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Comparison of Magnetic Resonance
Imaging—Based and Conventional
Measurements for Proton Beam Therapy of
Uveal Melanoma
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T.H. Khanh Vu, MD, PhD," Luc van Vught, MSc,""* Guido R. van Haren,” Myra F. Rodrigues, MD,”"*
Yvonne L.B. Klaver, MD, PhD,’** Berit M. Verbist, MD, PhD,”*> Gregorius P.M. Luyten, MD, PhD,’
Coen R.N. Rasch, MD, PhD,** Jan-Willem M. Beenakker, PhD"+*+*

Objective: Conventionally, ocular proton therapy (PT) is planned using measurements obtained by an
ophthalmologist using ultrasound, fundoscopy, biometry, and intraoperative assessments. Owing to the recent
advances in magnetic resonance imaging (MRI) of uveal melanoma (UM), it is possible to acquire high-resolution
3-dimensional images of the eye, providing the opportunity to incorporate MRI in ocular PT planning. In this study,
we described how these measurements can be obtained using MRI, compared the MRI-based measurements
with conventional ophthalmic measurements, and identified potential pitfalls for both modalities.

Design: Cross-sectional study.
Subjects: Data from 23 consecutive patients with UM treated with PT were retrospectively evaluated.
Methods: Magnetic resonance imaging—based measurements of axial length, tumor height and basal

diameter, and marker-tumor distances were compared with the conventional ophthalmic measurements, and
discrepancies were evaluated in a multidisciplinary setting.

Main Outcome Measures: Tumor prominence and basal diameters on MRI and ultrasound, axial length on
MRI and biometry, tumor-marker distances on MRI and measured intraoperatively.

Results: The mean absolute differences of the tumor height and basal diameter measurements between
ultrasound and MRI were 0.57 mm and 1.44 mm, respectively. Larger absolute differences in height and basal
diameter were observed when the full tumor extent was not visible on ultrasound (0.92 mm and 1.67 mm,
respectively) compared with when the full tumor extent was visible (0.44 mm and 1.15 mm, respectively). When
the full tumor was not visible on ultrasound, MRI was considered more reliable. Tumor-marker distances
measured using MRI and intraoperative techniques differed < 1 mm in 55% of the markers. For anteriorly located
and mushroom-shaped tumors (25% of the markers), MRI provided more accurate measurements. In flat UM
(15% of the markers), however, it was difficult to delineate the tumor on MRI. The mean absolute difference in
axial length between optical biometry and MRI was 0.50 mm. The presence of the tumor was found to influence
optical biometry in 15 of 22 patients; the remaining patients showed a better agreement (0.30 mm). Magnetic
resonance imaging—based biometry was considered more reliable in patients with UM.

Conclusions: Magnetic resonance imaging allowed for the 3-dimensional assessment of the tumor and
surrounding tissue. In specific patients, it provided a more reliable measurement of axial length, tumor
dimensions, and marker-tumor distances and could contribute to a more accurate treatment planning. Never-
theless, a combined evaluation remains advised, especially for flat UM. Ophthalmology Retina 2023;7:
178-188 © 2022 by the American Academy of Ophthalmology. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Supplemental material available at www.ophthalmologyretina.org.
[

Uveal melanoma (UM) is the most common primary intraoc-
ular malignancy in adults, with an incidence of up to 14 cases
per million person-years.” Proton therapy (PT), when
available, is often the preferred treatment for larger UM and
tumors that encircle the optic nerve. In the preparation for

178 © 2022 by the American Academy of Ophthalmology. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/). Published by Elsevier Inc.

ocular PT, radiopaque (tantalum) markers are sutured to the
sclera near the tumor border by an ophthalmologist for
treatment planning and position verification during treatment.”

Currently, ocular PT is planned using a geometric tumor
and eye model, based on data from different, mostly
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Figure 1. Ophthalmic measurements. A, Ultrasound-based measurements of tumor (dagger) prominence and basal diameter. Note the associated retinal
detachment (double dagger). B, Intraoperatively, the distance between tumor and marker and distance between markers is measured using a caliper. C, D,
Ocular proton therapy plan with the planned dose distribution. In the fundus view (C), the intraoperative and ultrasound-based measurements are used to
define the tumor base, from which a geometric 3-dimensional model (D) of the eye, including the tumor (red) and markers (arrows), is constructed.

ophthalmic, sources such as ultrasound and fundoscopy
(Fig 1)." In this model, the eye is scaled to the patient’s axial
length, as obtained by biometry. Additionally, the
transversal diameter of the eye; combined thickness of the
retina, choroid, and sclera; lens position and thickness;
and limbus diameter can be personalized. The tumor
geometry is primarily based on its height and basal
diameters, as obtained from ocular ultrasound (Fig 1A),
whereas intraoperatively obtained marker-tumor distances
and fundus photographs are used to define the tumor base
(Fig 1B).

Although this approach results in high rates of > 95% of
local control,™” this comes at the cost of a significant
reduction of visual acuity, approximately 45% of the eyes
losing > 3 Snellen lines in 10 years.” ® Part of this vision
loss can be attributed to the relatively large safety margins
of up to 3 mm,” which are required to mitigate different
uncertainties in treatment planning and delivery, including
uncertainties in tumor geometry and location.

Ocular magnetic resonance imaging (MRI) has become a
valuable tool in the diagnosis, therapy selection, and

follow-up of patients with UM.”"'* Similarly, for malig-
nancies in other body parts, MRI has the potential to reduce
uncertainties in ocular PT and thereby contribute to strate-
gies to reduce the radiation-induced side effects.'” In
particular, MRI could potentially provide valuable
information for current treatment, model based, planning
as it provides the following: (1) 3-dimensional (3D) visu-
alization of the tumor and its surrounding structures™'*1°;
(2) tumor and globe dimensions, including transversal
diameter, which cannot be measured using ophthalmic
imaging techniques'”'®; and (3) depiction of the surgical
markers in relation to tumor and eye.'’

In this study, we described and evaluated a dedicated
MRI protocol to obtain the geometric measurements that can
be used to complement conventional measurements for
ocular PT planning. We compared MRI-based measure-
ments with conventional ophthalmic measurements of the
axial eye length, height and the largest basal diameter (LBD)
of the tumor, and marker-tumor distances and identified
potential pitfalls for both conventional and MRI-based
measurements.
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Figure 2. A, Difference between magnetic resonance imaging (MRI)-based and biometry-based eye length measurements. For all patients including
doubtful biometry (open dots) and patients with a uveal melanoma (UM) or retinal detachment in the posterior pole (orange dots), on average, 0.6-mm
shorter measurements were found. For the remaining patients (filled green dots), there was generally a good agreement between both techniques, except
for 1 patient in whom part of the sclera was included in the MRI-based measurement B, C, Two examples of doubtful biometry measures: B, A large iris
decentration is a sign that the measurement was not obtained along the optical axis; C, As the UM is covering the macula, the biometer reports a too

short axial length.

Methods

Clinical data of 23 consecutive patients with UM, diagnosed by an
ocular oncologist between December 2019 and October 2020 and
treated with ocular PT, were evaluated retrospectively. Patients
were referred to HollandPTC (Delft, the Netherlands) for ocular PT
if UM was located juxtapapillary (26%) or when the tumor di-
mensions exceeded the local criteria for ruthenium plaque
brachytherapy (hei%ht including sclera > 7 mm or basal diameter
> 16 mm) (74%).”"*' Patients underwent diagnostic MRI on a 3T
MRI scanner (Ingenia Elition; Philips Healthcare), as part of
clinical care, to confirm eligibility and localize the tumor in 3
dimensions (a detailed description is provided in the “MRI”
section of Methods). Additionally, second, shorter MRI is
performed 7 to 14 days after the placement of the markers to
determine the tumor-marker distances. The study was conducted
according to the guidelines of the Declaration of Helsinki and
approved by the Ethics Committee Medisch Ethische Toetsings
Commissie (METC) Leiden Den Haag Delft (G20.16; January 4,
2021). Informed consent for the retrospective use of their clinical
data was obtained from all participants.

Conventional Measurements for Treatment
Planning

The axial length of the affected eye in millimeters was obtained
using optical biometry (Lenstar LS900, Eyesuite biometry, version
2.7.1; Haag-Streit) performed by an optometrist. Three aspects
were evaluated for the affected eye: (1) the extended outputs of the
biometer for signs of an unreliable measurement’”; (2) the iris
decentration, as an objective test of whether the measurement
was performed along the visual axis>’; and (3) presence of tumor
or retinal detachment in the posterior pole. Further details are
described in Figure 2 and Appendix S1 (available at
www.ophthalmologyretina.org).

Tumor size was measured using ocular B-mode ultrasound
(Aviso; Quantel Medical) as part of clinical care by their
ophthalmologist. For patients with an anteriorly located tumor,
additional images were acquired using an ultrasound bio-
microscopy probe. To obtain tumor height, the distance of the

180

highest point of the tumor to sclera was measured perpendicular to
the scleral surface. The sclera was included for reliable, consistent
measurements. The LBD of the tumor was then obtained, and the
second diameter was defined as the largest diameter perpendicular
to this measurement. All ultrasound images were retrospectively
evaluated by an ocular oncologist (T.K.H.V.) and a physicist (J-
W.M.B.) to assess whether the complete tumor base and apex were
visible (Fig 3). Final scores were based on consensus.

After the placement of the markers, the distance between the
center of the markers and the edge of the tumor (marker-tumor
distances) was measured intraoperatively for each marker using a
caliper. Simulations of transpupillary illumination measurements
were performed using ray tracing, as developed by van Vught
et al,”* for 1 representative patient (details can be found in
Appendix S2, available at www.ophthalmologyretina.org) to
assess how the tumor blocks part of the light rays, introducing a
penumbra.

Magnetic Resonance Imaging

Magnetic resonance imaging was performed as described by Fer-
reira et al.'’ In short, a 4.7-cm surface receive coil (Philips
Healthcare) was used to image the affected eye. A radiotherapy
head support was used for patient fixation. The MRI protocols are
summarized below and in Table 1. A more detailed description,
including planning of the scans, can be found in Appendix S3
(available at www.ophthalmologyretina.org).

The MRI scan obtained before marker surgery was used for
baseline evaluation of the UM and measurements of the tumor and
eye geometry. The protocol included 3D isotropic volumetric scans
to assess the tumor and eye geometry, 2-dimensional (2D) scans to
evaluate tumor origin and extension, and functional scans to assess
the tumor diffusivity and perfusion.'®'?

After surgery, second MRI was performed to assess the
markers-tumor relation. These scans were acquired with stronger
gradients and localized shimming to limit the signal voids caused
by the susceptibility artifacts of the tantalum markers. The 3D
isotropic volumetric scans were acquired for marker localization
and comparison with preoperative MRI. Additionally, for each
marker, gradient echo T1-weighted and spin echo T2-weighted 2D
scans, perpendicular to the tumor base, were acquired (Fig 4D).
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Figure 3. On ocular ultrasound, the full extent of the tumor (dagger) cannot always be visualized owing to its limited penetration depth (A) or field of view

(B). These measurements were marked as unreliable and analyzed separately.

Evaluation of the Presurgery MRI Scans

All MRI images were evaluated by one of the neuroradiologists
(B.M.V,, T.A.F.) specialized in the eye at our center using Sectra
IDS7 (version 21.1, Sectra AB). In case of doubt, a second reader
evaluated the scans, and the final measurements were based on
consensus. First, an evaluation of the tumor was performed,
including screening for extrascleral extension and invasion of the
ciliary body or optic nerve.'” Additionally, both functional scans
were assessed to confirm that the lesion matched the general
characteristics of UM and to provide a baseline for the follow-up
after PT."

Subsequently, PT-specific measurements were obtained. The
axial length of the eye, measured from the anterior wall of the
cornea until the posterior wall of the retina, was preferably ob-
tained from the 3D T2-weighted scans because, on T2-weighted
sequences, the cornea is generally better depicted than on T1-
weighted sequences. Because the gptical or visual axis cannot be
directly obtained from MRI scans,”” the axial length was measured
perpendicular to the lens plane and through the center of the lens or
pupil (Fig 4A). The transversal diameter of the eye was obtained in
the same plane perpendicular to the eye length, and it includes the
sclera thickness bilaterally. The combined thickness of the sclera,
choroid, and retina was measured on the contrast-enhanced mul-
tislice T1-weighted scan, as it provides a high in-plane resolution
and good contrast among the sclera, choroid/retina, and vitreous
body.

Tumor height and the largest and second basal diameter were
primarily measured on contrast-enhanced 3D T1-weighted images
(Fig 4B, C), as its isotropic resolution allowed for multiplanar
reconstructions (Fig 4F), enabling measurements of the tumor
dimensions in every possible direction, and because, on these
images, the tumor is well differentiated from the retinal
detachment. Moreover, the outer limit of the sclera can clearly
be identified on these images.'” When severe motion artifacts
were present or in case of retinal detachment obscuring
delineation between tumor and retinal detachment, the 3D T2-
weighted or the contrast-enhanced 2D T1-weighted images were
used. To allow comparison between ultrasound-based and MRI-
based measurements, tumor height was measured including the
sclera. For the PT planning, the sclera thickness was later
subtracted.

Evaluation of the Postsurgery MRI Scans

Tumor dimensions and retinal detachment were compared with the
presurgery images to ensure that no significant tumor growth or
increase of the retinal detachment had occurred. Additionally, fat-

suppressed T2-weighted images were evaluated for the presence of
substantial inflammatory reactions that could have been induced by
the surgery.

For each marker, the shortest distance between the tumor base
and marker edge (marker-tumor distance) was measured (Fig 4E).
For some mushroom-shaped tumors, an additional measurement
was obtained from the marker to the projection of the overhanging
intraocular tumor component on the sclera. This measurement was
used to ensure that the entire tumor was incorporated in the radi-
ation field because the treatment planning system used, Eclipse
Ocular Proton Planning (Varian Medical Systems), cannot incor-
porate a mushroom geometry.

Comparison between the Ophthalmic and MRI-
Derived Measurements

Optical biometry, ultrasound, and intraoperative marker-tumor
distance measurements were compared with MRI-based mea-
surements. Differences exceeding 0.5 mm for height and 1.0 mm
for the other measurements were evaluated in a multidisciplinary
setting with an ophthalmologist (M.M.), radiologist (B.M.V. and,
T.A.F.), radiation oncologist (C.R.N.R.), and physicist (J-
W.M.B). A paired ¢ test was used to test for systematic differences
between ophthalmic and MRI-derived measurements. Addition-
ally, the interquartile range (IQR; 25th and 75th percentile) was
determined.

Results

In 11 (48%) of the 23 cases, UM was in the right eye. According to
the American Joint Committee on Cancer (eighth edition),” tumor
classes ranged from T1 to T4, although the majority (65%) of the
tumors were classified as stage T3. Five lesions were characterized
as (partly) flat by the ophthalmologist on the basis of fundoscopy
and ultrasound. In the majority of the patients, 4 tantalum
markers (Altomed) were sutured on the outside of the sclera. In
1 patient, however, only 3 markers were used; in another patient,
5 markers were used. The time between the 2 MRI scans was on
average 19 days (range, 7—49 days). No change in the tumor
geometry had been observed, only an increase in retinal
detachment. The differences and potential source of the
discrepancies between conventional and MRI-based measure-
ments are reported below. A detailed description of each
patient can be found in Appendix S4 (available at
www.ophthalmologyretina.org).
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Table 1. Scan Parameters

Purpose Scan Name
Preoperative scan

3D measurements 3DT1 TSE
3DT1 TSE SPIR
3DT1 TSE SPIR gd
3DT2 TSE SPIR

Tumor origin and extension MST1 TSE
MST1 TSE SPIR gd
MST2 TSE

Functional scans DW!I (TSE)
DCE

Postoperative scan

Marker localization, tumor base 3DT1 GE

localization, and comparison presurgery images 3DT1 TSE
3DT2 TSE
MST1 GE gd*
3DTI TSE gd!

Marker-tumor distance MST2 TSE gd*
MST!1 GE gd*
MSTI TSE gd'

Check for motion MSTI1 GE gd*

3DT2 TSE SPIR gd*

Screen for inflammation

TE (msec)/TR
(msec)/Flip or

Reference Scan Time Additional
Voxel Size (mm?) Angle (°) (mmz:ss) Parameters
0.8 x 0.8 x 0.8 26/400/90 02:07
0.8 x 0.8 x 0.8 26/400/90 02:07
0.8 x 0.8 x 0.8 26/400/90 02:07
0.8 x 0.8 x 0.8 305/2500/35 02:58
0.5 x 0.5 x 2 8.0/400/90 00:43
0.5 x05x%x2 8.0/400/90 00:43
0.4 x 04 x 2 90/2256/90 01:08
13 x 1.4 x 24 50/1555/50 1:33 B = 0, 800 sec/mm’
13 x15x15 2.3/4.5/13 4:00 2 sec/dynamic
0.9 x 0.9 x 0.9 2.0/7.0/9 00:43 BW = 812 Hz
0.8 x 0.8 x 0.8 27/400/90 02:07 BW = 758 Hz
0.8 x 0.8 x 0.8 294/2300/35 02:43 BW = 943 Hz
0.6 x 0.6 x 2 2.8/1.0/9 00:33 BW = 532 Hz
0.8 x 0.8 x 0.8  25/400/90 02:07 BW = 758 Hx
0.4 x 0.4 x 2 90/943/90 01:04 BW = 354 Hz
0.6 x 0.6 x 2 2.8/7/9 00:25 BW = 532 Hz
0.5x05x2 6.0/718/90 00:43 BW = 658 Hx
0.6 x 0.6 x 2 2.8/17.0/9 00:33 BW = 532 Hz
0.8 x 0.8 x 0.8 297/2300/35 02:43 BW = 943 Hz

3D = 3-dimensional; B = b-value (degree of diffusion weighting); BW = bandwidth; DCE = dynamic contrast-enhanced scan; DWI = diffusion-weighted
imaging; gd = gadolinium; GE = gradient echo; MS = multislice; SPIR = spectral presaturation with inversion recovery; TE = echo time; TR = repletion

time; TSE = turbo spin echo.

Although the patients in this study did not receive a contrast agent for the postoperative magnetic resonance imaging, we advise to perform the post-
operative scans with contrast to aid in the differentiation between tumor and retinal detachment. Italic values indicate scans that were not performed within

this study.
*These scans were performed without a contrast agent.
"These scans were not performed in this study.

Eye Geometry

Magnetic resonance imaging reported on average a longer axial
length than that reported using biometry (IQR, —1.10 mm
to —0.19 mm; P < 0.001) and a mean absolute difference of 0.66
mm (Fig 2A). In 8 patients, the difference between MRI-based
and biometry measurements exceeded 1.0 mm. In the majority
of these patients (75%, n = 6), the tumor or retinal detachment
was present in the posterior pole, and the biometry showed signs
of an unreliable measurement (50%, n = 4). In 1 patient, the MRI-
based measurement was found to be incorrect because the sclera
was included in the measurement (Appendix S1 [Fig A1, part D]).
However, in 15 of 22 eyes, the extended evaluation of the
biometry output showed signs of a potential inaccurate
measurement, such as a large iris decentration. In these patients,
a larger mean absolute difference of 0.8 mm (IQR of the
difference, —1.1 mm to —0.4 mm) was observed than in the
remaining 7 patients with unaffected measurement of 0.3 mm
(IQR of the difference, —0.34 mm to —0.06 mm) (Fig 2A, B;
Appendix S1).

Tumor Geometry

There was no overall significant difference between MRI-based
and ultrasound-based tumor height measurements (IQR, —0.4
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mm to 0.5 mm; P = 0.75; Fig 5A, C). The measurements had a
mean absolute difference of 0.57 mm. In 6 patients, the tumor
apex was not visible on the ultrasound images. These patients
showed a larger absolute difference between MRI and ultrasound
than the remaining patients where the tumor apex was visible
(0.92 mm versus 0.44 mm, respectively). In 10 patients, the
difference between ultrasound and MRI exceeded 0.5 mm. In
50% of these patients, the tumor apex was not visible on
ultrasound, and the multidisciplinary tumor board considered
MRI more reliable for these patients. Remaining differences
exceeding 0.5 mm were found in flat melanomas or oblique-
oriented tumors with a complex shape (Fig 5C). A more
extensive description of the individual cases can be found in
Appendix S4.

There was no significant difference between the average of all
23 MRI and ultrasound-based LBD measurements (IQR: —0.95 to
1.35 mm, P = 0.39; Fig 5B, D). The measurements had a mean
absolute difference of 1.44 mm. In 14 patients, the difference
between ultrasound and MRI exceeded 1 mm. In 8 (57%) of
these patients, the full extent of the tumor base was not visible
on ultrasound, and as a result, MRI was considered more
reliable. In 3 patients with a flat melanoma, there was
uncertainty about the accuracy of the MRI-based measurement.
In 1 patient, a hyperintense enhancing region adjacent to the tumor
was included on ultrasound but not included in the basal diameter
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Figure 4. Primary preoperative and postoperative magnetic resonance imaging—based measurements. A, The axial length and transversal length were
measured on a multiplanar reconstruction of the 3-dimensional (3D) T2-weighted scan. B, C, The prominence, including sclera, and largest basal diameter
were measured on a multiplanar reconstruction of the 3D T1-weighted gadolinium scan. D, A multislice T1-weighted scan was acquired through the base of
the tumor (dagger). Subsequent scans per marker (T2 [E] and T1) were acquired perpendicular to this plane through the center of the tumor and marker. E,
Multislice T2-weighted scan is used to measure the distance between tumor and marker. Note the small retinal detachment adjacent to the uveal melanoma
(arrow). F, Three-dimensional volumes as acquired with magnetic resonance imaging allow for multiplanar reconstruction in all directions, providing the
opportunity to accurately determine the largest basal diameter and prominence and visualize the relation between tumor and surrounding tissue. MRI =
magnetic resonance imaging; RD = retinal detachment; UM = uveal melanoma.

on MRI (Fig 5D). Similarly, in 1 patient, choroidal thickening
adjacent to the tumor was not included in the MRI-based mea-
surement, whereas it was included in the ultrasound-based mea-
surement. For the 9 patients in whom the complete tumor base was
visible on ultrasound (Fig 3), the mean absolute difference was
1.15 mm (IQR of the difference, 0.70—1.40 mm), compared with
1.67 mm (IQR, —1.80 mm to 1.30 mm) when the tumor base
was not completely visualized. Similar results were found for the
second basal diameter measurement, with a median absolute
difference of 0.7 mm (IQR of the difference, —0.43 mm to 1.33
mm) for 13 patients with the entire tumor in the field of view.

Marker-Tumor Distances

In 1 patient, 1 of the marker-tumor distances could not be measured
intraoperatively. Magnetic resonance imaging reported on average
larger marker-tumor distances than that reported using intra-
operative measurements (Fig 6; mean difference, 1.2 mm; P <
0.01). For 39 of the 87 (45%) evaluated markers, the difference
between both measurements exceeded 1 mm. Magnetic
resonance imaging showed a larger marker-tumor distance for
the majority of these markers (n = 30). The multidisciplinary
evaluation of markers with a difference exceeding 1 mm revealed 4
primary reasons for these differences. First, differences were found
in 13 of the 18 markers in patients with flat melanomas. For these
tumors, the extent was difficult to assess on MRI, and the intra-
operative measurements were generally considered more reliable.
Second, differences were found in 13 markers with a complex
marker-tumor relation (Fig 6A—D). For markers located far from

the tumor and in case of mushroom-shaped tumors, the marker-
tumor distance could not easily be captured in a simple
1-dimensional distance measurement, which likely accounts for the
observed differences between both modalities. Third, for anteriorly
located tumors, the shadow cast during transillumination could
cause an overestimation of the tumor extent for a posteriorly
located marker (9 markers; Fig GE). Personalized optical ray
tracing simulations confirmed this shadow and showed that, for
this specific patient, the shadow extended until the location of
the markers, matching the intraoperative marker-tumor measure-
ments. Finally, in 2 patients, the intraoperative annotation of 2
markers seemed to have been interchanged.

Discussion

In ocular PT, geometric information from different, mostly
ophthalmic, sources are combined to construct a model of
the tumor and eye for treatment planning.*'? In this study,
we compared MRI-based and conventional measurements
used to construct such a model and showed that, in specific
conditions, MRI can improve the accuracg of this model. In
line with earlier studies by Daftari et al, 7 Marnitz et al,28
and Via et al,”” this improved accuracy can contribute to
strategies to reduce the irradiated volume and thereby
reduce the radiation-induced side effects.

A general benefit of MRI was that 3D information of
tumor, markers, and surrounding anatomy is available to all
specialists involved in the treatment and can be used to
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Figure 5. Comparison between ultrasound (US)-based and magnetic resonance imaging (MRI)-based measurements of the tumor geometry. A, For 5
patients (red), an MRI scan was requested because of doubts on the accuracy of the US-based measurements. Additionally, 7 US-based measurements
were scored as potentially inaccurate (orange), as they did not show the complete tumor in the field of view. Notably, for 10 of these 12 patients, the
tumor was located anteriorly (open markers). Overall, the largest differences were observed in anterior uveal melanoma (UM). B, For the patients with
an reliable US-based measurement, an average absolute difference between both techniques of 1.2 mm for the largest and 1.6 mm for the second basal
diameter was found. Overall, the largest differences were observed in unreliable US-based measurements. C, Prominence measurements for oblique-
oriented tumors are not well defined and can differ between observers on both US and MRI. D, On MRI, choroidal enhancement was not included
in the basal diameter measurements. On US, however, this seems to be included. gd = gadolinium.

evaluate the full 3D geometry of the tumor. For example,
using MRI, the relation between tumor and markers can be
visualized in 3 dimensions, whereas, conventionally, only a
2D projection is available (Fig 6E; Appendix S2). In this
context, the multiplanar reconstructions proved to be
beneficial to translate the clinical observations of the
ocular oncologist to the treatment planning.

Overall, small differences were observed between MRI-
based and ultrasound-based height and LBD measurements
of the tumor, which are in line with an earlier study.'”
However, we observed larger differences when the full
tumor extent was not visible on ultrasound, which, in some
of the patients, was attributed to the lower penetration
depth of the ultrasound biomicroscopy probe (mean
absolute difference reliable height measurements: 0.44 mm
vs. unreliable: 0.76 mm and LBD: 1.15 mm vs. 1.67 mm).
As MRI could be used to visualize the complete extent of
the tumor and 3D reconstructions could be made regardless
of the location of the tumor, MRI was considered more
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reliable for these tumors. Interestingly, the majority (14/20)
of these unreliable measurements concerned anteriorly
located tumors, and in 43% of these patients, the
ophthalmologist already had doubts on the accuracy of the
measurements during the ultrasound examination and had
therefore requested MRI to be performed to confirm the
measurements. Although in general the reproducibility of
MRI-based measurements can be hampered by differences
in window level settings between observers, we recently
reported a 0.4-mm observer variation in MRI-based
tumor delineation,”” which is slightly better than the
0.6-mm to 0.7-mm variation reported for B-scan ultra-
sound.’'*? Fundoscopic images can be used for measurement
of the LBD of the tumor and gross tumor volume definition”;
however, the optical aberrations present in these images can
result in large, 1.2-mm differences compared with ultra-
sound,”” making this technique less desirable to assess tumor
dimensions. Nevertheless, a combined evaluation is certainly
advised, especially for flat UM.



Jaarsma-Coes et al + Measurements for PT of Uveal Melanoma

A Markers OR - MRI (mm)
N (%) Mean (abs) Largest

All markers 87 (100%) -1.2 (2.0) -13.9
<1 mm diff 48 (55%)
>1 mm diff 39 (45%)

Flat tumours 13 (15%) -1.6 (5.2) -13.9

Complex MT 13 (15%) -3.0(3.2) -7.9
relation

Shadow 9 (10%) -3.7(3.7) -8.0

Interchanged 4 (5%) -0.6 (2.3) -2.9
annotation
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Figure 6. Intraoperative marker-tumor distances measurement compared with magnetic resonance imaging (MRI)-based measurements. A negative
value means that the MRI distance was larger than the interoprative measurement. A, B, In 55% of the markers, a difference of < 1 mm was observed
(green). The largest differences, up to 14 mm, were observed in flat melanoma (red). For 25% markers, the difference was attributed to a complex tumor
geometry (blue) or shadow cast by the tumor (orange). C, D, For tumors with a complex marker-tumor relation, 1 length might not be sufficient to
describe the marker-tumor relation. E, For anteriorly located tumors, the distance between posterior markers and tumor can be underestimated inter-
operatively owing to a shadow that is cast by the tumor. abs = absolute; MT = marker-tumor; OR = ioperation room but reflects the intraoperative
measurements; UM = uveal melanoma.

It should be noted that this cohort predominantly con-
tained larger tumors, which often have a complex geometry,
as the majority of smaller UM are treated with brachyther-
apy at our center. The results from this study can, therefore,
not be generalized to the complete population of patients
with UM, as the full extent of smaller tumors, for example,
can generally be accurately visualized on ultrasound. In this
context, ultrasound remains one of the principal modalities
for the diagnosis for intraocular masses, as it is a less
expensive, faster, and, for ophthalmologists, more acces-
sible imaging modality than MRIL

In the majority (55%) of the patients, the MRI and
intraoperative marker-tumor distances differed by <1.0 mm.
For flat melanomas, the intraoperative marker-tumor dis-
tances were generally considered more reliable, as the edge
of the flat parts of the tumor are difficult to determine with
MRI, whereas they can be accurately be determined through
transillumination in combination with fundoscopy. It is
recognized in the field that, especially for more prominent
anterior tumors, a surgeon can be misled by a penumbra
during transpupillary transillumination.” Our results
showed that the posterior extent of anteriorly located
tumors can indeed be overestimated intraoperatively up to
8 mm, even when a combination of transpupillary
transillumination and transocular transillumination is used.
The amount of overestimation depends on multiple

factors, including pupil diameter, tumor height, and
presence of retinal detachment or hemorrhage. Therefore,
for anteriorly located tumors, MRI can be considered a
more reliable technique to determine the posterior
extension of the tumor than the conventional optical
techniques.

For both tumor height and marker-tumor distance
measurements, differences between conventional and
MRI-based measurements were, in some patients, attributed
to a complex 3D geometry of the tumor, in which a different
interpretation of the height and basal diameter was found
between the radiologists and ophthalmologists. A more
precise definition, incorporating how to evaluate complexly
shaped tumors on 3D imaging, will likely aid in more uni-
form measurements and subsequent PT planning. However,
these tumors clearly show that the conventional
1-dimensional measurements poorly describe the tumor
geometry and relation to the markers. The different efforts
working toward MRI-based ocular PT planning™ " will,
therefore, likely enable a more Precise incorporation of the
tumor and marker relation,'**%%3%

In 15 of 22 patients, the biometry showed signs of a
potentially erroneous measurement due to the UM,
explaining the large differences of up to 1.8 mm compared
with MRI. For the patients with a reliable optical biometry
measurement, however, a good agreement (<0.4 mm
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difference) was found between MRI and biometry. This is
similar to the 0.1-mm difference found in earlier studies
with healthy eyes using automatic analysis of the MRI
scans.'®? Moreover, MRI-based measurements of the axial
length were found to be reproducible and a good alternative
when biometry could be obtained reliably.'” In the past,
ultrasonic biometry has been used*: however, optical
biometry has become the gold standard in ophthalmology
owing to its higher accuracy and reproducibility, except
for patients in whom optical evaluations are not possible,
for example, in the case of a dense cataract or vitreous
hemmorage.”®  Alternatively, using data from the
contralateral eye has been proposed, as it is unaffected by
intraocular pathologies. However, as eye lengths can differ
between both eyes,40 this can be less accurate than MRI-
based measurements of the affected eye, as is further
assessed in Appendix SI.

This study also showed some limitations in the MRI
methods used. Similar to ultrasound, the extension of the
(partially) flat UM could not always be determined reliably.
Although MRI has a superior soft tissue contrast compared
with ultrasound,'®*' these flat UMs could not always be
differentiated from the choroid. Second, in 2 patients, on
MRI, a hemorrhagic or thickened and more enhancing
choroid was observed directly adjacent to the tumor.
Although this was not included as part of the tumor in
both the basal diameter and marker-tumor measurements,
histopathologic confirmation is needed for this interpreta-
tion. Finally, to improve the differentiation between tumor
and retinal detachment, we started administering a contrast
agent for the postoperative scans. It is therefore important to
acknowledge these limitations of MRI and combine
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information from the different available sources to deter-
mine which measurement is the most reliable.

In the majority (20/23) of the patients included in this study,
at least 1 of the measurements used for treatment planning of
ocular PT was considered to be more reliable on MRL
Although the clinical implications of the inclusion of these
MRI-based measurements on the final treatment plan need
further evaluation, it is likely that MRI can reduce the un-
certainties in ocular PT. Such a clinical evaluation should also
consider the added costs of the MRI. Although health care costs
vary greatly between countries, MRI is generally more
expensive than ultrasound (e.g., ~300€ and ~100€,
respectively, in the Netherlands).42 Howeyver, the increased
cost of including MRI is relative small compared with the
costs of PT or costs associated with vision loss
(10.000€—30.000€).**** As a result, including MRI in the
preparation for ocular PT is likely cost effective, as has been
shown earlier in the context of treatment decision making.*’

Although this study shows the benefit of including MRI
in the planning for ocular PT, the importance of the
ophthalmic evaluations should not be underestimated. As
ophthalmic imaging data can contain information that is
missed on MRI, such as the presence of a flat tumor
extension, a combined evaluation of all available imaging
data remains advised.

In conclusion, MRI provides valuable information for the
planning of ocular PT, as it allows for a 3D assessment of
the tumor and surrounding tissue. In specific cases, it pro-
vided more reliable measurements of axial length, tumor
dimensions, and marker-tumor distances. Nevertheless, a
combined evaluation, including ultrasound and optical im-
aging, remains advised, especially for flat UM.
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A

“Lipoid” Macular Edema in Familial Hypertriglyceridemia and Retinal Dystrophy

A 45-year-old man presented with decreased vision in the right eye. Relevant medical history included familial hypertriglyceridemia,
kidney transplantation, sensorineural hearing loss, and diabetes. Fundoscopy revealed yellowish petaloid-shaped intraretinal deposits, along
with vessel attenuation and bone spicule hyperpigmentation in the midperiphery (Fig A). On spectral-domain—OCT, cystoid cavities filled
with a hyperreflective material were noted, presumably because of elevated serum triglyceride levels (4615 mg/dL) (Fig B). There were no
signs of diabetic retinopathy on OCT angiography (Fig C). On fundus autofluorescence, a parafoveal hyperautofluorescent ring was present
bilaterally (Fig D). This is a rare case of hyperreflective cystoid macular edema presumably associated with hypertriglyceridemia in a
patient with probable Senior-Lgken syndrome. (Magnified version of Fig A-D is available online at www.ophthalmologyretina.org).
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