France) [11]. Patients were
supported by a head rest (Fig. 21) and were asked to keep their eyes closed during
the exam, without specific gazing angle instructions.
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Figure 1. Phantom set-up. (A,B) The head-like phantom, (C) Five tantalum clips were glued
onto one of the polyamide grids. These tantalum clips (D-F) and nine grid intersection
landmarks (G-1) were identified by three observers in a 3D viewer on T2-weighted MRI (D,G),

T1-weighted MRI (E,H), X-ray (F) and CT images (I).
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A: T1gd-weighted MRI

B: T1gd-weighted MRL_RC: T1gd-weighted MRI

sagittal

D: T2-weighted MRI

E: T2-weighted MRI

H: X-ray images

left-right posterior-anterior

Figure 2. Images used in the patients: 3D contrast-enhanced T1-weighted (T1gd) MRI (A-C),
3D T2-weighted MRI (D-F), and X-ray images (G,H) and the patient set-up (l). Tantalum clips
were identified on MRI and X-ray images by three observers.

As a ground-truth reference for the tantalum clip position both in the phantom and
in patients, X-ray images from the eye treatment room (ETR) were used. For the
grid intersection landmarks in the phantom, CT scans (SOMATOM Definition Edge,
Siemens Healthineers, Erlangen, Germany) were used as a reference, as these were
not visible on the X-ray images. The X-ray images consisted of one anteroposterior
image (resolution 0.10 x 0.10 mm?) and one lateral image (0.08 x 0.08 mm?) in the
treatment gazing direction, fixated by a LED and verified with an in-room camera.
As the feet-head coordinate of the clips was represented in both the anteroposterior
and lateral images, the average position was used for comparison with the MR images.
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The CT scans had an in-plane resolution of 0.3 x 0.3 mm?, with a slice thickness of
0.5 mm and were obtained at 120 kV. To compare the tantalum clips positions on CT
scans to the X-ray images, an additional CT scan was obtained at 140 kV with a metal
artefact reduction protocol (Supplementary Fig. 1). More details about the imaging
protocol are listed in Table 1.

Analysis

For both the phantom and patient data, the tantalum clips were manually identified
by three observers (LK, MH, JWB) in a 3D viewer in MevisLab (MeVis Medical Solutions
AG, Bremen, Germany) (Fig. 1, Fig. 2). Similarly, for the phantom, nine grid intersection
landmarks were identified. Clip-clip distances were compared between MRI and X-ray
images, and landmark-landmark distances were compared between MRI and CT.

To assess possible systematic displacement of the centre of the clip-induced
susceptibility artefacts with respect to the anatomy, four additional grid intersection
landmarks were identified at the clip side of the phantom (Supplementary Fig. 2). With
these additional landmarks, four clip-landmark distances were measured. Differences
between CT and T1-weighted and T2-weighted MRI were assessed in the left-right,
anteroposterior and craniocaudal direction. Furthermore, to assess how accurate
clip locations on MRI can be translated to location in the eye treatment room, rigid
iterative closest point registration was performed between the T1-weighted MRI and
X-ray clip locations per patient [26]. Means and standard deviations of the residual
errors were reported.

Finally, the largest diameter of the clip artefact was measured in a 3D viewer using
a multiplanar reconstruction on all MRl sequences and on CT.

Statistical analyses

Interobserver variability for clip/landmark identification was determined by
calculating the average distance to the average clip or landmark position for all
three modalities. Furthermore, interobserver variability for clip-clip and/or landmark-
landmark distances was expressed as the standard deviation from the mean clip-clip
distance between the three observers.

Mean differences and mean absolute differences between the clip-clip distances on
MRI and the reference modality were assessed. Furthermore, to assess the effect of
possible magnetic field inhomogeneities, the correlation between landmark-landmark
or clip-clip distance and difference between MRI and the reference was assessed
using either Pearson’s r for normally distributed data or Kendall's tau for non-normally
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distributed data, depending on the results of the Shapiro-Wilks test for normality.
Furthermore, the correlation between CT/X-ray-MRI differences and interobserver
variability was assessed in the same way.

RESULTS

Interobserver variability

Observers agreed well on clip and landmark positions in the phantom: mean
distances to mean clip or landmark position were below the acquisition voxel size
for all sequences and imaging modalities, except for the T2-weighted MRI in patients
(range 0.04 mm - 0.61 mm, Table 2). In patients, the mean distance to mean clip
location for three observers was 0.05 mm, with standard deviations between clip-
clip distances of 0.03 mm. For the contrast-enhanced T1-weighted MRI scans, the
mean distance to mean clip location for three observers was 0.30 mm, a similar
interobserver variation as in the phantom (Table 2). Similar interobserver variabilities
were observed for clip-clip and landmark-landmark distances, with all mean SDs
below 0.28 mm (Supplementary Table 1).

Table 2. Interobserver variability between 3 observers for clip and landmark identification
on MRI and CT in a phantom and in patients.

Inter-observer variability: Mean distance to mean clip or landmark position [mm]

Phantom Patients (n = 15)
Clips (n = 5) Landmarks (n = 9) Clips (n = 59)
T1-weighted MRI 0.35+0.11 0.08 £0.03 0.30 £ 0.09
T2-weighted MRI 0.13 £0.04 0.11 £0.02 0.61£0.19
cT 0.15 £0.05 0.21 £ 0.05 -
X-ray 0.04 £0.02 - 0.05+0.01

Differences in clip-clip and landmark-landmark distances

For the phantom, mean absolute differences between MRI and the reference were
below 0.27 £ 0.16 mm for the clips and 0.20 = 0.14 mm for the landmarks, for distances
up to 37 mm (Fig. 3, Supplementary Fig. 3). In patients, clip-clip distances were
slightly larger on MR than on X-ray images, with a mean difference of 0.11 mm #
0.38 mm for T1 and 0.10 £ 0.44 mm for T2 (Fig. 3). This effect was not observed in
the phantom, with mean differences of 0.03 + 0.31 mm and -0.04 = 0.16 mm for T1
and T2, respectively.
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Differences between MR and X-ray images were not correlated to the clip-clip distance
for the phantom (Supplementary Fig. 3, Pearson’s r = -0.01, p = 0.87) or in patients
(Fig. 4A, Pearson’s r = 0.17, p = 0.12), suggesting that geometrical distortions due
to magnetic field inhomogeneity were minor or absent. In some patients with clips
located close to the tumour edge, a local distortion of the tumour contour was
observed on the MR images due to the clip’s signal void artefact (Fig. 4B). MRI-
reference differences did not correlate with interobserver variation on MRI for both
the phantom and patients (Supplementary Fig. 3).

Other analyses

Largest diameters of the tantalum marker signal void in the phantom were, on average,
4.7 mm for T2-weighted MRI, 4.6 mm for T1-weighted MRl and 18.7 mm for CT.

In the phantom, the mean absolute difference of the clip-clip distances between CT
and X-ray was 0.16 # 0.06 mm.

In the assessment of systematic clip displacement in the phantom with respect to the
landmarks, differences between CT and T1-weighted MRI were 0.29 £ 0.30 mm, 0.25
£0.29 mm and -0.36 * 0.44 mm in the left-right, anteroposterior and craniocaudal
directions, respectively. For T2-weighted MRI, differences were 0.43 * 0.43 mm, 0.22
£ 0.33 mm and 0.04 £ 0.33 mm, respectively.

After registration of the clips on the contrast-enhanced T1-weighted MRI to the clip
location on X-ray images, mean differences below 10-6 mm and standard deviations of
0.17,0.25 and 0.16 mm for the left-right, anteroposterior and craniocaudal directions
were observed. Differences between directions were not significant (p = 1.00).

Figure 3. (A) Difference in clip-clip and landmark-landmark distances between MRI and the
reference (X-ray for the clips and CT for the landmarks) in a phantom and in patients. (B)
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Mean absolute differences (£SD) and mean differences (£SD) were below half the acquisition
voxel size for all sequences.

Figure 4. Difference between X-ray and MR images for clip-clip distances in patients. (A)
Mean clip-clip distances were on average 0.1 * 0.4 mm larger on MRI. Differences were not
larger at larger distances (Pearson’s r = 0.07, p = 0.33). (B) For some clips located close to the
tumour, a local distortion of the tumour shape was observed. Below the clip a local increase
in signal is observed, due to the local inhomogeneous magnetic field.

DISCUSSION

In this paper, the geometrical accuracy of a clinically used ocular MRI protocol was
assessed. Both in the phantom and in patients, differences between MRI and the
reference (CT or X-ray images) were smaller than half the MRI acquisition voxel (<0.4
mm). These differences were observed over distances up to 37 mm, which is more
than the typical diameter of the eye (approximately 24 mm), and therefore larger
than the dimensions relevant for ocular proton therapy. Results were similar between
T1-weighted and T2-weighted sequences, but in patients, larger interobserver
variation was observed for clip identification on the T2-weighted scans. This larger
interobserver variation may be caused by the difficulty of finding the clip centre due to
the longer echo train of the T2-weighted scan (Table 1). As differences between MRI
and the reference did not increase at larger distances, we can conclude that magnetic
field inhomogeneities are limited in this specific MRI protocol. In patients, clip-clip
distances on MRI were on average 0.1 mm larger than on the X-ray images. This is
likely related to the fact that the clip-induced signal void and the sclera are both
hypo-intense on all MR-sequences, making the centre of the clip appear slightly more
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outward of the eye. We explored whether automatic clip detection, as for example
proposed for prostate radiotherapy [27], [28], [29], was feasible for this protocol,
but this generally resulted in larger errors between MRI and X-ray images (Appendix
A). Possible displacements of the tantalum clip artefact centre with respect to grid
intersection landmarks were assessed in the phantom, resulting in mean differences
in clip-reference distances between MRI and CT below half an MRI acquisition voxel,
which can likely be attributed to large clip-related artefacts on CT (Supplementary
Fig. 1).

The results from this study correspond well to the literature on geometric accuracy
of MRI for radiotherapy planning in other tumour sites: in patients with prostate
cancer, mean differences below 1 mm were reported [30]. Comparable results were
found in geometrical accuracy of MRI for neurological tumours, with differences up
to 0.6 mm and 1.3 mm reported in different studies [31], [32]. In a phantom study,
mean differences of 0.2 mm between clip location on MRI and true clip locations
were described [33]. Furthermore, another phantom study evaluated several MRI
protocols with thicker slices of 1 mm at 1.5 and 3.0 T and found mean distortions of
0.5 to 0.8 mm [34].

Uncertainties regarding MRI imaging are below half an acquisition voxel and
are smaller than some uncertainties in the current target definition, such as the
interobserver variability of 0.6 mm in tumour thickness measurements on ultrasound
[35], errors larger than 1 mm in surgical measurement of clip-tumour distances [11]
and the even larger discrepancies in the registration of fundoscopic imaging data [36].
As this MRI protocol provides geometrically accurate visualisation of the tumour and
surrounding structures, it might contribute to a decrease of the current uncertainties
in target definition, although further studies are required on the accurate GTV
determination of ocular tumours on MRI [7], [9], [21], [37]. In this context, particularly
fundoscopy will be valuable in the identification of the macula position and possible
flat tumour extensions.

A limitation of the phantom analysis is that the phantom lacked fatty tissue around
the eye, which is present in patients. This resulted in a lower contrast-to-noise
ratio between the clip and surrounding anatomy in the phantom compared to in
patients (Fig. 1E and 2A), especially for the 3D T1l-weighted spin echo sequence.
Correspondingly, the phantom interobserver variability for this sequence is poorer
than the interobserver variability in patients.
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In this study, spatially localized MRI artefacts, such as signal build-up or the signal
void artefact itself, were not considered. These local effects might affect MR-based
tumour definition, especially when clips are located very close to the tumour (Fig. 4B).
However, clip artefacts are significantly larger on CT than on MRI, with an average CT
artefact of more than 7 times the tantalum clip diameter [22], whereas the artefact
on MRI extends about one mm around the clip itself. Therefore, image distortions
further away from the clip are unlikely.

The results obtained in this study depend strongly on the used MRI protocol and
are therefore not directly applicable to all ocular MR images. To limit the extent of
susceptibility induced artefacts, the protocol utilized a spin echo sequence, localized
shimming, and increased gradient strengths. Scans with less dedicated settings, or
sequences which are more affected by magnetic field inhomogeneities such as the
constructive interference in steady state (CISS) or volumetric interpolated breath-
hold examination (VIBE) sequence [21], [22], [38], [39], [40], will likely have larger
geometric distortions. Similarly, protocols which scan both orbits and/or the entire
head are expected to provide a less accurate visualisation, as the possibility of using
shimming to correct for magnetic field inhomogeneities will be limited, due to the
nasal cavity which is present in the middle of the field of view.

The protocol described in this study is currently used clinically for treatment planning
at HollandPTC. Several measures were taken to minimize geometric distortions, which
also result in a lower signal-to-noise ratio (SNR) compared to the diagnostic protocols.
Therefore, more subtle anatomical features, which aid the differential diagnosis, may
not be visible in these scans. However, as a study on interobserver variability with
a previous version of this protocol showed the largest variation in the decision to
include or exclude areas [37], and tumour borders were easily distinguishable in this
study (Fig. 2, Fig. 4), the impact of the lower SNR on contouring accuracy will likely
be limited.

In conclusion, a dedicated ocular MRI protocol can provide geometrically accurate
images of the eye since differences between MRI and the reference were well below
the voxel size and did not depend on distances. As these discrepancies did not increase
with distance, magnetic field inhomogeneities do not limit the geometrical accuracy of
ocular MRI. Therefore, these images can be used for ocular proton therapy planning,
both in the current model-based workflow and future 3D MR-only workflows.
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SUPPLEMENTARY DATA

Supplementary Table 1: Interobserver variability of clip-clip and landmark-landmark

distances in the phantom

Inter-observer variability: SD for clip-clip and landmark-landmark distances [mm]

Phantom

Clips Landmarks
T1-weighted SE MRI 0.28 0.06
T2-weighted SE MRI 0.08 0.06
cT 0.10 0.13
X-ray 0.04
Patients

Clips
Contrast-enhanced T1-weighted SE  0.20
MRI
T2-weighted SE MRI 0.50
X-ray 0.03
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Supplementary Figure 2: Relative displacement analysis

Supplementary Figure 2: to assess possible systematic displacement of the centre of the clip-induced
susceptibility artefacts with respect to the anatomy, four additional grid intersection landmarks (red) were
identified at the clip side of the phantom. Distances between the clips (blue) and the grid intersection
landmarks were determined.
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Supplementary Figure 3: Difference in clip-clip (circle) and landmark-landmark (cross)
distances between T1-weighted and T2-weighted MRI and the reference (X-ray for the clips
and CT for the landmarks) in a phantom. Differences do not increase at larger clip-clip
distances (Pearson’s r=-0.01, p=0.87).

91



Chapter 3

is A: Phantom
§ r=0.12, p=0.15
1.0
. 05 at ©® ° o
E "I?go £
= i ..‘ °
0.0 o)
5 % . .
= qA& [T} °
S ¢
-05 & B & T1SE landmarks
® T1SE markers
T2 SE landmarks
-1.0 T2 SE markers
# T1GE landmarks
® T1 GE markers
-15
00 01 02 03 04 05 06 0.7

Interobserver variability MRI: SD between 3 observers [mm]

Tlgd SE MRI - kV [mm]

1.5

1.04

0.5

0.0 1

—0.54

=155

B: In vivo
eC r=-0.08, p=0.48
[ )
e o
(X X
° ° ®
ol _o @ % 0. L]
000 § o0 ° °o®
® o D
° (%4 °
. L]
° °
° .‘0 o" L) ° °
°
° .’. °
°
o o
0.0 0.1 0.2 03 0.4 0.5 0.6

Interobserver variability MRI: SD between 3 observers [mm]

Supplementary Figure 4: Differences between MRI and X-ray/CT measurements did not
depend on inter-observer variability. (A) Phantom. (B) In patients. (C) An example of a clip in
a patient with a low interobserver variability, but a higher difference between X-ray and MRI.
(D) An example of a clip in a patient that was difficult to identify on MR, but still resulted in
a small difference between the mean location on MR and X-ray images.
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APPENDIX A: SEMIAUTOMATIC DETECTION OF TANTALUM CLIP LOCA-
TIONS IN OCULAR MAGNETIC RESONANCE IMAGING SCANS

Automatic fiducial clip detection has proven to reduce the interobserver variation of
clip location other tumour sites. Therefore, a semi-automatic segmentation pipeline
to detect tantalum clip locations in ocular MRI scans was developed and evaluated.
The method was developed and evaluated on contrast-enhanced 3D T1-weighted
images (main text: Table 1) of the 15 uveal melanoma patients in this study.

Methods

Approximate clip locations were manually annotated in MeVisLab (MeVis Medical
Solutions, Bremen, Germany) (Figure A). A small region of interest (5 x 5 x 5 mm?3)
is extracted around the initial annotation, which is subsequently upsampled 5 times
to allow for sub-voxel evaluation (Figure B). Using binary thresholding, the clip signal
void is segmented (Figure C). The threshold is based on the signal intensity around
the initial annotation. After thresholding, the Euclidean distance transform is applied,
followed by Gaussian smoothing (sigma 0.3 mm, Figure D). The clip centre is defined
as the local maximum closest to the initial annotation.

Evaluation

The manually determined clip locations were used as initial annotations for the
segmentation pipeline. Clip-clip distances were calculated for the semiautomatically
determined clip locations, and compared with the clip-clip distances on X-ray images.

The semiautomatic clip detection pipeline reduced the median interobserver
variability from 0.25 mm to 0.04 mm, reducing the interobserver variability for 47/59
clips (Figure 2). However, the resulting clip-clip distances were less in agreement with
the ground truth X-ray images than the manual annotations (mean absolute difference
0.32 mm vs 0.82 mm, Figure 3).

Incorrect clip locations from the semi-automatic method appeared to be caused by
the similar signal intensities of the clip signal void, the sclera and the vitreous, which
resulted in the inclusion of part of the vitreous in threshold image (Figure 4). In the
future, this might be solved by including a segmentation of the sclera in the algorithm.

Conclusion

The developed semiautomatic pipeline reduced the interobserver variability, but at the
cost of a strongly reduced accuracy and precision of the clip locations. Consequently,
the smallest uncertainties are obtained by manual determination of the clip locations.
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Figure 1: Semiautomatic detection method with initial annotation (red clip) and final result
(green clip). Manually, the approximate clip location is identified. A 5x5x5 mm?® region of
interest is selected around the initial annotation and upsampled 5 times. Euclidean distance
transform is then applied to the thresholded ROI. After Gaussian smoothing with a kernel
size of 0.3 mm, the clip location is defined as the maximum of the distance transform.
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Figure 2: Semiautomatic detection reduced the median interobserver variability from 0.25
mm to 0.04 mm.
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Figure 3: Comparison between manually determined clip locations (A) and clip locations
determined with the semiautomatic pipeline (B). The semiautomatically determined clip
locations show a larger median error and variability.

Figure 4: Due to the absence of a clear boundary between the signal void and the vitreous
body, the clip detection pipeline locates the clip centre in the vitreous. The inset image shows
the upsampled region of interest used to determine the clip location (Figure B). Red: initial
annotation. Green: semiautomatic location.
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ABSTRACT

Background and Purpose

Three-dimensional (3D) Magnetic Resonance Imaging (MRI) is increasingly used to
complement conventional two-dimensional ultrasound in the assessment of tumour
dimension measurement of uveal melanoma. However, the lack of definitions of the 3D
measurements of these tumour dimensions hinders further adaptation of MRI in ocular
radiotherapy planning. In this study, we composed 3D MR-based definitions of tumour
prominence and basal diameter and compared them to conventional ultrasound.

Materials and methods

Tumours were delineated on 3DT2 and contrast-enhanced 3DT1 (T1gd) MRI for 25
patients. 3D definitions of tumour prominence and diameter were composed and
evaluated automatically on the T1gd and T2 contours. Automatic T1gd measurements
were compared to manual MRI measurements, to automatic T2 measurements and to
manual ultrasound measurements.

Results

Prominence measurements were similar for all modalities (median absolute difference
0.3 mm). Automatic Tlgd diameter measurements were generally larger than
manual MRI, automatic T2 and manual ultrasound measurements (median absolute
differences of 0.5, 1.6 and 1.1 mm respectively), mainly due to difficulty defining the
axis of the largest diameter. Largest differences between ultrasound and MRI for both
prominence and diameter were found in anteriorly located tumours (up to 1.6 and
4.5 mm respectively), for which the tumour extent could not entirely be visualized
with ultrasound.

Conclusions

The proposed 3D definitions for tumour prominence and diameter agreed well with
ultrasound measurements for tumours for which the extent was visible on ultrasound.
3D MRI measurements generally provided larger diameter measurements than
ultrasound. In anteriorly located tumours, the MRl measurements were considered
more accurate than conventional ultrasound.
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INTRODUCTION

Uveal melanoma (UM) is the most frequently occurring primary intraocular malignancy
[1]. For UM, tumour location and dimensions are major factors in treatment decision
making, as only tumours up to a certain size can be treated with brachytherapy [1],
[2], [3], whereas larger and juxtapapillary UM are preferably treated with external
beam radiotherapy, such as proton beam therapy (PBT) or Cyber Knife [4], [5], [6]-
Furthermore, tumour prominence and diameter measurements are of importance
for radiotherapy planning: in brachytherapy, prominence and largest basal diameter
(LBD) determine the application time and applicator size, while for PBT, these two-
dimensional (2D) tumour measurements, together with the second basal diameter
(SBD) are important factors in the definition of three-dimensional (3D) clinical target
volume [2], [7]. Additionally, prominence, LBD and SBD are used in tumour staging,
prognosis and follow-up [8], [9], [10], [11], [12].

Conventionally, tumour prominence and diameters are determined using 2D B-scan
ultrasound [1]. For a correct prominence measurement, the transducer has to be
positioned perpendicular to the tumour base, as oblique cuts through the tumour can
result in overestimation of the true tumour prominence [13]. For anterior tumours,
correct transducer placement might be hindered due to anatomical structures around
the eye [14]. Additionally, to correctly determine the LBD, the longest tumour axis has
to be identified, which can be difficult as no 3D visualization is available.

Magnetic resonance imaging (MRI) is increasingly used for the diagnosis, therapy
planning and follow-up of UM [7], [15], [16], [17], [18], [19], [20]. Various studies
suggest that MRI’s 3D tumour visualisation and better tissue contrast might be
beneficial in determining UM tumour dimensions compared to conventional 2D
ultrasound, corresponding to findings in other malignancies [16], [17], [18], [19],
[20], [21], [22], [23], [24]. Nevertheless, several uncertainties in MR-based dimensions
measurements for ocular tumours remain that hinder broader application of MRI in
ocular radiotherapy planning, for example regarding the optimal method to measure
in 3D and the differences related to the various MRI contrasts.

Although the 3D visualisation of the tumour of MRI allows for a more comprehensive
assessment of tumour geometry [18], tumour dimension measurements can be
performed in different planes, resulting in different possible prominence and
diameter measurements, especially for complexly shaped tumours (Fig. 1) [19], [25].
Additionally, manual measurement of prominence and LBD on MRI is reported to
be difficult and time-consuming [26]. Therefore, the current clinical practice might
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benefit from automated tumour prominence and diameter measurements, using an
unambiguous geometrical definition. Furthermore, studies showed an 11-44 % larger
tumour volume on contrast-enhanced T1-weighted images (T1gd) compared to T2-
weighted images [21], [27]. Although such a difference between MRI sequences is
not uncommon [28], [29], these differences should be kept in mind when defining
optimal measurements.

In this study, we aimed to compose and evaluate a geometrical 3D definition of
prominence and diameters.

a: axial b: sagittal c: axial

Figure 1. Several measuring planes on T1gd-weighted MRI for a mushroom shaped UM.
(a) Three possible prominence measurements in the axial plane for a complexly shaped
tumour: starting with the point closest to the centre of the eye (solid, the definition used in
this study), parallel with the main tumour axis (dotted) and including the overhanging part
of the tumour (dashed). (b) An evaluation of the same tumour in the sagittal plane resulted
in a different measurement. (c) For obliquely oriented tumours, several base definitions are
possible depending on whether the overhanging part is included as tumour base.

MATERIALS AND METHODS

Data of 25 patients, who received an MRI as part of clinical care (n = 17) or in the
context of a scientific study (n = 8), were analysed retrospectively after approval of the
local ethics committee, in accordance with the Declaration of Helsinki. Patients were
diagnosed by an ocular oncologist based on fundus photography, ocular ultrasound
and fluorescein angiography. The patients were selected to provide a clinically
representative range in tumour size, shape and location. Patients were 62 = 10 years
old and 57 % were male. A wide range of tumour sizes was present, ranging from The
American Joint Committee on Cancer (AJCC, 8th edition) stage T1 up to T4, with most
patients in stages T2 (40 %) and T3 (40 %) [30]. 28 % of patients had an anteriorly
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located tumour and most tumours were dome-shaped (68 %), followed by mushroom-
shaped (16 %) and flat (16 %). Patients were treated with either 106-Ruthenium
brachytherapy (32 %) or PBT (68 %). The average time between ultrasound and MRI
was 14 = 11 days.

Image acquisition

3DT1gd and 3DT2-weighted images, both with acquisition voxel size of 0.8 x 0.8 x
0.8 mm?3, were acquired to an earlier described protocol [15], [16]. Ultrasound images
were obtained by an ocular oncologist [25]. Details on image acquisition are further
described in the Supplementary Materials.

Tumour delineation

Delineations were performed semi-automatically on the 3D T1gd and T2-weighted
images using an in-house developed analysis pipeline in MeVisLab (MeVis Medical
Solutions, Bremen, Germany) using a subdivision surface fit [26], [31] (Fig. 1a-b). Areas
which were hypointense compared to the vitreous on T2 and enhancing on Tlgd
compared to the native T1 were considered tumour.

The globe, defined as a combination of the vitreous, lens and tumour, was delineated
in a similar fashion (Fig. 2a-b, yellow contour). Since clinical ultrasound measurements
include the sclera, the outer sclera boundary at the tumour base was delineated as
well (Fig. 2¢). Based on the clinical evaluation of the MR-images by a neuro-radiologist
with 20 years of experience (BV), an ophthalmic MRI expert with 9 years of experience
(JWB) verified, and if necessary corrected, all contours.
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a: Delineation on T2 b: Delineation on T1gd

6

c: Prominence definition d: LBD.definition

Figure 2. Tumour (white contour) and globe (defined as combination of vitreous, lens and
tumour, yellow contour) were delineated on T2-weighted (a) and contrast-enhanced T1-
weighted (T1gd) (b) images, with the native T1-weighted image used as a reference (inset).
Anatomical structures are marked as follows: (1) tumour, (2) retinal detachment, (3) lens, (4)
sclera (hypointense layer), (5) vitreous, (6) optic nerve. Tumour prominence (c, red line) and
largest basal diameter (d, blue line) were automatically determined. (c) Tumour prominence
was measured from the tumour apex (white dot) to the sclera (dashed yellow line) (centre-
based definition, Appendix A). (d) LBD was the largest Euclidean distance between two
points in the tumour base (base: dashed line, measurement: solid line). In this image, the
axial plane was shown as an example, whereas the tumour delineation was evaluated in
the axial, sagittal and coronal plane.
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Automatic 3D MRI measurements

In a pilot study, further described in the Supplementary Materials, we developed 3D
definitions of tumour prominence and base. In short, three different 3D definitions
of the tumour prominence and three different LBD definitions were evaluated in a
multidisciplinary tumour board, consisting of ocular oncologists, radiation oncologists,
clinical physicists and radiologists (BV, TV, MM, GL, CR, JWB). As these definitions were
based on the 3D tumour contours, the resulting dimensions were not restricted to an
individual slice of the MR-images. These definitions provided different approaches on
how to define the tumour base and apex, e.g. point closest to the eye centre or point
most distant from the sclera. The evaluation of these definitions in 25 patients showed
comparable measurements for patients with rotational-symmetric tumours. However,
in the asymmetric tumours, some of the definitions resulted in measurement which
did not conform the current clinical consensus. For example, defining the apex as the
point most distant from the sclera resulted in an oblique prominence measurement
which could not be used for radiotherapy planning purposes (Supplementary Fig.
1). The multidisciplinary evaluation of the definitions resulted in one prominence
and one tumour base definition which provided visually acceptable measurements
in all patients.

Based on the results of this pilot study, the tumour apex was defined as the point
of the tumour contour closest to the centre of the globe (Fig. 2c). The prominence
was measured along the line between the centre of the globe and the tumour apex
(Fig. 1a, solid red line) and included the sclera to match the clinical convention at
our centre.

LBD was defined as the largest Euclidean distance between two points in the tumour
base (Fig. 2d, base: dashed line, LBD: solid line), which was defined as all points of
the tumour contour less than 2 mm distant from the inner sclera contour, in order to
create a robust tumour base. SBD was the largest distance between two points in the
tumour base, perpendicular to the LBD.

For all patients the prominence, LBD and SBD were automatically determined using
the T1gd- and T2-based 3D contours in Python (version 3.7.6). This code is available
on GitHub via https://github.com/MREYE-LUMC/OPT_tumourmodels.

Manual MRI measurements

In order to assess how these automatic 3D measurements relate to the currently used
manual assessments, the prominence and LBD were measured manually on the T1gd-
weighted images. For the prominence, the clinical measurement was used, measured
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perpendicular to the sclera [25]. For the LBD, the measurements were repeated on
the delineated tumour contour, to avoid the confounding effect of a different tumour
boundary interpretation [27]. For each patient, the angle between the lines of manual
and the automatic measurement was determined.

Statistical analysis

Automatic T1gd prominence and LBD measurements were compared to manual MRI
measurements. Additionally, automatic prominence and LBD were compared between
T1lgd and T2. Furthermore, the automatic T1gd and clinical ultrasound measurements
were compared for prominence, LBD and SBD. For the prominence, differences > 0.5
mm and for the diameters, differences > 1.0 mm were considered clinically significant
[25]. Medians and 25th-75th percentiles of the automatic-manual, T1gd-T2 and T1gd-
ultrasound differences were assessed, as non-normality was demonstrated with a
Shapiro-Wilk test (e.g. p = 0.0003 for the ultrasound-T1gd prominence comparison).
Results for anterior tumours, defined as having a centre of mass in the anterior 50 %
of the globe, were assessed separately. Additionally, tumours where the full extent
could not be accurately determined on MRI or ultrasound, e.g. due to a flat tumour or
a limited penetration depth or limited field of view (FOV) of the ultrasound transducer,
were marked (Supplementary Fig. 2) [25].

RESULTS

Representative examples of automatic prominence and LBD measurements on T2 and
T1gd, and the corresponding ultrasound measurements, are shown in Fig. 3, with an
overview of the primary outcomes. All comparisons and individual measurements for
all patients can be found in the Supplementary Materials.

On T1gd, manual and automatic prominence measurements were comparable (median
absolute difference 0.3 mm, Fig. 4a), with differences > 0.5 mm for 8/25 patients.
The median absolute difference between automatic and manual LBD measurements
was 0.5 mm, with differences > 1.0 mm for 14/25 patients (Fig. 4b). Larger differences
were found in patients where the manual measurement was performed in a different
plane than the automatic measurement (Fig. 4c). The mean angle between the manual
and automatic measurement was 26 degrees (Fig. 4c, Supplementary Fig. 3).
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Median (max) Manual —
absolute T2-T1gd us - T1gd Us-T2 automatic
difference [mm] (MRI T1gd)

; Entire group 0.3(0.9) 0.3 (1.6) 0.4 (1.3) 0.3(0.9)

Prominence "7 terior 0.3 (0.6) 0.4 (1.6) 0.6 (1.3) 0.2 (0.7)

Posterior 0.3 (0.9) 0.3 (1.3) 0.4 (0.7) 0.3 (0.9)

LED Entire group 1.7 (6.7) 1.1(7.6) 1.1(6.8) 0.5 (5.3)

Anterior 1.0 (4.1) 1.6 (4.5) 1.6 (4.4) 0.5(1.4)

Posterior 1.8 (6.7) 1.0 (7.6) 1.1(6.8) 0.5(5.3)

Figure 3. Four typical examples of ultrasound (upper images) and MRl measurements (lower
images) from four different patients and an overview of the main comparisons. (a) T2 and
ultrasound measurements were similar. (b) T1gd prominence was larger for an anteriorly
located tumour for which the extent was not entirely visible on UBM. (c) T1gd LBD was larger
than on ultrasound for a tumour whose extent was visible on both modalities. (d) T1gd LBD
was larger than on ultrasound and extent was not entirely visible on ultrasound. (e) Overview
of the main comparisons performed in this study: automatic T2 - automatic T1gd, ultrasound
(US) - automatic T1gd, ultrasound - automatic T2, manual T1gd - automatic T1gd.
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a Prominence: automatic-manual b LBD: automatic-manual

Median absolute difference 0.3 mm Median absolute difference 0.5 mm
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Figure 4. (a) Differences between automatic and manual prominence measurements. (b)
Differences between automatic and manual LBD measurements. (c) Manually determining
the plane of the largest basal diameter proved to be difficult due to the curved tumour base.
As a result, manual measurements generally underestimated the LBD.

Due to a limited penetration depth of the UBM transducer, the tumour apex was
not visible in 2/25 patients, both of which had an anteriorly located tumour
(Supplementary Fig. 2a). The full extent of the tumour base did not fit within the
ultrasound’s field of view for 9/25 patients, of which 7 had an anteriorly located
tumour (Supplementary Fig. 2b). In 3/4 patients with an ultrasound prominence < 4
mm, the extent of the tumour base was difficult to assess on MRI.

The difference between ultrasound- and automatic Tlgd-based prominence was >
0.5 mm in 6/25 patients, with a median absolute difference of 0.4 and 0.3 mm for
anterior and posterior tumours, respectively (Fig. 5a). A retrospective re-evaluation
of the ultrasound and fundus images of the patient with the largest difference (1.3
mm), showed that a haemorrhage at the tumour apex was erroneously included as
tumour on ultrasound (Supplementary Fig. 4). For the remaining patients the largest
absolute difference of 0.9 mm was found in a patient with an anteriorly located
tumour, for which the apex was visible on ultrasound, with a prominence of 13.3
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mm on ultrasound and 12.4 mm on MRI. Differences between T1gd- and T2-based
prominence were small: for 6/25 patients, the difference was > 0.5 mm, with a median
absolute difference of 0.3 mm and a maximum of 0.9 mm (Fig. 5b).

a 58 Prominence: US-T1gd MRI b X Prominence: T2-T1gd
15 15
. .
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® MRI: Extent difficult to assess.

Figure 5. Comparison of prominence and LBD between ultrasound and MRI. (a) For the
prominence, ultrasound-T1gd differences were largest in anteriorly located tumours that
were not fully visible on ultrasound. The largest prominence difference of 1.3 mm was
caused by the erroneous inclusion of haemorrhage in the tumour prominence on ultrasound
(Supplementary Figure 3). (b) Absolute differences between Tlgd and T2 prominence
measurements were < 0.5 mm in 19/25 patients. (c) Comparing ultrasound and T1gd MRI,
LBD was larger on T1gd MRI in 22/25 patients. (d) Comparing LBD between T2 and T1gd,
LBD was larger on T1gd in 22/25 patients.

Compared to ultrasound, 16/25 of LBD measurements were > 1.0 mm larger on
the automatic T1gd measurement (Fig. 3c). Median absolute differences between
ultrasound and T1gd (Fig. 5¢c) were 0.9 mm for posteriorly located tumours and 1.6
mm for anteriorly located tumours. Slightly larger differences were found for the
SBD, which resulted in a median absolute difference of 1.3 mm (maximum 4.6 mm,
Supplementary Fig. 5).

Differences between automatic T2 and automatic T1gd LBD were > 1.0 mm in 15/25
patients, with 13/15 being larger on T1gd. A median absolute difference of 1.6
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mm was found between the two sequences (Fig. 5d). Often, peritumoral choroidal
enhancement was visible on Tlgd, which consequently was included as tumour,
while this was not considered tumour on T2 and ultrasound (Fig. 6b-c). T2-based LBD
measurements were more in agreement with ultrasound (median absolute difference
0.4 mm), compared to Tlgd-based measurements (Supplementary Fig. 6). These
smaller diameters on T2 were also reflected in the tumour volumes: tumour volume
was larger on T1lgd for 20/25 patients (average volume difference 18 %).
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T2 T1gd ultrasound

T1gd contour —— T2 contour

Figure 6. Prominence and LBD measurement on T2-weighted MRI (left column), T1gd-
weighted MRI (middle column) and US (right column). (a) Prominence was generally similar
on Tlgd and T2. (b) The largest difference between T2 and T1gd prominence was 0.9 mm.
(c,d) LBD was generally larger on T1gd.



Chapter 4

DISCUSSION

With this study, we proposed an unambiguous 3D-imaging based prominence and base
definition for treatment planning of uveal melanoma, which takes the requirements
for brachytherapy and PBT planning into account [25], [32], [33], and which poses
an extension of an earlier study [34], which assumed a dome shaped tumour with a
circular base.

The proposed prominence and base definitions were considered appropriate by the
multidisciplinary tumour board in our cohort of 25 patients. Although the cohort
contained a variety of tumour sizes and shapes, we noted that in none of the obliquely
oriented tumours, the LBD contained the overhanging part. As a result, the effects
from overhanging parts were not reflected in the LBD assessments. Accurately
incorporating overhanging parts in directions other than the LBD measurement axis,
will however be beneficial for PBT, where similar discrepancies have been reported
describing the tumour-marker relation [25]. We anticipate that the proposed definition
may result in erroneous measurements for very prominent UM, with the centre of the
eye within the mass. Nonetheless, the proposed prominence definition proved to be
robust for variations in the location of the centre of the eye (Supplementary Fig. 7).

As the proposed automatic measurement methods are independent of field strength
they are also applicable for patients scanned at lower field strengths than 3 T. In this
study, subjects were scanned with closed eyes, as a previous comparison between
different protocols showed that, while the use of a cued blinking protocol [35] results
in less motion artefacts in some patients, not all patients are able to adhere to such
a protocol, resulting in overall degraded image quality [36].

As part of the data was acquired as part of regular clinical care, the MRI and ultrasound
were not acquired on the same day for most patients. However, we expect the impact
of this delay to be limited, as UM are known to be slow growing tumours [37], [38],
which is confirmed by the accordance in prominence measurements between both
modalities.

In general, tumour prominence measurements agreed well across modalities if tumour
extent was entirely visible, with all interquartile ranges within half the MRI acquisition
voxel size. This corresponds to the recently reported interobserver delineation
variation of 0.4 mm of ocular MRI [27] and is smaller than the reproducibility
of B-mode ultrasound of 0.6 mm [13], [14]. In our study, the largest prominence
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differences were found in patients for whom the tumour apex was not visible on
ultrasound. This particularly occurred in patients with anteriorly located tumours
imaged with a UBM probe, which has a limited penetration depth due to its higher
frequency (50 MHz). For these patients, MRl was considered to be more accurate.
Previous studies by Ferreira and Schueller [16], [39] reported similar prominence
measurements, although measurement methods differed.

Automatic LBD measurements were generally larger than manual MRI measurements,
which were often performed in a plane not containing the largest diameter. Since
the LBD can, by definition, not be overestimated, the automatic measurement
was considered more accurate. However, since 68 % of the differences were < 1
mm, manual measurements are generally sufficient, especially given the known
interobserver variability of the tumour-choroid interface on MRI of 0.6 mm [27].
On T1gd, peritumoral enhancement was included, which was invisible on T2, resulting
in larger measurements on T1lgd (median absolute difference 1.7 mm). Although the
enhancement could be inflammatory of origin, it could also correspond to a small flat
tumour extension. We therefore recommend to include these areas as tumour, until
histopathology proves otherwise.

Generally, we found larger LBDs on T1gd than on ultrasound, with differences largest
in anteriorly located tumours, especially when the full tumour extent was not visible
on ultrasound. These differences can partly be explained by manual definition of
the plane of the LBD of the ultrasound exam, which similar to the manual MRI
measurements, might miss the actual largest diameter, with the added difficulty that
no 3D visualisation can be made with ultrasound. In some patients the peritumoral
choroidal enhancement observed on T1gd was included on ultrasound (Fig. 6c), while
in other patients it was not (Fig. 6d). This inconsistency leads to uncertainties in the
LBD measurement of flat UM as well, with differences between T1gd and ultrasound
up to 7.6 mm. In 3/4 patients with flat UM, the MRI-report explicitly mentioned that
the tumour extent was difficult to assess, confirming previous findings that MRI of
flat melanoma can be difficult [16], [25], [34], [40], [41]. However, on ultrasound, the
extent of these flat tumours is also not clearly visible. Therefore, optical validation
of the flat tumour extent, which can be measured on some fundus and OCT imaging
modalities [10], or increased margins, is necessary. For the SBD larger discrepancies
with ultrasound were observed than for the LBD, however, the resulting ellipsoid
model is more accurate than a circular model based on the LBD alone [8], [9], [42],
[43], [44], [45].
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The clinical impact of the observed differences between ultrasound and MRI will
depend on the application, and therefore an MRI-scan will not be needed for all
patients. In general, we recommend to perform an MRl when the tumour extent is not
fully visible on ultrasound, which was most often seen in anteriorly located tumours.
For treatment selection, the effect of incorporating the MRI-based measurements
proposed in this study will depend on the type of treatments that are available.
When a 0.5 mm change in prominence or 1 mm change in LBD can result in a shift of
optimal treatment modality [19], [46], we advise to perform an MRI with automatic
T1gd measurements to confirm the ultrasound measurements. Although the benefit
of including MRI in radiotherapy planning requires further study, we expect less
benefit for patients treated with brachytherapy, due to the limited degrees of freedom
with the currently available applicators. For PBT, however, the currently relatively
large margins of up to 3 mm are in part needed for the uncertainties introduced by
the ultrasound measurements [47], [48], [49]. Given the earlier reported benefits of
including MRI for ocular PBT planning, we would recommend to perform an MRI for
these patients and use the proposed 3D prominence and basal diameter definitions to
resolve the discrepancies observed for complexly shaped tumours between MRI and
ultrasound [25], especially until fully image-based 3D treatment planning systems
for UM are clinically available [21], [50], [51], [52].

In conclusion, 3D MRI-based tumour measurements were comparable to 2D
ultrasound-based measurements. For anteriorly located tumours, MRl was more
accurate. Furthermore, the methods proposed in this paper can contribute to a more
personalized, image-based, radiotherapy planning for ocular oncology patients.
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Automatic MRI tumour measurements

APPENDIX A: EVALUATION OF 3D PROMINENCE AND TUMOUR BASE
DEFINITIONS IN UVEAL MELANOMA - APILOT STUDY

Introduction

The aim of this pilot study was to determine a 3D prominence and basal diameter
definition suitable for brachytherapy and proton beam therapy planning and evaluate
these, based on 3D MRI tumour contours.

Methods

In a multidisciplinary tumour board, consisting of ocular oncologists, radiation
oncologists, clinical physicists and radiologists, three prominence and three base
definitions were devised.

Tumour contours on Tlgd-weighted MRI were used to evaluate these prominence
(Figure 1) and base (Figure 2) definitions:

e Hausdorff distance: Hausdorff distance between tumour top and base. This
determines the largest distance within the tumour, i.e. the largest distance that
the beta particles will have to travel in case of ruthenium brachytherapy.

e Sclera-based definition: largest distance between tumour top and base,
perpendicular to the sclera. This definition is based on description of B-mode
ultrasound measurements as performed by ocular oncologists in the case of an
idealized spherical eye.

¢ (Centre-based definition: distance between tumour apex and base, measured along
the line between centre of the globe and tumour apex, where tumour apex is
defined as the point of the tumour closest to the centre of the globe. This definition
is based on the current ocular radiotherapy planning methods, where the tumour
apex is used to define the clinical target volume.

The LBD was the largest distance between two points in the tumour base, with the
base defined as follows:

e Non-projected: The tumour base defined as the cross-section between tumour and
choroid. However, this definition may result in an underestimation of overhanging
tumours (Main text figure 1).

* Projected base: Non projected base, extended by the projection of the tumour on
the sclera from the centre of the eye. This definition was added to accommodate
for a better description of overhanging tumours.
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e Parallel projected base: Non projected base, extended by the projection of
the tumour on the sclera, parallel to centre-based prominence definition. This
definition was added to accommodate for a better description of overhanging
tumours and is an alternative to the projected base mentioned before.

Results were evaluated in a multidisciplinary tumour board, consisting of ocular
oncologists, radiation oncologists, clinical physicists and radiologists. Assessment
criteria were (a) the measurement had to be similar to the clinical ultrasound
measurement, e.g. perpendicular to the sclera, and (b) had to be suited to use in
both brachytherapy planning and proton beam therapy planning.

Results

For the prominence, differences between all definitions were <0.5 mm for 13/25
patients. For 9/25 patients, the Hausdorff distance and the centre-based definition
were similar, but the sclera-based definition resulted in an oblique measurement
(Figure 3a). For 3/25 patients, the Hausdorff distance resulted in a measurement on
the edge of the tumour (Figure 3b), which was judged to not represent the current
ultrasonic prominence measurements. The centre-based definition gave consistent
results for all patients, and yielded a visually similar measurement as obtained
clinically on ultrasound.

For the LBD, the projected base overestimated the tumour base in non-overhanging
tumours (Figure 4a). The parallel projected base offered an adequate description of
overhanging tumours and non-overhanging tumours (Figure 4b). The non-projected
base gives an adequate description of non-overhanging tumours, but lacks in the
representation of overhanging tumours. However, this definition corresponds most
to the current ultrasound measurements.

Conclusion

The Hausdorff distance and the sclera-based definition resulted in oblique measurements
or measurements at the side of the tumour, whereas the centre-based definition yielded
a visually similar measurement as obtained clinically on ultrasound and also matched
the desired radiotherapy definition for ocular PBT and brachytherapy.

The parallel projected base offered the most adequate description of both non-
overhanging and overhanging tumours, however the non-projected base is more
comparable to the current measurement methods. Therefore, in this study, for the
comparisons between modalities, the non-projected base will be used. For future
research, the use of a projected base for measurement of the LBD might be considered.
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Prominence definitions

Hausdorff distance
Maximum of all minimum
distances between all
points in tumour base
(green) and top.

Sclera-based definition
Largest distance between
tumour top and base,
perpendicular to the
sclera.

Centre-based definition
Distance between tumour
apex and base, measured
along the line between
vitreous’ centre of mass and
tumour apex, where tumour
apex is defined as the point
of the tumour closest to the
centre of the vitreous.

Figure 1: Schematic view of the three prominence definitions that were evaluated.
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Base definitions

Non-projected base
Cross-section between
tumour and choroid.

Projected base
Non-projected base,
extended by the
projection of the tumour
on the sclera from the
centre of the vitreous-
lens complex.

Parallel projected base
Non-projected base,
extended by the projection
of the tumour on the sclera,
parallel to the centre-based
prominence definition.

Figure 2: Schematic view of the three evaluated base definitions.



Automatic MRI tumour measurements

Sclera-based — Centre-based ——  Hausdorff distance

Figure 3: (a,c,d) The sclera-based definition gave oblique measurements in 9/25 patients,
(b) the Hausdorff distance gave measurements on the side of the tumour in 3/25 patients.
In all cases, the centre-based definition gave acceptable results.
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—— Projected base Mon-projected base —— Parallel projected base

Figure 4: (a) The parallel projection of the base (blue) gave an adequate description of
both overhanging and non-overhanging tumours, (b) the projection of the base (green)
overestimated the base in non-overhanging tumours.
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Supplementary Figure 1: Overview of prominence definitions

Supplementary Figure 1: (a,c,d) The sclera-based definition gave oblique measurements in 9/25 patients,
(b) the Hausdorff distance gave measurements on the side of the tumour in 3/25 patients. In all cases, the
centre-based definition gave acceptable results.




Supplementary Figure 2: Tumours marked separately

Supplementary Figure 2: Tumours with incomplete visualization of the tumour extent were marked separately.
On ultrasound, this was due to either (a) Limited penetration depth or (b) limited field of view of the ultrasound
transducer. In some flat UM the extent of flat tumour components was difficult to assess on MR/ (c,d). (d): the
area that was thickened and enhanced compared to the native T1-weighted scan was considered tumour.

LBD: automatic vs manual
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Supplementary Figure 3: Angle between automatic and manual LBD measurement
Supplementary Figure 3: Relationship between angle between automatic and manual LBD measurement
and difference between the two methods.
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Chapter 5

ABSTRACT

Background

In recent years, eye-specific, high-resolution MRI protocols have become available
for ocular tumours, 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, polynomial 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% (5™-95% 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.
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Model-based and delineation-based target volume definition

INTRODUCTION

Ocular proton therapy (PT) is one of the main treatment options for intra-ocular
tumours such as uveal melanoma, especially for larger lesions 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 use 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-Llike 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.

However, several imaging modalities, such as B-scan ultrasound and magnetic
resonance imaging (MRI), reveal that up to 30% of ocular tumours can occur in
complex shapes that are not easily captured by mathematical models [9]. For example,
mushroom-shaped, multilobular, asymmetrical, and overhanging tumours have been
described [2, 10-12].

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 with sub-millimetre interobserver variation [15, 16].
Despite these advances, many treatment planning systems for ocular PT continue to
rely on geometrical models for target volume definition. Therefore, the aim of this
research was to compare model-based and delineation-based target volume definition
for ocular tumours.

METHODS

Patients

For this study, data from two existing cohorts were analysed retrospectively. 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 underwent 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
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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).

MRI acquisition and analysis

Tumours were delineated on the 3D contrast-enhanced T1-weighted scans (Figure 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 with a 3 tesla 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 minutes and 7 seconds.

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 tumours, 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 automatically based on
the 3D tumour delineations according to a previously published method [17].

Tumour models

Tumour models were generated using Python (version 3.12.7). The tumour thickness
was determined automatically [17] and the tumour base was extracted from the
delineated tumour (Figure 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
(Figure 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 (Figure 1D).

We expect that some tumours, for example asymmetrical or overhanging 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.
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For all four tumour variations, models were created with shape factors ranging from
1to 10 in increments of 0.1. The code to generate these tumour models is available
on GitHub: github.com/MREYE-LUMC/OPT_tumourmodels.

Model evaluation

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

Volume and surface distance metrics

Tumour coverage and volumes of overestimation and underestimation, 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
5tand 95t percentiles, were determined. Additionally, the median absolute surface
distance was determined to quantify overall deviation regardless of direction.

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 mm, meaning the model contour
was allowed to lie at most 0.4 mm inside of the delineated contour, corresponding to
the MRI reconstruction 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.

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 precision 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.
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Statistics

For each variation, the number of patients with an acceptable model was reported.
Median and 5" and 9% percentiles of all volume and surface distance metrics were
calculated for all best models.

Additionally, tumour shape was classified as regular (dome-shaped or flat lesions)
or irregular (mushroom-shaped, bilobular or other asymmetrical shapes) [9].
Differences in tumour overestimation, 95" percentile surface distance and shape
factor between regularly and irregularly shaped tumours were evaluated with an
unpaired t-test or Mann-Whitney U test, depending on the results of the Shapiro-Wilk
test for normality.

Figure 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 dmax 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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RESULTS

Average tumour thickness and largest basal diameter were 6.4+ 3.0 mm (range 1.3-
12.9mm) and 15.0*3.7 mm (range 7.2-22.4 mm). AJCC 8th edition TNM staging [18]
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 overestimation 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 (5"-95™" percentile:
94.2% - 98.7%), corresponding to a relative overestimation of 20.5% (5t"-95t
percentile: 5.7% - 59.9%, Table 1, Figure 2). For the entire group, the median 5"
percentile surface distance was -0.23 mm, with the lowest values observed in the
largest tumours (Figure 2C). Similarly, median 95* percentile surface distance was
1.10 mm, with larger tumours exhibiting higher values (Figure 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
relatively high underestimation or overestimation are shown in Figure 3.

In irregularly shaped tumours a larger amount of overestimation of the tumour was
required for an acceptable model: medians for relative overestimation were 16.4%
and 36.6% (<0.001), with 95t percentile surface distances of 0.99 mm and 2.08mm for
regularly shaped and irregularly shaped tumours, respectively (Fig 4A,B). Differences
in shape factor between regularly and irregularly shaped tumours were not significant
(2.3 for regular shape and 2.2 for irregular shape, p=0.66). However, variations to
make the tumour model larger were used more often in irregularly shaped tumours
(41% of regularly shaped tumours and 85% of irregularly shaped tumours, Fig 4C,D).

At the more lenient threshold of 95% coverage, all patients had an acceptable tumour
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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 underestimation 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 2-5.

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 5" percentile surface distance (Supplementary
Table 6). 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.
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Figure 2: Relationship between model performance and tumour thickness: (A)
underestimation, (B) volume overestimation, (C) 5th percentile of signed surface distance,
(D) 95th 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 Figure 3.
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Figure 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 95th percentile surface distance of 3.3 mm.
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Figure 4: The influence of tumour shape (regular shape: n = 50, irregular shape: n=20) on
model performance. (A) Irreqular 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.

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%.

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

145




Chapter 5

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 volume is likely smaller.

Few papers have addressed margin calculation in ocular PT. In the studies by Wulff et
al. [19] and Bjorkman et al. [20], 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 [21-25].
This suggests that the tumour models used in clinical practice provide sufficient
coverage with the current radiation technique. 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, 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 [26, 27] 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 Figure 1
and Supplementary Table 7).

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
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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
irradiated 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 arbitrary. The 98% threshold was chosen
since it is a commonly used metric in the evaluation of radiotherapy plans, while 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
patients meeting the criteria for an acceptable model.

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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SUPPLEMENTARY MATERIALS

Supplementary Figure 1: Comparison of different methods for projection of model height.
Supplementary Figure 1: model heights projected from the curved tumour base (pink) and from a plane
perpendicular to the thickness vector (blue), resulting in very similar tumour models.
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Supplementary Table 7: Comparison of curved and plane projection

Plane projection Curved projection
Median shape factor 48 (2.8 -8.2) 2.3 (1.8 - 3.5)
Volume metrics
Coverage [%] 98.0 (93.7 - 98.5) 98.1 (94.6 - 98.4)
Overestimation [%] 20.5 (12.2 - 40.6) 14.8 (5.3 - 52.7)
Distance metrics [mm]
5th percentile surface distance -0.19 (-0.32 - -0.02) -0.23 (-0.38 - -0.05)
Median surface distance 0.57 (0.34 - 1.02) 0.41 (0.17 - 0.97)
95th percentile surface distance 1.58 (0.93 - 2.62) 1.24 (0.53 - 2.73)
Median absolute surface distance  0.57 (0.35 - 1.02) 0.42 (0.19 - 1.00)

Median and 5th-95th percentile volume and distance metrics for the best standard models for patients
who had both an acceptable model in the curved and plane projection. Performance metrics for the two
projections were similar, but the required shape factor differed. The curved projection was used throughout
this paper.
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Chapter 6

ABSTRACT

Purpose: Ellipsoid tumour models are used to approximate the tumour volume of
uveal melanomas, as the conventionally used ultrasound does not provide a three-
dimensional visualisation of the tumour. However, these models are a simplification
of the actual tumour geometry. The aim of this study was to determine to what extent
several of these frequently used ellipsoid tumour models accurately describe uveal
melanoma volume.

Methods: Tumours were delineated on contrast-enhanced T1-weighted MRI for 70
uveal melanoma patients. The MRI-delineated volume was compared to three ellipsoid
models, which used two-dimensional measurements such as thickness and basal
diameters as an input: half ellipsoids with round (Vioundbase) OF 0val base (Voyawase) and a
paraboloid consisting of two parts, also incorporating the curvature of the eye wall
(VtwopartS)'

Results: Statistically significant relative differences between MRI-delineated and
model volume of 53*32% (V ), 26£24% (V ) and 15*24% (V
observed (P<0.001). Tumour volume and shape did not influence the difference

) were

roundbase ovalbase: twoparts

between the model volumes and MRI-delineated tumour volume.

Conclusion: All tumour models result in considerable systematic overestimations of
tumour volume, with large variations in overestimation between patients. Adding
the perpendicular basal diameter to the model decreases this variation. Although
ellipsoid tumour models have shown to be valuable on a group level, they should be
used with caution for individual patients.
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Estimation UM volume with ellipsoid models

INTRODUCTION

Uveal melanoma, although the most frequently occurring primary ocular malignancy
in adults, is a rare disease with an incidence of about 2-10 per million per year,
varying per region [1-3]. Despite the high local control after treatment of the primary
tumour [4-6], 5-year survival is still relatively poor at 25% to 97% [7], depending on
clinical, histopathological and genetic factors. As prognosis is important for patient
counselling, several methods have been described to non-invasively estimate prognosis
or metastatic risk, including tumour size [8]. Shields et al. [9] described a 5% increase
in the 10-year risk of metastasis at each millimetre increase of tumour thickness.
In another study, increasing basal diameter was associated with lower survival [10].
These two tumour measurements are complemented with factors such as ciliary body
involvement in the frequently used AJCC TNM staging system [7, 11]. Furthermore,
tumour volume has been described to be a better prognostic factor [12-17].

However, with conventional ophthalmic imaging methods, such as ultrasound,
fundoscopy or optical coherence tomography, tumour volume cannot be measured
[18]. Several studies therefore propose tumour models using two-dimensional
measurements, such as thickness and diameter, to estimate tumour volume.
For example, Richtig et al. [12] proposed a half ellipsoid model in which the tumour
thickness and largest basal diameter are used. Later studies added more measurements
to further personalize these tumour models, such as the perpendicular basal diameter
[14, 15] or eye diameter [16].

These studies assume that uveal melanomas can be described as a regularly shaped
ellipsoid. However, several studies show that uveal melanomas not only appear in the
common dome shape, but also in bilobated, overhanging or mushroom configurations
[19-21]. Therefore, the aforementioned ellipsoid tumour models are a simplification of
tumour geometry and may therefore not be accurate, influencing prognosis estimation.

With the introduction of ocular MRI in the clinical care of uveal melanoma patients,
a non-invasive method of three-dimensional tumour imaging has become available
[18, 21, 22]. High-resolution sequences enable more accurate methods for measuring
tumour thickness, diameters, and clip-tumour distances than conventional ophthalmic
imaging has been able to [19, 20, 23, 24]. Furthermore, isotropic sequences enable
three-dimensional (3D) tumour delineations [25, 26].

The aim of this study was to determine to what extent several frequently used
ellipsoid tumour models can approximate uveal melanoma volume measured on MRI.
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METHODS

Patient population

For this study, data from two existing cohorts was analysed retrospectively.

For the first cohort, all UM patients who received an MRI between May 2019 and March
2021 as part of clinical care or in the context of a scientific study were evaluated
retrospectively. Patients in this cohort with tumours with a thickness below 7 mm were
generally treated with 1°Ru brachytherapy (apex dose 130 GyE), whereas larger tumours
and juxtapapillary tumours were treated with proton beam therapy (tumour dose 60 GyE)
or enucleation [4, 27]. Patients from this cohort were included if they had a primary
tumour without extrascleral extension. Patients for whom the tumour extent could
not be assessed accurately on MRI, according to the report of a neuroradiologist with
over 20 years of experience, were excluded. Furthermore, for patients who underwent
tumour endoresection after primary treatment, the scan after treatment was excluded.

The second cohort consisted of 14 patients who underwent MRI-scans before proton
beam therapy in the context of a separate prospective scientific study between
November 2022 and February 2024.

Both studies were conducted after approval of the local ethics committee (METC
Leiden-Den Haag-Delft, NL73433.058.20 and NL57130.058.16), in accordance with
the Declaration of Helsinki.

MRI acquisition and analysis

Tumours were delineated on the 3D contrast-enhanced T1-weighted scans (Figure
1), with the 3D non-contrast-enhanced T1-weighted scan and 3D T2-weighted scans
used as a reference to distinguish tumour from surrounding structures. These MRI-
scans were acquired with a 3 tesla MRI scanner (Ingenia Elition, Philips Healthcare,
the Netherlands) with a 4.7 cm surface receive coil (Philips Healthcare), using an
earlier described protocol [19, 23]. 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 were acquired in 2 minutes and 7 seconds.

Tumour delineation was performed by one observer (LK) and the contours were
verified, and if necessary corrected, by an ophthalmic MRI expert (JWB) with 10+
years of experience, based on the clinical evaluation by a neuroradiologist with over
20 years of experience.
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Estimation UM volume with ellipsoid models

Tumour thickness, largest basal diameter (LBD) and perpendicular basal diameter
(PBD) were computed automatically based on the 3D tumour contours according to
a previously published method [24]. These MRI measurements were used as inputs
for the tumour models.

Tumour shape was assessed visually and classified as regular (dome-shaped or flat
lesions) or irregular (mushroom-shaped or bilobated lesions). In general, tumour shape
was taken from the radiology report. Tumours for which the shape was not mentioned
in the radiology report were independently assessed by two observers (LK and JWB),
and disagreements were discussed in a consensus meeting.

Figure 1: Tumour delineation (red contour) was performed on 3D contrast-enhanced T1-
weighted MRI.

Tumour models

The volume of the delineated tumours was compared to the volume calculated with
three frequently used tumour models, based on the thickness and basal diameters
of the MRI delineation (Figure 2). The most straightforward model, the half ellipsoid
with round base (Vioundbase), Uses tumour thickness and largest basal diameter to
approximate tumour volume. First described by Richtig et al. [12], this model is used
for prognosis, growth rate estimation and treatment response assessment [28-31].

Other studies propose a half ellipsoid with oval base (Vovawase). This model uses both
the largest basal diameter and the perpendicular basal diameter and is used for
prognosis and treatment planning comparisons [14, 15, 32-35].

The most extensive model compared in this study is the paraboloid with two parts
(Vewoparts)- This model assumes the tumour consists of a paraboloid, comparable to the
half ellipsoid in the previously mentioned formulas, and a spherical cap approximating
the curvature of the eye. Variations of this model are applied in the context of
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comparison to new treatment planning and diagnostic techniques [25, 36] and
prognosis [16]. The model compared in this study was proposed by Caminal et al.
[36]. In this study, the radius of the eye was assumed to be 12 mm [37].

Figure 2: Models for calculation of uveal melanoma tumour volume. Thickness, LBD and PBD
are determined automatically based on the MRI contours. (A) The two ellipsoid tumour models
with their respective interpretations of the tumour base. (B) The paraboloid model with two
parts R: eye radius, assumed to be 12 mm [37]; h1=V(R2 - LBD/2 * SBD/2); h2=thickness - h1.

Statistics

All three tumour models were compared to the MRI-delineated tumour volume. Mean
differences and mean absolute differences were determined. Model volumes were compared
to the MRI-delineated tumour volume using two-tailed paired t-tests or Wilcoxon signed
rank tests, depending on the results of the Shapiro-Wilks test for normality. This analysis
was repeated for all three models and for the group before treatment, the group after
treatment and the entire cohort, resulting in 9 comparisons. Therefore, the significance level
was adjusted using a Bonferroni correction, resulting in a significance level of P<0.0056.

To assess whether tumour shape influenced the difference between the MRI-
delineated and estimated tumour volume, the difference between the regular and
irregular tumour shapes was determined in a multiple linear regression, also taking
tumour volume into account.

RESULTS

From the retrospective cohort, 60 patients were assessed for the inclusion and
exclusion criteria. 4 patients were excluded: 1 had extrascleral extensions and
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3 were evaluated to assess possible tumour recurrences. One patient underwent
endoresection in between the pre-treatment and post-treatment scan, and therefore
the post-treatment scan was excluded from this study.

Including 14 patients of the prospective cohort, in total 70 patients were included
in this study. For 35/70 patients, both pre-treatment and post-treatment scans were
available, resulting in 105 scans. The majority received proton beam therapy (64%),
while 23% received brachytherapy and 11% underwent enucleation.

Before treatment

Average (* standard deviation) tumour volume on MRI before treatment was 567 * 415
mm? (range 33-1663 mm?). Average thickness, LBD and PBD were 6.4 = 3.0 mm (range
1.3-12.9 mm), 15.0 # 3.7 mm (range 7.2-22.4 mm) and 12.5 * 3.1 mm (range 6.0-20.9
mm), respectively. AJCC TNM [11] was as follows: T1: 13%, T2: 14%, T3: 50%, T4: 23%.

On average, all tumour models resulted in a significant overestimation of the tumour
volume (Wilcoxon signed rank tests, all P<0.001): the model volume was larger than
the MRI-delineated volume in 97%, 89% and 84%, for Vioundbase, Vovatbase aNd Viwoparts,
respectively. Mean differences between the model and the MRI volume were smallest
for the paraboloid model with two parts, which resulted in an average overestimation
of 16 £ 23 % (Viwoparts, 1able 1). This model also resulted in the smallest variation in
overestimation between patients. Between the two ellipsoid models, the model that
incorporated the PBD (Vovamase) performed best, with an overestimation of 282 £ 22 %.
The largest differences between the model and the MRI tumour volume were observed
for the ellipsoid with the round base (Viounabase), With an average overestimation of
53 = 30 %, corresponding to the largest variation between patients. All differences
between the tumour models and the MRI tumour volume are shown in Table 1 and
Figure 3. An example of all three tumour models and the MRI delineation for tumours
with a regular (dome) shape and an irregular (mushroom) shape are shown in Figure 4.

After treatment

For the 35 patients with scans before and after treatment, average tumour volume did
not change after treatment (511 * 354 mm?> versus 456 = 409 mm?, P = 0.07). Tumour
model performance was similar to the pre-treatment group (Table 1).

Effect of tumour volume and shape

In @ multiple linear regression, tumour volume and tumour shape did not have a
statistically significant effect on the relative difference between the model volumes
and MRI-delineated tumour volume for all tumour models (Supplementary Table 1).
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Figure 4: Two examples of the three tumour models and the MRI contours for patients with
an irreqular (mushroom) shape (A) and with a regular (dome) shape (B). Green: MRI tumour
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contours, red: half ellipsoid with round base, yellow: half ellipsoid with oval base, blue:
paraboloid with two parts.

DISCUSSION

Ellipsoid tumour models are used to determine uveal melanoma volume to estimate
prognosis, to compare tumour volumes to other modalities and to perform treatment
planning comparisons. In this study, we show that frequently used methods result in
considerable systematic overestimations of the MRI-delineated tumour volume and
large variation in overestimation between patients.

ALl tumour models resulted in systematic overestimations of the MRI-delineated
tumour volume, which was smallest in the paraboloid with two parts (15%). This model
also had the smallest variation between patients (SD: 24%), although comparable to
the ellipsoid with oval base (SD: 24%), for which a larger mean overestimation was
observed.

The paraboloid with two parts may be further improved by measuring the radius of
the eye instead of taking a population average, as was done in this study. However,
decreasing or increasing the radius by 1 mm [38] resulted in a volume change of
0.5%, suggesting this improvement would have limited effect. Furthermore, using
a population average, this method can be used by only measuring the thickness
and two basal diameters, making it easily applicable in routine clinical care and in

retrospective studies. The half ellipsoid with round base (V resulted in the

roundbase)
largest overestimation and largest variation in overestimation within the cohort.
An improvement of this model was proposed by Stalhammar et al. [13], adjusting
the perpendicular diameter to 85% of the largest basal diameter. Although in our
cohort this proportion between largest and perpendicular diameter was similar, this

adjustment does not decrease the large variation between patients.

Although dome-shaped tumours are the most frequently occurring tumour shape,
uveal melanoma may appear in several shapes, especially after breaking through
Bruch’s membrane [19, 21]. Although not significant, the effect of tumour shape was
largest in the half ellipsoid with round base and smallest in the paraboloid with two
parts. Arnljots et al. used the second theorem of Pappus to estimate tumour volume
by determining the surface area of two halves of enucleated tumours on histology
slices [39], which might result in @ more accurate volume estimation in enucleated
eyes than the ellipsoid tumour models in this paper, especially for tumours with an
irregular shape.
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One previous study compared the MRI tumour volume with the half ellipsoid with oval
base [35]. However, this study aimed to compare MRI and ultrasound tumour volume
and therefore used the ultrasound measurements for the model, making it difficult to
directly compare the results. However, in both this study and in our cohort, the model
volume was larger than the MRI tumour volume. Although previous studies show that
on average ultrasound measurements agree with MRl measurements, the latter are
more accurate in anteriorly located tumours, especially if not the entire tumour extent
is visible in the ultrasound images [22]. Therefore, using ultrasound measurements
for tumour volume estimation would result in even more patient-specific variation.

More accurate estimation of tumour volume may contribute to improved prediction of
metastasis and survival. Despite it being an important factor, frequently used models
result in an overestimation of the tumour volume and the amount of overestimation
significantly between patients. Here, systematic overestimations will likely not affect
the accuracy of prognosis estimation, since patients with similarly sized tumours
will remain equally sized. However, the large variation between patients will likely
heavily influence the results. For example, two tumours from our cohort with a
comparable volume on MRI of 1181 and 1185 mm? had model volumes of 2156 and
1375 mm?® (V). According to Stalhammar et al., who adjusted the ellipsoid
with round base by a factor of 0.85, these two tumours would be categorized as V3
and V4, corresponding to an increase in hazard ratio of 2.32 for metastatic death
[13]. Similarly, the AJCC classification, which uses thickness and largest diameter to
estimate prognosis [7, 11], might not be an optimal representation of tumour load.
Allin all, this shows that models using two or three tumour dimension measurements
might offer valuable estimations on a group level, but on an individual level, and that
therefore a more accurate determination of tumour volume might improve prognosis
estimation.

Beside prognosis, ellipsoid tumour models are also used in treatment response
assessment of uveal melanoma. In this study, we show that model performance is
similar before and after treatment, although tumour volume often has not decreased
in size at the time of the first follow-up MRI scan [40].

This study shows that using the best-performing tumour model decreases systematic
errors in tumour volume estimation and halves the variation between patients. In the
future, three-dimensional imaging may become more widely available, for example
due to the increase in image-guided ocular radiotherapy [41, 42], resulting in precise
measurements of tumour volume instead of estimations. We hypothesize that using
delineated tumour volume as a prognostic tool may improve prognosis estimation,
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similar to other tumour sites [43-45]. However, future analyses using survival data in
larger cohorts should be performed.

Limitations

Due to the retrospective design of this study, a bias might exist towards larger
tumours, as in our centre these patients undergo standard MR exams to prepare for
proton therapy, whereas patients with smaller tumours do not. Therefore, the number
of patients receiving proton beam therapy in this cohort is larger than on average in
our centre.

In this study, we assessed how well ellipsoid models can describe volume for uveal
melanomas, which typically not all have an ellipsoidal configuration. In this context we
used a three-dimensional delineation of the tumour, based on MR-images, as ground
truth volume. We acknowledge that this method has its limitations, as flat extensions
might be missed [21, 22]. Nevertheless, earlier studies showed that MRI provides
a geometrically accurate representation of the tumour [46], and that MR-based
prominence and basal diameter measures typically correspond well with ultrasound
measurements [22, 24], upon which most current staging methods, such as the AJCC
classification, are mostly based [47]. Future improvements in MRI delineations may be
achieved by combining MRI with optical methods such as fundoscopy [48], which may
aid in accurately including thin lesions and flat tumour extensions. This is particularly
relevant for 9 out of 70 patients in this study with a flat lesion of which the tumour
extent was more difficult to assess on MRI. However, as the tumour model was based
on the dimensions of the MRI delineation, slight inaccuracies in delineation would
influence both the MRI-delineated volume and the tumour model in the same way
and therefore not impact the reported differences.

Conclusion

All ellipsoid tumour models result in considerable systematic overestimations of
tumour volume, with large variations in overestimation between patients. Adding the
perpendicular basal diameter to the model decreases the variation between patients.
Although ellipsoid tumour models have shown to be valuable on a group level, they
should be used with caution on an individual level.
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Chapter 7

ABSTRACT

Purpose

Perfusion-weighted imaging (PWI; magnetic resonance imaging [MRI]) has been shown
to provide valuable biological tumor information in uveal melanoma (UM). Clinically
used semiquantitative methods do not account for tumor pigmentation and eye
movement. We hypothesize that a quantitative PWI method that incorporates these,
provides a more accurate description of tumor perfusion than the current clinical
method. The aim of this study was to test this in patients with UM before and after
radiotherapy.

Methods

Perfusion-weighted 3T MRIs were retrospectively analyzed in 47 patients with UM
before and after radiotherapy. Tofts pharmacokinetic modeling was performed to
determine vascular permeability (K'*"), extracellular extravascular space (ve), and
reflux rate (kep). These were compared with semiquantitative clinical parameters
including peak intensity and outflow percentage.

Results

The effect of tumor pigmentation on peak intensity and outflow percentage was
statistically significant (P < 0.01) and relative peak intensity was significantly different
between melanotic and amelanotic tumors (1.5 vs. 1.9, P < 0.01). Before radiotherapy,
median tumor K™ was 0.63 min (range = 0.06-1.42 min™), median v, was 0.23 (range
=0.09-0.63), and median ke, was 2.3 min™ (range = 0.6-5.0 min™). After radiotherapy,
85% showed a decrease in K" and ke, (P < 0.01). Changes in tumor pigmentation
before and after radiotherapy were small and not significant (median increase in T1
of 33 ms, P=0.55).

Conclusions

Quantitative PWI parameters decreased significantly after radiotherapy and can
therefore can serve as an early biomarker for treatment response assessment.
However, due to the nonsignificant changes in tumor pigmentation before and after
radiotherapy, the current semiquantitative method appears to be sufficiently sensitive
for detection of changes in tumor perfusion.
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Quantitative PWI in UM

INTRODUCTION

Uveal melanoma (UM) is the most frequently occurring primary intraocular malignancy
in adults [1]. In the clinical care for UM patients, magnetic resonance imaging (MRI)
is increasingly being used [2, 3]. In addition to three-dimensional high-resolution
anatomical images, dedicated functional sequences can provide tumor biomarkers
for differential diagnosis and response assessment [4-6]. In this context, perfusion-
weighted MRI (PWI) is a technique that can obtain information on the tumor perfusion
by administering an intravenous contrast agent while continuously imaging the eye,
to visualize the arrival, uptake and outflow of the contrast agent (Figure 1).

In clinical practice a semi-quantitative PWI analysis is generally performed [7], in
which a representative region of interest (ROI) is drawn in one or several of the slices.
By showing the average signal intensities of the ROl on each of the time points, a time
intensity curve (TIC) is obtained. From this time-intensity curve, tumor parameters
such as shape of the curve (e.g. a wash-out curve), relative peak intensity and outflow
percentage can be derived. These semi-quantitative parameters have shown to be
valuable for differential diagnosis [7, 8], prognosis [9] and early response assessment
[10] of UM.

For other tumor sites, the more quantitative pharmacokinetic modeling (PKM)
has shown to provide a more accurate description of the tumor’s perfusion
characteristics, as the exchange of contrast agent from the blood to the tissue's
extracellular extravascular space is quantified [11-15]. The Tofts model is one of the
most commonly used methods to perform PKM of MRI perfusion data [16, 17] [18,
19]. In this model, the transfer rate of gadolinium from blood plasma to (tumor) tissue
is modelled by K", which depends on the vascular permeability, while v, describes
the fraction of extracellular extravascular space. For each voxel these quantities can
be obtained. From these quantitative parameters, ke, the reflux rate at which the
gadolinium is transferred back into the vasculature, can be derived.

Recently, Jaarsma et al. [18] adapted this quantitative PWI analysis method for
intra-ocular malignancies, showing that PKM can potentially provide more accurate
biomarkers of the lesion’s vasculature as it corrects for both eye motion and the tumor
pigmentation. In particular the confounding effect of varying melanin content of UM,
could overshadow the differences in tumor vasculature as it has a strong effect on
the observed signal enhancement due to its effect on longitudinal relaxation time
(T1) [7, 18] .
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We hypothesize that for UM, the quantitative PWI method, which corrects for tumor
pigmentation, is more accurate and will provide significantly different results than the
current clinical method. The aim of this study was to test this hypothesis in a cohort
of UM patients before and after treatment.

METHODS

Patient population

ALl UM patients who received an MRI between May 2019 and March 2021 as part of
clinical care or in the context of a scientific study were evaluated. Only patients with
a tumor prominence larger than 2.5 mm (excluding sclera) on MRI were included, as
the proposed PWI method is less reliable for thinner tumors due to partial volume
effects[18]. Data were analyzed retrospectively after approval of the local ethics
committee, in accordance with the Declaration of Helsinki. For all patients, pre-
treatment MRIs were available, and post-treatment scans, acquired approximately
one to three months after treatment, were available for 26/47 patients. Tumors with
a prominence below 7 mm were generally treated with °°Ru brachytherapy (apex
dose 130 Gy [20]), whereas larger tumors and juxtapapillary tumors were treated with
proton beam therapy (tumor dose 60 GyRBE [21]) or enucleation.

Image acquisition

Patients were scanned on a 3 tesla MRI scanner (Ingenia Elition, Philips Healthcare,
the Netherlands) with a 4.7 cm surface receive coil (Philips Healthcare) according to
the protocol by Ferreira et al [4, 7]. Scans used in this study included fat-suppressed
contrast-enhanced 3D T1-weighted images, a variable flip angle series used for T1-
mapping, a DREAM series for B1*-mapping [22], and a dynamic contrast-enhanced
time series with a temporal resolution of 1.9 seconds per dynamic. The dynamic time
series was acquired with a spatial resolution of 1.25x1.25x1.5 mm3 using the TWIST
method [18, 23]. The dynamic time series were acquired using a bolus of 0.1 mmol/kg
gadoterate meglumine (DOTAREM; Guerbet, Roissy CdG Cedex, France), administered
6 seconds after the start of the scan, using a power injector with an injection rate of
2 ml/s [18]. More scan parameters can be found in Table 1.
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Table 1: Scan parameters.

Quantitative PWI in UM

T1-mapping Bi1+-mapping DCE-MRI 3DT1
Acquisition 1.25x1.25x1.5 2.0x2.0x2.0 1.25x1.25x1.5 0.8x0.8x0.8
voxel size [mm?]
TE/TE2/TR [ms] 3.1/-/7.0 2.3/3.6/7.1 2.3/-/4.5 31/-/400
Flip angle [deg] 2/5/9/15 10 13 90
Fat suppression Proset 11 SPIR Proset 11 SPIR
Scan time 4 x 00:07 00:14 04:00 02:07
[mm:ss]
Remarks DREAM Temporal resolution Contrast-

sequence 1.9s/dynamic, TWIST enhanced

DCE: dynamic contrast-enhanced, TE: echo time, TR: repetition time, SPIR: spectral presaturation with
inversion recovery, DREAM: dual refocusing echo acquisition mode [22], TWIST: time-resolved angiography
with stochastic trajectories sequence [23].

Quantitative analysis

Tumors were semi-automatically delineated on the contrast enhanced 3D T1-images in
MeVisLab (MeVis Medical Solutions, Bremen, Germany) using a subdivision surface fit
[24] and manual correction by an ophthalmic MRI-expert with 10 years of experience
based on the clinical evaluation of the images by a neuroradiologist with at least 20
years of experience. Tumor prominence was computed automatically based on the
3D tumor contours according to a previously published method [25].

The quantitative eye-specific PWI analysis was performed in Matlab 2019b (MathWorks,
Natick, Massachusetts, USA) based on the method described by Jaarsma et al [18].
First, the variable flip angle series, B1*-mapping scans and all separate timepoints
of the DCE-MRI were rigidly registered to the contrast-enhanced 3D T1-weighted
scan using Elastix 4.9.0 [26] in two steps: first unmasked, then using an eye mask to
correct for eye motion. Then, a T1-map was calculated using the variable flip angle
series and the B1*-map [18]. The tumor contours were eroded by two reconstruction
voxels (total 0.6 mm) to eliminate any effects of partial voluming and sub-voxel eye
motion after registration. Subsequently, voxel-wise pharmacokinetic modelling (PKM)
was performed according to the formulas of Tofts [19] for the first 90 timepoints (172
seconds), resulting in a K@, veand ke, value per voxel for all tumors, with k., defined
as the ratio between K'# and v.. An overview of the methods is shown in Figure 1.

Clinical parameters

Relative peak intensity and outflow percentage, the most commonly used clinical PWI
parameters [7], were determined. Relative peak intensity was defined as the ratio

181




Chapter 7

between signal intensity of the highest peak within the first 90 seconds and mean
signal intensity of the second through fourth time point. Outflow percentage was
defined as the difference between the intensity 120 seconds after the peak and the
peak intensity, divided by the peak intensity. Based on outflow percentage, tumors
were assigned a TIC type, with outflow percentages of -5% or lower corresponding
to wash-out curves, between -5% and 5% to plateau curves, and higher than 5%
corresponding to progressive curves, respectively.

Statistics

Medians and 25-75'" percentiles were determined for B1*, T1, K", v, and ke,, relative
peak intensity and outflow percentage before and after treatment. The difference
in K and relative peak intensity between melanotic and amelanotic tumors was
determined using an unpaired t-test or Mann-Whitney test. Tumors were considered
amelanotic if they had a median T1 larger than 1000 ms, based on a previous study in
which all amelanotic tumors had a T1 above 1000 ms [18]. Additionally, the significance
of the difference in K", v, and k., between the two timepoints was determined
using a paired T-test or Wilcoxon signed rank test. As tumor pigmentation affects
longitudinal relaxation time (T1) and therefore the amount of apparent enhancement
[7, 18], tumor T1 was compared before and after treatment in the same way.

To test if the quantitative PWI method was significantly different from the current
clinical method the following comparisons were performed: First, multiple linear
regression was performed with K'"sand T1 for relative peak intensity, as T1 has been
proposed to be a confounding factor in the analysis of tumor vascularity. Similarly,
the multiple linear regression was performed with k., and T1 for outflow percentage.
Furthermore, to test if the quantitative PWI method was different from the current
clinical method for the follow-up after treatment, Pearson’s or Kendall’s correlation
coefficient was determined for the change in K" and change in relative peak
intensity, and for the change in k., and the change in outflow percentage.

Additionally, since tumor prominence is an important prognostic factor [27], Pearson’s
or Kendall's correlation coefficient was determined for tumor prominence and PWI
characteristics such as peak intensity and outflow percentage, for tumor prominence
and median tumor T1, and for tumor prominence and PWI parameters such as K",
Ve and Kep.

For all statistical analyses, p-values lower than 0.05 were considered statistically

significant and the choice between parametric and non-parametric testing depended
on the result of the Shapiro-Wilks test for normality.
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A: Tumour delineation on 3DT1gd B: Registration of all dynamic timepoints to 3DT1gd
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Figure 1: Overview of methods. Additional diagnostic sequences for this patient can be
found in Supplementary Figure 1. (A) Tumors were delineated on the contrast-enhanced 3D
T1-weighted image (3DT1gd). (B) All timepoints of the dynamic scan, the flip angle series
and the B1-map were registered to contrast-enhanced 3D T1-weighted scan. In this figure,
a mean time intensity curve is shown before and after registration, with the expected and
actual tumor position at t=200 s shown. (C) A T1-map was made for each tumor using the flip
angle series and B1-map. (D) Voxel-wise pharmacokinetic (PKM) modelling was performed
using the T1-map, B1-map, and time-concentration curve. PKM was performed up to t=180s.
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RESULTS

47 patients were included, of whom 26 underwent an MRI-scan both before and after
treatment. Median tumor prominence excluding sclera was 6.6 mm (range 2.7-13.8
mm). 53% of all patients were treated with proton beam therapy, whereas 30% received
196Ru brachytherapy and 17% of patients underwent enucleation. Median tumor B1*
was 91% (range 78-103%) and median tumor T1 was 920 ms (range 460-1500 ms).
For the subgroup of 26 patients who underwent scans before and after treatment,
the majority underwent proton beam therapy (24/26, 92%), while 2 patients (8%)
received brachytherapy. Median relative peak intensity and outflow percentage before
treatment were 1.63 (range 1.19-2.66) and -8% (range -24% - 3%), respectively. Relative
peak intensity was significantly higher for patients with a higher T1: median relative
peak intensities for melanotic and amelanotic tumors were 1.5 (range 1.2-1.9) and 1.9
(range 1.3-2.6), respectively (p<0.01). Pre-treatment, 68% of tumors had a wash-out
type curve and the remaining 32% had a plateau type curve.

Before treatment, median tumor K", v, and k., were 0.63 min?! (range 0.06-1.42
min®), 0.23 (range 0.09-0.63) and 2.3 min* (range 0.6-5.0 min?), respectively (Figure
2a). Time-intensity curves of two representative patients, one with a highly enhancing
wash-out curve and one with a plateau curve showing less enhancement, are shown
in Figure 2b. Results for all patients can be found in Supplementary Table 1. The eye-
specific quantitative PWI analysis used in this paper corrects for T1, resulting in
a smaller, although still significant, difference in K"#"s between melanotic and
amelanotic tumors (median 0.47 min* vs 0.67 min?, p=0.03, Figure 4). Amelanotic
tumors had a smaller tumor prominence than melanotic tumors (5.9 mm vs 7.7 mm,
p=0.03). Correlations between prominence and PWI parameters before treatment
were weak and not significant (Supplementary Figure 2).

Quantitative PWI measures compared to semi-quantitative clinical parameters
Generally, tumors with high K" values (Figure 2b, green curve) had a higher peak
intensity than tumors with lower K2 values (Figure 2b, blue curve)., which was also
reflected in regression coefficient of 0.84 (Figure 3a, both K@ and T1 p<0.01). Due to
the significant effect of tumor pigmentation, different patients with similar K" values
showed larger differences in relative peak intensity (Figure 3a). Furthermore, both ke,
and T1 were significant factors for the outflow percentage (p<0.001), with a regression
coefficient of 0.80 (p<0.001).
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Follow-up

The median time between treatment and the post-treatment MRI-scan was 69 days
(range 26-112 days). 85% showed a decrease in K" and k., after treatment, with
the median K for all patients decreasing from 0.62 min*! before treatment to
0.41 min?t after treatment (p<0.01) and median k., from 2.5 before treatment to
1.8 after treatment (p<0.01) (Figure 5). No significant difference was observed for
Ve, With median values of 0.23 and 0.24 before and after treatment, respectively
(p=0.95). Although K2 and k., decreased for the majority of patients, two patients
showed an increase in K™ (Figure 5c), and one patient showed an increase in ke,
(Figure 5c-d). For these patients, the TIC remained the wash-out type and for the
patients with increasing K", the peak intensity was higher after treatment than
before treatment. Change in K" correlated significantly with change in relative
peak intensity (Pearson’s r = 0.72, p<0.01, Supplementary Figure 3a) and change in
kep correlated significantly with change in outflow percentage (Pearson’s r = -0.83,
p<0.01, Supplementary Figure 3b). Differences in T1 between the timepoints were
small and not significant (median increase of 33 ms, p=0.55, Supplementary Figure 4).

Figure 2: (A) Median with IQR of K" and k, for each tumor before treatment. (B) Examples
of time-concentration curves for patients with low and high K and kep values. Mean time-
concentration curves of the entire tumor are shown.
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Figure 3: Comparison between quantitative and semi-quantitative PWI parameters. RPI:
relative peak intensity, OP: outflow percentage. For the regression analysis, T1 was measured
in seconds. (A) The regression coefficient between K™, T1 and relative peak intensity was
significant. The importance of correcting for T1 can be observed here: patients with similar
K" values have varying peak intensities. (B) The regression coefficients between k, » T1
and outflow percentage was significant. Values with similar k,, values correspond to varying
outflow percentages.

Figure 4: Relative peak intensity (semi-quantitative clinical parameter) and K" (quantitative
PWI analysis) for melanotic and amelanotic tumors. Large differences exist between relative
peak intensity (left) due to the confounding effect of the difference in native T1, which is
corrected in the calculation of K™ (right), although differences between melanotic and
amelanotic tumors remain. Tumors were considered amelanotic if they had a median tumor
T1 higher than 1000 ms.
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Figure 5: Both K" and kep decrease after treatment. (A) Violin plots of K" and kep values
before and after treatment, (B) examples of time-concentration curves with corresponding
PWI parameters for one patient, (C) changes in K" and k., after treatment, (D) patient with
increase in K" and kep after treatment.

DISCUSSION

In this paper, an eye-specific quantitative PWI analysis, which incorporates the
confounding effect of tumor pigmentation, was compared to current clinical method
for uveal melanoma patients before and after treatment. In addition, this is the first
description of pharmacokinetic parameters of a large cohort of uveal melanoma
patients.

Overall, the values of the quantitative PWI parameters found in this cohort correspond
well to an earlier study with the same method, but a different cohort [18], as well
as to another study from a different center [28]. The study of Kamrava et al. [29],
however, reported a lower transfer constant from blood to tissue (K"") which could
be caused by partial voluming, due to their relatively poor slice thickness of 3 mm,
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but could also be the result of a different contrast agent. These differences accentuate
that the reference values proposed in this paper are specific to the used acquisition
and analysis methods. Furthermore, the clinically used, semi-quantitative, parameters
(relative peak intensity, outflow percentage and TIC type) observed in this cohort
were comparable to prior UM studies [7, 8, 30], with wash-out curves being the most
prevalent and plateau curves occurring in approximately one third of the patients.
No progressive curves were observed before treatment, a finding consistent with the
literature [2].

Previous research has shown that semi-quantitative PWI parameters can serve as an
early biomarker for treatment response [10]. Here, we show that these early changes
are also reflected in the tumor’s pharmacokinetic parameters as both K" and ke,
decreased significantly after treatment. A decrease in K" after treatment corresponds
to decreased tumor perfusion, which is also reflected by the lower relative peak
intensities after treatment. Similarly, the decrease in keID corresponds to less reflux
back into the blood vessels, which is qualitatively reflected in lower washout after
the initial enhanced after contrast administration.

A similar post-treatment decrease of quantitative PWI parameters has been reported
in other tumor sites, such as breast, head-and-neck, and rectal cancer [12, 13, 15, 31].
However, for patients with small changes in PWI parameters, it is difficult to determine
whether this is truly due to the absence of biological changes, as no research has
been performed on the reproducibility of this eye-specific quantitative PWI analysis.

Comparison with semi-quantitative clinical evaluation and added value

Although several differences exist between the proposed quantitative PWI method
and the clinically used semi-quantitative method, significant regression coefficients
were observed between K" and peak intensity, and ke, and outflow percentage.
The main difference between the two approaches is that in the quantitative method
the actual gadolinium concentration is calculated, while the semi-quantitative method
evaluates relative signal intensities, a metric which is partly determined by the tumor
T1. The implications of this confounding effect are shown, as patients with different
peak intensities can have the same K", Incorporating these differences in tumor
T1 results in a more accurate comparison of lesions, which is especially relevant in
UM, as this T1 differs between melanotic and amelanotic UM. Interestingly, with the
quantitative method still a difference in K" between melanotic and amelanotic
tumors was observed, which might be related to the difference in tumor size or other
differences between the two groups, as pigmentation appears to be related to genetic
status and prognosis [1, 32].
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For treatment response assessment, incorporating this confounding effect of
pigmentation appears to be less relevant, as minimal changes in tumor T1 before
and after treatment were observed, suggesting that the semi-quantitative method is
sufficient to assess whether changes associated with treatment response are present.

Although the correlation between the quantitative PWI method and current clinical
method was significant, relative peak intensity differed significantly between the
melanotic and amelanotic subgroups. Therefore, the more advanced quantitative
method may be valuable for differential diagnosis of intraocular lesions, as, conversely
to UM, these are generally non-pigmented (except melanocytoma). For orbital lesions,
the pharmacokinetic parameters have already been described by Xu et al. [33] and
Ro et al. [34], who found larger K" and k., values for malignant orbital masses
compared to benign lesions. However, studies describing intraocular masses in terms
of quantitative PWI parameters are sparse [35, 36]. In clinical practice, we therefore
advise to use separate reference values for pigmented and unpigmented UM when
comparing the TIC-related metrics, such as peak enhancement, between lesions.

Furthermore, although on a group level a correlation between the clinical and
quantitative methods was observed, on a patient level the lack of motion correction
in the clinical method might be a limitation. Due to the registration, the proposed
quantitative method might be more robust to slow gaze drifts, which can be missed
during the clinical evaluation [10]. However, as this eye-specific registration is not
available in clinically used software packages and is therefore time intensive, the
current clinical practice of mitigating movement artefacts by the manual selection
of a suitable neighboring timepoint is likely sufficient for most cases.

Similarly, the fully quantitative method is a voxel-wise analysis, in contrast to the
clinical method, where an averaged representative 2D ROl is evaluated. This voxel-
wise analysis allows for a more detailed evaluation of the mass, which might be
valuable for heterogeneous tumors [7, 37, 38]. Clinically, it is proposed to obtain
several ROIs to correctly evaluate these masses [7, 10], but this is only feasible to a
certain extent. Although the proposed quantitative PWI method provides quantifiable
insights into tumor heterogeneity, the clinical value of this heterogeneity is currently
unknown.

MRI is gaining a more prominent place in the clinical care of uveal melanoma patients:
it is for example now routinely used in the proton therapy planning [39-41], as it
provides a geometrically accurate three dimensional visualization of the tumor and
surrounding structures [42]. With these developments, various MR-biomarkers have
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become accessible in routine clinical care. Diffusion Weighted Imaging, for example,
can aid in the differential diagnosis [2, 7] and reportedly holds promise in prognosis
determination [43]. Similar applications, including treatment response assessment
have been reported of PWI [2, 7, 10, 29]. In this context, the quantitative analysis as
proposed by Tofts et al [19] has been validated in phantom studies [44-46] and was
adapted for eye-specific applications by Jaarsma et al [18], correcting for confounding
factors such as tumor pigmentation and eye movement. However, this method
requires several calibration scans and post-processing steps. As the semi-quantitative
analysis is more accessible, it is used clinically, and in this paper we show that these
semi-quantitative parameters strongly correlate to the validated Tofts method and
are therefore sufficiently accurate for early treatment response assessment [10].
Furthermore, reference values are given for melanotic and amelanotic UM, simplifying
the use of the semi-quantitative method in the differential diagnosis of amelanotic
intraocular masses. Future research will have to show whether semi-quantitative
PWI is of added value for estimation of prognosis [29], as the differences in perfusion
between several risk profiles might be smaller.

Limitations

The proposed method corrects for tumor pigmentation and eye motion. However,
due to the limited field of view, no personal AIF could be determined. Although
population-based AlFs are widely used [47, 48], especially K" estimations may be
less accurate on the patient level, especially for subjects with an impaired cardiac
output. Here, an overestimation of the AIF would result in an underestimation of
Ktans [49]. However, in this context, it is important to realize that UM patients are not
predisposed to cardiovascular abnormalities. Furthermore, adding a personal AIF to
this method would require enlarging the field of view, resulting in a decrease in either
spatial or temporal resolution, which might be unfavorable, especially in small UM.

Conclusions

In this paper, we show that a quantitative PWI method that corrects for tumor
pigmentation can serve as an early biomarker for treatment response assessment,
as both K" and k., decreased significantly after radiotherapy. However, due to the
non-significant changes in tumor pigmentation before and after treatment, the current
clinical semi-quantitative method appears to be sufficient as a biomarker for changes
after ocular radiotherapy. For differential diagnosis, the quantitative PWI method
may be preferred, although studies on quantitative PWI for intraocular masses are
sparse. In clinical practice, we therefore advise to use separate reference values for
pigmented and unpigmented intra-ocular masses when interpreting semi-quantitative
parameters such as peak enhancement.
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Supplementary Figure 1

Supplementary Figure 1: Additional diagnostic sequences for the patient shown in Figure 1.
The tumor is located superiorly, with retinal detachment visible both around the tumor and
inferior.

Supplementary Figure 2

Supplementary Figure 2: Tumor prominence compared to curve characteristics and PWI
parameters before treatment. Correlations between prominence and the curve characteristics
and PWI parameters were weak and not significant.
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Supplementary Figure 3

Supplementary Figure 3: Change in K" correlated with change in relative peak intensity
(Pearson’s r = 0.72, p<0.01, Supplementary Figure 2a) and change in kep correlated with
change in outflow percentage (Pearson’s r = 0.86, p<0.01, Supplementary Figure 2b).

Supplementary Figure 4

Supplementary Figure 4: Differences in T1 between the timepoints were small and not
significant (median increase of 33 ms, p=0.55).
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ABSTRACT

Introduction

Diffusion-weighted (DWI) and perfusion-weighted MRI (PWI) can assess biological
tumour characteristics of uveal melanoma (UM), the most common primary intraocular
malignant tumour in adults. Recent studies propose that these techniques can aid in
the differential diagnosis, provide prognostic information, and enable early assessment
of treatment response following radiation therapy. However, it is important to
determine the extent to which any observed differences can be attributable to true
biological changes in the tumour rather than day-to-day physiological or measurement
variations. Therefore, this study aims to assess the reproducibility of ocular DWI and
PWI measurements between two centres.

Methods

In this prospective study, 15 patients with UM were included. Each patient underwent
two MRIs at two different centres with a mean interval of 28 days (range: 12-43 days).
Apparent diffusion coefficient (ADC), relative peak intensity and outflow percentage of
the tumour were compared between the two timepoints. Mean absolute differences
between the two timepoints were calculated.

Results

Mean absolute differences between the two timepoints were 0.07 x 10 mm?/s (95%
Cl, 0.04-0.11) for ADC, 0.11 (95% Cl, 0.04-0.18) for relative peak intensity and 6 (95%
Cl, 3-10) percentage points for outflow percentage.

Conclusion

This study shows that DWI and PWI parameters demonstrate reproducibility in UM
patients between two different centres, with variabilities smaller than differences
typically observed in differential diagnosis or treatment response assessments.
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INTRODUCTION

Uveal melanoma (UM) is the most common primary intraocular malignancy in
adults, with an incidence of approximately six cases per one million individuals [1].
Conventional imaging modalities for diagnosis and follow-up include ultrasound,
fundoscopy, and fluorescein angiography [2]. Treatment options range from
enucleation to eye- and vision-preserving therapies, such as episcleral brachytherapy
and proton beam therapy (PBT) [1].

In the last decade, the use of magnetic resonance imaging (MRI) in ocular oncology
has increased, enabling three-dimensional tumour visualisation [3-7] and non-invasive
assessment of tumour biology with functional imaging techniques such as diffusion-
weighted imaging (DWI) and perfusion-weighted imaging (PWI) [2,8,9]. With DWI the
apparent tissue’s diffusion coefficient (ADC) can be assessed, which is a quantitative
biomarker of water mobility based on the tissue microenvironment. PWI uses an
intravenous contrast agent to assess tumour perfusion, with analysis focussing on
the type of time-intensity curve (TIC), as well as TIC-derived measurements such as
peak intensity and outflow percentage [10,11].

Different clinical applications of these functional imaging techniques have been
proposed, often complementing the conventional ophthalmic imaging modalities.
For example, PWI and DWI allow further characterization of UM, which may aid in
differential diagnosis [8,10,12]. In PWI, UM often shows a wash-out TIC, whereas
progressive TICs, which are more prevalent in benign lesions, have not been
reported [8].

Furthermore, Tang et al [11] highlighted the role of PWI in response assessment,
with favourable PWI changes observed after radiotherapy, before changes in size
were apparent. In a study by Foti et al [13], a significant increase in ADC was shown
after radiotherapy. Additionally, quantitative analysis of PWI has been proposed
to potentially differentiate between high- and low-risk genetic sub-classes of UM,
potentially providing a biopsy-less prognostication [8,14-16].

However, before these quantitative metrics can be used to further guide clinical
decision-making, it is essential to determine whether the observed differences reflect
true biological changes or merely normal day-to-day variability or inter-scanner
differences [17]. Currently, the reproducibility of functional MRI for ocular tumours
remains unknown. Therefore, in this study, we aim to assess the reproducibility of
perfusion-weighted and diffusion-weighted MRI in patients with uveal melanoma.
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METHODS

Study design

In this study, patients with UM and eligible for PBT underwent two MRI-scans,
including PWI and DWI sequences, from which the functional parameters were
compared and the reproducibility was determined.

This prospective study was conducted in accordance with the principles of the
Declaration of Helsinki and was approved by the local ethics committee (registration
number NL7343305820). Written informed consent was obtained from all participants.

Patients

Between October 2022 and February 2024, 15 patients diagnosed with UM who were
treated with PBT were included in this study at the Leiden University Medical Center
(LUMC). Patients were referred to HollandPTC for PBT, where they received four
fractions of 15 GyE on four consecutive days [18].

Each patient underwent two MRI scans, including DWI and PWI sequences. These scans
were performed over a period of two to six weeks. The first MRl was conducted before
clip placement surgery at LUMC and was part of regular clinical care. The second
MRI was performed at the first appointment at HollandPTC, at least 7 days after clip
placement surgery.

MRI protocol

ALl MRIs were acquired using a dedicated 3-tesla ocular MRI protocol with a 4.7 cm
surface receive coil (Philips Healthcare, Best, the Netherlands). At the LUMC,a 3 T
Ingenia Elition MRI was used while at HollandPTC scans were performed witha 3 T
Ingenia MRI (both software version 5.6, Philips Healthcare, Best, the Netherlands).
The entire scan protocol contained anatomical scans, a dynamic contrast-enhanced
scan and the diffusion-weighted scan and was previously described in more
detail by Ferreira et al. Scans were optimized to limit the effect of potential eye
movement [10,14]. Characteristics of the DWI and PWI scans analysed in this study
are summarised in Table 1. The protocols at the two centres differed slightly due to
differences in gradient performance and availability of specific software options (Table
1). The angulation of the DWI scans at the second timepoint were chosen such that
they matched those of the first timepoint. For PWI, a bolus of 0.1 mmol/kg bodyweight
of gadoterate meglumine (LUMC: Clariscan®, GE Healthcare, IL, USA and HollandPTC:
Dotarem®, Guerbet Diagnostic Imaging, Villepinte, France) was administered using a
power injector with an injection rate of 2 mL/second.
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Image analysis

The DWI analysis was performed using Sectra IDS7 (Sectra AB, Linkdping, Sweden,
version 25.2), with the ADC map as provided by the scanner software. The PWI analysis
was performed with Vitrea (Vital Images, Minnetonka, USA, version 7.16.0.703).

For both DWI and PWI, a single-slice oval range of interest (ROl) was manually drawn
within the tumour by one observer (PJ) and were reviewed and if necessary adjusted
by an ocular MRI expert with over 12 years of experience (JWB). This was done on
the tumour slice with the largest lesion. ROl placement was guided by corresponding
T1- and T2-weighted imaging to differentiate the tumour from retinal detachment,
necrosis, and inflammation (10,14,19,20). For tumours with multiple components the
most malignant measurement was chosen (e.g. lowest ADC value for DWI, and highest
outflow and/or enhancement for PWI). The same size ROl was placed on the same
location across both MRIs for each patient.

For PWI, the tumour was semi-quantitatively assessed by relative peak signal intensity
and outflow percentage (Figure 1). The relative peak signal intensity was calculated
by dividing the peak signal by the baseline signal averaged over the first 20 seconds
(Figure 1). Outflow percentage was defined as the relative difference between peak
intensity and the intensity two minutes post-peak (Figure 1). At all timepoints ROI
placement was verified to be fully in the tumour, and adjusted if necessary to account
for eye motion.

Statistical analysis

The primary aim was to assess functional MRI reproducibility by comparing ADC
values, relative peak intensity, and outflow percentages between both timepoints per
patient. Mean absolute differences were calculated, and Bland-Altman plots were
used for comparison. Furthermore, the reproducibility coefficient (RDC) was calculated
for the ADC and relative peak intensity, by using the within-subject coefficient of
variation (wCV), following the recommendations of the Quantitative Imaging
Biomarkers Alliance (QIBA) [17].
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Figure 1. Determination of DWI and PWI parameters. (A) ADC-map with ROI (red circle). (B)
One of the timepoints of the dynamic scan with ROl (red circle). (C) Time intensity curve with
relative peak intensity and outflow percentage.

RESULTS

Fifteen patients were included in this study, all of whom underwent two MRI scans.
One patient was excluded for both the PWI and DWI analysis due to a haemorrhage
within the tumour between both time points. Furthermore, two patients did not
complete the PWI scan at the second timepoint due to patient preferences or difficulty
gaining access to the blood vessel and were therefore excluded for the PWI analysis.

Consequently, a total of 14 patients were included in the DWI analysis, and 12 patients

in the PWI analysis, with a mean interval between both scans of 28 * 8.8 (range: 12-43)
days. Patient and tumour characteristics are summarised in Table 2.
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Mean ADC values were 1.00 = 0.12 x 10> mm?/s for the first timepoint and 1.03 = 0.08
x 10 mm?/s for the second timepoint, with a mean absolute difference between both
time points of 0.07 # 0.06 x 10* mm?2/s (95% Cl: 0.04-0.11 mm?/s) (Figure 2). The wCV
was 0.066 mm?/s, corresponding to a reproducibility coefficient of 18.4%.

Mean relative peak intensity values were 1.92 and 2.00, for the first and second
timepoint respectively, with a mean absolute difference of 0.11 £ 0.10 (95% CI: 0.04-
0.18) (Figure 2). The wCV was 0.046, corresponding to a reproducibility coefficient
of 12.7%. For the outflow percentage, mean values were -18% at the first timepoint
and -17% at the second timepoint, with a mean absolute difference of 6 + 6 (95% Cl:
3-10) percentage points (Figure 2).

Examples of two patients at both timepoints are shown in Figure 3.

Table 2. Baseline Characteristics of The Subjects

Characteristics Patients (n = 14)

Age (years) 57 £ 14 (range: 25-72)

Sex - Male 57%

Eye - OD 50%

AJCC Classification: T1 /T2 /T3 / T4* 0(0%) /3 (21%) /10 (71%) / 1 (7%)
Shape: Mushroom / Dome 3 (21%) / 11 (79%)

Prominence at baseline (mm) 7.1 £ 2.6 (range: 3.5-12)

Change in prominence between 0.4 £0.8 (range -0.5 - 3.0)

timepoints (mm)

Data are presented as percentage (%) for categorical variables and as mean %SD for continuous variables.
"According to the 8th American Joint Committee on Cancer (AJCC) edition [26].

Figure 2. Bland-Altman plots for ADC, relative peak intensity and outflow percentage.
Difference is the difference between timepoint 2 and timepoint 1.
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Figure 3. ADCmap and TIC for a representative patient (A) and a patient with large differences
in outflow percentage (B).
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DISCUSSION

This study evaluated the reproducibility of DWI and PWI for patients with UM. The ADC
values observed in this study align with previously findings for UM (4,10,13,15,21).
The PWI peak enhancement of our cohort are slightly higher than those reported by
Ferreira et al. and Buerk et al (10,22), likely due to the studied patient population,
which included patients treated with proton beam therapy, which are typically
patients with a larger or juxtapapillary tumour not suitable for brachytherapy.

In the context of differential diagnosis, the reproducibility observed of
0.07x 107* mm?/s for ADC, 0.11 for relative peak intensity, and 6 percentage points
for outflow percentage are substantially smaller than the differences reported
between UM and benign lesions. For instance, Buerk et al. (24) observed a 0.4 lower
peak intensity in benign choroidal lesions, and the review by Jaarsma et al. (20)
highlighted larger differences in ADC values between benign and malignant entities,
for example 1.11 x 107 mm?/s for UM, compared to values of around 1.4 x 107> mm?/s
for inflammatory lesions and around 1.6 x 107 mm?/s for other benign orbital lesions.
This supports the clinical relevance of functional MRI metrics and their potential
utility in distinguishing tumour types.

Similarly, studies evaluating treatment response with DWI or PWI reported larger
differences after treatment than the observed reproducibility, except for smaller
differences in outflow percentage observed early after proton beam therapy. For example,
Foti et al. (13) noted substantial changes in ADC values after PBT, for example from 1.03
to 1.26 x 10 mm?/s at one month post treatment, a change threefold larger than the
reproducibility. Furthermore, Tang et al. (11) described an average absolute decrease
of more than 0.5 in relative peak intensity, which is five times larger than the method’s
reproducibility. The same study used a threshold of 5% for a visually distinguishable
difference in outflow percentage after treatment, which corresponds to the reproducibility
found in this study. Therefore, differences larger than 5% can most likely be attributed to
true biological changes and not just day-to-day physiological or measurement variations.
All in all, this shows that the reproducibility observed in this paper is sufficient for
differential diagnosis and treatment response assessment.

In this study, we focused on reproducibility under the premise of realistic clinical
patient re-evaluation in a multi-centre setting, i.e., patients returning for a follow-
up scan. Hence possible differences in patient, equipment and eye position are
expected. A reliable MRI biomarker needs to be robust to such deviations. Therefore,
a reproducibility analysis was chosen instead of a repeatability analysis.
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There are multiple factors that could affect the reproducibility. An important one is
the consistency in the identification of the ROl between the different MRI scans. Uveal
melanomas can be heterogeneous [10], resulting in different values based on the
placement of the ROI. In this study the ROIs were drawn manually by one person, as
in clinical practise. Even though all ROIs used in this study were checked by an expert
with 10+ years of experience in ocular MRI, we can expect that the ROl placements
will not be perfectly consistent between time points. However, a perfect match of
manually defined ROls also cannot be expected in clinical practice. Therefore, it is
useful to incorporate potential inconsistencies in region definition into account in
assessing these scans in clinical practice. In this context, 3D ROl determination could
improve reproducibility, but might not be an accurate representation of the current
clinical workflow. One patient showed a visible increase in tumour volume between
the two timepoints, most likely due to rupture of Bruch’s membrane. Although
differences in PWI and DWI parameters for the tumour were small, an additional
analysis in the vitreous humour was performed to verify these results (Supplementary
Figure 1).

Furthermore, the two MRI-scans compared were performed at two different centres
with MR-scanners from the same vendor and with comparable scan protocols.
On average, both the DWI and PWI measurements were slightly larger at the second
centre. Differences between the scan protocols included different temporal resolutions
for the PWI scans and the use of TWIST scan acceleration in centre 1, which was not
available at centre 2. Both these factors may have an effect on, for example, peak
intensity. Therefore, reproducibility within the exact same scanner might be higher
than the reproducibility in this study. However, the reproducibility between different
centres with scanners from different vendors might be lower.

Limitations

One of the main limitations of the study is the possible effect of the clip placement
surgery, which was performed between both timepoints. Additionally, the relatively
long interval between scans, on average 28 days, may have allowed for biological
changes, Although UM is considered a slow growing tumour [23,24], some patients did
show an increase in tumour prominence. These factors could lead to an overestimation
of the variability and thus affect the assessment of reproducibility. Nonetheless, the
observed reproducibility remains more than sufficient for current clinical applications,
such as differential diagnosis and treatment response assessment.

Another limitation of this study is the small sample size, which reduced statistical
power and prevented subgroup analyses, such as assessing reproducibility across
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tumour sizes. Furthermore, the cohort consisted exclusively of patients referred for
PBT. Future studies with larger and more diverse populations could validate these
findings and examine reproducibility across different clinical subgroups.

Conclusion

This study shows that DWI and PWI parameters demonstrate good reproducibility
in uveal melanoma patients between two different centres, with variability smaller
than differences typically observed in differential diagnosis or treatment response
assessment. These findings support the use of functional MRI parameters as imaging
biomarkers for these purposes in both clinical practice and research.
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Chapter 9

The work in this thesis was conducted as part of the clipless ocular proton beam
therapy project, a multidisciplinary, multi-centre project aimed at developing an ocular
proton therapy workflow without surgical placement of tantalum clips. In particular,
my contribution focused on further incorporation of magnetic resonance imaging and
how it could aid in the treatment planning and follow-up of uveal melanoma patients
treated with proton therapy.

Fortunately, local control after ocular proton beam therapy is high. However, up to
70% of uveal melanoma patients treated with proton beam therapy will be severely
visually impaired 5 years after therapy [1]. Furthermore, around half of patients
will die from metastases within 15 years [2]. Research on improving therapy for the
primary tumour should therefore aim to preserve or approximate current local control,
while improving quality of life, which needs to be a recurrent theme throughout the
entire process: for example, during treatment, quality of life can be improved by
making the treatment less invasive: with a clipless approach, eliminating the need
for surgery prior to radiotherapy. Treatment itself should focus on preserving local
control while minimizing vision loss. After treatment, patients are often anxious about
the effectiveness of treatment and the development of metastases. In this context,
reassurance could potentially be provided through earlier information on tumour
response. This chapter focuses on an image-based clipless workflow, which could
contribute to improvement in several areas. Furthermore, | will explore alternative
approaches which could be used to improve visual acuity after proton beam therapy.

9.1 IMAGE-BASED CLIPLESS OCULAR PROTON THERAPY: WORKFLOW
CONSIDERATIONS

Currently, tantalum clips are placed surgically before the start of radiotherapy. This is
a burden for patients, as general anaesthesia is needed, and most patients perceive
pain or discomfort afterwards. The clip surgery also results in delay in the treatment
process, due to the recovery time needed and the availability of the operating room.
A shorter, clipless, workflow could potentially contribute to optimizing survival, as
delays in treatment can lead to an increased metastatic risk [3].

Several changes are required to perform image-based clipless ocular proton therapy.
In the current workflow, many different uncertainties are combined in target volume
definition, while patient positioning is very precise. In an image-based clipless
workflow, these uncertainties in target volume definition will consist of less elements,
since delineation would mainly be performed on one modality. However, without clips,
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positioning of the eye and tumour will most likely be less accurate. In Figure 1, a new
workflow is proposed and compared to the current workflow. In Table 1 and in the
paragraphs below, uncertainties in both workflows are explored: while not intended
as a complete margin recipe, they describe the shift in uncertainties between the
current workflow and an image-based, clipless alternative.
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Table 1: Shifts in uncertainties between the conventional and image-based, clipless workflow.

Current workflow Image-based clipless workflow
Magnitude Magnitude
Effect [mm] Effect [mm]
Target Combined uncertainty ~1-2 [4,5]  Target volume 0.4 [6]
volume of the polynomial delineation:

definition  tumour model on the
- Inter-observer

fundus view

variation of
- uncertainty in clip- target volume
tumour distances delineation on
- more than 1 possible MRI
shape of tumour
base
- more than 1 possible
option to place
tumour base within
clips
Thickness
measurements
- difference 2D US/3D 0.3 [7]
MRI
Use of a polynomial 0.6 Not applicable -
model to describe
tumour
Changes in tumour 0.4 [8] Shorter workflow 0.2 [8]
thickness between but small increase
imaging and treatment possible
Patient Set-up: eye positioning 0.3 [5] Set-up: eye
positioning based on clip match positioning based

on orbital bone
match

- MR delineation ¢ ~0.5
DRR

- Positioning based ~0.4
on orbital bones

Uncertainties that are present in both workflows are not shown in this table. Numbers in italic are not
a part of the current margin calculations, but are included in the target volume delineation.
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Target volume delineation

Target volume definition in model-based treatment planning systems consists of
determination of the tumour thickness, delineation of the tumour base, and choosing
the best-fitting polynomial model to form the tumour top. Tumour thickness can be
measured using both ultrasound and MRI. In this thesis, we showed that dedicated
ocular MRI scans can be geometrically accurate (chapter 3, [9]) and that the mean
absolute difference between these modalities was 0.3 mm for posterior tumours, with
larger differences occurring in anteriorly located tumours (chapter 4, [7]). In these
anteriorly located tumours, MRI seems more reliable due to visualization of the entire
tumour, which is not always possible with the limited penetation depth of UBM.
The delineation of the tumour base is performed based on the basal diameters, clip-
tumour distances, and in some cases, the distance between tumour and optic nerve
or ciliary body. Again, these clip-tumour distances can be measured during surgery
or on MRI, with both methods having advantages and disadvantages. A previous
study at our centre reported a mean absolute difference of 2.0 mm in clip-tumour
distances, with larger deviations when the tumour cast a shadow under illumination
through the pupil during surgery [4]. In these cases, MRI is more reliable. However,
flat tumours or flat extensions might be difficult to visualize on MRI, in which case
the surgical measurements might be preferred. Even when clip-tumour distances
are certain, several options often remain for positioning the base between the clips
and defining its shape (Figure 2), especially in treatment planning systems which do
not support integration of imaging. In clinical practice, this effect is mitigated partly
by performing a side-by-side comparison of the delineated tumour base and fundus
imaging or MR imaging. However, residual uncertainty often persists. No studies
have been performed on inter-observer variability of tumour base delineation in
model-based systems. However, in my experience, different observers may end up
with different base delineations.

After placement of the tumour base, a polynomial model is used to generate a 3D
tumour volume. In chapter 5 [10], we demonstrated that tumour models like those
used in treatment planning systems can accurately describe tumours if the correct
degree for the polynomial is selected. Nonetheless, a median overestimation of 0.6
mm is present at a coverage level of 98% (Supplementary Table 6, chapter 5, [10]).
Furthermore, choosing the correct degree is not always simple, since there is no
overlay possible between the target volume in the treatment planning system and
the tumour on MRI. This functionality does exist in other treatment planning systems
such as OCTOPUS and RayOcular [11].
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Figure 2: With the same clip-tumour distances, different options (base 1 and base 2) for
placement of the tumour base within the fundus view are possible, with distances between
the two contours of up to approximately 2.3 mm.

In steps described above, often, the largest measurement (or the measurement
resulting in the largest target volume) is chosen to ensure tumour coverage, since no
visual confirmation of one or the other option can be provided in the current treatment
planning systems. These choices lead to a systematic overestimation of the tumour
volume. An example of these choices is shown in Table 2. In the few papers on margins
in ocular proton therapy, target volume delineation uncertainties are not explicitly
considered [5] and are assumed to be included in the delineated target volume [12].
In an image-based clipless workflow, the tumour would be delineated on MR images,
eliminating the previously mentioned uncertainties. In this thesis, we showed that
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an eye-specific MRI protocol can produce geometrically accurate images of the eye,
which enables using these scans for treatment planning (chapter 3, [9]). However,
there remains an interobserver variability in the delineation of 0.4 mm [6], which is
smaller than the uncertainties in target volume delineation in the current workflow.
This variability is largest at the tumour edge. In both workflows, flat extensions and
very thin tumours can be difficult to distinguish on MRI. This might be improved by
accurate fusion of MRI and fundus images [13], or potentially by an increased spatial
resolution of the MR images, although for some patients, clips may still be required.
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A: Tumour measurements
Ultrasound [mm]| MRI [mm]| Delineated GTV

Thickness 10.5 9.8 10.5
Largest diameter 16.0 14.3 17.0
Perpendicular diameter 12.4 13.0 13.5

B: Clip-tumour distances
Surgery [mm] MRI [mm]| Delineated GTV

Clip 1 - tumour 6.5 6.0 6.0
Clip 2 - tumour 0.5 2.9 0.5
Clip 3 - tumour 1.0 2.9 1.0
Clip 4 - tumour 8.5 9.2 8.5

C: Measurements on MRI

Figure 3: Example of patientwhere the resulting GTV is larger than the tumour measurements.
Often, the measurement resulting in the largest tumour is chosen, in order to cover the entire
tumour. This results in a systematic overestimation of the tumour: the diameters of the
delineated GTV are 1.0 and 0.5 mm larger than the largest measured diameter.
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In the current workflow, tumour growth is not considered, as uveal melanoma is
regarded as a slow growing tumour. Given the high local control rates, it seems
patients are treated adequately. However, we showed that tumours can change in the
weeks between imaging and treatment delivery [8]. For example, an average increase
in thickness of 0.4 mm was observed, which could be halved in the shorter clipless
alternative (Figure 3).
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Figure 4: Changes in tumour thickness in ocular proton therapy [8]: a mean increase of 0.4
mm (range -0.9 - 1.0 mm) was observed between the planning MRI and end of treatment.
Between the planning MRI and MRI 5 days before the first fraction (interval of 8 days), the
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mean increase was 0.2 mm. An example of a patient with a 0.8 mm increase in prominence
is shown in (A).

The work in this thesis can also be applied in other contexts, for example in ocular
MR-linac treatments. Currently, there is no literature available about treating uveal
melanoma on MR-linacs. A benefit would be the visualization of the target volume in
the treatment position, instead of bony anatomy or tantalum clips only, potentially
enabling smaller treatment margins compared to stereotactic radiotherapy. However,
similar to SRT, the dose on the organs at risk might be higher compared to proton
therapy, due to the larger lateral penumbra and distal fall-off of photons.

Patient positioning

The tantalum clips enable very accurate positioning, with a low remaining set-up
uncertainty of about 0.3 mm [5, 14]. In a clipless workflow, set-up uncertainty will
most likely be larger: it consists of conversion of the MR delineation into a digitally
reconstructed radiograph (DRR) to perform the bone match, the accuracy of the bone
match itself, the difference in position of the eye within the orbit between a supine
(imaging) and seated (treatment) position, and day-to-day variations in effective gazing
angle. A preliminary analysis was performed within our project on a retrospective dataset
[15] to quantify this combined effect. A bone match was performed on the kV images
taken during patient positioning before the start of each fraction, where the first fraction
served as a reference. Comparing the bone-matched clip positions with clip-matched
clip positions, the average standard deviation was around 0.4 mm in each direction in
patients gazing with their affected eye, giving an indication of the set-up error in a clipless
workflow. However, this number does not contain the contribution of the conversion of
the supine CT data to a DRR and needs to be verified in a prospective cohort [16]. Here,
the double-shell immobilization mask proposed for the clipless workflow may contribute
to minimizing rotations and therefore lowering the set-up uncertainty [17].

Other benefits of an image-based, clipless workflow

Switching to an image-based, clipless workflow has additional consequences, and
not all of them may have an impact on irradiation of the target. For example, the
image-based approach may improve definition of the organs at risk by improving
the placement of the eye model. In model-based treatment planning systems, an
ellipsoid eye model is constructed using the axial length and transverse diameter
of the patient’s eye. This eye model is then fitted to the location of the tantalum
clips. The verification of this eye model is limited to the clip locations, leaving an
uncertainty for the rest of the eye. In an image-based workflow, the placement and
size of the eye model can be verified, decreasing this uncertainty.
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Furthermore, in the current approach, the same mass density of 1.05 g/cm?3 is used
for the entire eye, based on a mean of the densities of the eyes, liver and pancreas
[18]. Preliminary results from our project show that although the mass density is
similar between patients, the density of the vitreous is likely lower than the used
value, and range differences up to 0.7 mm for posterior tumours could be present.
In an image-based workflow, it would be possible to use the Hounsfield units from
CT to determine the stopping power for each structure in the beam path, instead of
the average value that is currently applied. This could decrease the contribution of
density uncertainties in the distal margin, currently estimated at 1 mm [5].

Additionally, the optic nerve is modelled as a tube with fixed orientation and position.
The true optic nerve position in the gazing angle used for treatment cannot be verified
in the current treatment planning systems, which would be possible in the new
workflow. Similarly, the distance from macula to optic nerve is assumed to be identical
for all patients in the current eye model, while large studies show a standard deviation
of 0.3 mm in macula-disk distance [19]. Although the macula is not visible on MRI,
fusion with fundus imaging [13] or implementing an OCT measurement [20] could
improve the placement of the macula in the eye model. Previous studies on macula
and optic nerve dose report that they are independent predictors of vision loss after
ocular proton therapy [21, 22]. Improving accuracy of OAR modelling could therefore
improve sparing of these organs at risk during treatment planning, possibly preserving
more vision.

Another advantage of a clipless workflow is that eliminating the clip surgery may
reduce treatment-related costs, as OR time, surgeon time, and hospitalization are no
longer required. Additionally, a clipless workflow could aid in making ocular proton
therapy possible for frail patients who are not able to undergo general anaesthesia.

Context and conditions

In this subchapter, several uncertainties about the current and proposed clipless
workflow are discussed. This comparison is based on the workflow as depicted in
Figure 1 and includes a high-quality eye-specific MR and CT scan. Without these
imaging modalities, uncertainties might be larger. In this thesis, we showed that the
3D MRI sequences proposed in earlier papers [4] are geometrically accurate, and thus
suitable for radiotherapy planning (chapter 3, [9]).

The workflow above describes the use of MRI for delineation and verification of the

eye model, which requires a treatment planning system that is able to integrate
3D imaging with the eye model. Currently, OCTOPUS and RayOcular are the only
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treatment planning systems supporting this function [11]. OCTOPUS was in-house
developed by the German Cancer Research Centre in collaboration with the Helmholtz-
Zentrum Berlin and Charité [23] and its development is discontinued [11].

The uncertainties described above and in Table 1 cannot simply be added, as they
might be interdependent. A careful margin determination must be performed for the
new workflow. In the evaluation of this new margin, the systematic overestimations
that are currently part of the target volume delineation must be considered: even if a
slightly larger margin would be necessary, the total irradiated volume might still be
smaller, as the current systematic overestimations are eliminated.

Not all uncertainties affect irradiated volume equally, due to the single beam set-up
conventionally used in ocular proton therapy. Ultimately, irradiated volume is
determined by the shape of the aperture and the penetration depth. Factors that
have a large effect on one or both of these include the size of the tumour base and
tumour thickness, whereas the influence of using a polynomial tumour model is Llikely
smaller. Whether these uncertainties have an effect on aperture size or penetration
depth (i.e. lateral or distal margin) depends on tumour location and gazing angle.

A clipless workflow might not be possible or beneficial for all patients. For example,
patients with flat tumours might still need clips to reliably delineate the tumour, since
flat tumours are sometimes difficult to distinguish on MRI. This might be especially
the case when these tumours extend peripherally, in areas where fundus imaging
is more difficult as well. For patients with tumours located 2-3 mm from the optic
nerve or macula, where the size of the needed margin may result in either hitting or
avoiding the structure. Here, the benefits of using 3D imaging could be combined with
the benefits of accurate patient positioning with clips, although the longer treatment
process due to the clip placement must be considered as well.

The workflow as shown in Figure 1 is based on a seated treatment position with a
fixed, horizontal beamline. In the recent years, gantry-based systems with added
patient-specific apertures have been proposed [24-26]. In such a set-up, no correction
is needed between supine and seated positions, since both imaging and treatment
are performed in a supine position. However, gantry-based solutions generally have
a larger distal fall-off and lateral penumbra than dedicated horizontal beamlines, due
to the redirection of the proton beam and the added equipment to use apertures on
the gantry. The PTCOG Ocular Statement reported median distal falloffs of 1.0 mm
(0.9-1.2 mm) for dedicated horizontal beamlines and 2.8 mm (1.5-6.0 mm) for gantry-
based high-energy systems [11]. Differences in lateral penumbra were smaller, with
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median lateral penumbras of 1.4 mm (1.2-1.9 mm) for dedicated horizontal beamlines
and 1.6 mm (1.2-3.0 mm) for gantry-based systems. Depending on the exact set-
up, | hypothesize that gantry-based ocular proton therapy could achieve similar or
potentially smaller margins than the fixed horizontal beamlines.

Fractionation schemes

Dose on the organs at risk can be minimized by trying to minimize the irradiated
volume, as described earlier. Another option would be to reconsider the total dose
given to this patient group. In ocular proton therapy, the most commonly used
fractionation schemes are 4-5 fractions with a total dose of 56-70 GyE [27]. In most
centres, all tumours receive an identical dose. Some centres have reported outcomes
for a lower dose for small to medium-sized tumours: for example, in a retrospective
cohort of over 1000 patients with small to medium-sized tumours near the optic nerve
or fovea, Lane et al. [28] reported a non-significantly higher remaining visual acuity
in patients treated with a reduced dose of 50 GyE, compared to the standard dose of
70 GyE, both given in 5 fractions. In this study, severe visual impairment (visual acuity
£6/60) occurred in 50.7% of patients in the low-dose group, compared to 59.3% in the
high-dose group (p=0.056). This possible improvement in visual acuity did not affect
local control or disease-specific survival. Another earlier randomized controlled trial
[29] compared the same doses in a group of 188 patients and found no improvement
in visual acuity, but patients receiving the lower dose experienced significantly less
visual field loss. Similar to the retrospective cohort, local recurrence and metastatic
disease were not significantly different between the two dose groups. Both studies
suggest that lowering the dose to 50 GyE can be done safely. Although differences
in visual acuity were not significant, reducing the dose to 50 GyE in patients with
small- and medium-sized might be reasonable.

Ocular proton therapy is traditionally hypofractionated. One study compared a
conventional scheme of 4 x 13 GyE to a moderately hypofractionated scheme of
8 x 6.5 GyE for large uveal melanomas. While local control was similar with both
schemes, no clear benefit in toxicity was observed [30]. Lowering the dose per fraction
further (e.g. 30x2 GyE instead of 4x15 GyE) would result in an even lower biologically
effective dose, potentially resulting in a lower local control, unless total dose is
increased to compensate. Furthermore, the current hypofractionated schemes have
logistic advantages, since patients often travel far from home to a specialized proton
centre. Therefore, | would suggest first considering the total dose before adjusting
the number of fractions.
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9.2 TREATMENT RESPONSE ASSESSMENT

Even though proton beam therapy achieves excellent local control rates in uveal
melanoma, patients report anxiety in the post-treatment period, partly due to
uncertainty regarding the effectiveness of therapy [31]. Identifying and validating
early biomarkers of treatment response could help reassure patients and ultimately
improve quality of life during follow-up.

Response to radiotherapy can be classified into three categories: local control, in
which the tumour responds well to treatment; non-response, in which tumour growth
persists; and local recurrence, in which the tumour initially appears controlled but
subsequently regrows. True non-responding uveal melanomas after proton therapy
are rare and are not commonly distinguished from recurrences in the literature. Local
recurrences can be further subclassified: marginal recurrences arise at the tumour
edge, global or in-field recurrences affect larger portions or the entire tumour, and
distant recurrences occur at sites not adjacent to the primary tumour.

With changes in workflow, such as the clipless workflow, the adoption of smaller
margins, or a lower dose, assessing treatment response will become particularly
relevant. Perfusion-weighted MRI is shown to be an early marker of treatment response
, even before a measurable reduction in tumour size is observed [32]. However, this
is most likely primarily useful for detecting global recurrences or identifying non-
responders, as marginal recurrences may initially be too flat or small to visualize
reliably on MRI. In this thesis, we showed that a more complex, quantitative analysis
of dynamic contrast-enhanced MRI using Tofts modelling does not substantially
improve assessment of treatment response (chapter 7, [33]). Furthermore, current
clinical semi-quantitative perfusion-weighted imaging methods have been shown to
be reproducible and suitable for routine evaluation (chapter 8, [34]).

For detection of marginal recurrences, fundoscopy combined with fundus angiography
remains the primary imaging modality. Emerging imaging modalities may provide
additional support for assessing treatment response in the future. For instance, after
brachytherapy, mottling patterns observed on fundus autofluorescence imaging
correspond to irradiated areas [35]. This approach could potentially be applied
following proton therapy to verify the radiation field and monitor tumour response.
A limitation of fundus autofluorescence, however, is its reduced applicability for
peripherally located lesions.
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In addition to anxiety regarding the treatment of the primary tumour, patients often
experience concern about the development of metastases. Historically, few life-
prolonging treatment options were available [36]. In recent years, tebentafusp has
demonstrated a survival benefit in patients with metastatic uveal melanoma [37, 38].
Moreover, ongoing studies are investigating the adjuvant use of tebentafusp [39].
In this context, non-invasive methods to identify high-risk patients may provide
additional clinical value. In this thesis, we showed that using ellipsoid tumour models
based on 2D measurements are not a good predictor of tumour volume in individual
patients (chapter 3, [40]), and should therefore not be used for the identification of
high-risk patients.

Finally, continued attention to psychological support remains essential throughout
patient follow-up.

9.3 CONCLUSION

In this thesis, we demonstrated that MRI is geometrically accurate and suitable for
treatment planning in uveal melanoma. We quantified differences between tumour
measurements obtained from MRI and conventional methods, and between MRI-based
volumes and tumour models. These findings provide a foundation for an image-based,
clipless workflow. Such a workflow could offer several advantages, including the
elimination of surgical clip placement and the potential reduction of the effectively
irradiated volume. Nonetheless, it is conceivable that, for specific patient subgroups,
the use of tantalum clips may remain necessary.

Alternative strategies exist for the treatment of larger ocular tumours, some of which
may provide advantages relative to dedicated horizontal eye lines. For example,
gantry-based proton therapy systems can potentially achieve comparable treatment
outcomes.

In addition to its role in treatment planning, MRI also has a role in follow-up after
treatment. In this thesis, we demonstrated that semi-quantitative MRl methods are
sufficient for monitoring treatment response and are reproducible, supporting their
use in clinical practice. Overall, these results highlight the feasibility and potential
benefits of integrating high-resolution MRI into the treatment planning and follow-
up of ocular proton therapy, contributing to a more patient-friendly and accurate
treatment.
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The PhD trajectory - an overview

| started my PhD within the MReye group, a multidisciplinary research group
within the C.J. Gorter MRI Center with strong connections to the Ophthalmology
and Radiology departments, after completing my master’s thesis there as well.
Building on that foundation, | first continued with a project comparing ultrasound
and MRI measurements. One of my early goals was to implement the automatic
measurement methods developed for this project into clinical software. Although
implementation turned out not to be feasible due to limitations in the clinically
used software packages, it was an important learning experience. | gained a better
understanding of how different disciplines approach these measurements and how
valuable a multidisciplinary perspective is when developing clinically relevant tools.

In parallel, | set up and managed a registration study for ocular proton therapy patients
at the LUMC. This was a non-WMO study, where each patient is asked for permission
to use their clinical data for research purposes. For three years, | maintained this
database and coordinated data retrieval from collaborating centres. This experience
helped me develop organizational skills and an understanding of the practical aspects
of clinical research. Around the same time, | improved an existing DCE-MRI analysis
method developed by a colleague and applied it to a large retrospective cohort
of uveal melanoma patients, both before and after treatment. Later, | applied the
same methods in collaboration with another researcher, reinforcing my expertise in
quantitative imaging analysis and data interpretation.

During the course of my PhD, | also temporarily took over a study on uveal melanoma
delineation on MRI during a colleague’s leave, which broadened my understanding
of the role of 3D imaging in radiation oncology. Together with the same colleague, |
shared the first authorship of a review paper about the use of MRI in ocular oncology.
In addition, | developed a phantom to verify the accuracy of the MRI scans we used,
which resulted in a publication. | also coordinated a clinical study originally designed
to take place before the COVID-19 pandemic, for which | wrote the amendment and
served as the coordinating researcher.

As my PhD progressed, | wanted to become more critical in my scientific reasoning.
To practice this skill, | initiated a journal club in the MReye research group. | also
reviewed journal manuscripts and carried out a comparative analysis in response to a
published paper, investigating different methods for estimating ocular tumor volume.
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These activities helped me grow as an independent researcher and improved my
ability to evaluate scientific work.

In the later years of my PhD, several new collaborations developed through the
clipless ocular proton therapy project. | worked closely with PhD candidates from
Radiotherapy, TU Delft, and Erasmus MC, for example during a feasibility study with
healthy volunteers at TU Delft, and in setting up a new clinical study on clipless
patient positioning. | also believe that a positive and connected research environment
is key to good science. To contribute to this, | organized group activities, such as a
visit to the MuZIEum, and participated in the annual Eye Fund Walk & Ride, where
we raised funds for ophthalmic research through an 80-km bike ride. Furthermore,
together with one of the ophthalmologists, | lead a closed-door session for the PhD
students of the ophthalmology department.

At the start of my PhD, | was often involved in scanning patients as part of clinical
care, especially since the ocular MRI program was still in development. | regularly
attended multidisciplinary meetings between ophthalmology, radiotherapy, and
radiology, which gave me valuable insight into clinical decision-making and the link
between imaging and treatment. After about three years, | moved into a combined
role as a part-time PhD candidate and part-time clinical technologist in ocular proton
therapy at HollandPTC. This combination of research and clinical work proved very
rewarding: the experience of working directly with patients gave me new insights for
my research, while my research background allowed me to contribute to patient care
from both a clinical and technical perspective.

Throughout my PhD, | have been active in teaching and student supervision. | led
tutorial groups for the Clinical Technology program and supervised six bachelor’s and
master’s students from various backgrounds, including (medical) physics, (technical)
medicine, and Medical Imaging & Radiation Oncology. One of these student projects led
to a paper, which was recently submitted. In my final year, | also joined the supervision
team of a new PhD candidate and took part in several recruitment procedures.

Beyond my direct research work, | was a part of several committees. | served for
multiple years in the Quality Committee of the Dutch Society of Technical Medicine
(NVVTG), including two years as chair. In addition, | contributed to Communication
Committee of the C.J. Gorter MRI Center. | also co-organized a cycling event between
the radiology research groups of the AmsterdamUMC, UMCU and LUMC. In my free
time, triathlon kept me busy, ranging from an olympic distance in the first year of my
PhD to a full Ironman in the final months.
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thesis.
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blik. Jouw vragen dagen me uit om uit te zoomen en om scherper te formuleren.
Professor Luyten, dank voor de bereidheid om mee te denken en voor het vertrouwen.

Onderdeel zijn van de MReye groep is een voorrecht. Ik geniet en heb genoten van de
samenwerking met zowel huidige als voormalige collega’s — en van alle inside jokes.
Myriam, Luc, Kevin, Lennart, Corné, Martijn, Iris, Nadine, Anna Lisa en alle studenten
die ik heb mogen begeleiden: bedankt voor de gezelligheid, de fun facts, de podcasts
en de inspiratie. Daarnaast dank ik de leden van het cliploos project, onder andere
Eleftheria, Bas, Mike en Ad, voor de fijne samenwerking.
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Yiming, dank je wel voor de gezelligheid en de gastvrijheid tijdens de office dinners.
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even kan komen zeuren.

Ik heb ontzettend veel geleerd van het bijwonen van MDO’s en spreekuren op
de oogheelkunde. Heel veel dank aan Marina, Khanh, Jaco en Danial voor jullie
betrokkenheid en jullie bereidheid om uitleg te geven. Daarnaast heb ik het contact
met de verpleegkundigen oogoncologie (Joke, Susanne en Laura) als heel fijn ervaren,
dank jullie wel! In het begin van mijn PhD heb ik veel tijd doorgebracht op K37 om
de oogmelanoompatiénten te leren scannen. Daarom wil ik ook de MRI-laboranten
in het LUMC bedanken. Kritisch naar die beelden kijken, leerde ik onder andere van
Teresa Ferreira en Berit Verbist. Dank jullie wel voor de fijne samenwerking.

Ik heb het geluk niet één, maar twee werkplekken te hebben. Tijdens mijn PhD kwam
ik in HollandPTC eerst aanraking met de MBB’ers MRI en de klinisch fysici voor de
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MRPBT-studie en het geometrical accuracy-paper. Dat de samenwerking fijn was,
blijkt wel uit het feit dat ik daarna graag meer tijd in HollandPTC wilde doorbrengen.
Al mijn collega’s bij HollandPTC bedank ik voor het vertrouwen - in mij persoonlijk,
maar ook in de klinisch technoloog als zorgprofessional. De oog-MBB’ers (Paul, Carina,
Eline, Leon, Mariélle, Nienke en Dewy) wil ik daarnaast bedanken de fijne sfeer op
de ooglijn. De radiotherapeuten, in het bijzonder Pauline en Michiel, dank ik voor de
wijze woorden en alles wat ik van hen heb mogen leren.

Daarnaast wil ik mijn vrienden en familie bedanken. Beldie, Suus, Aniek, Marjolein,
Romy, Renée, Eline, Fleur, Sybren, Derek, Bart: dank jullie wel voor alle peptalks,
steun, avonturen en gezelligheid. Niels en Dagmar, pap en mam: jullie hebben al mijn
dromen altijd gesteund met ongelofelijk veel enthousiasme. Dank jullie wel.
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patiénten te verbeteren, motiveren mij dagelijks.
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Lisa Klaassen was born in Almelo on August 21%t, 1996. After completing her
secondary education (VWO) cum laude in 2014, she moved to Delft to study Clinical
Technology, a joint bachelor’s programme of Delft University of Technology, Leiden
University Medical Center and Erasmus Medical Center. After her bachelor’s degree,
she continued with the master’s programme in Technical Medicine, specializing in
Imaging & Interventions. Fascinated by medical imaging and radiation oncology, she
completed several internships at HollandPTC, LUMC, and Erasmus MC.

After having completed her master thesis internship in the MReye research group at
the LUMC, she got the opportunity to pursue a PhD within the same group. Under
supervision of dr. Jan-Willem Beenakker, and with the support of prof. dr. Gré Luyten
and prof. dr. Coen Rasch, she was able to combine her interests in imaging and
radiation oncology and apply it to ocular tumours within a highly multidisciplinary
environment. The research performed during this period resulted in this thesis.
During her PhD, Lisa joined the quality committee of the Dutch Society for Technical
Medicine and contributed to the communication committee of the C.J. Gorter MRI
Center. She always thoroughly enjoyed interacting with patients, and from April 2024,
she got the opportunity to combine her research position with a part-time clinical
position at HollandPTC.

After completion of this thesis, she will continue to combine research and patient

care as a postdoctoral researcher at LUMC and clinical technologist at HollandPTC,
aiming to keep improving clinical care for uveal melanoma patients.
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