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Improved therapy planning for eye tumours:
a tumour geometry comparison between MRI
and conventional ultrasound

Introduction: Uveal melanoma is the most frequently occurring primary eye tu-
mour. The aim of this research was to determine the difference in geometrical
tumour measurements between ultrasound and magnetic resonance imaging (MRI),
to compare MRI and ultrasound-based tumour models, and to evaluate the clinical
implications of these differences for uveal melanoma patients.

Methods: Tumours of 42 uveal melanoma patients were segmented on T2-weighted
MRI scans. Prominence, largest basal diameter (LBD), and second basal diameter
(SBD) were calculated automatically and compared to clinical ultrasound measure-
ments. Volumes of segmented MRI tumours were compared to the volumes of
ellipsoid ultrasound-based models.

Results: For the prominence, LBD, and SBD, the mean absolute differences were
0.8 + 0.7 mm, 1.6 + 1.3 mm and 1.6 + 1.4 mm between the conventional ultrasound
measurement and the MRI measurement. A significant difference was observed for
the prominence between anteriorly and posteriorly located tumours (0.6 + 0.5 mm
versus 1.1 + 0.8 mm, p = 0.02). Tumour volume on MRI was on average 70 mm?>
smaller than the ultrasound tumour model volume, with a dice similarity coefficient
of 0.81 + 0.10.

Conclusion: The largest clinical impact of the use of MRI measurements may be
observed in tumours with a prominence between 6 and 8 mm and a LBD between 14
and 18 mm. Furthermore, the use of MRI could add valuable shape information to
proton beam therapy planning.
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Introduction

Uveal melanomas are the most frequently occurring primary eye tumour, with an incidence
of about 6 per million in Europe and the USA [1]. They arise from melanocytes in the uveal
tract, with about 85 % originating in the choroid, 5-8 % in the ciliary body and 3-5% in the
iris [1]. Clinical symptoms include blurred vision, light flashes or floaters, visual field loss,
pain, and metamorphopsia. However, symptoms seldomly occur until the lesion is large,
and about 30 % of patients are asymptomatic at diagnosis [2]. Therefore, diagnosis often fol-
lows routine check-ups or diabetic retinopathy screening. A combination of imaging modal-
ities, such as indirect ophthalmoscopy, ultrasound, and optical coherence tomography can
be used to confirm the diagnosis [2].

Clinical treatment decision making and radiother-
apy planning for uveal melanoma rely mostly on
ultrasound (US) measurements (Figure 1), such as
tumour prominence (depth), largest basal diameter
(LBD) and second basal diameter (SBD) [1, 2, 3]. A
slight deviation in these measurements can result in
a shift between an eye-preserving treatment, such as
brachytherapy or proton beam therapy (PBT), and
enucleation. In ruthenium brachytherapy, the LBD is
used to determine the applicator providing the most
optimal tumour coverage [4]. Furthermore, a cor-
rect prominence measurement is essential to ensure
application of the prescribed tumour dose. In PBT,
the prominence, LBD and SBD (measured perpen-
dicularly to the LBD) are used to construct a tumour  FiGURE 1: Example of a B-scan US of a
model for dose calculations and dose delivery plan-  mushroom-shaped uveal melanoma.
ning [5]. However, this model is limited, as it is con-

structed based on 2D measurements of a 3D structure. Furthermore, these measurements
itself are limited as well, as US is a 2D imaging technique. Moreover, for accurate geomet-
rical tumour measurements the US transducer needs to be placed perpendicularly to the
tumour, which can be impossible in particular cases due to the location of the tumour and
structures around the eye.

Recent advances have enabled high resolution magnetic resonance imaging (MRI) in a clin-
ical setting, providing three-dimensional imaging of the tumour [6]. Previous studies have
reported a median absolute difference in prominence of approximately 1 mm, when mea-
sured on US and MRI [7, 8]. In the study of Beenakker et al. [7], the difference between the
measurements led to a switch in treatment in 2 out of 10 patients. However, this study had
a limited range of tumour prominences. In the research performed in 2005 by Schueller et
al. [8], measurements were performed on MRI scans with a slice thickness of 4mm. All in
all, a complete overview of the difference in prominence, LBD and SBD with contemporary
techniques is lacking. Furthermore, with the introduction of ocular MRI, new opportunities
arise to further implement 3D imaging techniques in PBT treatment planning [5, 9, 10]. For
this purpose, knowledge of the difference between conventional tumour models and MRI
tumour volume is crucial.

The aim of this study, therefore, was to determine the difference in geometrical tumour
measurements between US and MRI, compare MRI and US-based tumour models, and to
evaluate the clinical implications of these differences.
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Methods

In this study, data of 42 patients was used. 34 patients were scanned after written informed
consent as part of a prospective study approved by the local ethics committee. 3 patients
with tumours originating in the iris or ciliary body were excluded for this study. The other 11
patients received an MRI as part of clinical care and their data was included retrospectively
with approval of the local ethics committee.

Data acquisition

Patients were scanned in a 3 Tesla wide bore Philips Ingenia MRI-scanner (Philips Health-
care, Best, The Netherlands) with a 4.7 cm surface receive coil (Philips Healthcare, Best,
The Netherlands) mounted on a flexible eye mask. For this study, the 3D Turbo-Spin Echo
T2 scan (voxel size 0.8x0.8x0.8 mm?, TE 293 ms, TR 2300 ms, Flip Angle 35 degrees, SPIR
fat suppression) and the 3D Turbo-Spin Echo Gadolinium-enhanced T1 scan (voxel size
1.0x1.1x1.0mm?3, TE 9.4 ms, TR 350ms, SPIR fat suppression) were used (Figure 2). More
details on scan set-up and sequences can be found in an earlier described ocular MRI proto-
col [6].

Tumour segmentation

After rigid registration of the 3D T2-weighted scan to the contrast-enhanced 3D T1-weighted
scan, the tumours were segmented on the 3D T2-weighted scan in MeVisLab 3.0.2 (MeVis
Medical Solutions AG, Bremen, Germany) [11], using Subdivision Surfaces controlled by
the maximum gradient magnitude [12]. After automatic segmentation, manual adjustments
were performed until consensus was reached between three observers. The sclera at the
base of the tumour was considered to be a part of the tumour. The contrast-enhanced 3D T1-
weighted scan was used to differentiate between tumour and retinal detachment and was
used for segmentation when segmentation on the T2-weighted image not possible due to
movement, which was the case in 6 patients.

FIGURE 2: An example of (a) the 3D T2-weighted scan, (b) the contrast-
enhanced 3D T1-weighted scan.
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Geometrical tumour measurements

First, the prominence, LBD and SBD were calculated automatically based on the tumour
segmentations. The prominence was defined as the maximum distance between the top and
base of the tumour perpendicular to the sclera (+ 5degrees). The LBD was defined as the
largest distance between two points in the base of the tumour and the SBD as the largest
distance perpendicular to the LBD (+ 5degrees). An example of the automatic MRI mea-
surements can be found in Figure 3.

Next, manual MRI measurements were performed in 3D reconstructions of the 3D T2-weigh-
ted scan by one experienced observer. Finally, the US measurements were performed as part
of the regular care by an ophthalmologist.

Clinical usability of the automatic MRI measurements was assessed by an ophthalmologist
on a scale from 1 (rejected) to 3 (clinically acceptable).

Subgroup analysis was performed for anterior versus superior tumour location, as for an
anterior tumour location the correct placement of the US transducer is more difficult than
for a posterior location. Patients who had tumours that were located neither anteriorly or
posteriorly were not included in this analysis.

FIGURE 3: Automatic determination of tumour prominence (red), LBD (yel-
low) and SBD (green) on a 3D T2-weighted MRI scan.

Clinical impact

The difference in optimal treatment as determined by US and automatic MRI measurements
was compared using the current clinical cut-off values as used at our centre (a prominence
of 7mm and a LBD of 16 mm).
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3D tumour model

The volume of the US based tumour model (Vs y04e1), defined as an ellipsoid (Equation
1) [13, 14], was compared to the segmented MRI tumour (Vyr] tumour), as shown in Figure
4. After iterative closest point registration, the volumes of overlap and non-overlap and
the Dice Similarity Coefficient (DSC) (Equation 2) were computed. Two volumes of non-
overlap were evaluated: Vi;s odel— MRI tumour (cOvered by the US model but not by the MRI
tumour) and Vyr; tumour—us.model (covered by the tumour on MRI but not by the US model).
Examples of the volumes of overlap and non-overlap are shown in Figure 5. To determine
whether the volume differences found were caused by the shape difference between the US
model and the MRI tumour or by the difference in geometrical tumour measurements, the
analysis was repeated with the combination of an ellipsoid model based on the automatic
MRI measurements (Vjir1 moder) and the segmented MRI tumour (Viyr1 tumour)-

V= % * prominence ¥ LBD x SBD (1)

2 x |VUS_model n VMRI_tumour| (2)

DSC =
’VUSJnodel| + |VMRLtumour|

Statistical analysis

The means of the US and MRI measurement for the prominence, LBD and SBD were com-
pared with MANOVA test with a Tukey HSD post-hoc analysis. The tumour position anal-
ysis was performed with an independent T-test and the difference between Vir; tumour and
Vs modet Was analysed with a paired samples T-test. For all tests, significance was assumed
at o < 0.05.

FIGURE 4: (a) a uveal melanoma on US, with its US tumour model, (b) the
same uveal melanoma on MRI with its segmented tumour.

ooe

FIGURE 5: Examples of the volumes of overlap and non-overlap (striped) for
the US model (blue) and the segmented tumour on MRI (orange). (a) Volume
of overlap, (b) volume of non-overlap Vis model—MRI_tumour, (€) volume of

non-overlap Vyry_tumour—Us_model
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Results

Population

Subjects were 65 + 12 years old and 76 % of subjects were male. 50 % of the patients under-
went ruthenium brachytherapy, while 36 % received PBT and 14% underwent enucleation.
Tumours were located as follows: 38 % anterior, 50 % posterior, and 12 % undefined. 71 % of
tumours was dome shaped, while mushroom shaped and irregularly shaped tumours both
accounted for 14 % of tumours. 68 % of tumours were melanotic, 13 % were amelanotic and
19 % was mixed.

Measurement quality

Clinical acceptability was assessed by an ophthalmologist for the automatic MRI measure-
ments. For the prominence measurements, 29 out of 42 measurements were clinically accept-
able, while 7 measurements were debatable and 6 measurements were rejected. All rejected
measurements were large tumours (prominence >10 mm on US) and were rejected because
the base coordinates of the calculated prominence were located too far from the centre of
the base to accurately represent the clinical prominence measurement. Examples of clini-
cally acceptable, debatable and rejected automatic prominence measurements can be found
in Appendix 1. For the LBD, 40 out of 42 measurements were clinically acceptable, while 2
measurements were rejected. For the SBD, 39 out of 42 measurements were clinically accept-
able, with 2 measurements debatable and 1 measurement rejected. Rejected and debatable
measurements are marked in Figures 6, 7 and 8.
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FIGURE 6: (A) The difference between the automatic and manual MRI mea-

surements for the prominence, (B) the difference between the US measure-

ment and the automatic MRI measurement for the prominence. Rejected and
debatable measurements are shown in orange and red.

Geometrical tumour measurements

First, the automatic MRI measurements were compared to the manual MRI measurements
(Figures 6a, 7a, and 8a, Table 1). Mean absolute differences for the automatic versus manual
measurements were 0.8 + 0.8 mm for the prominence, 2.6 + 1.8 mm for the LBD and 1.5 =+
1.2mm for the SBD, respectively. The manual LBD measurement was on average almost
2 mm smaller than the automatic measurement (Figure 7a). Since almost all of the automatic
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LBD measurements were clinically acceptable, we assume the manual MRI measurement
underestimates the true LBD. Therefore, in the rest of the analyses in this section, the auto-
matic MRI measurements were used.

No significant differences were found between the means of the geometrical tumour mea-
surements for the three measurement methods (Table 1, Appendix 2). However, for indi-
vidual patients, the absolute differences between the US and MRI measurements varied. To
illustrate this, the mean absolute differences between the three measurement methods were
reported as well (Table 1, Figures 6b, 7b, and 8b).

For the prominence, a mean absolute difference of 0.8 + 0.7 mm was observed (Figure 6b).
For three patients, the prominence was more than 2 mm larger on the US measurement. For
these patients, the tumour was located anteriorly and for one patient, the automatic MRI
measurement was rejected. In a group of seven patients, the prominence measured on MRI
was larger than 10 mm, whereas the prominence on US was at least 1 mm smaller. How-
ever, the automatic MRI measurement was rejected or debatable for these patients. When
the rejected measurements were left out of the analysis, the mean absolute difference for the
prominence was 0.7 + 0.6 mm.

Value Absolute difference Absolute difference
w.r.t.  US measure- w.rt. manual MRI
ment measurement
Mean SD [mm] Mean SD [mm] Mean SD [mm]
[mm] [mm] [mm]
Prominence
US measurement 6.85 2.95 - - 0.98 0.77
MRI automatic 6.71 3.52 0.79 0.67 0.76 0.83
MRI manual 6.28 3.05 0.98 0.77 - -
LBD
US measurement 13.66 3.17 - - 211 1.53
MRI automatic 14.36 3.93 1.56 1.33 2.63 1.75
MRI manual 12.07 3.26 2.11 1.53 - -
SBD
US measurement 11.39 2.68 - - 1.80 1.63
MRI automatic 10.84 2.92 1.58 1.38 1.48 1.24
MRI manual 10.66 3.20 1.80 1.63 - -

TABLE 1: Mean values with standard deviations and absolute differences for
all measurement methods.
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FIGURE 7: The difference between measurement methods for the LBD. Re-
jected and debatable measurements are shown in orange and red.
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FIGURE 8: The difference between measurement methods for the SBD. Re-
jected and debatable measurements are shown in orange and red.

For the LBD, a mean absolute difference of 1.6 + 1.3 mm was found (Figure 7b). Here, the au-
tomatic MRI measurements were often larger than the US measurements, with two outliers
at -4.2mm and -6.3 mm. Both tumours were located temporally. Furthermore, one of these
tumours had a flat extension at the base, which may not have been considered part of the
tumour in the US measurement. Due to the differences in LBD, 3 out of 42 patients would
shift in treatment from ruthenium to PBT/enucleation. Furthermore, 5 patients became el-
igible for a different brachytherapy plaque size: 3 patients could possibly receive a smaller
plaque, while 2 needed a larger plaque.

The SBD had a mean absolute difference of 1.6 + 1.4mm (Figure 8b). The intersection be-
tween the LBD and SBD was located 0.6 % to 38.0 % away from the middle of the LBD, with
an average of 14 %.

Effect of tumour location

Subgroup analysis was performed for tumour location in the anteroposterior direction. Only
the prominence between the anterior and posterior tumours differed significantly, with mean
absolute differences of 1.1 + 0.8 mm and 0.6 + 0.5mm, respectively (p=0.02). When the re-
jected prominence differences were left out, mean absolute differences of 0.8 + 0.2 mm for
anteriorly located tumours and 0.3 + 0.1 mm for posteriorly located tumours were measured
(p=0.03). Complete results of the tumour location analysis are shown in Appendix 3.

3D tumour model

Mean volumes for the US tumour model and for the tumours on MRI were 597 + 409 mm?3
and 527 + 388 mm?3, respectively (p=0.03). The US model was larger than the MRI tumour in
77 % of cases.

The volume of overlap (Figure 9a) after registration was 467 = 325 mm? and the correspond-
ing DSC was 0.81 + 0.10. The volumes of non-overlap, Viis ymodei— MRI_tumour (Figure 9b)
and Vg1 tumour—us._model (Figure 9c), were 129 + 160 mm?® (39 + 41% of Vyir1 tumour) and
60 =77 mm?3 (9 + 8% of VirI tumour)-

To determine whether the aforementioned volume differences were caused by the shape
difference between the US model and the MRI tumour or by the difference in geometrical

10
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tumour measurements only, the volumes Vg tumour and Varr1 moder Were compared. For
these volumes, the volume of overlap was 536 + 438 mm3, with a DSC of 0.86 + 0.06. The vol-
umes of non—overlap, VMRLmodelfMRLtumour and VMRLtumourfMRLmodelr were 122 + 108 mm3

and 45 + 54 mm?.

A
o
1200 A
E ] o
£ 1000
E * >
5 800- °ee §
g e & ©
o 600 [ ] ]
kS
Y e o
400
5 o» 8
S 200 oo ?
o®
04 o®
T T T T T T T T T
0 200 400 600 800 1000 1200 1400 1600
VMRI tumour [mm?]
B
700 A ®
- [ ]
£ 600
E
~ 500 A
g
S, 400- %
g
il 300
o
2 200- e
' [ ] L]
= 100 oo o = ° ‘.
Pee { °¢ 3 - .
0- ° o B
T T T T T T T T T
0 200 400 600 800 1000 1200 1400 1600
VMRI tumour [mm?]
C
350 A
m 300 1
£
E 2501
o
£ 200-
£
1 150 4
3
£ 1001
£ 504
0 4
T T T T T T T T T
0 200 400 600 800 1000 1200 1400 1600
VMRI tumour [mm?]
FIGURE 9: (a) Volume of overlap, (b) volume of non-overlap

VUSJnodel—MRLtumour/ (C) volume of nOH‘OVerlap VMRI?tumour—USfmodel

11



MSc Thesis Technical Medicine L. Klaassen

Discussion

Geometrical tumour measurements, such as prominence, LBD and SBD, are the most impor-
tant factor in treatment decision making for uveal melanomas. In this study, the use of MRI
to measure these geometrical tumour measurements and tumour volume was compared to
the conventional US measurements in a wide range of uveal melanoma patients: our cohort
consisted of melanotic, amelanotic and mixed tumours, in a wide range of tumour sizes,
with patients undergoing ruthenium brachytherapy, PBT, or enucleation.

The geometrical tumour measurements were evaluated manually and automatically on the
MRI-scans, because manual measurements are quicker than the automatic measurements
and are, therefore, more applicable in daily clinical practice, while automatic measurements
suffer less from intra- and interobserver variability. We found a systematic underestimation
of almost 2mm when the LBD was measured manually. This indicates that it is difficult to
manually determine the optimal measurement plane for the LBD, which was also reported
by the observer performing the manual measurements.The automatic measurement, on the
other hand, calculates all possibilities and will, therefore, always find the largest diameter.

For the automatic prominence measurements, a mean absolute difference of 0.8 mm was
found between the conventional US measurement and the automatic MRI measurement.
This corresponds to values found in literature [7, 8]. An overestimation of tumour promi-
nence on US can partly be explained by an oblique cut through the tumour, especially for
anteriorly located tumours, since it is more difficult to correctly position the US transducer.
In this study, we observed a mean difference of 1.1 + 0.8 mm in anteriorly located tumours,
whereas posteriorly located tumours had a mean difference of 0.6 + 0.5 mm (p=0.02). The dif-
ferences found between US and MRI could also be caused by the better soft tissue contrast
that MRI provides, resulting in a clearer distinction between tumour, retinal detachment,
sclera, and orbital fat [7, 15].

Furthermore, in the evaluation of our automatic mea-
surements, we noticed a lack of a clear definition of
tumour prominence across ophthalmologists, radiolo-
gists and radiotherapists. At the beginning of this
research, we defined the prominence as the maxi-
mum distance between the top and base of the tu-
mour perpendicular to the sclera. In the evaluation
of our automatic measurements, the scoring ophthal-
mologist rejected some measurements, that did meet
this definition (Figure 10). = With treatment plan-
ning becoming more precise, a need for a more pre-
cise prominence measurement exists. This can only
be achieved if a consensus exist across disciplines.
Possibly several different definitions could serve dif- FIGURE 10: Example of rejected
ferent goals, as the dose distributions and treat- automatic prominence measure-
ment planning for brachytherapy and PBT differ as ment.

well.

For the LBD and SBD, the mean absolute differences between the US measurement and
automatic MRI measurement were 1.6 + 1.3mm and 1.6 + 1.4mm. To our knowledge, this
study is the first to compare LBD and SBD measurements between ultrasound and MRI. The
differences found could have several causes: underestimation of these diameters on US can
be caused by the difficulty in finding the correct measurement plane or the better soft tis-
sue contrast on MRI mentioned earlier. On the other hand, an underestimation of tumour
diameter can occur on MRI in flat melanomas and tumours with flat extensions [16]. Fur-
thermore, inflammation at the edges of the tumour can be interpreted as tumour tissue on
MRI, resulting in an overestimation of the tumour base.

12
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Based on the automatic MRI measurements in this study, 3 out of 42 subjects would be eli-
gible for a different treatment and 5 out of 42 for a different brachytherapy applicator size.
This is less than the 20 % found by Beenakker et al. [7], which can be explained by the differ-
ence in sample: in this study, patients had a wider range of prominences. While treatment
decision making would not solely be based on one modality in clinical practice, the mean
differences observed in this study could be reason to prefer one treatment above another.
This is especially the case for anteriorly located tumours and tumours with a prominence
between 6 and 8 mm and/or a LBD between 14 and 18 mm, since these are close to the clini-
cal cut-off values for treatment decision making at our centre.

In this study, we found that the tumour volume on MRI was on average 70 mm?® smaller
than the US tumour model volume, with a DSC of 0.81 + 0.10. Via et al. [10] reach slightly
smaller DSC values of 0.61 and 0.74 by two different observers, using a slightly different US
model. The volume differences found in this study are larger than the differences found by
Daftari et al. [17] (volume ratios between 0.993 and 1.02), but smaller than the volume re-
duction up to a factor 2, as reported by Marnitz et al [5]. In the study performed by Marnitz
et al., a difference in tumour volume was also found between delineation on T2- and T1-
weighted MRI-scans. In this study, delineation was performed on the T2-weighted scan, but
the contrast-enhanced T1-weighted scan was used in case of uncertainty. We tried to address
interobserver variabilities by using a semi-automated segmentation method and manually
adjusting the contours with three observers.

The volumes of non-overlap (Viys—mrr and Vyrr—us) were 39 £ 41% and 9 + 8% of the
Vmr1, respectively. This could be considered an overestimation (Vys_prr) and underes-
timation (Varr—us) of the true volume. Since, however, only a limited set of ruthenium
brachytherapy applicators are available and no dose calculations were performed in this
study, the exact clinical implications of the difference in tumour shape warrant further re-
search. Some studies performed comparable analyses: Studenski et al. [13] found a small
but significant difference in mean tumour dose and doses on several organs at risk when per-
forming ruthenium brachytherapy planning on a true model based instead of a simplified
ellipsoid model (but did not use the exact 3D tumour volume) and Tien et al. [14], compar-
ing an ellipsoid model to a patient-specific CT-model for planning of iodine brachytherapy,
observed a mean overprediction of 5.9 % for the target volume receiving the prescription
dose. While some radiation of healthy tissue may be unavoidable due to the round shape of
the plaques and homogenous distribution of the radiation source onto the ruthenium plaque
surface [18], this is currently minimised by choosing the smallest brachytherapy applicator
possible. With this study, we have shown that performing additional MRI scans in threshold
cases or anteriorly located tumours may contribute to choosing the most suitable brachyther-
apy applicator.

In PBT, the dose distribution can theoretically be tailored more to each individual tumour
shape, compared to brachytherapy. However, treatment planning is currently still mostly
performed with a scaled geometric model of the eye [16]. We showed that the DSC between
a MRI-based ellipsoid tumour model and the true tumour was 0.86 + 0.06, indicating that
the difference in geometrical tumour measurements between US and MRI cannot entirely
explain the volumes of non-overlap between the US model and the segmented tumour on
MRI. Therefore, MRI could contribute to a more precise description of tumour shape. While
the construction of patient-specific MRI-based 3D eye models has already been shown fea-
sible, integration with treatment planning systems has not been performed up to this point
[16, 19, 20]. This study shows that the true tumour shape on MRI differs from ellipsoid
US-based tumour models and illustrates the need for such an integration.

Limitations
A limitation of this study is the fact that 6 out of 42 (14 %) automatic prominence measure-

ments were not clinically acceptable. In the evaluation of our automatic measurements, we
noticed differences in interpretation between disciplines. Therefore, it would be necessary

13
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to first reach a consensus across departments on the exact definition of the prominence, be-
fore improving the automatic calculation of the prominence. For now, the current automatic
prominence calculation should not be applied to tumours with a prominence larger than
10 mm on US. Furthermore, no treatment planning comparison was performed on the MRI
tumours versus the ultrasound models in this research. Therefore, the dosimetric effects of
adding 3D tumour shape information to treatment planning are still unknown.

Conclusion

In this study, the use of MRI to measure prominence, LBD, SBD and tumour volume for uveal
melanoma patients was compared to the conventional ultrasound methods. The largest dif-
ferences were found for anteriorly located tumours. The largest clinical impact of the use of
MRI measurements may be present in tumours with a prominence between 6 and 8§ mm and
LBD between 14 and 18 mm, due to the clinical cut-off point for treatment decision making.
In conclusion, the use of MRI could add valuable shape information to PBT planning.
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Appendix 1

N
v

FIGURE 11: (a) example of a clinically acceptable automatic prominence mea-

surement on MRI, (b) example of a debatable automatic prominence mea-

surement on MRI, (c) example of a rejected automatic prominence measure-
ment on MRIL
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Appendix 2

Measurement method 1 | Measurement method 2 | Significance
Prominence | MRI automatic MRI manual 0.795
Us 0.930
MRI manual MRI automatic 0.795
UsS 0.963
US MRI auto 0.930
MRI manual 0.963
LBD MRI auto MRI manual 0.059
UsS 0.313
MRI manual MRI auto 0.059
UsS 0.724
Us MRI auto 0.313
MRI manual 0.724
SBD MRI auto MRI manual 0.960
uUsS 0.690
MRI manual MRI auto 0.960
UsS 0.524
US MRI auto 0.690
MRI manual 0.524

TABLE 2: Results of the MANOVA test for the differences in prominence,
LBD and SBD across the three measurement methods
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Appendix 3

Measurement | Position | n | Mean[mm] | SD[mm] | p

Prominence Anterior | 16 | 1.08 0.75 0.02*
Posterior | 21 | 0.58 0.54

LBD Anterior | 16 | 1.43 1.78 0.76
Posterior | 21 | 1.58 1.09

SBD Anterior | 16 | 1.79 1.73 0.95
Posterior | 21 | 1.75 1.15

TABLE 3: Subgroup analysis for tumour location.

*Significant at « < 0.05.
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