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A Comparison of 3 T and 7 T MRI for the
Clinical Evaluation of Uveal Melanoma
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Background: Magnetic resonance imaging (MRI) is increasingly being used in the diagnosis and treatment planning of
uveal melanoma (UM), the most common primary intraocular tumor. Initially, 7 T MRI was primarily used, but more recently
these techniques have been translated to 3 T, as it is more commonly available.
Purpose: Compare the diagnostic performance of 3 T and 7 T MRI of UM.
Study Type: Prospective.
Population: Twenty-seven UM patients (19% female).
Field Strength/Sequence: 3 T: T1- and T2-weighted three-dimensional (3D) spin echo (SE) and multi-slice (MS) SE, 7 T:
T1-weighted 3D gradient echo (GE), T2-weighted 3D SE and MS SE, 3 T and 7 T GE dynamic contrast-enhanced. T1
weighted images: acquired before and after Gadolinium (Gd) administration.
Assessment: For all sequences, scan and diagnostic quality was quantified using a 5-point Likert scale. Signal intensities
on T1 and T2 relative to choroid and eye muscle respectively were assessed as well as the tumor prominence. Finally, the
perfusion time-intensity curves (TICs) were classified as plateau, progressive, or wash-out.
Statistical Tests: Image quality scores were compared between both field strengths using Wilcoxon signed-rank and
McNemar tests. Paired t-tests and Bland–Altman were used for comparing tumor prominences. P < 0.05 was considered
statistically significant.
Results: Image quality was comparable between 3 T and 7 T, for 3DT1, 3DT2, 3DT1Gd (P = 0.86; P = 0.34; P = 0.78,
respectively) and measuring tumor dimensions (P = 0.40). 2DT1 and 2DT2 image quality were rated better on 3 T com-
pared to 7 T. Most UM had the same relative signal intensities at 3 T and 7 T on T1 (17/21) and T2 (13/17), and 16/18 diag-
nostic TICs received the same classification. Tumor prominence measurements were similar between field strengths (95%
confidence interval: �0.37 mm to 0.03 mm, P = 0.097).
Data Conclusion: Diagnostic performance of the evaluated 3 T protocol proved to be as capable as 7 T, with the addition
of 3 T being superior in assessing tumor growth into nearby anatomical structures compared to 7 T.
Level of Evidence: 2
Technical Efficacy: Stage 3
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Uveal melanoma (UM) is the most common primary intraocu-
lar malignant tumor in adults, with an incidence rate of 6 per

million per year.1 It primarily arises from the choroid (85%),
although it can arise from the iris or ciliary body.2 The main treat-
ment options for UM consist of either eye-preserving therapies,
such as proton beam therapy and episcleral brachytherapy, or enu-
cleation, surgical removal of the eye.2,3 UM patients develop

metastasis regardless of the chosen treatment option in 50% of all
cases; the genetic profile of the tumor primarily determines the
metastatic risk.1,4 Gene mutations, and in particular monosomy
3, are known to be associated with increased risk of early-onset
metastasis.2,5 Out of all UM patients, 45% succumb within
15 years, but once metastasized, UM has a poor prognosis with a
median survival time of 6.3 months.6–8

View this article online at wileyonlinelibrary.com. DOI: 10.1002/jmri.27939

Received Jul 16, 2021, Accepted for publication Sep 18, 2021.

*Address reprint requests to: M.C.Y.T., P.O. 9600, 2300 RC Leiden, The Netherlands. E-mail: m.c.y.tang@lumc.nl

From the 1Department of Ophthalmology, Leiden University Medical Center, Leiden, The Netherlands; and 2Department of Radiology, Leiden University
Medical Center, Leiden, The Netherlands

Additional supporting information may be found in the online version of this article
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in

any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

© 2021 The Authors. Journal of Magnetic Resonance Imaging published by Wiley Periodicals LLC
on behalf of International Society for Magnetic Resonance in Medicine.

1504

https://orcid.org/0000-0002-1104-4418
https://orcid.org/0000-0003-3423-9370
https://orcid.org/0000-0003-3685-3868
https://orcid.org/0000-0003-0479-5587
mailto:m.c.y.tang@lumc.nl
http://creativecommons.org/licenses/by-nc-nd/4.0/


Diagnosis, treatment planning, and follow-up are con-
ventionally performed using a combination of optical imaging
techniques and ultrasound.9 Funduscopic evaluation is gener-
ally the primary means of detecting UM and the optical char-
acteristics of the lesion provide an important first indication
of the type of lesion.10,11 For example, the fundoscopic pres-
ence of lipofuscin is often associated with UM.12 Addition-
ally, ultrasound imaging is used to assess the lesion’s internal
reflectivity, an important aid in the differential diagnosis, and
to measure its dimensions, which determine to a great extent
the optimal treatment modality.9,13

In the last decade, magnetic resonance imaging (MRI)
has become a valuable imaging tool for UM. In the past, its
diagnostic value was limited due to the low image resolution
and eye-motion artifacts.14,15 Advances in ocular MRI, such
as dedicated eye-coils and eye-specific acquisition strategies,
have resolved these limitations, improving the care for UM
patients.16,17 For instance, the acquisition of three-
dimensional (3D) images with MRI as opposed to conven-
tional two-dimensional (2D) ultrasound, provides potentially
more accurate measurements for treatment planning.18,19 In
addition, functional scans such as perfusion-weighted imaging
(PWI) and diffusion-weighted imaging (DWI) can assist the
clinical diagnosis and follow-up in UM patients.16,20–22

The first developments of these high-resolution ocular
MRI technologies were performed at 7 T, where the high

field strength enabled an increased signal-to-noise ratio (SNR)
without an increase in acquisition time.15,23,24 Furthermore,
these research-oriented 7 T MRI-scanners provided the plat-
form needed to develop new acquisition strategies to resolve
eye-specific challenges, such as eye-motion and an inhomoge-
neous magnetic field present in the orbit.15,16,23,25 On 7 T,
different clinical applications of ocular MRI for UM emerged;
eg, the 3D visualization of the tumor extent had a direct
implication on the chosen therapy in a group of UM patients
where there were doubts on the conventional ultrasound mea-
surements, enabling eye-preserving therapy in 2 of the 10
included patients.18 In more recent years, these techniques
have been translated to 3 T, as the higher availability would
make ocular MRI more accessible to regular clinical care.26

Initial studies showed the technical feasibility of 3 T in UM,
however, both eye-motion and susceptibility-related artifacts
proved to be challenging.14,20

In this study, we aimed to compare the diagnostic per-
formance of 3 T and 7 T MRI for UM in terms of image
quality, radiological characteristics, and tumor dimension
measurements.

Materials and Methods
This single-center prospective cohort study was carried out according
to the Code of Ethics of the World Medical Association (Declaration
of Helsinki) for experiments involving humans and was approved by

TABLE 1. Sequence Parameters at 3 T and 7 T

Sequence
Name

Field
Strength (T)

Voxel Size
(mm3) Sequence

TR (msec)/
TE (msec)

Additional
Parameters

Scan Time
(Minutes:Seconds)

3D

3DT1 SPIR 3 1.0 � 1.0 � 1.0 SE 350/9.4 3:23

7 0.4 � 0.4 � 0.9 GE 3.4/6.7 Inversion time:
1280 msec

3:00

3DT2 SPIR 3 0.8 � 0.8 � 0.8 SE 2500/293 3:35

7 0.6 � 0.6 � 0.6 SE 2500/203 2:25

2D

MST1 SPIR 3 0.5 � 0.5 � 2.0 SE 718/8 1:16

7 0.4 � 0.4 � 2.0 SE 745/7.5 1:33

MST2 SPIR 3 0.4 � 0.4 � 2.0 SE 1331/90 1:25

7 0.45 � 0.45 � 2.0 SE 3000/61 1:18

Dynamic

DCE 3 1.3 � 1.5 � 1.5 GE 4.5/2.3 2.0 seconds/dynamic 4:20

7 1.3 � 1.3 � 1.3 GE 3.1/1.8 2.7 seconds/dynamic 3:56

3D = three-dimensional; 2D = two-dimensional; SPIR = spectral presaturation with inversion recovery; MS = multi-slice;
DCE = dynamic contrast-enhanced; SE = spin echo; GE = gradient echo; TR = repetition time; TE = echo time.
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the local Ethics Committee (CCMO NL57130.058.16). Written
informed consent was obtained from all participants of the study. The
diagnosis of UM was performed by an ocular oncologist, based on fun-
dus photography, ultrasound, and fluorescein angiography. Tumors
were classified according to the American Joint Committee on Cancer
(AJCC) 8th edition, based on the clinical ultrasound measurements
which were obtained by an ocular oncologist with at least 10 years of
experience. Patients were invited to participate in the study following
clinical diagnosis.

Imaging Protocol and MRI Setup
Participants were scanned with a 3-T Ingenia (Philips Healthcare,
Best, the Netherlands) and a 7-T Achieva (Philips Healthcare) MRI
using the setup and protocols as described earlier by respectively
Ferreira et al26 and Beenakker et al.23 The main characteristics of
the setup and the differences between both field strengths are
described below. At both field strengths, the images were acquired
with a local receive coil, a 4.7-cm loop coil (Philips) at 3 T, and a
4.5-cm � 3.5-cm home-build coil at 7 T.23,26 The affected eye was
covered with a wet gauze to reduce susceptibility artifacts.27 During
the exam, 0.1 mmol/kg gadoterate meglumine (Dotarem®) was
administered with a power injector at 3 T, while it was administered

manually at 7 T. To mitigate eye-motion, a cued blinking protocol
was used for the majority of the 7 T scans, where the patient was
instructed to focus on a fixation target during the scans. The fixation
target was a cross projected on a screen placed at the back entrance
of the magnet bore, at approximately 1.3 m distance from the sub-
jects’ head. A small mirror, incorporated in the receive coil’s housing
enabled the subject to see the cross. The scan was automatically
paused every 3 seconds and the patient was visually instructed to
blink.23 At 3 T, the patients were simply asked to keep their eyes
closed and to try to minimize eye-motion as much as possible.

The MRI exams were performed on separate days, to ensure
no contrast agent was present from the previous scan. Since UM
patients are generally treated soon after diagnosis, no randomization
was performed on which field strength was performed first, but
rather the field strength of the first scan was dependent on the avail-
ability of the MRI scanner.

The scan protocol, shown in Table 1, consisted of multiple
sequences which were designed to answer specific clinical ques-
tions.26 At 3 T, T1 and T2 weighted 3D spin echo (SE) sequences
were used to assess the tumor dimensions in 3D. At 7 T, T1
weighted gradient echo (GE) and T2 weighted SE sequences were
used for the same purpose. At both 3 T and 7 T SE sequences were
used for multi-slice (MS) 2D acquisitions. These sequences had an
increased in-plane resolution compared to 3D sequences to assess
the origin of lesion and to detect potential involvement of adjacent
anatomical structures, such as the optic nerve or ciliary body. All T1
weighted sequences were acquired before and after Gadolinium
(Gd) administration. The acquisition times of the different scans
were chosen to be approximately similar on both field strengths,
3 minutes for the 3D sequences and 1.5 minutes for the 2D
sequences. In addition, both field strengths acquired GE dynamic
contrast-enhanced (DCE) scans for PWI, which can aid in the differ-
ential diagnosis of intra-ocular lesions.20,21

Evaluation
All assessments related to image quality, signal intensities, tumor
dimensions, and involvement of nearby structures were performed in
Sectra IDS7 (Sectra AB, Linköping, Sweden, version 21.2).

The observers were not masked at which field strength the
images were acquired, as the distinct differences in image appearance
of the MR-images acquired at 7 T and 3 T, eg, different field-of-
view and images contrast, made it immediately apparent on which
field strength the image was acquired. The exams were, however,
evaluated in separate sessions, and the observers were blinded to the
interpretation of the other field strength images and to the clinical
ophthalmic data (such as that from ultrasound images).

The evaluation criteria for image quality and signal intensities
were set by MJ, TGF, and JWB, a medical technician with 2 years
of experience in ocular MRI, a neuroradiologist, and an ophthalmic
MR-scientist, both with at least 9 years of experience in ocular MRI.
The criteria were based on a different cohort of patients and these
matched those used in an earlier study.26 The image quality and sig-
nal intensities were scored by three of either JWB, MJ, MT, or
TGF. In case of doubt or disagreement, JWB, MJ, and TGF jointly
evaluated the images, and the final score was based on consensus.
Likewise, JWB, TGF, and MJ scored all MS images for the presence
or absence of the following: signs of involvement of nearby

TABLE 2. Patient Characteristics

Characteristic
Scanned Patients
(N = 25)

Sex-no. (%)

Male 21 (84%)

Age (years)

Median (interquartile range) 66 (59–73)

Eye-no. (%)

OS 8 (32%)

OD 17 (68%)

AJCC classificationa (%)

T1 4 (16%)

T2 7 (28%)

T3 8 (32%)

T4 4 (16%)

Iris 2 (8%)

Treatment received (%)

Brachytherapy 15 (60%)

Proton beam therapy 4 (16%)

Enucleation 6 (24%)

aThe American Joint Committee of Cancer (AJCC) 8th edition
classification was based on ultrasound measurements.
OS = left eye; OD = right eye.
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structures, tumor heterogeneity, extra scleral extension, and retinal
detachment (RD). Tumor heterogeneity was defined by the presence
of signal intensity differences within the tumor, which could be
observed on either 2D or 3D scans.

MR image quality was rated using a 5-point Likert scale.26

Images with a score of 1 were deemed undiagnostic (eg, severe arti-
facts or artifacts in the area of interest), while images with a score of
5 were of the highest quality (eg, no artifacts or minimal artifacts
outside of the area of interest). A score of 3 was the threshold for an
image to be diagnostic, which, however, did not exclude the pres-
ence of artifacts or noise in the image.26 The overall image quality
was rated for all anatomical sequences. Additionally, the 3D scans
were also rated for the quality to assess the tumor dimensions, while

the ability to determine the tumor limits was rated on the 2D scans.
Artifacts found during the scoring process were noted, in addition to
the location and the cause for the artifact, eg, ghosting due to eye
movement.

On T1 weighted images, the signal intensity of the UM was
compared to the signal intensity of the choroid, as this provided a
better reference than the vitreous, and classified as hyper-, iso-, or
hypointense.26 Similarly, on T2 weighted images, the signal intensity
was compared to the most adjacent extra-ocular muscle.

The tumor prominence was determined using multi-planar
reconstructions (MPR) on the isotropic 3D scans. The measurements
were taken on the 3D sequence on which the limits of both the tumor
and the sclera were visualized best, generally the contrast-enhanced T1.

MST23DT2
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l

FIGURE 1: A side-by-side comparison of the scans of one patient with uveal melanoma (UM) (asterisk) on 7 T (a–f) and 3 T (g–l). (a, g)
3DT2 SPIR. (b, h) 3DT1. Note the intraocular lens after cataract surgery (arrow). (c, i) Contrast-enhanced 3DT1 SPIR (d) MST2 SPIR
(j) MST2 without fat suppression. (e, k) MST1 SPIR. (f) Contrast-enhanced MST1 without fat suppression. (l) Contrast-enhanced
MST1 SPIR.

Diagnostic scans (%) Quality/Diagnostics

Tumor
limits

FIGURE 2: (Left) Overview of the image and diagnostic quality scores for each of the scan sequences on 3 T and 7 T. (Right) The
cutoff for a diagnostic image quality was 3. The difference in quality score between 7 T and 3 T was tested using the Wilcoxon
signed-rank test, while the McNemar tested for the difference in diagnostic scans. The majority of the scans on both 3 T and 7 T
were diagnostic (95% vs. 73% respectively). For the 3D sequences the image qualities were not significantly different (P > 0.3), while
the 2D sequences were rated better on 3 T (P < 0.001) with the exception of the 2D T1 after contrast (P = 0.074).
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FIGURE 3: (a–d) Presence of motion artifacts on a representative set of sequences per patient, with 7 T on the outer ring and 3 T on the
inner ring. Red markings indicate an undiagnostic image. Examples of differences in the impact of these artifacts on the diagnostic quality
of the image are shown in (e–h). (e, f) Due to motion, the uveal melanoma (UM) (asterisk) can appear double on the image. In one exam
(e) this resulted in two different potential prominence measurements (6.2 mm and 5.0 mm), while on another exam (f) an accurate
measurement could still be made. (g) 7 T MST1Gd and (h) 3 T MST1Gd image of diagnostic quality with ghosting.

FIGURE 4: Magnetic resonance imaging (MRI) artifacts on 7 T (a–c) and 3 T (d). (a, b) On 7 T, susceptibility artifacts were commonly
observed (arrows) (rated diagnostic, 3/5 Likert scale). (c, d) On both field strengths, motion artifacts were commonly observed,
causing ghosting on the images (arrowheads). In these examples of two different patients, the artifacts rendered the 7 T images
undiagnostic (1/5 Likert scale), while the 3 T was still scored as diagnostic (3/5 Likert scale). Note that the 7 T image (c) seemingly
shows a UM lesion (dashed arrow) at the bottom of the eye, while this is in fact caused by the ghosting artifact.
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Prominence was defined as the tumor thickness, including the sclera, to
match those of the clinical ultrasound measurements used for dose cal-
culations for episcleral brachytherapy.28 JWB in conjunction with MT,
an MD with 1 year of experience in ocular MRI, measured the tumor
prominence for all patients.

The PWI data were evaluated using MATLAB (version
2019b, The MathWorks, Inc., Natick, MA, USA) by MJ. The
tumor was delineated semi-automatically in 3D by MJ using
MeVisLab (version 3.0.2, MeVis Medical Solutions AG, Bremen,
Germany) and the reliability of the resulting time-intensity curve
(TIC) was subsequently scored by JWB, MJ, and MT, as no motion
visible, motion while still diagnostic or undiagnostic due to motion.
The classification for “motion while still diagnostic” was given to
TICs with temporary changes in signal intensity, but these spikes
did not hinder a visual assessment of the TIC. In cases of disagree-
ment, JWB, MJ, and MT jointly evaluated the TIC to reach a reli-
ability score based on consensus. All diagnostic TICs were
subsequently classified as either a progressive, washout, or plateau
curve type as described by Yuan et al,29 with the slight modification
that the TICs were classified at 2 minutes after inflow instead of
5 minutes, as it is less susceptible to motion.

Statistical Analysis
All statistical analyses were performed using IBM SPSS Statistics
(version 25.0.0.2, IBM, Armonk, NY, USA). A Bland–Altman was
used to compare MRI tumor prominence measurements between

field strengths. Wilcoxon signed-rank tests were used for quality
assessments using a Likert scale and assessments of TIC motion. The
McNemar test was used for paired dichotomous nominal data.
Paired t-tests were used for comparing mean differences between
paired measurements. P values equal to or below 0.05 were consid-
ered significant.

Results
A total of 27 UM patients were enrolled in the study. Two
patients were excluded after only finishing a 7-T scan: one
patient choose to withdraw from the study after the first scan
and the second patient was excluded due to a medical compli-
cation, unrelated to the UM or first MRI scan, between the
two MRIs.

Median age at the time of diagnosis for all remaining
patients was 66 years (range 24–90). Four of 25 patients were
female. In 17/25 patients the UM was in the right eye. The
majority (60%) of patients received brachytherapy treatment
and all tumor classes, according to the American Joint Com-
mittee on Cancer (AJCC) 8th edition classification, were pre-
sent in the cohort as can be seen in Table 2. The average
UM prominence, based on ultrasound, was 6.4 mm (range
2.9–12.3).

FIGURE 5: (a) Bland–Altman plot comparing the uveal melanoma (UM) prominence measurements made using multi-planar
reconstructions (MPR) of the 3D MR-images on 7 T and 3 T, showing no significant differences in the diagnostic cases (P = 0.097).
Patients in whom the scan quality to measure tumor dimensions were rated as sufficient or higher on both modalities are depicted in
green, patients in whom one or both scans were graded undiagnostic in gray. No significant prominence measurement differences
were present when taking into account the undiagnostic cases (P = 0.243). The mean difference in prominence measurements for
the diagnostic scans was �0.17 mm, and �0.20 mm when the undiagnostic scans were included as well. The two patients with
diagnostic scans and a larger than 0.5 mm prominence difference are shown in (b–e). (b, c) Patient with a large mushroom-shaped
UM (inset: perpendicular reconstruction), where due to the complex shape, the prominence was measured in a different direction
between 3 T and 7 T. In addition, the outer scleral limits could not well be determined on both field strengths. (d, e) A small UM,
which in retrospect, received a prominence measurement that was too small on 3 T, due to a blurred inner limit at 3 T, which was
more clearly distinguishable at 7 T.
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The 7 T scan was performed first in 60% of the
patients. The average time in between 7 T and 3 T exams
was 4 days (range 1–16). One patient did not finish the last
part of the 3 T exam, due to which the contrast-enhanced
3D T1 weighted image was not acquired. This patient was
excluded from the analysis of the 3DT1Gd scans. As a result,
for all analyses, 25 patients with matching 7 T and 3 T exams
were analyzed, with the exception of the 3 T 3DT1Gd analy-
sis, which was performed for 24 patients.

Image Quality
Although the majority of 3 T and 7 T images met diagnostic
quality standards in our assessments, as can be seen in
(Fig. 1), noticeable differences were apparent after evaluating
the image quality scores (Fig. 2).

On average, the 3DT1, 3DT2, and 3DT1Gd scans
were rated similar in overall image quality between 3 T and
7 T, (P = 0.86; P = 0.34, P = 0.78, respectively). At 7 T,
3D scans rated a perfect score of 5 on the Likert scale in 28%
of scans as compared to 15% of scans at 3 T. However, 12%

of 7 T 3D scans also received the lowest score on the Likert
scale, while none were given to any 3D scans at 3 T. As a
result, no significant differences were found in overall image
quality for 3D scans at either field strength. The 3DT1,
3DT2, and 3DT1gd scans were also rated similar in terms of
reacting diagnostic image quality, a score of 3 on the Likert
scale (P = 0.22; P = 0.45; P = 0.38, respectively).

The evaluation of how well the 3D scans could be used
to assess the 3D tumor dimension, received a similar result,
with 94% of the 3 T and 80% of the 7 T being rated of diag-
nostic quality (P = 0.45).

In general, 3 T 2DT1, 2DT2, and 2DT1Gd scans,
used to assess the tumor limits, were rated higher in overall
image quality than their 7 T equivalents. At 3 T, 2D scans
achieved a perfect score of 5 on the Likert scale in 17% of
scans as opposed to 7% at 7 T. Furthermore, only 1% of 3 T
2D scans received a score of less than 3 as compared to 31%
for 7 T 2D scans, which would result in the scan as being
undiagnostic. As a result, the different 3 T 2D sequences
rated significantly higher in overall image quality score

TABLE 3. Appearance of Uveal Melanoma on 3 T and 7 T MR-Images

A. Relative signal intensity on T1

7 T Hyperintense Isointense Hypointense Total

3 T

Hyperintense 10 1 0 11
(52%)

Isointense 2 6 0 8
(38%)

Hypointense 0 1 1 2
(10%)

Total 12
(57%)

8
(38%)

1
(5%)

Same intensity:
17/21 (81%)

B. Relative signal intensity on T2

7 T Hyperintense Isointense Hypointense Total

3 T

Hyperintense 13 0 0 13
(81%)

Isointense 3 0 0 3
(19%)

Hypointense 0 0 0 0
(0%)

Total 16
(100%)

0
(0%)

0
(0%)

Same intensity:
13/16 (81%)

The relative signal intensities (SIs) on T1 compared to choroid were similar in 81% of the UM patients between modalities. In addition,
on T2 the relative SI compared to ocular muscles were also similar in 81% of the patients.
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compared to 7 T, with the exception of the 7 T 2D scan after
contrast (P = 0.074, Fig. 2).

Two-dimensional scans were rated diagnostic after
receiving a Likert score of at least 3, which meant that they
were sufficient for clinical diagnostic use. At 3 T, 99% of 2D
scans were rated diagnostic. By comparison, 69% of the 7 T
2D images were given a similar score of 3 and higher, which
left 1/3 of the 7 T images of undiagnostic image quality. The
result was, all 3 T 2D sequences rated significantly better
than 7 T in terms of reacting diagnostic quality.

As a result, 3 T scans, with the exception of the
2DT1Gd, were rated significantly better than the 7 T scans
in terms of delineating the tumor limits. Additionally, the
severity of the artifacts on 7 T more often hindered a detailed
evaluation of the tumor limits, while on 3 T these evaluations
were generally still possible in the presence of artifacts
(Fig. 3g,h). This was made evident as 32% of 7 T 2D images,
which contained artifacts, scored lower than 3 points on
image quality as opposed to 2% for 3 T 2D scans which con-
tained artifacts.

A wide array of artifacts were seen in both 3 T and
7 T images (Fig. 4). In 73% of the 3 T and 89% of the

7 T scans, artifacts were observed. On 3 T, the predomi-
nant artifact was ghosting due to movement of the eye,
which accounted for 59% of the observed artifacts on the
3 T images (Fig. 3). Other observed artifacts included:
blurring 11%, fold-over 1%, susceptibility artifacts 5%,
and Gibbs ringing 2%. On 7 T images, 46% of the images
suffered from ghosting, which accounted for 35% of the
7 T artifacts. On most of the 7 T images, susceptibility
artifacts were observed, likely caused by small air bubbles
under the eyelid (Fig. 4a), accounting for 41% of 7 T and
only 6% of 3 T artifacts. Additionally, in the 7 T scans of
2 patients large signal voids were observed, which were
attributed to a susceptibility artifact in the anterior part of
the eye of one subject, and a failed coil calibration in the
other subject. Overall, however, the presence of these arti-
facts did not necessarily result in undiagnostic images as
the localization, extent and diagnostic impact of artifacts
differed from scan to scan (Fig. 3e–h). Overall, 3 T images
with motion-related artifacts were more frequently of diag-
nostic value than 7 T images with similar motion-related
artifacts, with 98.5% as compared to 80% of scans being
diagnostic, respectively. Furthermore, the susceptibility

FIGURE 6: Side-by-side comparisons of magnetic resonance (MR)-images of a patient with a small uveal melanoma (UM) located in
the iris (a/b) and choroid (UM) (c/d) acquired on 7 T (b/d) and 3 T (a/c). UMs are indicated by a white arrow. (a/b) On MST2, an iris
melanoma of less than 1 mm in size could be seen on both field strengths, although it was more clearly delimited on 7 T. (c/d)
Example of a small UM which was classified as homogeneous on MST1 at 3 T and heterogeneous on MST1 at 7 T.
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artifacts found in 7 T were often located outside the area
of interest such as below the eyelid and did therefore not
interfere with clinical evaluation.

Tumor Dimensions
The UM prominence measurements, which can be found in
the Supplemental Material, were comparable on both field
strengths. Overall, differences in measurements between 7 T
and 3 T were less than 0.5 mm (Fig. 5) for the 18/25 scans
which were diagnostic on both field strengths. The 3 T mea-
surements were on average 0.17 mm smaller than on 7 T,
with an average absolute difference of 0.34 mm, resulting in
no significant difference (P = 0.097). Moreover, even mea-
surements performed on images with undiagnostic quality dif-
fered less than the voxel size, with the 3 T measurements
being on average 0.20 mm smaller than 7 T when also the
undiagnostic images were included, but not significantly
(P = 0.243).

Appearance on MRI
Generally, UM appeared similar in scans at both field strengths
for the majority of patients (Table 3). For example, 81% of

UM had the same relative signal intensity compared to the cho-
roid on T1, while in the remaining patients only a subtle differ-
ence in relative signal intensity was observed. For both T1 and
T2, the differences were primarily caused by five small UM with
a prominence <3 mm. The three other similar-sized lesions
appeared hyperintense on T2 at 7 T but isointense at 3 T. For
most small lesions the signal intensity could be determined, such
as a small iris lesion (Fig. 6a,b), but of one patient an accurate
assessment of an iris lesion was not possible on T2.

The UM appeared more frequently heterogeneous on
7 T than 3 T, of which examples can be seen in (Fig. 6c,d).
For instance, 41% of 7 T images on T1 were classified as het-
erogeneous UM as opposed to only 18% on 3 T. Moreover,
RD was observed in 56% of the UM patients, with no differ-
ences between 3 T and 7 T.

Perfusion-Weighted Imaging
On 7 T, more perfusion curves were classified as undiagnostic
than on 3 T, with 26% of 7 T perfusion curves classified as
undiagnostic due to motion compared to 17% on 3 T
(Fig. 7). Furthermore, 44% of the 7 T and 56% of the 3 T

a b

c d

190 seconds108 seconds

FIGURE 7: (a) Three examples of perfusion curve profiles. (Green) A diagnostic washout curve with no motion. (Orange) A plateau
type curve profile, which contained motion, but still considered diagnostic. (Red) An undiagnostic time-intensity curve (TIC), as
shown by the sudden drop in signal intensity (red arrow), caused by eye motion. (b) Comparison of perfusion curve classifications on
7 T and 3 T, showing the same classification of diagnostic curves for all except two patients, which are shown in (c, d). The difference
in TIC was attributed to the erroneous inclusion of retinal hemorrhage on the 3 T analysis (black arrow). (d) The 3 T TIC shows a
decrease in relative intensity after 100 s. This was however not the result of a reduction in gadolinium concentration, but due to
motion, resulting in an erroneous wash-out classification. The two 3 T images depict this motion and the effect on the drawn region-
of-interest.
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TICs contained motion but were still graded as diagnostic.
The remainder of 7 T and 3 T curve profiles were, respec-
tively 30% and 26%, diagnostic without motion.

No significant difference was found between 7 T and
3 T in the pairwise comparison of reliability classifications
(P = 0.156), nor were there differences between diagnostic
and undiagnostic TIC classifications between 7 T and 3 T
(P = 0.727). Approximately half of the diagnostic curves
were classified as plateau (42%) and the other half as washout
(58%). All diagnostic curves received the same classification
on both field strengths, except two patients who were classi-
fied as washout on 3 T and plateau on 7 T.

Discussion
We showed that, despite the lower field strength, 3 T per-
formed similar or better compared to 7 T in aspects such as
image quality, the ability to determine tumor dimensions,
and tumor limits.

The appearance of UM on 7 T and 3 T MR images in
terms of signal intensities on T1 and T2 was comparable for
most patients, although heterogeneity in smaller lesions could
be observed on 7 T images, which were often not observed
on 3 T images. This discrepancy between both field strengths
was primarily observed in smaller sized UM, where the reso-
lution of the 3 T images was apparently not sufficient to
detect the inhomogeneity.

However, for current clinical practice, the observation
of a heterogeneous tumor does not have any clinical conse-
quences, as the clinical workup is based on the dimensions
and localization of UM.2 Other findings such as RD, com-
monly accompanying UM, were found consistently well on
either modality. On PWI, the vast majority of the UM
showed similar characteristics on both field strengths. In the
only two cases with a different TIC between the field
strengths, this was attributed to factors unrelated to the field
strength. Adjacent to one of these UM was a large retinal
hemorrhage. On 7 T this hemorrhagic component was not
included in the ROI, while it was, erroneously, included on
3 T images, causing the observed difference in TIC. A retro-
spective evaluation of the 3 T images of the other patient
showed a slight shift in gazing direction during the dynamic
acquisition, making the small tumor move outside of the
ROI, resulting in an erroneous washout classification. Finally,
on 7 T more susceptibility artifacts were observed than on
3 T, but since these were generally limited to the anterior
part of the eye, these did not have any clinical consequences.

The 3D sequences were used primarily to determine the
tumor dimensions, while the ability to determine the tumor
dimensions on the MPR was assessed separately. We found
both aspects to be comparable between 7 T and 3 T 3D
scans. Yet the 7 T 3D scans did produce more perfect rated
images compared to 3 T, however, 3 T proved to be more

consistent in producing images of adequate quality for clinical
use. Part of this difference can likely be explained by the dif-
ferent acquisition strategy. On 3 T, it was decided that non-
blinking protocol would benefit a wider clinical adoption of
MRI in UM patients, as compared to modifications and extra
equipment required for a cued-blinking protocol. The 7 T,
however, did use a cued-blinking approach which was used to
mitigate eye-motion. Although, the cued-blinking approach
can be a very effective method to prevent eye-motion arti-
facts, as is shown for example by the 13% of 7 T 3D scans
without motion artifacts compared to 41% at 3 T. However,
not all patients successfully adhered to this cue-blinking pro-
tocol. For these patients, a considerable drop in image quality
was observed, as less data can be acquired, due to blinking
pauses, resulting in more pronounced artifacts in the case of
eye-motion. Despite these differences, however, tumor promi-
nence measurements were highly comparable between field
strengths, with a mean difference below 0.2 mm, well below
the isotropic voxel size of 3DT1 at 3 T or 7 T (1.0 mm and
0.4 mm, respectively). By comparison, Char et al reported an
interobserver variability for clinical ultrasound in UM of
0.6 mm,30 showing that this small difference between the
3 T and 7 T is less than the interobserver-variation of current
clinical reference standard. Furthermore, Ferreira et al
recently reported an improved version of both the 3D
T1-weighted and T2-weighted sequences on 3 T, with
reduced scan times of respectively 76 and 37 seconds, as well
as an increased spatial isotropic resolution of 0.8 mm.31 As
the resulting images have an improved depiction of the tumor
boundaries, we expect that this new protocol will result in
overall better 3D images than the 7 T protocol.

The 2D scans were generally preferred to assess the
involvement of adjacent structures due to their higher in-
plane resolution and overall image quality. In this study, in
contrast to the 3D scans, the 2D scans rated significantly bet-
ter on 3 T than on 7 T in terms of image quality and tumor
delineation. These differences appeared to be primarily attrib-
uted to the sharper tissue boundaries on 3 T, especially
between the UM and sclera, which were often difficult to see
on T1 and contrast-enhanced T1 7T scans. On the T2
weighted scans, however, the sclera could generally be well
differentiated on both the 7 T and 3 T images. Given the
increased signal intensity at 7 T, a better delineation at 7 T
could be expected, as this was also observed in different stud-
ies of other anatomies. Steensma et al, eg, showed that for
imaging the prostate a higher SNR could be achieved using
7 T.32 Similarly, Maruyama et al described a superior delinea-
tion of anatomical brain structures on 7 T, while Harteveld
et al showed that small lesions in the arterial vessel walls
could be visualized much better on 7 T than on 3 T.33,34

However, unlike the aforementioned studies with up to
20 minutes per sequence, imaging the eye requires short
acquisition times to limit eye-motion related artifacts. As a
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result, the image resolution was limited by the number of k-
space lines that could be acquired within 4 minutes.18,23

Additionally, due to specific absorption rate (SAR) limita-
tions, the 7 T scans could not use 180� refocusing pulses,
which, given the susceptibility differences of the sclera and
orbital fat, resulted in a less sharply defined sclera on the 7 T
images.35 This reduction in image quality can have direct
clinical implications, as it hinders accurate assessment of the
involvement of the surrounding tissues. Although no cases of
scleral invasion or growth into the optic nerve were reported
in our study, the 7 T scans were more often (35%) classified
as undiagnostic to detect such an invasion, while the majority
of the 3 T scans (99%) were found to be of sufficient quality.
A side-by-side comparison of similar motion-related artifacts
showed furthermore that the localization of these artifacts was
generally more intrusive on 7 T scans, explaining part of the
observed differences.

Limitations
One of the main limitations of this study was the lack of
DWI in the 7 T protocol. DWI can provide important infor-
mation for the differential diagnosis of intraocular lesions and
is furthermore a potential early predictor of therapy
response.20,22 Due to the magnetic field inhomogeneities in
the orbit, the conventionally used EPI read-out does not
result in diagnostic images.16,26 Therefore a single-shot turbo
spin echo (TSE) readout was used for ocular DWI at 3 T.
Due to the SAR restrictions on 7 T, this sequence is not fea-
sible, and was therefore not included in our protocol.36 Dif-
ferent approaches have, however, been suggested to enable
ocular DWI on 7 T, but these are not yet readily available
and were therefore not used in this study.37,38

Conclusions
Overall, UM had similar radiological characteristics on 3 T
and 7 T MR images. The evaluated 3 T protocol, however,
proved to be superior in assessing the invasion of UM into
nearby structures compared to the 7 T scans. Although het-
erogeneity of small UM was often missed on 3 T, these find-
ings were less clinically relevant which resulted in the 3 T
protocol being preferred over the 7 T protocol for clinical
evaluations.
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