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Abstract
Purpose  MRI is increasingly used in the diagnosis and therapy planning of uveal melanoma (UM). In this prospective cohort 
study, we assessed the radiological characteristics, in terms of anatomical and functional imaging, of UM after ruthenium-106 
plaque brachytherapy or proton beam therapy (PBT) and compared them to conventional ultrasound.
Methods  Twenty-six UM patients were evaluated before and 3, 6 and 12 months after brachytherapy (n = 13) or PBT (n = 13). 
Tumour prominences were compared between ultrasound and MRI. On diffusion-weighted imaging, the apparent diffusion 
value (ADC), and on perfusion-weighted imaging (PWI), the time-intensity curves (TIC), relative peak intensity and outflow 
percentages were determined. Values were compared between treatments and with baseline.
Results  Pre-treatment prominences were comparable between MRI and ultrasound (mean absolute difference 0.51 mm, 
p = 0.46), but larger differences were observed post-treatment (e.g. 3 months: 0.9 mm (p = 0.02)). Pre-treatment PWI metrics 
were comparable between treatment groups. After treatment, brachytherapy patients showed favourable changes on PWI (e.g. 
67% outflow reduction at 3 months, p < 0.01). After PBT, significant perfusion changes were observed at a later timepoint 
(e.g. 38% outflow reduction at 6 months, p = 0.01). No consistent ADC changes were observed after either treatment, e.g. a 
0.11 × 10−3mm2/s increase 12 months after treatment (p = 0.15).
Conclusion  MR-based follow-up is valuable for PBT-treated patients as favourable perfusion changes, including a reduction 
in outflow, can be detected before a reduction in size is apparent on ultrasound. For brachytherapy, a follow-up MRI is of 
less value as already 3 months post-treatment a significant size reduction can be measured on ultrasound.

Keywords  Uveal melanoma · Magnetic resonance imaging · Brachytherapy · Proton beam therapy · Ultrasound

Introduction

Uveal melanoma (UM) is a relatively rare disease, yet it 
is the most common primary intraocular tumour in Cau-
casian adults with an incidence of between 4.4 and 10 
cases per million per year [1–3]. UM arise from either 
the iris or the ciliary body, but most commonly the cho-
roid (85%) [4]. Current eye-preserving treatments include 
episcleral brachytherapy, stereotactic external beam 
radiotherapy and proton beam therapy (PBT) [5]. After 
treatment, the primary clinical metric for assessing treat-
ment response in UM is a reduction in tumour thickness 
[6–8], generally called prominence, which is convention-
ally obtained through ocular ultrasound. Although such 
a reduction in tumour prominence is generally observed 
in the first months after brachytherapy, it can take up to 
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a year before it is observed after PBT [9–11]. Reflecting 
this, a significant increase in tumour prominence on multi-
ple subsequent ultrasound evaluations has to be observed, 
before it is considered indicative of treatment failure [8]. 
Regardless of the generally high local control rates of 
ocular radiotherapy, 90–95% [12, 13], patients need to 
wait a relatively long time before knowing that in their 
specific case the tumour is also responding to the treat-
ment, which can be quite burdensome, especially since a 
temporarily increase in tumour prominence on ultrasound 
is not uncommon after PBT [10, 13].

Recent advances in ophthalmic magnetic resonance 
imaging (MRI) resulted in its increased clinical use for 
various ophthalmologic conditions, especially for the char-
acterisation of orbital masses [14–16]. Furthermore, MRI 
is extensively used to evaluate the extent of retinoblastoma 
[17, 18], while different studies report the use of quanti-
tative MRI biomarkers to differentiate malignant from 
inflammatory or benign lesions [16, 19]. For UM specifi-
cally, studies have shown that the three-dimensional tumour 
visualisation provided by MRI can result in a more accurate 
determination of the tumour geometry and extension than 
conventional 2D ultrasound [20–23]. As a result, MRI is 
increasingly used for the PBT planning in UM [24–26]. 
Furthermore, functional MRIs, such as perfusion-weighted 
imaging (PWI) and diffusion-weighted imaging (DWI), 
enable the assessment of specific aspects of the tumour 
microenvironment without the need of an intraocular biopsy 
[27–30]. These MRI biomarkers are reported to correlate 
with known histopathologic factors of poor prognosis such 
as monosomy 3 [28, 31, 32].

In contrast to the pre-treatment radiological evaluation 
of UM, studies involving MRI in the follow-up after radio-
therapy are still sparse. A notable exception is the study of 
Foti et al. which showed the potential of DWI for the early 
assessment of treatment response after PBT [27]. However, 
this study was limited to a description of DWI parameters 
alone and could not be used clinically as the used echo pla-
nar imaging (EPI) technique resulted in strong susceptibil-
ity-related artefacts, as is commonly observed in EPI-based 
DWI of the head and neck area [27, 29, 33]. As a result, a 
complete description of radiological characteristics of UM 
after radiotherapy is still missing and the clinical value of 
PWI, which has proven valuable in the follow-up of various 
other malignancies, including breast and prostate cancer, is 
unknown [34, 35].

In this study, we aim to provide a radiological description 
of MRI, both in terms of anatomical and functional charac-
teristics, in the follow-up of UM patients treated with either 
ruthenium-106 plaque brachytherapy or PBT. In addition, we 
will compare MRI to the conventionally used ultrasound to 
assess if MRI has an added value in the follow-up of these 
patients.

Materials and methods

Patients and device

This single-centre prospective cohort study was carried 
out according to the Code of Ethics of the World Medi-
cal Association (Declaration of Helsinki) for experiments 
involving humans and was approved by the local Ethics 
Committee. Written informed consent was obtained from 
all participants. Uveal melanoma was diagnosed by ocular 
oncologists, based on fundoscopy, fundus photography, 
ultrasound and fluorescein angiography.

Patients were included in the study between March 
2019 and March 2021. Following national guidelines, 
patients with small to intermediate-sized choroidal mela-
nomas with a tumour prominence ≤ 7 mm and basal diam-
eters ≤ 16 mm were considered eligible for ruthenium-106 
brachytherapy, while larger tumours and juxtapapillary 
located tumours were referred for PBT at the HollandPTC 
(Delft, the Netherlands) [36]. For patients treated with 
brachytherapy, the dose to the tumour apex was 130 Gy, 
with a maximum scleral dose of 1000 Gy, as described 
by Marinkovic et al. [37]. The patients treated with PBT 
received 4 fractions of 15 Gy [38].

Patients were invited to participate in the study after diag-
nosis. Participants underwent an MRI and ultrasound exam 
at four different timepoints: before treatment and at the clini-
cal follow-up visits at approximately 3 months, 6 months and 
12 months after treatment. For brachytherapy-treated patients, 
all MRIs were performed in the context of this study, while 
for PBT-treated patients, the pre-treatment and 3-month fol-
low-up MRIs were acquired as part of standard clinical care. 
All follow-up MRIs were performed during a regular clinical 
visit to the Department of Ophthalmology. Ultrasound meas-
urements, performed by an ocular oncologist with an Aviso 
(Quantel Medical—Lumibird, Cournon-d'Auvergne, France) 
with a 15-MHz probe for B-scan imaging of posterior lesions 
and a 50-MHz probe for ultrasound biomicroscopy (UBM) 
of anterior lesions, were obtained from the patients’ medical 
files, as this is currently the clinically used method to deter-
mine the tumour size.

MRIs were performed as previously described by Ferreira 
et al. [28, 29]. In short, all participants were scanned with 
a 3-T Ingenia MRI (Philips Healthcare, Best, the Nether-
lands) using a 4.7-cm local receive coil (Philips). The scan 
protocol, as outlined in Table 1, contained three-dimensional 
(3D) volumetric sequences to assess tumour localization 
and dimensions. Two-dimensional (2D) sequences, with an 
increased in-plane resolution, were used to assess potential 
involvement of adjacent anatomical structures. In addition 
to T1-, T2- and contrast-enhanced T1 (T1Gd)-weighted 
images, diffusion- and perfusion-weighted images were 
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acquired. For the DWI, a diffusion weighting 800 s/mm2 was 
used in combination with a turbo spin echo readout to pre-
vent the susceptibility artefacts observed in EPI-based imag-
ing of the orbit [29]. For the PWI, 0.1 mmol/kg bodyweight 
gadoterate meglumine (Gd) (Dotarem®, Guerbet Diagnostic 
Imaging, Villepinte, France, or Clariscan®, GE Healthcare, 
IL, USA) was administered with a power injector.

Evaluation of MR images

A radiological evaluation of all MR images was performed 
in Sectra IDS7 (Sectra AB, Linköping, Sweden, version 
21.2) and IntelliSpace Portal (Philips Healthcare, Best, 
The Netherlands, version 10.1) by TGF, a neuroradiologist 
with 25 years of experience. At all timepoints, the tumour 
prominence including the sclera, apparent diffusion coeffi-
cient (ADC), time-intensity curve (TIC), quantitative PWI 
characteristics and presence of retinal detachment (RD) were 
determined on the MR images [29].

Tumour prominences were measured by TGF and JWB, 
an ocular imaging expert with 10 years of experience. DWI 
and PWI ROIs were drawn by TGF and validated by JWB. 
Quantitative PWI characteristics were measured by MT 
and JWB. Discrepancies between readers were resolved by 
consensus. Ultrasound measurements were performed by a 
single observer.

Tumour prominence was preferably determined on 
3DT1Gd as its isotropic resolution enables an accurate 
determination of the tumour dimensions and because 
tumour is well differentiated from retinal detachment on 
these images [29]. PWI scans were evaluated both quali-
tatively in terms of TIC type and quantitively in terms 

of relative peak signal intensity and outflow percentage. 
Outflow percentage was defined as the relative difference 
between the peak intensity and signal 2 min after peak 
(Supplemental Fig. 1) [28]. For PWI, 2D region-of-inter-
ests (ROI) were drawn, and in the case of multiple tumour 
components, the ROI with the strongest outflow and/or 
enhancement was chosen. Qualitatively, TICs were classi-
fied as washout, plateau or progressive as earlier described 
by Ferreira et al. [28, 39]. Additionally, time-to-peak, peak 
enhancement and outflow percentage were quantified (Sup-
plement Fig. 1) [28]. In heterogenous tumours with multi-
ple components, the component chosen at the pre-treatment 
timepoint was used for all subsequent timepoints. For DWI, 
a representative ROI was drawn in the enhancing part of 
the tumour to obtain tumour ADC. For large tumours, a 
weighted average of the ROIs from multiple slices was used. 
Small tumours with a prominence < 3 mm were excluded, 
as these can provide unreliable ADC measurements due to 
partial volume effects [28].

Statistical analysis

All statistical analyses were performed using Python (ver-
sion 3.7, Python Software Foundation, DE, USA) and the 
SciPy package (version 1.8.0). p-values equal to or below 
0.05 were considered significant. All quantitative MRI 
measurements were compared using Student’s T-tests. In 
addition, the tumour prominences between ultrasound and 
MRI were compared using paired T-tests. At each time-
point, comparisons were made between brachytherapy 
and PBT groups. Additionally, comparisons were made 
between baseline and follow-up timepoints.

Table 1   Scan sequence parameters

Abbreviations: 3D, three-dimensional; 2D, two-dimensional; SPIR, spectral presaturation with inversion recovery; Gd, gadolinium; MS, multi-
slice; DWI, diffusion- weighted imaging; PWI, perfusion- weighted imaging; FOV, field-of-view; TE, echo time; TR, repetition time; NSA, 
number of signal averages; B, b-value; TWIST, time-resolved angiography with stochastic trajectories
All scans used spin echo sequences, except  the  PWI, which used a gradient echo sequence

Scan name Acquisition 
voxel size (mm3)

FOV (mm3) Echo train length TE (ms)/TR (ms) NSA Additional parameters Scan 
duration 
(mm:ss)

3D
3DT1 0.8 × 0.8 × 0.8 80 × 80 × 40 14 26/400 1 2:07
3DT2 SPIR 0.8 × 0.8 × 0.8 80 × 80 × 40 117 305/2500 2 2:58
3DT1 SPIR Gd 0.8 × 0.8 × 0.8 80 × 80 × 40 14 26/400 1 2:07
2D
MST1 0.5 × 0.5 × 2.0 100 × 100 × 24 6 8/718 1 1:16
MST2 0.4 × 0.4 × 2.0 100 × 100 × 24 17 90/1331 2 1:25
MST1 SPIR Gd 0.5 × 0.5 × 2.0 100 × 100 × 24 6 8/718 1 1:16
Functional scans
DWI 1.25 × 1.4 × 2.4 100 × 100 × 22 Single shot 50/1555 5 B = 0, 800 s/mm2 1:33
PWI 1.25 × 1.5 × 1.5 80 × 80 × 32 88 2.3/4.5 1 2 s/dynamic TWIST 4:20
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At each follow-up timepoint, the tumour prominence, both 
on MRI and ultrasound, ADC value, peak intensity and per-
fusion outflow percentage were compared with baseline to 
assess if there were changes indicative of therapy response. 
Similar to the study of Foti et al. [27], and corresponding to 
the common practice in ocular oncology [8, 10, 13], we used 
a reduction in tumour prominence as the primary measure of 
treatment response. Given the 0.3-mm interobserver stand-
ard deviation of ultrasonic prominence measurements [40], 
a 95% CI reduction in tumour prominence, corresponding 
to 0.6 mm, was considered an indicator of response for both 
MRI and ultrasound. For PWI, a perfusion outflow decrease 
of 5% could qualitatively still be accurately distinguished and 
(Supplement Fig. 2); therefore, a ≥ 5% decrease in perfusion 
outflow was considered a functional sign of therapy response 
on MRI. As the relative peak intensity varies depending 
on the degree of tumour pigmentation, this metric was not 
included as a measure indicative of therapy response [30].

Results

Patient baseline characteristics

A total of 26 UM patients were enrolled in the study, 13 
patients treated with PBT and 13 with ruthenium brachy-
therapy. Seven patients were lost during follow-up and did 
not reach the 1-year timepoint: three treated with brachy-
therapy and four with PBT. Four PBT patients did not have 
an MRI scan after the 6-month timepoint due to an altered 
clinical follow-up, a tumorectomy due to an exudative reti-
nal detachment, and COVID-19 infection (Fig. 1). Three 
brachytherapy patients prematurely stopped participating 
after the 6-month follow-up out of own volition. Addition-
ally, one PBT patient did not have a 6-month examination 
due to an altered clinical follow-up, but did get an examina-
tion 1 year post-treatment. MR images of a representative 
PBT and brachytherapy patient are shown in Figs. 2 and 3.

Patient and tumour characteristics are listed in Table 2. 
Mean UM prominence measured on ultrasound was 4.9 mm 
(± 1.3) for brachytherapy and 8.8 mm (± 2.4) for PBT patients. 
On perfusion-weighted MRI, the TICs were comparable 
between groups as 11/13 (85%) brachytherapy and 8/12 (67%) 
PBT patient TICs were of the washout type, while the remain-
der were of the plateau type. Mean ADC values and standard 
deviations were 1.20 × 10−3 mm2/s (± 0.20) for brachytherapy 
and 0.99 × 10−3 mm2/s (± 0.14) for PBT patients.

Prominence

A detailed statistical evaluation of prominence changes 
can be found in Supplementary data.

Three months after treatment, the tumours treated with 
brachytherapy showed a significant decrease on MRI com-
pared to baseline of 1.9 mm on average (p < 0.01), which was 
also observed on ultrasound (Fig. 4). The majority of these 
patients, 10/13 (77%), showed a decrease in prominence of at 
least 0.6 mm, which would therefore be considered as response 
to treatment. Only one UM patient treated with brachytherapy 
showed an increase in prominence on MRI after treatment. This, 
however, involved a very flat tumour, which showed a, non-sig-
nificant, 0.4-mm increase at the 3-month timepoint, followed 
by a significant 0.8-mm reduction 12 months after treatment.

At 6 months and 1 year after brachytherapy, a further 
significant decrease in prominence was observed on MRI, 
with an average reduction of 2.3 mm (p < 0.01) and 2.5 mm 
(p < 0.01) respectively. None of these patients showed an 
increase in prominence compared to the previous MRI. At 
the 1-year follow-up, 9/10 (90%) patients showed a tumour 
reduction of at least 0.6 mm and the average prominence 
of the remaining lesion including sclera was 2.2 mm.

For PBT-treated patients, a non-significant decrease 
in prominence, on average 0.5 mm compared to baseline 
(p = 0.11), was observed on MRI 3 months after treatment. 
Four of 13 (31%) of these patients showed a decrease in 
tumour prominence of at least 0.6 mm, while five patients 
showed an increase in tumour prominence of up to 1.1 mm. 
For some of the patients whose prominence remained 
unchanged 3 months after PT, the three-dimensional evalu-
ations of the MR images did show qualitatively a slight 
reduction in overall tumour volume. At 6 months, an aver-
age significant decrease of 1.1 mm (p = 0.03) compared to 
pre-treatment was observed, with 8/11 (73%) patients show-
ing a tumour reduction of at least 0.6 mm. Compared to the 
3-month MRI, none of the patients showed an increase in 
prominence. At the 1-year follow-up, a larger decrease in 
prominence was found at 2.1 mm on average (p < 0.01), but 
a similar percentage of patients, 8/9 (89%) patients, showed 
a prominence reduction of more than 0.6 mm. The average 
prominence 1 year after proton therapy was 6.5 mm.

US- and MRI-based prominence measurements did not 
differ statistically before treatment (mean absolute differ-
ence 0.51 mm, p = 0.46) (Supplement Table. 2). At 3-month 
and 6-month follow-ups, however, the ultrasound promi-
nence measurements differed significantly from MRI (mean 
absolute difference: 0.9 mm; p < 0.01 and 0.7 mm; p < 0.01, 
respectively). At these timepoints, ultrasound measured on 
average larger prominences than MRI (Supplement Table. 1).

A joint retrospective analysis of the ultrasound and 
MR images of these patients by a neuroradiologist 
(TGF), ocular oncologist (MM) and ocular imaging 
expert (JWB) showed a low contrast between the outer 
scleral layer and extra-ocular structures on the ultrasound 
images, while on MRI the sclera as well as post-radio-
therapy effects could be discerned (Fig. 5d). As a result, 
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it appeared that on ultrasound the outer scleral border 
was assumed to be located more distant from the mass, 
resulting in the erroneous inclusion the adjacent ocular 
muscles or structures on ultrasonic prominence measure-
ment (Fig. 5b).

PWI

In two MRI exams, no contrast was administered, resulting 
in missing PWI data of one pre-treatment and one 1-year 
follow-up exam. The lack of the pre-treatment PWI scan 
prevented the calculation of relative differences in subse-
quent PWI scans of this patient.

Overall, for the majority of the patients, the TIC profiles 
showed less enhancement and less outflow after treatment, 

an evolution which in other tumour sites would be consid-
ered favourable (Fig. 6).

For brachytherapy-treated patients, a qualitative assess-
ment of perfusion data at 3 months after treatment showed a 
favourable change in TIC type in 9/12 (75%) patients. Quan-
titative analysis showed that the peak intensity and outflow 
percentage both significantly decreased by respectively 32% 
and 67% (p < 0.02) compared to baseline. Furthermore, in 
12/12 (100%) of these patients, a reduction of at least 5% in 
outflow compared to baseline was observed. These perfusion 
changes continued progressively over the course of the first 
year. At the 1-year follow-up, the average peak intensity and 
outflow percentage had decreased significantly compared to 
baseline by respectively 48% and 53% (p ≤ 0.05) and only 
1/10 (10%) patients showed a washout TIC.
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6 months after treatment (n=13)
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• Data not available due to altered 
   clinical follow-up (n=1)

Fig. 1   Patient inclusion flowchart
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At 3 months after proton beam therapy, 5/13 (38%) patients 
showed a more favourable TIC. Average peak intensity 
and outflow percentage decreased significantly by respec-
tively 26% and 17% (p < 0.01) compared to baseline, and in 
10/13 (77%) patients, at least a 5% reduction in outflow was 
observed. In one of the patients without a 5% reduction in 
outflow, eye motion during the PWI scan at this timepoint 
was missed during the clinical evaluation, which resulted in an 
erroneous low outflow percentage. After correction of this eye 
motion, this patient did show a 9% reduction in outflow. For 
the remaining two patients, a significant decrease in relative 
peak intensity of at least 30% was observed, which overshad-
owed the reduction in outflow (Supplement Fig. 1). Perfusion 

changes continued gradually in the following timepoints 
showing a further reduction in peak intensity and outflow 
percentage. At the 1-year follow-up, average peak intensity 
and outflow percentage decreased significantly compared to 
baseline by respectively 41% and 20% (p ≤ 0.02) and either a 
washout (37%) or plateau (63%) TIC was observed.

DWI

From 3 months onwards for one patient and from 6 months 
onward for an additional four patients, no reliable ADC meas-
urements could be obtained as the prominence was < 3 mm. 
DWI data from these timepoints were excluded from analysis.

a b c d

e f g h

j k l

Dynamics (seconds)

-100 40 80 120 160 200
0

10
20
30
40
50
60
70
80
90

100
110
120
130
140
150

R
el

at
iv

e 
si

gn
al

 in
te

ns
ity

 (%
)

i

TIC: Washout
Enhancement: 125% 

TIC: Progressive
Enhancement: 68% 

TIC: Progressive
Enhancement: 62% 

TIC: Progressive
Enhancement: 60% 

6.0mm 3.3mm 2.6mm 2.1mm

1.30*10-3mm2/sec 1.48*10-3mm2/sec 1.70*10-3mm2/sec 0.78*10-3mm2/sec 

-10
0

10
20
30
40
50
60
70
80
90

100
110
120
130
140
150

-10
0

10
20
30
40
50
60
70
80
90

100
110
120
130
140
150

-10
0

10
20
30
40
50
60
70
80
90

100
110
120
130
140
150

Dynamics (seconds)

R
el

at
iv

e 
si

gn
al

 in
te

ns
ity

 (%
)

Dynamics (seconds)

R
el

at
iv

e 
si

gn
al

 in
te

ns
ity

 (%
)

Dynamics (seconds)

R
el

at
iv

e 
si

gn
al

 in
te

ns
ity

 (%
)

0 40 80 120 160 200 0 40 80 120 160 200 0 40 80 120 160 200

Fig. 2   MRI of a UM of the right eye (a, e, i) before, and (b, f, j) 3, (c, 
g, k) 7 and (d, h, l) 13 months after ruthenium plaque brachytherapy. 
Favourable evolution of the UM was observed in terms of size (red 
lines in a–d), ADC value and TIC at dynamic contrast-enhanced MR 
perfusion (DCE). a–d Axial oblique multi-slice (MS) turbo spin echo 
(TSE) contrast-enhanced T1 with fat signal suppression. Progressive 
decrease in size of the UM, indicated by red lines, already noticed 

3  months after radiotherapy. e–h Axial oblique ADC. Progressive 
increase of the UM ADC value, except 13 months after radiotherapy 
where there is a decrease. Regions of interests used to derive the 
ADC values are delineated in red circles. i–l DCE TICs. Progression 
of the initial washout TIC profile into a plateau and progressive TIC, 
corresponding to a lower (more negative) outflow percentage
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Regardless of treatment, large variations in ADC changes 
were found between subjects, e.g. at 3-month follow-up 
ADC differences compared to baseline ranged from − 0.36 
to + 0.45 × 10−3 mm2/s. At 3 months, a mean ADC increase 
of 0.04 × 10−3 mm2/s compared to baseline was observed 
which was not significant (p = 0.26) (Fig. 7c). At 6 months, 
mean ADC increased by 0.10 × 10−3 mm2/s which was sig-
nificant (p = 0.03). At 1-year follow-up, however, a mean 
ADC increase of 0.11 × 10−3 mm2/s was not found to be 
significant (p = 0.15). For the detailed evaluation, refer to 
Supplementary data.

Combined assessment

When using size alone as an indicator of treatment response, 
MRI and ultrasound could show a more than 0.6-mm 
decrease in prominence in approximately the same number 
of patients, regardless of treatment and timepoint, e.g. 4/13 
(31%) on MRI vs 3/13 (23%) on ultrasound 3 months after 
PBT. When, however, a decrease in outflow is included as 
an additional indicator of treatment response, MRI shows 
earlier signs of treatment response than ultrasound (Fig. 8). 
Three months and six months after PBT, for example, MRI 
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Fig. 3   MRI of a UM of the right eye (a, e, i) before, and (b, f, j) 2, 
(c, g, k) 5 and (d, h, l) 11 months after PBT. Pseudo progression of 
the UM 2 months after radiotherapy: slight increase in size, indicated 
by red lines (a–d), but what seems a more favourable TIC in terms 
of perfusion outflow reduction at DCE MR Perfusion. a–d Coronal 
oblique MS TSE contrast-enhanced T1 with fat signal suppression. 
Slight increase in size of the UM 2  months after radiotherapy fol-

lowed by a slow progressive decrease of its size. e–h Coronal oblique 
ADC. Slight increase of the UM ADC value at 2  months which 
remained stable. i–l DCE TIC. Favourable perfusion characteristics 
after PBT, with progressive smaller peak intensity and outflow per-
centage. ROIs used to derive the ADC values are delineated in red 
circles
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shows signs of response in respectively 10/13 (77%) and 
11/11 (100%) of patients, whereas ultrasound only showed 
this in respectively 3/13 (23%) and 5/11 (45%) of these 
patients. At the 1-year timepoint, no such difference was 
observed for both the brachytherapy and PBT patients, as 
more than 85% of the patients showed a sufficient reduction 
in prominence.

Discussion

General observations

Overall, on MRI, two distinct types of evolution of the UM 
after radiotherapy were observed. In the first scenario, pri-
marily observed in patients treated with ruthenium brachy-
therapy, a progressive decrease in size of tumour is observed 
which is accompanied by progressively more favourable 
perfusion characteristics. A representative example of this 
scenario is shown in Fig. 2. In these patients, a clear reduc-
tion in tumour prominence was apparent at the 3-month 
timepoint. Additionally, favourable perfusion changes were 
visible in the majority of the patient’s TICs, such as the 
progression from an initial washout TIC into a plateau TIC. 
Compared to pre-treatment, the DWI at follow-up showed 
no clear overall changes in these patients.

In the second scenario, shown in Fig. 3, a much slower 
change was observed on all aspects. This scenario corre-
sponded generally to the patients with a larger tumour who 
were treated with PBT. In these patients, no significant 

reduction in prominence was observed at the first timepoint 
after therapy, and in some patients, even a small increase 
in prominence was measured. In most of these patients, the 
TIC type did not change at the first follow-up visit, but often 
more subtle favourable perfusion changes were visible, such 
as a decreased washout. At the later timepoints, changes 
could more clearly be observed, although at the 12-month 
timepoint still a significant part of the tumour mass was pre-
sent and 3/8 (38%) patients retained a washout TIC. Similar 
to the other scenario, no clear pattern was observed on DWI. 
In these patients, an increase in retinal detachment was often 
observed early after PBT.

The observed slower evolution in UM patients treated 
with PBT compared to brachytherapy is in agreement with 
earlier studies that assessed the prominence reduction over 
time with ultrasound [11]. This slower evolution could 
potentially be attributed to the significantly higher dose that 
is used in ocular brachytherapy compared to PBT [10, 11, 
37, 38]. Although a larger study with similarly sized tumours 
for both treatments is needed to further assess the origin of 
this difference, the slower change in perfusion metrics in 
the PBT group confirms the suggestion that the initial size 
of the lesion is not the primary factor responsible for this 
difference.

Tumour dimensions

In current clinical practice, a reduction in tumour promi-
nence on 2D ultrasound cross sections is the most com-
monly used criterion to assess treatment response in UM 
[10, 13]. On both MRI and ultrasound, the brachytherapy-
treated tumours showed a rapid decrease in prominence. 
For the PBT patients, however, a much slower progression 
was observed with the majority of patients not yet showing 
a decrease in prominence 3 months after treatment. Some 
patients even showed a slight increase in prominence, so-
called pseudo progression [41], which reduced in subsequent 
timepoints. Additionally, we did note that in some PBT 
patients with no change in tumour prominence, on MRI, 
the tumour volume visually appeared to be reduced. Such a 
volumetric assessment of the response to treatment warrants 
further study.

The pre-treatment MRI- and ultrasound-based promi-
nence measurements were generally in agreement, as has 
also been reported in other studies [20, 23, 28, 42]. In 
some patients, MRI’s three-dimensional tumour visualisa-
tion allowed for a more reproducible comparison of the 
tumour prominence, as exactly the same plane could be 
used for measurements at all timepoints. Similar to earlier 
studies, the largest prominence differences between MRI 
and ultrasound were found in anteriorly located tumours 
[23, 28], for which MRI can generally be considered 
more accurate [22, 23]. Additionally, we observed larger 

Table 2   Baseline characteristics

Data are presented as number of patients (%) for categorical variables 
and as mean ± SD for continuous variables
*According to the 8th American Joint Committee on Cancer (AJCC) 
edition

Characteristics Patients (n = 26)

Sex — male 15 (58%)
Age — median (yrs) 65 (range 30–84 years)
Eye — OS 11 (42%)
US prominence — mean (SD) 6.8 mm (± 2.8 mm)
US LBD — mean (SD) 13.9 mm (± 3.0 mm)
AJCC classification*
T1/T2/T3/T4 2 (8%)/10 (38%)/13 (50%)/1 (4%)
Brachytherapy/PBT 13 (50%)/13 (50%)
MRI to treatment — mean (days) 22 days (± 15)
Retinal detachment — yes 15 (58%)
Shape (%)
Mushroom 4 (15%)
Dome 15 (58%)
Lentiform 7 (27%)
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differences between both modalities 3 and 6  months 
after radiotherapy, with ultrasound providing on aver-
age 0.67 mm larger prominences. On the follow-up MR 
images of some of these patients, we observed changes to 
the tissues directly adjacent to the tumour, such as hyper-
intensities on T2 or enhancement after contrast admin-
istration (Fig. 5). In some cases, these changes could be 
directly attributed to the treatment, e.g. the temporary 
detachment of the extra-ocular muscle to facilitate the 
placement of the ruthenium applicator, or to the 2.5-mm 
margins used in PBT. On the corresponding ultrasound 

images, however, only a loss of contrast between the 
sclera and extra-ocular structures was observed, and parts 
of these structures were erroneously included as sclera 
in the prominence measurement. As these effects reduce 
over time, the differences between ultrasound and MRI 
reduced were statistically non-significant 12 months post-
treatment (Supplement Table. 2, p = 0.29). For the brachy-
therapy patients, this time course is in agreement with 
the surgical experience of a changed, more edematous 
and fragile, structure of the extra-ocular muscle in the 
first months after surgically detaching it from the sclera.
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Fig. 4   Overview of prominence regression on MRI after radiother-
apy. a The regression of the tumour prominence measured on MRI 
for patients treated with brachytherapy (orange) or PBT (blue). b The 
distribution of UM measured prominence (top) before treatment and 
(bottom) 12  months after treatment. c MRI-based relative change 

in prominence (mm) measured at (left) 3, (middle) 6 and (right) 
12 months after treatment compared to pre-treatment. d Table shows 
the comparison between prominence measurements on ultrasound 
and MRI at different timepoints. Significant (p ≤ 0.05) changes com-
pared to pre-treatment are marked by an asterisk
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DWI

We observed a minimal increase in average ADC over 
time in both the PBT and brachytherapy cohort, e.g. 
0.11 × 10−3 mm2 (± 0.27) over a 1-year period. Although 
generally an increase in ADC is considered a sign of therapy 
response [19, 27, 35], 65% of the patients showed a decrease 
in ADC at one or more timepoints. Conversely to the study 
of Foti et al., we found no significant increase in the aver-
age ADC 3 months after treatment [27], and our data sug-
gests that DWI cannot be used to assess treatment response 
after ocular radiotherapy. We hypothesise that the observed 
decrease in ADC could be attributed to radiation-induced 

microscopic areas of necrosis or blood [43], which, accord-
ing to a more recent study of Foti et al., are too small to be 
visible on MRI [44].

PWI

In contrast to DWI, PWI showed a consistent, favourable, 
progression after radiotherapy at the individual patient level, 
such as a progressive TIC type or a slower washout rate. 
Three months post-treatment, these changes were already 
visible in 85% of the patients. As at this timepoint a reduc-
tion in size was not yet apparent in 31% of these patients, 
PWI could be considered an early measure of treatment 

a b

c d

6.0mm 4.5mm

3.3mm6.0mm

Fig. 5   a, b Ultrasound and c, d MRI of a UM of the right eye a, c 
before and b, d 3 months after ruthenium plaque brachytherapy. Post-
treatment changes, accounting for less accurate ultrasound measure-
ments of the UM after radiotherapy, but not interfering with the MR 
measurements. The tumour prominence measured 1.2  mm thicker 
on ultrasound as compared to MRI (red lines) after brachytherapy, 
which could likely be attributed to structural changes of the extra-
ocular tissue due to radiation reactions or due to the temporary sur-
gical detachment of the extra-ocular muscle adjacent to the tumour 
needed to facilitate the placement of the ruthenium applicator. a, b 

Ultrasound images with the identification of the limits of the UM, of 
the sclera (green arrow) and of the medial rectus (blue dashed arrow) 
being easy before and difficult after radiotherapy. c, d Axial oblique 
MS TSE contrast-enhanced T1 with fat signal suppression. Although 
there is post-radiotherapy peri-scleral enhancement (orange arrow 
with double chevron), and thickening of the tendon of the medial rec-
tus due to its intraoperative detachment during the ruthenium plaque 
insertion (red dashed arrow with double chevron), the limits of the 
tumour and of the sclera remain clearly visible, allowing accurate 
measurements
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Δ Δ Δ

Fig. 6   Overview of PWI metrics before and after ocular radiotherapy. 
a The TIC profiles show a gradual progression from primarily wash-
out to plateau/progressive curves. b Pre-treatment and c 3-month 
post-treatment (left) relative peak intensity and (right) outflow per-
centage for brachytherapy (orange) and PBT (blue) patients. d Sum-

mary of the distribution in TIC profile, outflow percentage, relative 
peak intensity percentage and treatment response at all timepoints for 
the different treatments. Significant (p ≤ 0.05) outflow percentage and 
relative peak intensity changes are marked by an asterisk

Δ Δ Δ

(n=12)

± (±0.20) (±0.14) (±0.17) (±0.16) (±0.19) (±0.18) (±0.31) (±0.23)

Δ Δ Δ

Fig. 7   Overview of DWI data before and after radiotherapy. a Before 
treatment, the brachytherapy (orange) patients showed a significant 
(p = 0.01) higher ADC compared to the PBT (blue)-treated patients. 
b ADC changes (left) 3, (middle) 6 and (right) 12 months after treat-

ment compared to pre-treatment. c Table with mean ADC values and 
standard deviations at different timepoints. Significant (p ≤ 0.05) dif-
ferences compared to baseline are marked by an asterisk
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response. Due to the strong perfusion changes after treat-
ment, relatively simple metrics, such as peak enhancement 
and outflow percentage [28], were generally sufficient 
to detect changes for an individual patient. For example, 
although nearly a fourth of the UM patients retained a wash-
out TIC 1 year post-treatment, the TICs of these patients 
did show a decrease of both the peak intensity and outflow 
percentage. However, we noted that the reduction in peak 
enhancement can mask a reduction in outflow as it con-
founds the used outflow percentage. It would therefore be 
valuable to perform pharmacokinetic modelling on these 
PWI data [30, 45, 46], as this separates these changes and 
thereby more accurately quantify changes in the tissue’s 
perfusion.

Clinical recommendations

Although this study included a relatively small cohort of 
26 patients, the progression of the radiological characteris-
tics after radiotherapy matches the general trends, such as 
a gradual decrease in tumour size and favourable perfusion 
changes, observed in other tumours such as gliomas, breast 
and prostate cancers [34, 47, 48]. Furthermore, a consistent, 
but therapy dependent, evolution of tumour characteristics 

was observed across the individual patients. Although we 
therefore judge these findings as representative, we do 
acknowledge that indications for different types of ocular 
radiotherapy vary between institutes [38]. Institutes that do 
not offer brachytherapy, for example, might observe slightly 
different results as they would also treat smaller tumours 
with PBT.

For patients treated with ruthenium-106 brachyther-
apy, the added value of a follow-up MRI is limited. These 
tumours show a rapid, > 1.9 mm on average, prominence 
reduction 3 months after treatment, which can reliably 
be detected on ultrasound in the vast majority of patients 
(Fig. 8).

In patients treated with PBT, however, MRI proved to 
be valuable in the early assessment of treatment response. 
As in the first months after PBT these tumours showed lit-
tle to no change on ultrasound [10], MRI’s more accurate 
and reproducible prominence measurements are less likely 
to falsely identify tumour growth [13]. However, MRI’s 
main added value is the detection of perfusion changes that 
precede a reduction in prominence. As a result, 3 months 
post-treatment, MRI can provide a confirmation of treat-
ment response in 85% of the patients, whereas ultrasound 
could only show a reduction in size in 46% (Fig. 7). These 

Response

Only decreased perfusion 5% decrease in outflow
0.6mm prominence decrease and/or No response visible

Unavailable (e.g. vitrectomy)

US MRI
3 months

US MRI
6 months

US MRI
12 months

US MRI
3 months

US MRI
6 months

US MRI
12 months

Fig. 8   A side-by-side comparison of treatment response of (left) 
brachytherapy and (right) PBT-treated patients, based on MRI and 
ultrasound at each timepoint. Treatment response in terms of tumour 
prominence was defined as a decrease in tumour prominence of more 
than 0.6  mm. In addition, a reduction in outflow percentage of at 
least 5% on PWI was also considered a sign of treatment response 
on MRI. At 3 months, 69% of brachytherapy patients showed treat-

ment response on ultrasound as compared to 92% patients on MRI. 
For PBT patients, however, only 23% of patients showed treatment 
response on ultrasound while this was 77% on MRI. Furthermore, 
60% of those patients who showed treatment response on MRI were 
based on favourable PWI changes, when no prominence decrease was 
yet apparent
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favourable perfusion changes, indicating favourable changes 
at the microvascular level, can aid treating physicians in 
making more well-informed decisions such as opting to 
maintain a wait-and-see policy instead of proceding with a 
surgical intervention, e.g. an endoresection or enucleation, 
when no reduction in prominence is yet apparent. As these 
changes could be reliably detected 3 months post-treatment, 
we would recommend to combine the follow-up MRI with 
the 3- to 6-month follow-up visit to the ophthalmologist. As 
the majority of patients still do not yet show a progressive 
TIC at this time, a pre-treatment MRI is required to assess 
the more subtle changes in perfusion. Although such an MRI 
is currently not performed in all centres, MRI is increasingly 
being used for ocular proton therapy planning [22, 25, 32].

Independent of type of treatment, MRI can be relevant for 
patients who receive a vitrectomy to resolve a retinal detach-
ment, a common complication in ocular oncology. As the 
used silicon oil tamponade prevents subsequent ultrasound 
imaging, MRI might be the only modality to assess tumour 
dimensions [49].

In this study, the conventional evaluation of the response 
to treatment was limited to a reduction in prominence as 
obtained by ultrasound. In clinical practice, however, fun-
doscopy can provide additional, qualitative, imaging clues of 
therapy response, such an atrophic appearance. Although we 
acknowledge that these changes can clinically be a valuable 
sign when no size reduction is evident on ultrasound, they 
are limited as they can only assess the lesion’s ventral sur-
face and lack the quantitative metrics as provided by func-
tional MRI. An additional limitation of using a reduction in 
prominence as the primary metric of treatment response is 
that it predominantly assesses the central part of the tumour, 
thereby potentially missing growth at a more peripheral part 
of the tumour. Given the heterogeneity of UM, also in terms 
of perfusion, an analysis which separately evaluates these 
distinct tumour parts might be more appropriate [30]. Fur-
thermore, in accordance with the high rates of local con-
trol of 95% and 94% for ruthenium brachytherapy and PBT 
respectively [36, 37], no recurrences were present in our 
cohort. A study with a longer follow-up is therefore war-
ranted to determine if the observed biomarkers of therapy 
response are also indicative of a good response with no local 
recurrences on the longer term.

Overall, we conclude that MR-based follow-up is particu-
larly valuable for patients treated with ocular proton therapy, 
as the inclusion of perfusion changes, such as a reduction 
in outflow, in the evaluation provides earlier indications of 
therapy response compared to ultrasound. For these patients, 
the inclusion of MRI might not only reduce the stressful 
period of uncertainty in which they do not yet know if their 
tumour is responding to treatment, but it could also reduce 
the frequency of follow-up visits due to inconclusive ultra-
sound exams [13]. For brachytherapy, a follow-up MRI is 

of less value as a significant reduction in tumour promi-
nence could also be observed on ultrasound 3 months after 
treatment.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00234-​023-​03166-1.

Funding  Part of this research was funded by the Dutch Cancer Society 
(KWF, project number 2019: 12184).

Data availability  Data may be available upon request from the Ophthal-
mology Science Committee (contact via oog.stafsecretariaat@lumc.nl) 
for researchers who meet the criteria for access to confidential data.

Code availability  Not applicable.

Declarations 

Ethics approval  This single-centre prospective cohort study was con-
ducted according to the Code of Ethics of the World Medical Associa-
tion (1964 Declaration of Helsinki) for experiments involving humans 
and approved by the local Ethic Committee of Leiden University Medi-
cal Center (CCMO NL57130.058.16, protocol code 1.0 and date of 
approval 18–11-2019).

Informed consent  Informed consent was obtained from all participants.

Competing interests  The C.J. Gorter Center received research support 
from Philips Healthcare.

Open Access   This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 Singh AD, Turell ME, Topham AK (2011) Uveal melanoma: 
trends in incidence, treatment, and survival. Ophthalmology 
118(9):1881–1885. https://​doi.​org/​10.​1016/j.​ophtha.​2011.​01.​
040

	 2.	 Mallone S, De Vries E, Guzzo M, Midena E, Verne J, Coebergh 
JW et al (2012) Descriptive epidemiology of malignant mucosal 
and uveal melanomas and adnexal skin carcinomas in Europe. Eur 
J Cancer 48(8):1167–1175. https://​doi.​org/​10.​1016/j.​ejca.​2011.​10.​
004

	 3.	 Dutch Cancer Registry [Accessed on June 10th 2022] [Available 
from: https://​iknl.​nl/.

	 4.	 Jager MJ, Shields CL, Cebulla CM, Abdel-Rahman MH, Gross-
niklaus HE, Stern MH et al (2020) Uveal melanoma Nat Rev Dis 
Primers 6(1):24. https://​doi.​org/​10.​1038/​s41572-​020-​0158-0

	 5.	 Kaliki S, Shields CL (2017) Uveal melanoma: relatively rare but 
deadly cancer. Eye (Lond) 31(2):241–257. https://​doi.​org/​10.​
1038/​eye.​2016.​275

https://doi.org/10.1007/s00234-023-03166-1
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.ophtha.2011.01.040
https://doi.org/10.1016/j.ophtha.2011.01.040
https://doi.org/10.1016/j.ejca.2011.10.004
https://doi.org/10.1016/j.ejca.2011.10.004
https://iknl.nl/
https://doi.org/10.1038/s41572-020-0158-0
https://doi.org/10.1038/eye.2016.275
https://doi.org/10.1038/eye.2016.275


1284	 Neuroradiology (2023) 65:1271–1285

1 3

	 6.	 Ossoinig KC (1979) Standardized echography: basic princi-
ples, clinical applications, and results. Int Ophthalmol Clin 
19(4):127–210

	 7.	 Shields JA, Shields CL, Donoso LA (1991) Management of pos-
terior uveal melanoma. Surv Ophthalmol 36(3):161–195. https://​
doi.​org/​10.​1016/​0039-​6257(91)​90001-V

	 8.	 Design and methods of a clinical trial for a rare condition (1993) 
The collaborative ocular melanoma study: COMS Report No 3. 
Control Clin Trials 14(5):362–91. https://​doi.​org/​10.​1016/​0197-​
2456(93)​90052-F

	 9.	 Fang R, Wang H, Li Y, Liu YM, Wei WB (2021) Regression 
patterns of uveal melanoma after iodine-125 plaque brachy-
therapy. BMC Ophthalmol 21(1):137. https://​doi.​org/​10.​1186/​
s12886-​021-​01898-3

	10.	 Maschi C, Thariat J, Herault J, Caujolle JP (2016) Tumour 
Response in Uveal Melanomas Treated with Proton Beam Ther-
apy. Clin Oncol (R Coll Radiol) 28(3):198–203. https://​doi.​org/​
10.​1016/j.​clon.​2015.​08.​007

	11.	 Georgopoulos M, Zehetmayer M, Ruhswurm I, Toma-Bstaendig 
S, Ségur-Eltz N, Sacu S et al (2003) Tumour Regression of Uveal 
Melanoma after Ruthenium-106 Brachytherapy or Stereotactic 
Radiotherapy with Gamma Knife or Linear Accelerator. Ophthal-
mologica 217(5):315–319. https://​doi.​org/​10.​1159/​00007​1345

	12.	 Gragoudas E, Li W, Goitein M, Lane AM, Munzenrider JE, Egan 
KM (2002) Evidence-based estimates of outcome in patients irra-
diated for intraocular melanoma. Arch Ophthalmol 120(12):1665–
1671. https://​doi.​org/​10.​1001/​archo​pht.​120.​12.​1665

	13.	 Jampol LM, Moy CS, Murray TG, Reynolds SM, Albert DM, 
Schachat AP et al (2002) The COMS randomized trial of iodine 
125 brachytherapy for choroidal melanoma: IV. Local treatment 
failure and enucleation in the first 5 years after brachytherapy. 
COMS report no. 19. Ophthalmology. 109(12):2197–206

	14.	 Sepahdari AR, Politi LS, Aakalu VK, Kim HJ, Razek AA (2014) 
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 
35(1):170–175. https://​doi.​org/​10.​3174/​ajnr.​A3619

	15.	 Niendorf T, Beenakker J-WM, Langner S, Erb-Eigner K, Bach 
Cuadra M, Beller E, et  al. Ophthalmic Magnetic Resonance 
Imaging: Where Are We (Heading To)? Current Eye Research. 
2021:1–20, https://​doi.​org/​10.​1080/​02713​683.​2021.​18740​21.

	16.	 Ferreira TA, Saraiva P, Genders SW, Buchem MV, Luyten GPM, 
Beenakker JW (2018) CT and MR imaging of orbital inflamma-
tion. Neuroradiology 60(12):1253–1266. https://​doi.​org/​10.​1007/​
s00234-​018-​2103-4

	17.	 de Graaf P, Göricke S, Rodjan F, Galluzzi P, Maeder P, Castelijns 
JA et al (2012) Guidelines for imaging retinoblastoma: imaging 
principles and MRI standardization. Pediatr Radiol 42(1):2–14. 
https://​doi.​org/​10.​1007/​s00247-​011-​2201-5

	18.	 Jansen RW, de Bloeme CM, Brisse HJ, Galluzzi P, Cardoen L, 
Göricke S, et al. MR Imaging Features to Differentiate Retinoblas-
toma from Coats’ Disease and Persistent Fetal Vasculature. Cancers 
(Basel). 2020;12(12), https://​doi.​org/​10.​3390/​cance​rs121​23592.

	19.	 Zang H, Liu HL, Zhu LY, Wang X, Wei LM, Lou JJ, et al. Diag-
nostic performance of DCE-MRI, multiparametric MRI and mul-
timodality imaging for discrimination of breast non-mass-like 
enhancement lesions. Br J Radiol. 2022:20220211, https://​doi.​
org/​10.​1259/​bjr.​20220​211.

	20.	 Beenakker JW, Ferreira TA, Soemarwoto KP, Genders SW, Teeu-
wisse WM, Webb AG et al (2016) Clinical evaluation of ultra-
high-field MRI for three-dimensional visualisation of tumour size 
in uveal melanoma patients, with direct relevance to treatment 
planning. MAGMA 29(3):571–577. https://​doi.​org/​10.​1007/​
s10334-​016-​0529-4

	21.	 Hassan MK, Fleury E, Shamonin D, Fonk LG, Marinkovic 
M, Jaarsma-Coes MG, et  al. An Automatic Framework to 

Create Patient-specific Eye Models From 3D Magnetic Resonance 
Images for Treatment Selection in Patients With Uveal Melanoma. 
Advances in Radiation Oncology. 2021;6(6), https://​doi.​org/​10.​
1016/j.​adro.​2021.​100697.

	22.	 Jaarsma-Coes M, Marinkovic M, Ferreira T, Vu K, van Vught 
L, van Haren G, et al. Radiological work-up for proton beam 
therapy of uveal melanoma patients. Acta Ophthalmologica. 
2022;100(S267), https://​doi.​org/​10.​1111/j.​1755-​3768.​2022.​174.

	23.	 Klaassen L, Jaarsma-Coes MG, Verbist BM, Vu THK, Marinkovic 
M, Rasch CRN et al (2022) Automatic Three-Dimensional Mag-
netic Resonance-based measurements of tumour prominence and 
basal diameter for treatment planning of uveal melanoma. Physics 
and Imaging in Radiation Oncology 24:102–110. https://​doi.​org/​
10.​1016/j.​phro.​2022.​11.​001

	24.	 Fleury E, Trnková P, Erdal E, Hassan M, Stoel B, Jaarma-Coes 
M et al (2021) Three-dimensional MRI-based treatment plan-
ning approach for non-invasive ocular proton therapy. Med Phys 
48(3):1315–1326. https://​doi.​org/​10.​1002/​mp.​14665

	25.	 Marnitz S, Cordini D, Bendl R, Lemke AJ, Heufelder J, Simian-
tonakis I et al (2006) Proton therapy of uveal melanomas: inter-
comparison of MRI-based and conventional treatment planning. 
Strahlenther Onkol 182(7):395–399. https://​doi.​org/​10.​1007/​
s00066-​006-​1512-1

	26.	 Zoberi JE, Garcia-Ramirez J, Hedrick S, Rodriguez V, Bertels-
man CG, Mackey S et al (2018) MRI-based treatment planning 
and dose delivery verification for intraocular melanoma brachy-
therapy. Brachytherapy 17(1):31–39. https://​doi.​org/​10.​1016/j.​
brachy.​2017.​07.​011

	27.	 Foti PV, Longo A, Reibaldi M, Russo A, Privitera G, Spatola C 
et al (2017) Uveal melanoma: quantitative evaluation of diffusion-
weighted MR imaging in the response assessment after proton-
beam therapy, long-term follow-up. Radiol Med 122(2):131–139. 
https://​doi.​org/​10.​1007/​s11547-​016-​0697-3

	28.	 Ferreira TA, Jaarsma-Coes MG, Marinkovic M, Verbist B, Verdijk 
RM, Jager MJ et al (2022) MR imaging characteristics of uveal 
melanoma with histopathological validation. Neuroradiology 
64(1):171–184. https://​doi.​org/​10.​1007/​s00234-​021-​02825-5

	29.	 Ferreira TA, Grech Fonk L, Jaarsma-Coes MG, van Haren GGR, 
Marinkovic M, Beenakker JM. MRI of Uveal Melanoma. Cancers 
(Basel). 2019;11(3), https://​doi.​org/​10.​3390/​cance​rs110​30377.

	30.	 Jaarsma-Coes MG, Ferreira TA, van Houdt PJ, van der Heide 
UA, Luyten GPM, Beenakker J-WM (2022) Eye-specific quanti-
tative dynamic contrast-enhanced MRI analysis for patients with 
intraocular masses. Magma (New York, NY). 35(2):311–23. 
https://​doi.​org/​10.​1007/​s10334-​021-​00961-w

	31.	 Kamrava M, Sepahdari AR, Leu K, Wang PC, Roberts K, 
Demanes DJ et al (2015) Quantitative multiparametric MRI in 
uveal melanoma: increased tumor permeability may predict mono-
somy 3. Neuroradiology 57(8):833–840. https://​doi.​org/​10.​1007/​
s00234-​015-​1546-0

	32.	 Beenakker JWM, Brouwer NJ, Chau C, Coupland SE, Fiorentzis 
M, Heimann H et al (2022) Outcome Measures of New Tech-
nologies in Uveal Melanoma: Review from the European Vision 
Institute Special Interest Focus Group Meeting. Ophthalmic Res. 
https://​doi.​org/​10.​1159/​00052​4372

	33.	 Paul K, Huelnhagen T, Oberacker E, Wenz D, Kuehne A, Waic-
zies H et al (2018) Multiband diffusion-weighted MRI of the eye 
and orbit free of geometric distortions using a RARE-EPI hybrid. 
NMR in Biomedicine. 31(3):e3872. https://​doi.​org/​10.​1002/​nbm.​
3872

	34.	 Cheng Q, Huang J, Liang J, Ma M, Ye K, Shi C, et al. The Diag-
nostic Performance of DCE-MRI in Evaluating the Pathologi-
cal Response to Neoadjuvant Chemotherapy in Breast Cancer: A 
Meta-Analysis. Frontiers in Oncology. 2020;10, https://​doi.​org/​
10.​3389/​fonc.​2020.​00093.

https://doi.org/10.1016/0039-6257(91)90001-V
https://doi.org/10.1016/0039-6257(91)90001-V
https://doi.org/10.1016/0197-2456(93)90052-F
https://doi.org/10.1016/0197-2456(93)90052-F
https://doi.org/10.1186/s12886-021-01898-3
https://doi.org/10.1186/s12886-021-01898-3
https://doi.org/10.1016/j.clon.2015.08.007
https://doi.org/10.1016/j.clon.2015.08.007
https://doi.org/10.1159/000071345
https://doi.org/10.1001/archopht.120.12.1665
https://doi.org/10.3174/ajnr.A3619
https://doi.org/10.1080/02713683.2021.1874021
https://doi.org/10.1007/s00234-018-2103-4
https://doi.org/10.1007/s00234-018-2103-4
https://doi.org/10.1007/s00247-011-2201-5
https://doi.org/10.3390/cancers12123592
https://doi.org/10.1259/bjr.20220211
https://doi.org/10.1259/bjr.20220211
https://doi.org/10.1007/s10334-016-0529-4
https://doi.org/10.1007/s10334-016-0529-4
https://doi.org/10.1016/j.adro.2021.100697
https://doi.org/10.1016/j.adro.2021.100697
https://doi.org/10.1111/j.1755-3768.2022.174
https://doi.org/10.1016/j.phro.2022.11.001
https://doi.org/10.1016/j.phro.2022.11.001
https://doi.org/10.1002/mp.14665
https://doi.org/10.1007/s00066-006-1512-1
https://doi.org/10.1007/s00066-006-1512-1
https://doi.org/10.1016/j.brachy.2017.07.011
https://doi.org/10.1016/j.brachy.2017.07.011
https://doi.org/10.1007/s11547-016-0697-3
https://doi.org/10.1007/s00234-021-02825-5
https://doi.org/10.3390/cancers11030377
https://doi.org/10.1007/s10334-021-00961-w
https://doi.org/10.1007/s00234-015-1546-0
https://doi.org/10.1007/s00234-015-1546-0
https://doi.org/10.1159/000524372
https://doi.org/10.1002/nbm.3872
https://doi.org/10.1002/nbm.3872
https://doi.org/10.3389/fonc.2020.00093
https://doi.org/10.3389/fonc.2020.00093


1285Neuroradiology (2023) 65:1271–1285	

1 3

	35.	 Tan CH, Hobbs BP, Wei W, Kundra V (2015) Dynamic contrast-
enhanced MRI for the detection of prostate cancer: meta-analysis. 
AJR Am J Roentgenol 204(4):W439–W448. https://​doi.​org/​10.​
2214/​AJR.​14.​13373

	36.	 Marinkovic M, Pors LJ, van den Berg V, Peters FP, Schalenbourg 
A, Zografos L et al (2021) Clinical Outcomes after International 
Referral of Uveal Melanoma Patients for Proton Therapy. Cancers 
13(24):6241. https://​doi.​org/​10.​3390/​cance​rs132​46241

	37.	 Marinkovic M, Horeweg N, Fiocco M, Peters FP, Sommers LW, 
Laman MS et al (2016) Ruthenium-106 brachytherapy for cho-
roidal melanoma without transpupillary thermotherapy: Similar 
efficacy with improved visual outcome. Eur J Cancer 68:106–113. 
https://​doi.​org/​10.​1016/j.​ejca.​2016.​09.​009

	38.	 Fleury E, Trnková P, Spruijt K, Herault J, Lebbink F, Heufelder J 
et al (2021) Characterization of the HollandPTC proton therapy 
beamline dedicated to uveal melanoma treatment and an interin-
stitutional comparison. Med Phys 48(8):4506–4522. https://​doi.​
org/​10.​1002/​mp.​15024

	39.	 Yuan Y, Kuai XP, Chen XS, Tao XF (2013) Assessment of 
dynamic contrast-enhanced magnetic resonance imaging in the 
differentiation of malignant from benign orbital masses. Eur J 
Radiol 82(9):1506–1511. https://​doi.​org/​10.​1016/j.​ejrad.​2013.​03.​
001

	40.	 Haritoglou C, Neubauer AS, Herzum H, Freeman WR, Mueller 
AJ (2002) Interobserver and intraobserver variability of measure-
ments of uveal melanomas using standardised echography. Br J 
Ophthalmol 86(12):1390. https://​doi.​org/​10.​1136/​bjo.​86.​12.​1390

	41.	 Stuplich M, Hadizadeh DR, Kuchelmeister K, Scorzin J, Filss C, 
Langen K-J et al (2012) Late and Prolonged Pseudoprogression 
in Glioblastoma After Treatment With Lomustine and Temozo-
lomide. J Clin Oncol 30(21):e180–e183. https://​doi.​org/​10.​1200/​
jco.​2011.​40.​9565

	42.	 Daftari IK, Aghaian E, O’Brien JM, Dillon W, Phillips TL (2005) 
3D MRI-based tumor delineation of ocular melanoma and its 
comparison with conventional techniques. Medical Physics. 
32(11):3355–62. https://​doi.​org/​10.​1118/1.​20689​27

	43.	 Foti PV, Inì C, Broggi G, Farina R, Palmucci S, Spatola C, et al. 
Histopathologic and MR Imaging Appearance of Spontaneous and 
Radiation-Induced Necrosis in Uveal Melanomas: Initial Results. 
Cancers. 2022;14(1), https://​doi.​org/​10.​3390/​cance​rs140​10215.

	44.	 Feng A, Yuan P, Huang T, Li L, Lyu J (2021) Distinguishing 
Tumor Recurrence From Radiation Necrosis in Treated Glioblas-
toma Using Multiparametric MRI. Acad Radiol. https://​doi.​org/​
10.​1016/j.​acra.​2021.​11.​008

	45.	 Tofts PS, Brix G, Buckley DL, Evelhoch JL, Henderson E, Knopp 
MV et al (1999) Estimating kinetic parameters from dynamic con-
trast-enhanced t1-weighted MRI of a diffusable tracer: Standard-
ized quantities and symbols. J Magn Reson Imaging 10(3):223–
232. https://​doi.​org/​10.​1002/​(SICI)​1522-​2586(199909)​10:3%​
3c223::​AID-​JMRI2%​3e3.0.​CO;2-S

	46.	 Sourbron SP, Buckley DL (2011) On the scope and interpretation 
of the Tofts models for DCE-MRI. Magn Reson Med 66(3):735–
745. https://​doi.​org/​10.​1002/​mrm.​22861

	47.	 Hamstra DA, Galbán CJ, Meyer CR, Johnson TD, Sundgren 
PC, Tsien C et al (2008) Functional diffusion map as an early 
imaging biomarker for high-grade glioma: correlation with con-
ventional radiologic response and overall survival. J Clin Oncol 
26(20):3387–3394. https://​doi.​org/​10.​1200/​jco.​2007.​15.​2363

	48.	 Phongkitkarun S, Tohmad U, Larbcharoensub N, Sumbunnanon-
dha K, Swangsilpa T, Sirachainan E (2016) DCE-MRI-Derived 
Parameters as Predictors of Response to Neo-Adjuvant Chem-
oradiation Treatment of Rectal Carcinoma. J Med Assoc Thai 
99(3):338–347

	49.	 Jaarsma-Coes MG, Goncalves Ferreira TA, van Haren GR, 
Marinkovic M, Beenakker JM (2019) MRI enables accurate diag-
nosis and follow-up in uveal melanoma patients after vitrectomy. 
Melanoma Res 29(6):655–659. https://​doi.​org/​10.​1097/​cmr.​00000​
00000​000568

Publisher's note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.2214/AJR.14.13373
https://doi.org/10.2214/AJR.14.13373
https://doi.org/10.3390/cancers13246241
https://doi.org/10.1016/j.ejca.2016.09.009
https://doi.org/10.1002/mp.15024
https://doi.org/10.1002/mp.15024
https://doi.org/10.1016/j.ejrad.2013.03.001
https://doi.org/10.1016/j.ejrad.2013.03.001
https://doi.org/10.1136/bjo.86.12.1390
https://doi.org/10.1200/jco.2011.40.9565
https://doi.org/10.1200/jco.2011.40.9565
https://doi.org/10.1118/1.2068927
https://doi.org/10.3390/cancers14010215
https://doi.org/10.1016/j.acra.2021.11.008
https://doi.org/10.1016/j.acra.2021.11.008
https://doi.org/10.1002/(SICI)1522-2586(199909)10:3%3c223::AID-JMRI2%3e3.0.CO;2-S
https://doi.org/10.1002/(SICI)1522-2586(199909)10:3%3c223::AID-JMRI2%3e3.0.CO;2-S
https://doi.org/10.1002/mrm.22861
https://doi.org/10.1200/jco.2007.15.2363
https://doi.org/10.1097/cmr.0000000000000568
https://doi.org/10.1097/cmr.0000000000000568

	MR-based follow-up after brachytherapy and proton beam therapy in uveal melanoma
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Patients and device
	Evaluation of MR images
	Statistical analysis

	Results
	Patient baseline characteristics
	Prominence
	PWI
	DWI
	Combined assessment

	Discussion
	General observations
	Tumour dimensions
	DWI
	PWI
	Clinical recommendations

	Anchor 24
	References


