
Citation: Jaarsma-Coes, M.G.;

Klaassen, L.; Marinkovic, M.; Luyten,

G.P.M.; Vu, T.H.K.; Ferreira, T.A.;

Beenakker, J.-W.M. Magnetic

Resonance Imaging in the Clinical

Care for Uveal Melanoma

Patients—A Systematic Review from

an Ophthalmic Perspective. Cancers

2023, 15, 2995. https://doi.org/

10.3390/cancers15112995

Received: 24 April 2023

Revised: 24 May 2023

Accepted: 26 May 2023

Published: 30 May 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

cancers

Systematic Review

Magnetic Resonance Imaging in the Clinical Care for Uveal
Melanoma Patients—A Systematic Review from an
Ophthalmic Perspective
Myriam G. Jaarsma-Coes 1,2,† , Lisa Klaassen 1,2,3,*,† , Marina Marinkovic 1, Gregorius P. M. Luyten 1,
T. H. Khanh Vu 1 , Teresa A. Ferreira 2 and Jan-Willem M. Beenakker 1,2,3

1 Department of Ophthalmology, Leiden University Medical Center, 2333 ZA Leiden, The Netherlands
2 Department of Radiology, Leiden University Medical Center, 2333 ZA Leiden, The Netherlands
3 Department of Radiation Oncology, Leiden University Medical Center, 2333 ZA Leiden, The Netherlands
* Correspondence: l.klaassen@lumc.nl
† These authors contributed equally to this work.

Simple Summary: In the past, eye tumours were generally not assessed with magnetic resonance
imaging (MRI) due to low image quality. MRI of the eye has significantly improved in the last decade
and is, therefore, used more and more to visualise the tumour and surrounding structures. This review
provides an overview of how MRI can be used to improve the clinical care of patients with a uveal
melanoma, the most common eye tumour in adults. MRI can help in diagnosis, because it provides
anatomical and biological information which cannot be attained by the conventional ophthalmic
techniques. Dimension measurements on MRI are generally in agreement with ocular ultrasound,
but MRI is more reliable when the tumour is located in the anterior part of the eye. Additionally, MRI
can provide information about prognosis and treatment response, without performing a biopsy.

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.

Keywords: magnetic resonance imaging; uveal melanoma; diagnosis; treatment planning; ocular
oncology

1. 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
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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 [3–10]. As a result, MR-imaging has been proposed for
different ocular conditions such as inflammation, refractive conditions, glaucoma and
several malignancies [10–21].

For uveal melanoma (UM) patients specifically, multiple clinical applications of ocular
MRI have been proposed [11,22–30]. 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 [15,26,28,34–39].

With MRI emerging as a clinically valuable imaging modality for the eye, it is impor-
tant 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. How-
ever, 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.

2. 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:

(1) (“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 mea-
sures of the tumour perfusion and diffusivity [11,26,28,34–38,42–45]. 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.

3. 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 prefer-
ably 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-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 [26,28,34,37–39]. 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 [33,49–55].

3.1. 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 [21,22,28,56–58]. 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–C).
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Figure 2. Transversal anatomical MR-images of a patient with a uveal melanoma (dagger) and associ-
ated 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 [10,11,26,28,34,36,37,45,56,59–76]. 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 described that UM are mostly hyperintense on T2-weighted imaging and
hyperintense or isointense on T1-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 T1-
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, MRI is able to
distinguish UM from accompanying features or other pathologies, such as peripheral
exudative haemorrhagic chorioretinopathy [25].

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 [11,15,27–30,82–95]. MRI gen-
erally outperforms ultrasound in screening for extrascleral extension (Figure 3C) [27–30].
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
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enhancing extraocular component is advised, as the muscle insertions might be mistaken
for extrascleral extension [28–30]. Brisse et al. reported only a limited accuracy in iden-
tifying optic nerve invasion in retinoblastoma on their contrast enhanced T1 sequences
(AUC = 0.64; 95% CI, 0.55–0.72) [96]. On the other hand, MRI was found to reliably demon-
strate 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].
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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).

3.2. Functional Scans

In addition to these anatomical assessments, functional MRI can provide mul-
tiple types of quantitative information on function and biology of an intraocular
mass [15,26,28,34–39,68,72,98–100]. 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). Cur-
rent 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 com-
plete 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].

In clinical practice, the amount of signal enhancement, the peak intensity and the tem-
poral 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]. Ab-
sence 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, it is important to acknowledge that the lesion’s pig-
mentation is a confounding factor on the observed enhancement [72].
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decrease towards the end of the acquisition (4 min), resulting in the green time intensity curve (A).

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 tech-
nique 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
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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 [10,35,103–106].

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 × 10−3 mm2/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 × 10−3 mm2/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 pre-
sented 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 × 10−3 mm2/s (gray area), which is lower than most benign orbital lesions and higher
than orbital lymphoma [26,28,35–38].

4. 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 pa-
tients, 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 lo-
cation, origin and signal intensity, MRI can contribute to the differential diagnosis for
various intraocular masses including retinal pigment epithelium adenomas [73], cysts [112],
retinoblastoma [21,77,113–115], Coats disease [116], uveitis [15,117], choroidal effusion [118],
neurofibroma [119] and UM [120,121]. Additionally, different reports showed that anatom-
ical MRI can identify choroidal haemangioma [74,122], schwannoma [123,124] and scle-
ritis [125,126]. However, other studies report that relying on anatomical characteristics
alone can result in an inconclusive or even 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
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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 × 10−3 mm2/s compared to 1.11 ± 0.24 × 10−3 mm2/s for UM,
can provide a clear indication of the lesion’s diagnosis [38,135–138]. 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].

5. Therapy Planning

Conventionally, MRI has had a limited role in ocular radiotherapy [139,140]. A no-
table exception has been stereotactic radiosurgery, where MRI is reportedly being used
to complement CT imaging [141–147] 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].

In general, a good agreement between ultrasound and MRI-based tumour dimen-
sions is found (Figure 6) [30,32,33,46,47]. However, MRI 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] com-
pared ultrasound- and MRI-based tumour dimension measurements using a modern MRI
protocol, including three-dimensional contrast enhanced scans [48] with an isotropic acqui-
sition 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 mea-
surements (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.

Although several studies have shown the feasibility of fully three-dimensional MRI-
based therapy planning [97,135,136,149–152], 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 treat-
ment plan to conform the three-dimensional visualisation of the MRI [139,153–156]. 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
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and eye shape between the prone MRI-scanning position and the sitting position used
during ocular proton therapy [157].
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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 tumours (A,B),
orange markers in (D,E) and when the full tumour extent was not visible on ultrasound ((C), open cir-
cles 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.

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.

6. Follow-Up

A reduction in tumour prominence or volume, as obtained by ultrasound, is clinically
one of the primary signs of therapy response [46,159–161]. 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
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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].

Several studies showed that MRI can be used to quantify the reduction in tumour size
after treatment [46,162–165]. One study prospectively compared MRI and ultrasound-based
prominence measurements for patients treated with proton beam therapy or brachyther-
apy [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 en-
abled 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];

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 ultra-
sound imaging, follow-up with conventional ophthalmic imaging is hindered. Monitoring
these patients with MRI has been reported to prevent secondary enucleation by differenti-
ating local tumour recurrence from scarred tumour residue [53].

7. 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.

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 di-
agnosis, 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 MRI, especially since
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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 MRI
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 ex-
tent [21]. Although for UM, three-dimensional visualisation on MRI generally provides a
more accurate size determination than conventional ultrasound [32,33], the current treat-
ment 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 report-
edly 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 MRI, 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 brachyther-
apy, an MRI 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 treated with
ocular proton therapy, however, such a reduction in prominence can take up to a year to
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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 indica-
tions, 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.

8. 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 pre-
sentations 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. Further-
more, 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
ocular proton beam therapy planning and the use of perfusion-weighted MRI as an early
biomarker for treatment response assessment.
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S.; Dyndor, K.; et al. Imaging of Uveal Melanoma—Current Standard and Methods in Development. Cancers 2022, 14, 3147.
[CrossRef] [PubMed]

25. Singh, M.; Durairaj, P.; Yeung, J. Uveal Melanoma: A Review of the Literature. Oncol. Ther. 2018, 6, 87–104. [CrossRef]
26. Foti, P.V.; Longo, A.; Reibaldi, M.; Russo, A.; Privitera, G.; Spatola, C.; Raffaele, L.; Salamone, V.; Farina, R.; Palmucci, S.; et al.

Uveal melanoma: Quantitative evaluation of diffusion-weighted MR imaging in the response assessment after proton-beam
therapy, long-term follow-up. Radiol. Med. 2017, 122, 131–139. [CrossRef]

27. Tartaglione, T.; Pagliara, M.M.; Sciandra, M.; Caputo, C.G.; Calandrelli, R.; Fabrizi, G.; Gaudino, S.; Blasi, M.A.; Colosimo, C.
Uveal melanoma: Evaluation of extrascleral extension using thin-section MR of the eye with surface coils. La Radiol. Med. 2014,
119, 775–783. [CrossRef]

28. Ferreira, T.A.; Jaarsma-Coes, M.G.; Marinkovic, M.; Verbist, B.; Verdijk, R.M.; Jager, M.J.; Luyten, G.P.M.; Beenakker, J.-W.M. MR
imaging characteristics of uveal melanoma with histopathological validation. Neuroradiology 2021, 64, 171–184. [CrossRef]

29. Récsán, Z.; Karlinger, K.; Fodor, M.; Zalatnai, A.; Papp, M.; Salacz, G. MRI for the Evaluation of Scleral Invasion and Extrascleral
Extension of Uveal Melanomas. Clin. Radiol. 2002, 57, 371–376. [CrossRef]

30. Hosten, N.; Bornfeld, N.; Wassmuth, R.; Lemke, A.J.; Sander, B.; E Bechrakis, N.; Félix, R. Uveal melanoma: Detection of
extraocular growth with MR imaging and US. Radiology 1997, 202, 61–67. [CrossRef]

31. Coleman, D.J.; Silverman, R.H.; Rondeau, M.J.; O Lloyd, H.; Daly, S. Explaining the current role of high-frequency ultrasound in
ophthalmic diagnosis. Expert. Rev. Ophthalmol. 2006, 1, 63–76. [CrossRef] [PubMed]

32. Klaassen, L.; Jaarsma-Coes, M.G.; Verbist, B.M.; Vu, T.K.; Marinkovic, M.; Rasch, C.R.; Luyten, G.P.; Beenakker, J.-W.M. Automatic
Three-Dimensional Magnetic Resonance-based measurements of tumour prominence and basal diameter for treatment planning
of uveal melanoma. Phys. Imaging Radiat. Oncol. 2022, 24, 102–110. [CrossRef] [PubMed]

33. Jaarsma-Coes, M.G.; Ferreira, T.A.; Marinkovic, M.; Vu, T.K.; van Vught, L.; van Haren, G.R.; Rodrigues, M.F.; Klaver, Y.L.; Verbist,
B.M.; Luyten, G.P.; et al. Comparison of MRI-based and conventional measurements for proton beam therapy of uveal melanoma.
Ophthalmol. Retina 2022, 7, 178–188. [CrossRef] [PubMed]

https://doi.org/10.1002/nbm.3041
https://doi.org/10.3390/cancers11030377
https://doi.org/10.1186/s13244-021-01000-x
https://doi.org/10.1097/j.jcrs.0000000000000576
https://www.ncbi.nlm.nih.gov/pubmed/33577270
https://doi.org/10.21037/qims-21-790
https://doi.org/10.1080/02713683.2021.1874021
https://www.ncbi.nlm.nih.gov/pubmed/33535828
https://doi.org/10.1007/s00234-018-2103-4
https://doi.org/10.3174/ajnr.A4890
https://doi.org/10.3390/cancers12030658
https://doi.org/10.1002/jmri.27367
https://doi.org/10.1097/IJG.0000000000001558
https://www.ncbi.nlm.nih.gov/pubmed/32459691
https://doi.org/10.1007/s00330-006-0227-0
https://doi.org/10.1007/s00247-011-2201-5
https://www.ncbi.nlm.nih.gov/pubmed/21850471
https://doi.org/10.1186/s13244-021-01001-w
https://www.ncbi.nlm.nih.gov/pubmed/34085131
https://doi.org/10.1208/s12248-018-0259-9
https://doi.org/10.3390/cancers14133147
https://www.ncbi.nlm.nih.gov/pubmed/35804919
https://doi.org/10.1007/s40487-018-0056-8
https://doi.org/10.1007/s11547-016-0697-3
https://doi.org/10.1007/s11547-014-0388-x
https://doi.org/10.1007/s00234-021-02825-5
https://doi.org/10.1053/crad.2001.0859
https://doi.org/10.1148/radiology.202.1.8988193
https://doi.org/10.1586/17469899.1.1.63
https://www.ncbi.nlm.nih.gov/pubmed/20037660
https://doi.org/10.1016/j.phro.2022.11.001
https://www.ncbi.nlm.nih.gov/pubmed/36386446
https://doi.org/10.1016/j.oret.2022.06.019
https://www.ncbi.nlm.nih.gov/pubmed/35840053


Cancers 2023, 15, 2995 15 of 20

34. Yuan, Y.; Kuai, X.-P.; Chen, X.-S.; Tao, X.-F. Assessment of dynamic contrast-enhanced magnetic resonance imaging in the
differentiation of malignant from benign orbital masses. Eur. J. Radiol. 2013, 82, 1506–1511. [CrossRef]

35. De Graaf, P.; Pouwels, P.; Rodjan, F.; Moll, A.; Imhof, S.; Knol, D.; Sanchez, E.; van der Valk, P.; Castelijns, J. Single-Shot Turbo
Spin-Echo Diffusion-Weighted Imaging for Retinoblastoma: Initial Experience. AJNR Am. J. Neuroradiol. 2012, 33, 110–118.
[CrossRef]

36. Erb-Eigner, K.; Willerding, G.; Taupitz, M.; Hamm, B.; Asbach, P. Diffusion-Weighted Imaging of Ocular Melanoma. Investig.
Radiol. 2013, 48, 702–707. [CrossRef]

37. Kamrava, M.; Sepahdari, A.R.; Leu, K.; Wang, P.-C.; Roberts, K.; Demanes, D.J.; McCannel, T.; Ellingson, B.M. Quantita-
tive multiparametric MRI in uveal melanoma: Increased tumor permeability may predict monosomy 3. Neuroradiology 2015,
57, 833–840. [CrossRef] [PubMed]

38. Sepahdari, A.R.; Politi, L.S.; Aakalu, V.K.; Kim, H.J.; Razek, A.A. Diffusion-weighted imaging of orbital masses: Multi-institutional
data support a 2-ADC threshold model to categorize lesions as benign, malignant, or indeterminate. AJNR Am. J. Neuroradiol.
2014, 35, 170–175. [CrossRef]

39. Sepahdari, A.R.; Aakalu, V.K.; Setabutr, P.; Shiehmorteza, M.; Naheedy, J.H.; Mafee, M.F. Indeterminate Orbital Masses: Restricted
Diffusion at MR Imaging with Echo-planar Diffusion-weighted Imaging Predicts Malignancy. Radiology 2010, 256, 554–564.
[CrossRef]

40. Page, M.J.; Moher, D.; Bossuyt, P.M.; Boutron, I.; Hoffmann, T.C.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, J.M.; Akl, E.A.; Chou, R.;
et al. The PRISMA 2020 statement: An updated guideline for reporting systematic reviews. BMJ 2021, 372, n71.

41. Ouzzani, M.; Hammady, H.; Fedorowicz, Z.; Elmagarmid, A. Rayyan—A web and mobile app for systematic reviews. Syst. Rev.
2016, 5, 210. [CrossRef] [PubMed]

42. Li, D.J.; Yang, W.L.; Wang, Z.Y.; Chen, W.; Zhao, Q.; Li, Y.F.; Cui, R.; Shen, L.; Wei, W.B. [Comparative analysis on the significances
of contrast-enhanced ultrasound and dynamic contrast-enhanced magnetic resonance imaging in uveal melanoma diagnosis].
Zhonghua Yan Ke Za Zhi 2018, 54, 194–198.

43. Buerk, B.M.; Pulido, J.S.; Chiong, I.; Folberg, R.; Edward, D.P.; Duffy, M.T.; Thulborn, K.R. Vascular perfusion of choroidal
melanoma by 3.0 tesla magnetic resonance imaging. Trans. Am. Ophthalmol. Soc. 2004, 102, 209–218. [PubMed]

44. Russo, A.; Mariotti, C.; Longo, A.; Foti, P.V.; Avitabile, T.; Uva, M.G.; Franco, L.M.; Bonfiglio, V.; Milone, P.; Ettorre, G.C.; et al.
Diffusion-weighted magnetic resonance imaging and ultrasound evaluation of choroidal melanomas after proton-beam therapy.
La Radiol. Med. 2015, 120, 634–640. [CrossRef]

45. Sepahdari, A.; Kapur, R.; Aakalu, V.; Villablanca, J.; Mafee, M. Diffusion-Weighted Imaging of Malignant Ocular Masses: Initial
Results and Directions for Further Study. AJNR Am. J. Neuroradiol. 2012, 33, 314–319. [CrossRef]

46. Tang, M.; Ferreira, T.; Jaarsma-Coes, M.; Klaassen, L.; Marinkovic, M.; Vu, K.; Rasch, C.; Creutzberg, C.; Horeweg, N.; Klaver,
Y.; et al. MR-based follow-up after brachytherapy and proton beam therapy in uveal melanoma. Acta Ophthalmol. 2022, 100.
[CrossRef]

47. Schueller, P.; Dogan, A.; Panke, J.E.; Micke, O.; Willich, N. Does the imaging method have an influence on the measured tumor
height in ruthenium plaque therapy of uveal melanoma? Strahlenther. Onkol. 2005, 181, 320–325. [CrossRef]

48. Beenakker, J.-W.M.; Rasch, C.R. Letter to the Editor of Radiotherapy and Oncology regarding the paper titled “MRI and FUNDUS
image fusion for improved ocular biometry in Ocular Proton Therapy” by Via et al. Radiother. Oncol. 2022, 176, 251. [CrossRef]
[PubMed]

49. Oberacker, E.; Paul, K.; Huelnhagen, T.; Oezerdem, C.; Winter, L.; Pohlmann, A.; Boehmert, L.; Stachs, O.; Heufelder, J.; Weber, A.;
et al. Magnetic resonance safety and compatibility of tantalum markers used in proton beam therapy for intraocular tumors: A
7.0 Tesla study. Magn. Reson. Med. 2017, 78, 1533–1546. [CrossRef]

50. Bustin, A. Editorial for “A Comparison of 3T and 7T MRI for the Clinical Evaluation of Uveal Melanoma”. J. Magn. Reson. Imaging
2022, 55, 1516–1517. [CrossRef]

51. Tang, M.C.; Jaarsma-Coes, M.G.; Ferreira, T.A.; Fonk, L.Z.G.; Marinkovic, M.; Luyten, G.P.; Beenakker, J.M. A Comparison of 3 T
and 7 T MRI for the Clinical Evaluation of Uveal Melanoma. J. Magn. Reson. Imaging 2022, 55, 1504–1515. [CrossRef] [PubMed]

52. Gach, H.M.; Mackey, S.L.; Rehman, S.; Kadbi, M.; Zoberi, J.E.; Garcia-Ramirez, J.; Grigsby, P.W. Magnetic resonance imaging
metal artifact reduction for eye plaque patient with dental braces. J. Contemp. Brachyther. 2017, 9, 490–495. [CrossRef]

53. Jaarsma-Coes, M.G.; Ferreira, T.A.G.; van Haren, G.R.; Marinkovic, M.; Beenakker, J.-W.M. MRI enables accurate diagnosis and
follow-up in uveal melanoma patients after vitrectomy. Melanoma Res. 2019, 29, 655–659. [CrossRef] [PubMed]

54. Van Rijn, G.A.; Mourik, J.E.M.; Teeuwisse, W.M.; Luyten, G.P.M.; Webb, A.G. Magnetic Resonance Compatibility of Intraocular
Lenses Measured at 7 Tesla. Investig. Ophthalmol. Vis. Sci. 2012, 53, 3449–3453. [CrossRef] [PubMed]

55. Islamaj, E.; Van Vught, L.; Jordaan-Kuip, C.P.; Vermeer, K.A.; Ferreira, T.A.; De Waard, P.W.T.; Lemij, H.G.; Beenakker, J.-W.M.
Magnetic resonance imaging reveals possible cause of diplopia after Baerveldt glaucoma implantation. PLoS ONE 2022,
17, e0276527. [CrossRef] [PubMed]

56. Foti, P.V.; Inì, C.; Broggi, G.; Farina, R.; Palmucci, S.; Spatola, C.; Liardo, R.L.E.; Milazzotto, R.; Raffaele, L.; Salamone, V.; et al.
Histopathologic and MR Imaging Appearance of Spontaneous and Radiation-Induced Necrosis in Uveal Melanomas: Initial
Results. Cancers 2022, 14, 215. [CrossRef] [PubMed]

57. Choi, Y.J.; Kim, T.W.; Kim, S.; Choung, H.; Lee, M.J.; Kim, N.; Khwarg, S.I.; Yu, Y.S. Effects on Periocular Tissues after Proton
Beam Radiation Therapy for Intraocular Tumors. J. Korean Med. Sci. 2018, 33, e120. [CrossRef] [PubMed]

https://doi.org/10.1016/j.ejrad.2013.03.001
https://doi.org/10.3174/ajnr.A2729
https://doi.org/10.1097/RLI.0b013e31828eea67
https://doi.org/10.1007/s00234-015-1546-0
https://www.ncbi.nlm.nih.gov/pubmed/26022354
https://doi.org/10.3174/ajnr.A3619
https://doi.org/10.1148/radiol.10091956
https://doi.org/10.1186/s13643-016-0384-4
https://www.ncbi.nlm.nih.gov/pubmed/27919275
https://www.ncbi.nlm.nih.gov/pubmed/15747759
https://doi.org/10.1007/s11547-015-0509-1
https://doi.org/10.3174/ajnr.A2747
https://doi.org/10.1111/j.1755-3768.2022.0337
https://doi.org/10.1007/s00066-005-1342-6
https://doi.org/10.1016/j.radonc.2022.08.018
https://www.ncbi.nlm.nih.gov/pubmed/35988772
https://doi.org/10.1002/mrm.26534
https://doi.org/10.1002/jmri.27941
https://doi.org/10.1002/jmri.27939
https://www.ncbi.nlm.nih.gov/pubmed/34652049
https://doi.org/10.5114/jcb.2017.71184
https://doi.org/10.1097/CMR.0000000000000568
https://www.ncbi.nlm.nih.gov/pubmed/30664105
https://doi.org/10.1167/iovs.12-9610
https://www.ncbi.nlm.nih.gov/pubmed/22538424
https://doi.org/10.1371/journal.pone.0276527
https://www.ncbi.nlm.nih.gov/pubmed/36264982
https://doi.org/10.3390/cancers14010215
https://www.ncbi.nlm.nih.gov/pubmed/35008378
https://doi.org/10.3346/jkms.2018.33.e120
https://www.ncbi.nlm.nih.gov/pubmed/29651818


Cancers 2023, 15, 2995 16 of 20

58. Chen, S.; Ji, X.; Liu, M.; Xia, Z.; Zheng, H.; Yin, Q.; Wang, H.; Li, Y. The value of MRI in evaluating the efficacy and complications
with the treatment of intra-arterial chemotherapy for retinoblastoma. Oncotarget 2017, 8, 38413–38425. [CrossRef]

59. Jeong, H.; Sa, H.-S. Uveal Melanoma with Massive Extraocular Extension through the Sclerocorneal Limbus. Korean J. Ophthalmol.
2015, 29, 280–281. [CrossRef] [PubMed]

60. Houle, V.; Bélair, M.; Allaire, G.S. AIRP Best Cases in Radiologic-Pathologic Correlation: Choroidal Melanoma. Radiographics
2011, 31, 1231–1236. [CrossRef]

61. Khetan, V.; Gupta, K.; Mohan, E.R.; Gopal, L. Uveal melanoma presenting as cataract and staphyloma. Indian J. Ophthalmol. 2009,
57, 223–225. [CrossRef] [PubMed]

62. Rebolleda, G.; Suárez Figueroa, M.; Muñoz-Negrete, F.J.; Rocamora, A. Magnetic resonance imaging in cavitary choroidal
melanoma. Eur. J. Ophthalmol. 2000, 10, 335–337. [CrossRef] [PubMed]

63. Biswas, J.; Raghavendra, R.; Ratra, V.; Krishnakumar, S.; Gopal, L.; Shanmugam, M.P. Diffuse malignant melanoma of the choroid
simulating metastatic tumour in the choroid. Indian J. Ophthalmol. 2000, 48, 137–140. [PubMed]

64. Nguyen, T.-N.; Edelstein, C.; Mansour, M.; Burnier, M.N. Primary choroidal melanoma masquerading as a hemorrhagic lesion in
a patient with ocular trauma. Can. J. Ophthalmol. 2003, 38, 228–229. [CrossRef] [PubMed]

65. Minija, C.; Shanmugam, M.P. Subretinal lipid exudation associated with untreated choroidal melanoma. Indian J. Ophthalmol.
2011, 59, 233–235. [CrossRef]

66. Becerra, E.M.; Saornil, M.A.; Blanco, G.; Méndez, M.C.; Muiños, Y.; Esteban, M.R. Cavitary choroidal melanoma. Can. J.
Ophthalmol. 2005, 40, 619–622. [CrossRef]

67. Jiblawi, A.; Chanbour, H.; Tayba, A.; Khayat, H.; Jiblawi, K. Magnetic Resonance Imaging Diagnosis of Choroidal Melanoma.
Cureus 2021, 13, e16628. [CrossRef]

68. Koolstra, K.; Beenakker, J.M.; Koken, P.; Webb, A.; Börnert, P. Cartesian MR fingerprinting in the eye at 7T using compressed
sensing and matrix completion-based reconstructions. Magn. Reson. Med. 2019, 81, 2551–2565. [CrossRef]

69. Damento, G.M.; Koeller, K.K.; Salomão, D.R.; Pulido, J.S. T2 Fluid-Attenuated Inversion Recovery Imaging of Uveal Melanomas
and Other Ocular Pathology. Ocul. Oncol. Pathol. 2016, 2, 251–261. [CrossRef]

70. Hirunpat, P.; Sanghan, N.; Hirunpat, S. White matter: A good reference for the signal intensity evaluation in magnetic resonance
imaging for the diagnosis of uveal melanoma. Neuroradiol. J. 2021, 34, 113–119. [CrossRef]

71. Wei, W.; Jia, G.; von Tengg-Kobligk, H.; Heverhagen, J.T.; Abdel-Rahman, M.; Wei, L.; Christoforidis, J.B.; Davidorf, F.; Knopp,
M.V. Dynamic Contrast-Enhanced Magnetic Resonance Imaging of Ocular Melanoma as a Tool to Predict Metastatic Potential.
J. Comput. Assist. Tomogr. 2017, 41, 823–827. [CrossRef] [PubMed]

72. Jaarsma-Coes, M.G.; Ferreira, T.A.; van Houdt, P.J.; van der Heide, U.A.; Luyten, G.P.M.; Beenakker, J.-W.M. Eye-specific
quantitative dynamic contrast-enhanced MRI analysis for patients with intraocular masses. Magn. Reson. Mater. Phys. Biol. Med.
2022, 35, 311–323. [CrossRef] [PubMed]

73. Su, Y.; Xu, X.; Wei, W.; Xian, J. Using a novel MR imaging sign to differentiate retinal pigment epithelium from uveal melanoma.
Neuroradiology 2020, 62, 347–352. [CrossRef]

74. Stroszczynski, C.; Hosten, N.; Bornfeld, N.; Wiegel, T.; Schueler, A.; Foerster, P.; Lemke, A.J.; Hoffmann, K.T.; Felix, R. Choroidal
hemangioma: MR findings and differentiation from uveal melanoma. AJNR Am. J. Neuroradiol. 1998, 19, 1441–1447. [PubMed]

75. Lemke, A.-J.; Hosten, N.; Wiegel, T.; Prinz, R.D.; Richter, M.; Bechrakis, N.E.; Foerster, P.I.; Felix, R. Intraocular metastases:
Differential diagnosis from uveal melanomas with high-resolution MRI using a surface coil. Eur. Radiol. 2001, 11, 2593–2601.
[CrossRef]

76. Nagesh, C.; Rao, R.; Hiremath, S.; Honavar, S. Magnetic resonance imaging of the orbit, Part 1: Basic principles and radiological
approach. Indian J. Ophthalmol. 2021, 69, 2574. [CrossRef]

77. Orman, G.; Huisman, T. A descriptive neuroimaging study of retinoblastoma in children: Magnetic resonance imaging features.
Pol. J. Radiol. 2022, 87, 363–368. [CrossRef]

78. De Graaf, P.; Barkhof, F.; Moll, A.C.; Imhof, S.M.; Knol, D.L.; van der Valk, P.; Castelijns, J.A. Retinoblastoma: MR imaging
parameters in detection of tumor extent. Radiology 2005, 235, 197–207. [CrossRef]

79. Nagesh, C.; Rao, R.; Hiremath, S.; Honavar, S. Magnetic resonance imaging of the orbit, Part 2: Characterization of orbital
pathologies. Indian J. Ophthalmol. 2021, 69, 2585. [CrossRef]

80. Damianidis, C.; Konstantinou, D.; Kyriakou, V.; Arvaniti, M.; Kotziamani, N.; Rodokalakis, G.; Agriou, A.; Emmanouilidou, M.;
Tsitouridis, I. Magnetic Resonance Imaging and Ultrasonographic Evaluation of Retinal Detachment in Orbital Uveal Melanomas.
Neuroradiol. J. 2010, 23, 329–338. [CrossRef]

81. Via, R.; Pica, A.; Antonioli, L.; Paganelli, C.; Fattori, G.; Spaccapaniccia, C.; Lomax, A.; Weber, D.C.; Schalenbourg, A.; Baroni, G.;
et al. MRI and FUNDUS image fusion for improved ocular biometry in Ocular Proton Therapy. Radiother. Oncol. 2022, 174, 16–22.
[CrossRef]

82. Li, Y.; Yang, X.; Huang, Y.; Hei, Y.; Wang, L.; Xiao, L. Orbital Extension of Uveal Melanoma: Treatment and Survival Analysis.
Int. Ophthalmol. Clin. 2019, 59, 37–51. [CrossRef]

83. Blanco, G. Diagnosis and treatment of orbital invasion in uveal melanoma. Can. J. Ophthalmol. 2004, 39, 388–396. [CrossRef]
[PubMed]

84. Fusetti, S.; Parrozzani, R.; Urban, F.; Gurabardhi, M.; Ferronato, G.; Midena, E. Modified Enucleation for Choroidal Melanoma
with Large Extrascleral Extension. Orbit 2010, 29, 70–75. [CrossRef] [PubMed]

https://doi.org/10.18632/oncotarget.16423
https://doi.org/10.3341/kjo.2015.29.4.280
https://www.ncbi.nlm.nih.gov/pubmed/26240513
https://doi.org/10.1148/rg.315105211
https://doi.org/10.4103/0301-4738.49398
https://www.ncbi.nlm.nih.gov/pubmed/19384018
https://doi.org/10.1177/112067210001000412
https://www.ncbi.nlm.nih.gov/pubmed/11192844
https://www.ncbi.nlm.nih.gov/pubmed/11116511
https://doi.org/10.1016/S0008-4182(03)80066-2
https://www.ncbi.nlm.nih.gov/pubmed/12733692
https://doi.org/10.4103/0301-4738.81041
https://doi.org/10.1016/S0008-4182(05)80057-2
https://doi.org/10.7759/cureus.16628
https://doi.org/10.1002/mrm.27594
https://doi.org/10.1159/000447265
https://doi.org/10.1177/1971400920973407
https://doi.org/10.1097/RCT.0000000000000598
https://www.ncbi.nlm.nih.gov/pubmed/28448404
https://doi.org/10.1007/s10334-021-00961-w
https://www.ncbi.nlm.nih.gov/pubmed/34643852
https://doi.org/10.1007/s00234-019-02353-3
https://www.ncbi.nlm.nih.gov/pubmed/9763374
https://doi.org/10.1007/s003300100936
https://doi.org/10.4103/ijo.IJO_3141_20
https://doi.org/10.5114/pjr.2022.118107
https://doi.org/10.1148/radiol.2351031301
https://doi.org/10.4103/ijo.IJO_904_21
https://doi.org/10.1177/197140091002300313
https://doi.org/10.1016/j.radonc.2022.06.021
https://doi.org/10.1097/IIO.0000000000000270
https://doi.org/10.1016/S0008-4182(04)80010-3
https://www.ncbi.nlm.nih.gov/pubmed/15327104
https://doi.org/10.3109/01676830903294883
https://www.ncbi.nlm.nih.gov/pubmed/20394543


Cancers 2023, 15, 2995 17 of 20

85. Modarres, M.; Rezanejad, A.; Falavarjani, K.G. Recurrence and massive extraocular extension of choroidal malignant melanoma
after vitrectomy and endoresection. Indian J. Ophthalmol. 2014, 62, 731–733. [CrossRef]

86. Mittica, N.; Vemuganti, G.K.; Duffy, M.; Torczynski, E.; Edward, D.P. Late Orbital Recurrence of a Choroidal Melanoma Following
Internal Resection: Report of a Case and Review of the Literature. Surv. Ophthalmol. 2003, 48, 181–190. [CrossRef]

87. Kiratli, H.; Koç, I.; Tarlan, B. Orbital Extension of an Unsuspected Choroidal Melanoma Presumably through an Aqueous Tube
Shunt. Ocul. Oncol. Pathol. 2016, 2, 144–147. [CrossRef]

88. Sambuelli, R.; Luna, J.D.; Reviglio, V.E.; Aoki, A.; Juarez, C.P. Small choroidal melanoma with massive extraocular extension:
Invasion through posterior scleral emissary channels. Int. Ophthalmol. 2001, 24, 213–218. [CrossRef] [PubMed]

89. Jacobsen, B.H.; Ricks, C.; Harrie, R.P. Ocular ultrasound versus MRI in the detection of extrascleral extension in a patient with
choroidal melanoma. BMC Ophthalmol. 2018, 18, 320. [CrossRef]

90. Jacinto, F.A.; Margo, C.E. Neglected Choroidal Melanoma Tracking Along Optic Nerve to Brain. Ophthalmology 2016, 123, 2488.
[CrossRef]

91. Singh, A.D.; Platt, S.M.; Lystad, L.; Lowe, M.; Oh, S.; Jones, S.E.; Alzahrani, Y.; Plesec, T. Optic Nerve Assessment Using 7-Tesla
Magnetic Resonance Imaging. Ocul. Oncol. Pathol. 2016, 2, 178–180. [CrossRef] [PubMed]

92. Bradley, A.; Estes, A.; Ulrich, L.; Thomas, D.; Gay, D. Epibulbar Plasmacytoma Masquerading as Subconjunctival Hemorrhage in
a Patient With Multiple Myeloma. Cornea 2017, 36, 249–251. [CrossRef]

93. Maheshwari, A.; Finger, P.T. Cancers of the eye. Cancer Metastasis Rev. 2018, 37, 677–690. [CrossRef]
94. Mahajan, A.; Crum, A.; Johnson, M.H.; Materin, M.A. Ocular Neoplastic Disease. Semin. Ultrasound CT MRI 2011, 32, 28–37.

[CrossRef]
95. Surukrattanaskul, S.; Keyurapan, B.; Wangtiraumnuay, N. Correlation between clinical presentations, radiological findings and

high risk histopathological features of primary enucleated eyes with advanced retinoblastoma at Queen Sirikit National Institute
of Child Health: 5 years result. PLoS ONE 2022, 17, e0270362. [CrossRef] [PubMed]

96. Brisse, H.J.; on behalf of the European Retinoblastoma Imaging Collaboration (ERIC); de Graaf, P.; Galluzzi, P.; Cosker, K.; Maeder,
P.; Göricke, S.; Rodjan, F.; de Jong, M.C.; Savignoni, A.; et al. Assessment of early-stage optic nerve invasion in retinoblastoma
using high-resolution 1.5 Tesla MRI with surface coils: A multicentre, prospective accuracy study with histopathological
correlation. Eur. Radiol. 2015, 25, 1443–1452. [CrossRef] [PubMed]

97. Seibel, I.; Riechardt, A.I.; Erb-Eigner, K.; Böker, A.; Cordini, D.; Heufelder, J.; Joussen, A.M. Proton Beam Irradiation: A Safe
Procedure in Postequatorial Extraocular Extension From Uveal Melanoma. Am. J. Ophthalmol. 2018, 191, 49–53. [CrossRef]
[PubMed]

98. Beenakker, J.-W.M.; Wezel, J.; Groen, J.; Webb, A.G.; Börnert, P. Silent volumetric multi-contrast 7 Tesla MRI of ocular tumors
using Zero Echo Time imaging. PLoS ONE 2019, 14, e0222573. [CrossRef]

99. Walter, U.; Niendorf, T.; Graessl, A.; Rieger, J.; Krüger, P.-C.; Langner, S.; Guthoff, R.F.; Stachs, O. Ultrahigh field magnetic
resonance and colour Doppler real-time fusion imaging of the orbit—A hybrid tool for assessment of choroidal melanoma.
Eur. Radiol. 2014, 24, 1112–1117. [CrossRef]

100. Su, Y.; Xu, X.; Zuo, P.; Xia, Y.; Qu, X.; Chen, Q.; Guo, J.; Wei, W.; Xian, J. Value of MR-based radiomics in differentiating uveal
melanoma from other intraocular masses in adults. Eur. J. Radiol. 2020, 131, 109268. [CrossRef]

101. Tofts, P.S. T1-weighted DCE imaging concepts: Modelling, acquisition and analysis. Signal 2010, 500, 400.
102. Xu, Q.-G.; Xian, J.-F. Role of Quantitative Magnetic Resonance Imaging Parameters in the Evaluation of Treatment Response in

Malignant Tumors. Chin. Med. J. 2015, 128, 1128–1133. [CrossRef] [PubMed]
103. Gumeler, E.; Parlak, S.; Yazici, G.; Karabulut, E.; Kiratli, H.; Oguz, K.K. Single shot echo planar imaging (ssEPI) vs single shot

turbo spin echo (ssTSE) DWI of the orbit in patients with ocular melanoma. Br. J. Radiol. 2021, 94, 20200825. [CrossRef] [PubMed]
104. Seeger, A.; Batra, M.; Süsskind, D.; Ernemann, U.; Hauser, T.-K. Assessment of uveal melanomas using advanced diffusion-

weighted imaging techniques: Value of reduced field of view DWI (“zoomed DWI”) and readout-segmented DWI (RESOLVE).
Acta Radiol. 2019, 60, 977–984. [CrossRef]

105. Paul, K.; Huelnhagen, T.; Oberacker, E.; Wenz, D.; Kuehne, A.; Waiczies, H.; Schmitter, S.; Stachs, O.; Niendorf, T. Multiband
diffusion-weighted MRI of the eye and orbit free of geometric distortions using a RARE-EPI hybrid. NMR Biomed. 2018, 31, e3872.
[CrossRef]

106. Paul-Christian, K.; Graessl, A.; Rieger, J.; Lysiak, D.; Huelnhagen, T.; Winter, L.; Heidemann, R.; Lindner, T.; Hadlich, S.; Zimpfer,
A.; et al. Diffusion-Sensitized Ophthalmic Magnetic Resonance Imaging Free of Geometric Distortion at 3.0 and 7.0 T. Investig.
Radiol. 2015, 50, 309–321. [CrossRef]

107. Shukla-Dave, A.; Obuchowski, N.A.; Chenevert, T.L.; Jambawalikar, S.; Schwartz, L.H.; Malyarenko, D.; Huang, W.; Noworolski,
S.M.; Young, R.J.; Jackson, E.F.; et al. Quantitative imaging biomarkers alliance (QIBA) recommendations for improved precision
of DWI and DCE-MRI derived biomarkers in multicenter oncology trials. J. Magn. Reason. Imaging 2019, 49, e101–e121. [CrossRef]
[PubMed]

108. Shields, C.L.; Furuta, M.; Berman, E.L.; Zahler, J.D.; Hoberman, D.M.; Dinh, D.H.; Mashayekhi, A.; Shields, J.A. Choroidal nevus
transformation into melanoma: Analysis of 2514 consecutive cases. Arch. Ophthalmol. 2009, 127, 981–987. [CrossRef]

109. Roelofs, K.A.; O’Day, R.; Al Harby, L.; Arora, A.K.; Cohen, V.M.; Sagoo, M.S.; Damato, B. The MOLES System for Planning
Management of Melanocytic Choroidal Tumors: Is It Safe? Cancers 2020, 12, 1311. [CrossRef]

https://doi.org/10.4103/0301-4738.136247
https://doi.org/10.1016/S0039-6257(02)00458-7
https://doi.org/10.1159/000441726
https://doi.org/10.1023/A:1022539129449
https://www.ncbi.nlm.nih.gov/pubmed/12678398
https://doi.org/10.1186/s12886-018-0990-0
https://doi.org/10.1016/j.ophtha.2016.06.023
https://doi.org/10.1159/000443650
https://www.ncbi.nlm.nih.gov/pubmed/27239461
https://doi.org/10.1097/ICO.0000000000001071
https://doi.org/10.1007/s10555-018-9762-9
https://doi.org/10.1053/j.sult.2010.12.001
https://doi.org/10.1371/journal.pone.0270362
https://www.ncbi.nlm.nih.gov/pubmed/35857757
https://doi.org/10.1007/s00330-014-3514-1
https://www.ncbi.nlm.nih.gov/pubmed/25433413
https://doi.org/10.1016/j.ajo.2018.04.006
https://www.ncbi.nlm.nih.gov/pubmed/29655645
https://doi.org/10.1371/journal.pone.0222573
https://doi.org/10.1007/s00330-014-3101-5
https://doi.org/10.1016/j.ejrad.2020.109268
https://doi.org/10.4103/0366-6999.155127
https://www.ncbi.nlm.nih.gov/pubmed/25881611
https://doi.org/10.1259/bjr.20200825
https://www.ncbi.nlm.nih.gov/pubmed/33264035
https://doi.org/10.1177/0284185118806666
https://doi.org/10.1002/nbm.3872
https://doi.org/10.1097/RLI.0000000000000129
https://doi.org/10.1002/jmri.26518
https://www.ncbi.nlm.nih.gov/pubmed/30451345
https://doi.org/10.1001/archophthalmol.2009.151
https://doi.org/10.3390/cancers12051311


Cancers 2023, 15, 2995 18 of 20

110. Narang, S.; Pandey, A.K.; Giran, M.; Kaur, R. Plaque brachytherapy for choroidal melanoma with vitreous haemorrhage:
A therapeutic challenge. BMJ Case Rep. 2021, 14, e240935. [CrossRef]

111. Jager, M.J.; Shields, C.L.; Cebulla, C.M.; Abdel-Rahman, M.H.; Grossniklaus, H.E.; Stern, M.H.; Carvajal, R.D.; Belfort, R.N.; Jia,
R.; Damato, B.E.; et al. Uveal melanoma. Nat. Rev. Dis. Primers 2020, 6, 24. [CrossRef] [PubMed]
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