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Introduction: Ocular biometry in Ocular Proton Therapy (OPT) currently relies on a generic geometrical
eye model built by referencing surgically implanted markers. An alternative approach based on image
fusion of volumetric Magnetic Resonance Imaging (MRI) and panoramic fundus photography was inves-
tigated.
Materials and methods: Eighteen non-consecutive uveal melanoma (UM) patients, who consented for an
MRI and had their tumour base visible on panoramic fundus photography, were included in this compar-
ative analysis. Through generating digitally-reconstructed projections from MRI images using the
Lambert azimuthal equal-area projection, 2D-3D image fusion between fundus photography and an
eye model delineated on MRI scans was achieved and allowed for a novel definition of the target base
(MRI + FCTV). MRI + FCTV was compared with MRI-only delineation (MRIGTV) and the conventional
(EyePlan) target definition (EPCTV).
Results: The combined use of fundus photography and MRI to define tumour volumes reduced the aver-
age discrepancies by almost 65% with respect to the MRI only tumour definitions when comparing with
the conventionally planned EPCTV. With the proposed method, shallow sub-retinal tumour infiltration,
otherwise invisible on MRI, can be included in the target volume definition. Moreover, a novel definition
of the fovea location improves the accuracy and personalisation of the 3D eye model.
Conclusion: MRI and fundus image fusion overcomes some of the limitations of ophthalmological MRI for
tumour volume definition in OPT. This novel eye tumour modelling method might improve treatment
planning personalisation, allowing to better anticipate which patients could benefit from prophylactic
treatment protocols for radiation induced maculopathy.

� 2022 The Authors. Published by Elsevier B.V. Radiotherapy and Oncology 174 (2022) 16–22
Ocular Proton Therapy (OPT) is a distinctive form of radiation
therapy specifically tailored and designed for the treatment of
intraocular lesions [1–3]. Several aspects make OPT unique even
in the varied world of radiation therapy. The patient first under-
goes a pre-treatment surgical procedure where tantalum markers
(clips) are sutured to the outer sclera to mark the tumour base
using transillumination. Patient anatomy and pathology is then
typically not retrieved from volumetric imaging (CT or MRI), but
is rather modelled geometrically and then adapted to a number
of patient-specific parameters measured using ophthalmic imaging
techniques (ultrasound, fundus photography). Treatment planning
is predominantly performed using dedicated systems, the first of
which, EYEPLAN, is still in widespread use today [4,5].
Though the clip surgery represents an additional burden for the
patient and the reliability of the clip positioning depends on the
surgeon’s ability and experience, this procedure has led to univer-
sally excellent clinical results in terms of local tumour control rates
[1,3], with a global average of local recurrence of only 4.2% [6] and,
in consequence, avoiding an increase in metastatic risk linked to
failure of the conservative eye treatment [7].

Despite its success, there are areas where Ocular Proton Ther-
apy (OPT) can be improved. Recent research efforts to improve
the treatment and treatment planning process have mainly been
focused on the development of more sophisticated algorithms for
dose calculation [8,9], the introduction of diagnostic volumetric
imaging (CT & MRI) for eye modelling [10–14] or the combination
of the two [15,16]. Also, there is a wide array of non-invasive oph-
thalmological imaging techniques such as colour fundus photogra-
phy, ultrasound imaging, angiography and Optical Coherence
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Tomography, which provide a much higher resolution than CT and
MRI, even if they only cover a limited portion of the eye [17,18].

Currently, panoramic fundus photography is the diagnostic
imaging modality of choice. Unfortunately, the limited accuracy
of the EyePlan geometrical eye model restricts its use to qualitative
evaluations. While EYEPLAN allows for the registration of fundus
images for validation purposes, it is seldomly used to define the
clinical tumour volume [19], let alone to specify the location of
structures at risk of radiation damage such as the optic disc or
fovea [20,21]. Thus, the volumetric information provided by MRI
specifically could complement the description of the tumour shape
and volume [13,12,14] as well as improve the accuracy when local-
izing the macula and the optic nerve. However, delineation of the
gross tumour volume using MRI imaging alone is not sufficiently
accurate, due to its limited spatial accuracy, e.g. hindering the
identification of shallow tumour infiltrations below the retinal sur-
face [14].

In this study we present a multi-modality ophthalmological
imaging approach for improved ocular biometry in Proton Therapy.
Based on the proposed method, ocular features not directly dis-
cernible on 1.5T MRI scans, but appreciable on panoramic fundus
photography such as the fovea and shallow sub-retinal tumour
infiltration, can be integrated with an MRI-based eye model. This
approach aims to overcome the limitation of ophthalmological
MRI scans, while improving patient-specificity in definition of the
fovea, with the goal of achieving a non-invasive, robust and accu-
rate description of the eye anatomy and pathology for Ocular Pro-
ton Therapy.
Materials and methods

Patient dataset

Between 2017 and 2020, uveal melanoma scheduled for proton
therapy at the PSI were proposed to undergo a 1.5T MRI orbital
scan (3D volumetric T1-weighted Interpolated Breath-hold
Examination-VIBE, 0.5 mm isotropic resolution, see [14]) following
ethical approval (EKNZ 2014-217 and EKNZ 2019-01987). Thirty-
seven, non-consecutive UM patients consented and as a conse-
quence their fundus images, acquired with PANORET-1000 (Medi-
bell Medical Vision Technologies, Haifa, Israel), were assessed. The
Panoret camera is a trans-pupillary, hand-held digital imaging sys-
tem using corneal contact lens and trans-scleral illumination. It
features a 100� field-of-view and produces comprehensive colour
images in the RGB spectrum reflected by the fundus [22].

Amongst the thirty-seven include patients, four (11%) presented
lesions hardly visible either on fundus photography or MRI scans
due to their anterior location (3 patients) of limited height (1
patient), respectively. For fifteen patients (41%) fovea and optic
disk visibility on fundus photography was compromised by
tumour infiltration. The remaining eighteen patients (49%) were
included in this study as the tumour base (partial or entire),
together with the optic disk and fovea, were visible on their
panoramic fundus image. Three out of eighteen (17%) underwent
an additional protocol, involving the administration of gadolinium
as contrast agent to enhance tumour visibility.
Technique of MRI and Fundus image fusion

The geometrical fusion of fundus images with a three-
dimensional model of the eye, derived from 1.5T MRI scans poses
two main challenges. (1) A solution to the ocular fundus projection
problem, i.e. the act of mapping the curved surface of a 3D spher-
oid, the retina and choroid, upon the 2D plane of the panoramic
fundus photography, and (2) a fusion of this with the MR data.
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Our solution to these two problems is presented in the following
sections.
The ocular fundus projection

Any geometrical transformation used to project a spherical sur-
face onto a bi-dimensional plane introduces some sort of distortion
[23]. Similarly, when a trans-pupillary fundus image is taken, the
resulting picture will be affected by geometrical distortions associ-
ated with the process. Further complications arise from the cou-
pling of the camera optics with the patient’s eye, which can be
considered as an additional optical system with its own individual
optical properties. In addition, the air-to-cornea interface or the
angle and inclination of the sensor at time of image acquisition
are, amongst others, additional factors contributing to distortions
in fundus images.

To address this issue, an empirical approach has been adopted
based on using the Panoret-1000 fundus camera to acquire images
of three custom-made spherical phantoms and compare three dif-
ferent projection methods (see Appendix, [29]).
Fusion of fundus images and MRI volumes

The distortions associated with the ocular fundus projection
step, together with inherent unknowns of the fundus camera
geometry, preclude the application of a rigorous Euclidean trans-
formation for alignment with volumetric MR data. To overcome
this, an image-based approach, exploiting intensity information
in the MRI scans, has been developed and tested (Fig. 1).

For this, a fundus image (MRI-vF) is first digitally reconstructed
from the MRI data by the projection of the scleral surface of the 3D
MRI model upon a 2D plane which simulates the position of the
fundus camera sensor. An intensity level is assigned to each point
of the scleral surface by averaging the values of the five most prox-
imal MRI voxels along a ray pointing at the scleral surface from the
eye centre, retrieved by fitting a sphere to the eye globe (Fig. 1A).
Then, using cubic interpolation and bi-dimensional Gaussian filter-
ing, a virtual image is created, which can be directly compared to
the original fundus image (PAN-F) to perform the fusion.

Ideally, a landmark-based approach for registration should be
adopted for such a fusion, in which relevant features visible on
both imaging modalities, for example the optic disk and the fovea,
would be used to identify the best affine transformation (scale and
orientation) for alignment. Due to the limits in resolution however
(0.5 mm isotopic voxel size), such small ocular structures are not
directly visible on the MRI scan. While the optic disk can be indi-
rectly approximated as the intersection of the optic nerve and
the sclera, there are no ancillary structures enabling a plausible
definition of the fovea position on MRI. According to the literature,
the position of the fovea varies from individual to individual and is
defined by the angle (the so-called kappa angle) between the visual
axis, where the macula lies, and the pupillary axis, i.e. the axis of
eye symmetry [24,25]. Based upon these considerations, a fovea
probability region can be defined on the MRI volumes as the inter-
section between the retinal surface and a cone with its vertex at
the lens centre. This region encompasses the pupillary axis and
assumes a deliberately overestimated range of variability ±9�
(Fig. 1B). Any point belonging to this area is a fovea candidate
and can be used in combination with the fixed position of the optic
disk to register, on a patient-specific basis, the virtual (MRI-vF) and
original (PAN-F) fundus images (Fig. 1C).

Thus, digitally reconstructed fundus images (MRI-vF) were
qualitatively compared with actual fundus photographs (PAN-F)
for all patients included in the study. A manual selection was per-
formed aiming to have the best overlap of macroscopic part of the
lesion on both images while thin lesion extensions were ignored as



Fig. 1. A schematic representation of the method for fusion of the MRI-based 3D eye model and the Fundus photography.
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not observable in MRI. Then, Normalized Cross Correlation (NCC)
was calculated between the chosen MRI-vF and PAN-F images.
Comparative study on tumour volume definition and fovea position
using combined MRI and fundus imaging data vs MRI only vs EyePlan

The identification of the virtual fundus photography most sim-
ilar to the clinical picture leads to the consolidation of a reliable
geometrical relationship between the fundus photography and
the 3D MRI volume using Equation 1. Based on the fusion of the
18
fundus image and MR, the tumour base delineation on the fundus
image is propagated upon the 3D eye model and integrated with
the tumour volume identified on the MRI scans to achieve a
multi-modality, clinical tumour volume (MRI + FCTV). Similarly,
the patient’s fovea, as identified on the fundus image, is back-
projected on the 3D eye model (Fig. 1D). This was compared
against conventional EYEPLAN treatment planning and the
consensus guidelines for CT and MR atlas-based delineation in
Neuro-Oncology recently proposed by the European Particle
Therapy Network (EPTN) [26].
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MRI + FCTV was compared with MRI-only delineation (MRIGTV)
and conventional target volume definition (EPCTV) based on clips
using Volume Ratio (VR), Area Ratio (AR) and tumour-to-clip
distances.
Fig. 2. Room Mean Square of clips-to tumour distances discrepancies between
measurement performed at time of surgery and the tumour volume definition,
based on MRI-only delineation (y-axis) and based on MRI and Fundus image fusion
(x-axis) for the eighteen patients included in the study. Dotted line represent the
linear fit of all data. The shaded grey area corresponds to the interval defined by the
linear fit plus/minus the standard deviation of the discrepancies.
Results

The Lambert Azimuthal equal-area projection exhibited the
lowest errors and as a result was adopted as the fundus projection
technique throughout this study (see Appendix).

Eighteen out of the 37 UM patients (49%) satisfied the require-
ments of feature visibility in their fundus image and were therefore
included in this analysis. Their EPCTV volumes and tumour heights
ranged from 84 to 2647 mm3 and 2.5 to 7.1 mm, respectively. The
identification of the MRI-vF best resembling the PAN-F was
achieved for all patients with an average NCC coefficient of 0.47
(±0.07). However, the process was found to be particularly chal-
lenging for shallow tumours (tumour height < 3.0 mm). A signifi-
cant correlation between high similarity of MRI-vF and PAN-F
after registration, quantified using NCC, and tumour height was
found (Pearson’s rho coefficient: 0.80, p-value <0.005).

The results of the comparison of tumour volumes defined using
the proposed method, compared to those defined in EYEPLAN
(EPCTV), are reported in Table 1.

When comparing the per-operative measurements of clip-to-
tumour distances, the combined use of fundus photography and
MRI to define tumour volumes reduced the average discrepancies
by almost 65% with respect to the MR only tumour definitions (0.
66 mm ± 1.80 mm and 1.80 mm ± 1.47 mm on average for
MRI + FCTV and MRIGTV, respectively). Fig. 2 depicts the root mean
square of clips discrepancies for MRI + FCTV and MRIGTV for all
patients included in the dataset.

As seen in Fig. 2, P7 and P8 stands out as the two cases with the
highest discrepancy. Here, the combination of fundus and MRI
images clearly identified shallow sub-retinal infiltrations of the
Table 1
Discrepancies in Tumor Volume Definition for ocular Proton Therapy. A gross target volume defined solely on MRI scans (MRIGTV) and a clinical target volume defined using MRI in
combination with Fundus photography using the proposed method (MRI + FCTV) are compared with clips-based definition of the tumor extension using the treatment planning
system EyePlan (EPCTV). Also, the discrepancy in the fovea location determined using MRI in combination with Fundus and defined in the EyePlan model along with its distance to
the Optic Disk are reported.

Target Volume Fovea Location

Patient Height [mm] Volume Ratio Area Ratio MRI + F vs EP [mm] MRI + F OD-Fovea distance [mm]

MRIGTV/EPCTV MRI + FCTV/EPCTV MRIGTV/EPCTV MRI + FCTV/EPCTV

P1 3.88 0.47 0.50 0.55 0.57 0.43 4.93
P2 3.10 0.35 0.43 0.42 0.48 0.65 3.78
P3 2.15 0.50 0.56 0.57 0.76 1.17 3.39
P4 2.02 0.38 0.58 0.48 0.86 2.95 3.69
P5 4.18 0.39 0.52 0.51 0.80 1.13 4.24
P6 5.89 0.72 0.83 0.70 0.91 1.65 5.04
P7 2.75 0.33 0.65 0.36 0.93 0.67 3.85
P8 3.50 0.21 0.38 0.26 0.64 1.62 4.07
P9 3.01 0.37 0.52 0.38 0.59 1.75 3.89
P10 3.55 0.58 0.78 0.75 0.80 1.71 2.99
P11 3.37 0.69 0.72 0.77 0.83 2.33 5.36
P12 2.03 0.71 0.86 0.89 1.06 1.47 5.58
P13 5.4 1.00 1.09 1.04 1.25 2.32 4.86
P14 9.6 1.14 1.28 1.10 1.13 0.82 4.95
P15 4.0 0.73 1.04 0.64 0.94 3.28 5.66
P16 3.8 0.50 0.56 0.45 0.45 0.76 5.16
P17 7.1 0.83 1.00 0.91 1.14 1.72 3.75
P18 7.1 0.37 0.92 0.61 1.66 1.59 5.64

Mean 4.85 0.57 0.73 0.59 0.87 1.55 4.49
Std.Dev 1.83 0.25 0.26 0.25 0.30 0.79 0.85

+16% ± 12% +27% ± 26%

19



Fig. 3. Representation of the tumour base outline for Target Volume Definitions based on EyePlan (EPCTV), MRI scans only (MRIGTV) and the proposed method for integration
of fundus photography information upon the MRI eye model (MRI + FCTV) in two exemplary cases. The projection of the tantalum markers inserted in the pre-treatment
clinical procedure is marked with a dotted grey line. Through delineation on 1.5T MRI scan, the target base, as seen on fundus photography is not entirely included in the
target volume (solid dark-yellow line). The subretinal tumour infiltrations visible on fundus are too shallow to be visible with 3D ophthalmologic MRI imaging thus leading to
potential tumour miss. On the contrary, through the combination with fundus photography (blue line), as well as using the conventional method based on clips (dashed
yellow line), the entire base of the lesion is included in the tumour volume definition.

MRI and FUNDUS Image Fusion in Ocular Proton Therapy
tumour which were otherwise invisible on the MRI images alone
(see Fig. 3).

For 16 out of 18 (89%) of the cases, the fovea position, as deter-
mined from fundus image fusion, was inside the area defined by
the EPTN guidelines. In comparison, for the conventional EyePlan
Fig. 4. Target Volume Definitions based on EyePlan (EPCTV dotted yellow line), MRI scans
line) for P4 and P11. The dotted grey line represents clips position. On the left the eye m
method. On the right, our newmethod for eye model fusion with Fundus photography is u
panel (a), the inaccuracy of the fovea geographical definition in the EyePlan model leads
suggest an overestimation of the target defined using clips. When using the novel definiti
(b), another exemplary case is shown. Here, the EyePlan target appears to be completely
method target volume definition is consistent to fundus photography. The discrepancy in
2.33 mm and 2.95 mm for case (a) and (b), respectively.

20
definition, the fovea was outside of this same region in 44%
(8/18) of the considered cases.

Fig. 4 shows two exemplary cases (P4 and P11, see Table 1) for
which the difference in fovea location between the two eye models
(EP and MRI + F) is above 2 mm and therefore fundus registration
only (MRIGTV solid dark yellow line) and the proposed method (MRI + FCTV solid blue
odel is registered to the fundus using EyePlan demonstrating the inaccuracy of the
sed. The dotted yellow line still represents the EyePlan tumour base. Specifically, on
to an incorrect registration with the fundus photography (left panel) which might
on of the macula position (right panel), the alignment errors are mitigated. On panel
missing the tumour visible on fundus photography. Again, by using the presented

the macula geographical definition between EyePlan and the proposed methods was
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using EyePlan leads to inaccurate projections, which might be mis-
taken for target volume definition misses or overestimations dur-
ing clip surgery.
Discussion

The aim of this study was to develop and test an image-based
approach to the integration and depiction of the retina and chor-
oid, as captured by panoramic fundus photography, to an MRI-
based anatomically accurate three-dimensional model of the eye.

An important first step towards this goal was to adopt the Lam-
bert Azimuthal Equal-Areal projection to model the distortion
introduced by the geometry of fundus imaging (see Appendix).
While a complete description of the optical system of the fundus
camera at the time of acquisition might be theoretically more accu-
rate, it is rather unfeasible in practice due to the number of inher-
ent uncertainties associated with the panoramic fundus
photography. As such, the adoption of a purely empirical approach
to the problem, through the analysis of experimental data acquired
with the same machine used on patients, allowed us to determine
the best projection model and quantify the associated errors. These
have been found, on average, to be within a clinically acceptable
0.5 mm. Second, instead of relying on the conventional predefined
anatomical definition of the macula and optic disk of EyePlan
[16,19], an image-based approach, fully exploiting the intensity
level information offered by MRI scans, has been developed. A
direct comparison, both qualitative and quantitative, between fun-
dus images acquired on the patient, and a corresponding picture
digitally reconstructed from MRI, allows to define the relative
geometry between the MRI eye model and the fundus photogra-
phy, thus enabling us to integrate the tumour base and fovea posi-
tion from fundus images with the MRI 3D eye model. As a result, a
clinical tumour volume based exclusively on MRI and fundus
image information can be generated.

With respect to the gross tumour volume delineated on MRI
scans only, MRI + FCTV is more similar to the EyePlan target defini-
tion. More importantly, sub-millimetric discrepancies with
tumour-to-clip distances measured at time of implantation, the
only quantitative available data involved in the conventional defi-
nition of the target base, showed, for MRI + FCTV, an improvement
of almost 65% with respect to MRIGTV. As shown in Fig. 3, two
patients in the considered dataset presented a sub-retinal tumour
infiltration. Due to careful placement of the clips such that they
encompassed the zone of flat choroidal infiltration, the full tumour
volume could be included in the EyePlan model. These infiltrations
were not visible on the available MRI scans. However, when apply-
ing the presented non-invasive multi-modality image-based
method however, the definition of the tumour base, as delineated
on the fundus images, could be fully integrated to the MRI, thus
also achieving a complete coverage of the lesion.

Another advantage associated with this MRI 3D eye model is the
more accurate anatomical localisation of the fovea position with
respect to the generic geometrical eye model, as evidenced by
the comparison with the EPTN guidelines and the cases in Fig. 4.
In addition to doubts about the correctness of surgical clip posi-
tioning, the accuracy of the fovea location can have consequences
for treatment planning, when choosing the eye position depends
on the projected radiation exposure to sensitive structures such
as the fovea, whose irradiation is a negative predictive factor for
long-term vision [20,21]. Also, recent prophylactic treatment pro-
tocols, consisting of 2–4 monthly intravitreal anti-VEGFs (anti-
vascular endothelial growth factors) injections have been proven
successful in preventing irreversible loss of vision in those patients
where the macula had been irradiated [27]. And identifying those
patients who might benefit from such intensive follow-up and
21
treatment, is currently based on EyePlan and therefore susceptible
to inaccuracies.

However, it is important to point out how this alternative eye
tumour modelling does not allow to abandon clip surgery, which
is not only required for treatment planning but also treatment
delivery. Clips guarantees the utmost accuracy in the patient posi-
tion, verified using radiographic imaging [28], thus avoiding a geo-
graphical miss and local recurrence with a significantly increased
risk for systemic metastases [7]. Unless this problem is resolved,
clip surgery remains indicated to ensure continuing high local
tumour control.

A limitation of this study is that the number of patients
included in the analysis of the performance was dependent on
the visibility of features on the fundus images. Obtaining a panora-
mic fundus image which contains the macula, optic disk and entire
target is not possible for all patients due to the limitation of the
field-of-view of the camera (Panoret-1000 features a 100� field-
of-view). On the other hand, the creation of a composite fundus
image using acquisitions capturing different parts of the retina is
common practice in ophthalmology and, even though it would
require investigation, we believe that there are no technical rea-
sons that would prevent the application of the proposed methods
on such composite images.

Also, the height of the tumour is a limiting factor: it is reason-
able to expect, that it would be impossible to generate virtual fun-
dus images of sufficient quality if the tumour height is below 2 mm
with the resolution of the presented 1.5T MRI protocol. Even for
tumours up to 3 mm of height the use of contrast agent and the
absence of motion artefacts in MRI scans become crucial to a suc-
cessful application of the proposed method. As such, further efforts
towards improving MRI imaging quality and automatizing the
fusion process are foreseen in the near future. Finally, the super-
vised selection of the virtual fundus image featuring the highest
similarity to the original image is highly reliant on the expertise
and judgement of the radiation oncologists and ophthalmologists
involved. Clinical target volumes in the field of ophthalmological
oncology, particularly when considering the limited size of the vol-
umes involved and the proximity of structures relevant for vision
retention, will likely always benefit from close supervision by
trained professionals.
Conclusion

An alternative method to accurately model the tumour and the
eye in Ocular Proton Therapy, based on the combination of MRI and
fundus imaging, is presented in this study. Merging the informa-
tion provided by 3D ophthalmological MRI scans and high-
resolution fundus photography allows for the inclusion of the shal-
lowest features of the tumour inside the target volume definition,
up to now only possible with the implantation of surgical markers.
Moreover, a localization of the fovea position can also be achieved,
significantly improving the anatomical accuracy and personalisa-
tion of the eye model used for treatment planning. The latter could
allow to avoid unnecessary irradiation of the fovea in certain cases,
or, when unavoidable, to identify those patients who might benefit
from prophylactic anti-VEGFs intravitreal injection treatment pro-
tocols, to prevent irreversible vision loss due to radiation induced
maculopathy.
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