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Tumour control probability after Ruthenium-106 brachytherapy

for choroidal melanomas

ABSTRACT
Purpose

Ruthenium-106 (Ru-106) brachytherapy is a common eye-preserving treatment for choroidal
melanomas. However, a dose-response model describing the relationship between the actual
delivered tumour dose and tumour control has, to the best of our knowledge, not previously

been quantified for Ru-106 brachytherapy; we aimed to rectify this.
Material and Methods

We considered consecutive patients with primary choroidal melanomas, treated with Ru-106
brachytherapy (2005-2014). Dosimetric plans were retrospectively recreated using 3D image-
guided planning software. Pre-treatment fundus photographies were used to contour the tumour;
post-treatment photographies to determine the accurate plaque position. Patient and tumour
characteristics, treatment details, dose volume histograms, and clinical outcomes were extracted.
Median follow-up was 5.0 years. The relationship between tumour dose and risk of local
recurrence was examined using multivariate Cox regression modelling, with minimum physical

tumour dose (Dog) as primary dose metric.
Results

We included 227 patients with median tumour height and largest base dimension of 4 mm
(range 1-12, IQR 3-6) and 11 mm (range 4-23, IQR 9-13). The estimated 3-year local control
was 82% (95% CI 77-88). Median Dgog, was 105 Gy (range 6-783, IQR 65-138); this was the

most significant factor associated with recurrence (p<0.0001), although tumour height,
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combined TTT and Ru-106 brachytherapy, and sex were also significant. The hazard ratio (HR)
for a 10 Gy increase in Dggg was 0.87 (95% CI 0.82-0.93). Using biological effective dose in the
model resulted in no substantial difference in dose dependence estimates. Robustness checks

with Di.99%, showed Dgog to be the most significant dose metric for local recurrence.

Conclusion

The minimum tumour dose correlated strongly with risk of tumour recurrence, with 100 Gy

needed to ensure at least 84% local control at 3-years.
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INTRODUCTION

Brachytherapy is commonly used as eye-preserving treatment for choroidal melanoma; with no
reported difference in survival between brachytherapy compared to enucleation for medium-
sized tumours [1]. Different types of isotopes are in use, but Ruthenium-106 (Ru-106) is the
most regularly used in Europe [2]. Radiotherapy of the eye aim at attaining local tumour control
while sparing the healthy adjacent structures. Based on long clinical practice, a minimal apical
dose of 80-100 Gy has generally been accepted as an acceptable prescription dose to achieve
this goal [2—4], although compromise on tumour coverage is sometimes accepted to spare
organs at risk. A dose-response model describing the relationship between the actual delivered
tumour dose and tumour control has, however, not previously been quantified for Ru-106
brachytherapy. The development of tumour control probability (TCP)-models could aid the
understanding of this relationship and support optimization of future treatments. We
hypothesized that for uveal melanoma patients, the minimum dose delivered to the tumour,
assessed using full 3D dose calculation, could be related to risk of tumour recurrence, and

examined this in a large retrospective cohort.

MATERIALS AND METHODS

Patients

Consecutive patients treated at our institution with Ru-106 brachytherapy for primary choroidal
melanoma between January 2005 and December 2014 were included. Patients were generally
referred to brachytherapy if they had locally confined disease and the tumour dimensions were
within the limits treatable with Ru-106 ophthalmic plaques (5 mm in height). Tumours with

larger height than 5 mm (n=73) were treated if there was a strong patient-preference for eye-
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preserving treatment, following a thorough discussion of treatment options. Since enucleation
was the only alternative treatment available at our institution, especially monocular patients did

in some cases prefer Ru-106 brachytherapy.

All patients were followed up regularly; every third month for the first year, every sixth month
the second year, annually up to 5 years and then at 7, 10 and 12 years after primary treatment.
Patients who developed distant metastases continued the follow-up schedule for as long as

possible.

Slit lamp examinations, fundus photographies and ultrasound B-scans were performed on all
patients both before treatment and continuously during follow-up. Image material was thus
available for the vast majority of patients. Tumour control was defined as complete tumour
regression or regression to a stable condition without any signs of tumour growth. Recurrence
was defined as an increase in either tumour height or basal diameter (examined using ultrasound

B-scans) compared to the previous assessments on two consecutive measurements..

Patient characteristics, including age, sex, and incident eye, were extracted retrospectively along

with details on each specific treatment session, including tumour characteristics and dose data.

Treatment planning and delivery

Treatments were performed in an operating theatre with the patient in general anaesthesia. The

plaque was sutured to the sclera adjacent to the tumour and removed when a prescribed dose of
100 Gy to the tumour apex had been delivered. A 2 mm margin was generally preferred but an

eccentrically located plaque was used in some cases, especially for tumours in close proximity

to the macula and/or the optic disc. Extraocular muscles were detached when relevant. The

treatment time was calculated using an in-house developed spreadsheet using only the activity
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of the plaque at insertion time and the dose depth (tumour height at the apex and scleral
thickness). The dose depth was measured using ultrasound B-scans during plaque insertion
utilizing the mirror image artefact [5]. Ultrasound was additionally used intraoperative (directly
after plaque placement) and postoperative to ensure correct plaque positioning and to detect if
bleeding behind the plaque was present. Four different Ru-106 plaque types were available
(CCA, CCB, CCC, and COB, all from Eckert & Ziegler BEBIG, GmbH, Berlin Germany) and
used according to tumour size and/or location within the globe. The plaques were renewed
every 9 to 12 months with both a newly produced set and an older set kept in the department, to
be used according to specific tumour characteristics i.e. tumour height. The initial activities
were measured by the manufacturer and varied from plaque to plaque. Before 2008, Ru-106
brachytherapy was supplemented by transpupillary thermotherapy (TTT) if indicated by
minimal or absent tumour shrinkage, however with no signs of recurrence. During the 10-year

period, three experienced ophthalmologists performed the surgeries.

Treatment dose distributions were retrospectively recreated (Figure 1A - Figure 1D) using the
3D image-guided planning software Plaque Simulator (version 6.5.9, EyePhysics, LLC, Los
Alamitos, CA, USA). This system calculates the dose on a standard eye (anterior-posterior
diameter of 26.2 mm and equatorial diameter of 24.0 mm) using calculation analogous to the
American Association of Physicists in Medicine Task Group No. 43 brachytherapy formalism
(AAPM TG43) [6,7]. The images were registered on the standard eye using landmarks (macula
and optic disc). Pre-treatment fundus photographies enabled contouring of the tumour base
whereas the tumour height and scleral thickness were extracted from the ultrasound measures
enabling a 3D recreation of the tumour volume. If the pre-treatment fundus photography was
unavailable, the tumour position was determined from the patient notes. In most cases, a
radiation scar could be identified on the retina and visualized on the post-treatment fundus

photographies which facilitated direct determination of accurate plaque position. If a clear
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radiation scar had not developed (or if post-treatment fundus photograhies were not available),
the description of plaque position from the surgical note was used. The exact treatment time was

extracted from the patient records allowing 3D dose distributions to be recreated.

Dose volume histograms for the tumour, the macula, and the optic disc were extracted from
each plan. In addition to the physical doses (D), biologically effective doses (BED) were
estimated to account for dose-rate effects, using a well-established model for continuous low
dose rate brachytherapy (CLDR) from Fowler et al. [8] (Equation 1)

D<2(ut—1+e_’“))
2
BED(pg = D (1 + +2> (1)

Dose D, treatment time ¢, source half time of T1,=1.5 h (corresponding to u = 0.45 h_l), and

the tissue specific factor o/Bumour=11.5 Gy [9].

Data analysis and modelling

The overall local recurrence rate was assessed using Kaplan-Meier estimates. Additional
Kaplan-Meier estimates stratifying for specific clinical factors (Dggs, optic disc-tumour
distance, tumour height, and stage (as defined by the American Joint Committee on Cancer

(AJCC)[10]) were produced for descriptive purposes.

The relationship between minimum physical dose to the tumour (dose to 99% of the tumour
volume, Dygs) and risk of recurrence was examined with multivariate Cox regression modelling,
taking clinical factors into account. Before the analysis, a visual correlation check was
performed to avoid problems with collinearity. When two variables correlated, we kept the
variable judged most clinically relevant. See Figure 4 in the Supplementary material for more

details on the correlation analysis. The exception was tumour height and tumour AJCC staging
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which correlated closely, but which are of independent clinical interest. Consequently, two
analyses were performed; one in which tumour dose, combined Ru-106 brachytherapy and TTT
treatment (see below), optic disc-tumour distance, tumour height, patient age at treatment,
incident eye, and sex were included; and one in which tumour height was replaced by staging
but all other factors retained. The full models were reduced by backward selection until only

significant (p<0.05) covariates remained.

A small subset of patients received Ru-106 brachytherapy in combination with TTT as primary
treatment. These were handled similar to the remaining cohort, but accounting for use of TTT as
an explanatory factor in the statistical analysis. If TTT was used after the primary treatment (i.e.

during follow-up), patients were censored at that time.

The time variable used in the analysis was defined as the time from start of the Ru-106
treatment until recurrence, TTT in follow-up, death, or study cut-off date (June 2018). The

inverse Kaplan-Meier estimate was used to determine the median potential follow-up time [11].

Model robustness was assessed by considering alternative dose metrics (D1%-99%), BED (BED¢.
99%), and by taking the competing risks of death and TTT (after primary treatment) into account
in cumulative incidence modelling. The Aalen-Johansen estimator was used for cumulative
incidence, while Fine & Gray’s model was used for regression analysis. Model calibration was

assessed by the correlation between observed and predicted 3-year tumour control.

To explore whether risk factors for recurrence (including the dose-dependence, considering the
full dose range) were different for different types of tumour regrowth, we fitted competing risk
regression models for both marginal and central tumour recurrence, with death and TTT in

follow-up as additional competing risks. Fine & Gray’s model was used for regression analysis.
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Dose-response of tumour control was visualized by plotting tumour control probability at fixed
time points (3 and 7 years), as predicted from Cox regression models, as a function of dose,
with all other model variables kept constant. Additionally, the impact of tumour height on TCP
was demonstrated by varying the tumour heights using the mean from each AJCC staging group

(I-TIT) [10].

Calibration plots were made for the reduced Cox models (with Dgog and BEDoggq, respectively)
to visualize correspondence between predicted and observed 3-year local tumour control rates.
Intervals with 40 patients in each were used, and resampling (500 times) was used for

confidence intervals (Figure 10 in the Supplementary mateiral).

We checked the Cox model assumption of proportionality over time by examining model

residuals for all covariates and testing for time dependence.

All analyses were conducted with R (version 3.6.1) in R Studio (version 1.0.153).

RESULTS

Two hundred twenty-seven choroidal melanoma patients were treated in a 10-year time period.
Of those, 226 were eligible for analysis. Six of these had limited follow-up (see the
supplementary material for details). All other patients were followed until local recurrence,
death, or study cut-off. Patient, tumour, treatment and recurrence characteristics are listed in

Table 1.

Table 1: Patient-, tumour-, and treatment characteristics

Patient characteristics Value (median (range, IQR))

Age (years) 62 (23-94, 53-69)

10



Male/female (n)

Left/right eye (n)

Tumour characteristics

Largest base dimension (mm)

Height (mm)*
T category 1/2/3/4 (n)

AJCC stage I/II/IIT (n)

Macula-tumour distance (mm)

Optic disc-tumour distance (mm)

Treatment characteristics

Treatment time (hours)

Plaque type CCA/CCB/CCC/COB

Combined TTT and Ru-106

brachytherapy (n)

TTT during follow-up (n)
Doog (Gy)

Dos (Gy)

BED99% (Gy)

Recurrence characteristics (n=50)
Recurrence site (apex/base/new location)

Plaque type CCA/CCB/CCC/COB

118/108

117/109

11.4 (4.4-23.0,9.0-13.4)
3.9 (1.3-12.0, 2.8-5.8)
78/100/39/9

73/137/16

2.5 (0.0-15.7, 0.3-5.0)

2.4 (0.0-14.7, 0.4-4.9)

120 (26.2-912.2, 74-191)
53/101/12/60

29

19
105 (5.7-783.3, 65-138)
112 (6.8-837.8, 70-145)

551 (7.9-6514.8, 213-977)

31/17/2

3/21/3/23

! Tumours with height > 5 mm: n =73

11
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T category 1/2/3/4 (n)
AJCC stage I/II/IIT (n)
Optic disc-tumour distance (mm)

Dggs (Gy)

12/23/11/4
12/34/4
1.6 (0.0-13.8, 0.0-3.3)

69 (5.7-168.9, 44-97)

IQR=interquartile range, T=tumour, AJCC=American Joint Committee on Cancer, TTT=

transpupillary thermotherapy, Ru-106=Ruthenium-106, Dggg,=dose to 99% of the tumour

volume (minimum physical tumour dose), Doss=dose to 98% of the tumour volume (near-

minimum physical tumour dose), BEDoog.= biologically effective dose to 99% of the tumour

volume (minimum BED tumour dose).

The median follow-up was 5.0 years. Fifty (22%) experienced local recurrence, and 79 died (49

due to uveal melanoma metastases, 14 due to other cancers, and 16 due to other causes). The

estimated 3-year local control was 82% (95% CI: 77-88) (Figure 2A).

The results from the additional univariate Kaplan-Meier analyses with patients divided by

clinical variables are illustrated in Figure 5 in the supplementary material.

12
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Figure 1: 3D image-guided planning using Plaque Simulator. A) Recreated tumour position and
relative distances to the macula and the optic disc on pre-treatment fundus photography. B)
Retrospectively recreated plaque position based on radiation scar on post-treatment fundus

photography. C) 3D dose distributions were recreated based on the exact treatment time
extracted for each patient. The 200 Gy, 100 Gy, and 20 Gy isodose lines are shown. D) 3D
illustration of the recreated treatment plan showing plaque position, the tumour, macula, and

optic disc. An anterior view was chosen for illustration purposes.
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the HR for Doy is reported for a 10 Gy increase in Dogg,

Table 2: Cox proportional hazards

Table 2 lists the hazard ratios (HR) and 95% confidence intervals (CI) for Do and all other

covariates from the full multivariate Cox model and the corresponding reduced model. Note that

Variables in full model

HR (95% CI)

p-value

Age

Sex (male relative to female)
Eye (left relative to right)
Tumour height

Optic disc-tumour distance
Doy,

Combined TTT and Ru-106

brachytherapy

Variables in reduced model
Doog

Tumour height

Combined TTT and Ru-106
brachytherapy

Sex (male relative to female)

1.03 (1.00-1.05)
2.02 (1.11-3.70)
1.00 (0.58-1.73)
1.21 (1.07-1.38)
0.96 (0.86-1.08)
0.89 (0.83-0.95)

1.80 (0.91-3.56)

0.87 (0.82-0.93)
1.22 (1.09-1.37)

2.14 (1.11-4.13)

1.85 (1.02-3.33)

0.04
0.02
0.99
0.002
0.51
0.0007

0.09

<10*
0.0007

0.02

0.04

HR=hazard ratio, CI=confidence interval, Dgo=minimum physical tumour dose,
TTT=transpupillary thermotherapy, Ru-106=Ruthenium-106. Tumour heights and optic disc-

tumour distances are continuous variables measured in mm. HRs for a 10 Gy increase in Dogy

14
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The reduced model had Dggg as the main significant parameter, with HR for a 10 Gy increase in
Doog of 0.87 (95% CI 0.82-0.93). Besides Doge, tumour height, combined TTT and Ru-106

brachytherapy and sex were significantly related to local tumour control.

The model was robust for use of BED rather than physical dose (Table 4 in the supplementary
material), however, the effect of tumour height proved to be less robust and thus not significant
in the model. The dose-responses using Dogg, and BEDyg¢, are illustrated in Figure 2B and Figure
2C, using tumour control at 3 years for visualization. The model adjusts for tumour height,
combined TTT and Ru-106 treatment, and sex. As seen in Figure 2B, for an average patient
with a median tumour height (3.9 mm), the estimated tumour control at 3 years increased from

81% with a minimum tumour dose of 85 Gy to 89% for 130 Gy.

A separate model was optimized with AJCC stage as an alternative to tumour height but with all
other factors retained (Table 3 in the supplementary material). The model was robust, and all

variables remained significant.

15
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210 Figure 2: A) A Kaplan-Meier curve for local control for the entire patient population. Dotted
211 lines: 95% confidence intervals; crosses: censored patients. B) Tumour control probability
212 (TCP) at 3 years with 95% confidence interval using Dogg. The TCP curve adjusted for tumour
213 height of 3.9 mm (median height of cohort), no combined TTT and Ru-106 treatment (most
214 common in the cohort), and male sex (most frequent in the cohort). C) TCP curve at 3 years
215 using BEDyggg. The TCP curve used no combined TTT and Ru-106 treatment (most common in
216 the cohort) and male sex (most frequent in the cohort). Both TCP curves B) and C) were based
217 on Cox proportional hazard regression, and the data points represent Kaplan-Meier estimates at

218 3 years after stratifying into four dose groups (for illustration purpose only).

219

220  Figure 3A and Figure 3B illustrate dose-response models at 3 and 7 years for Doy, divided into
221  three tumour heights (based on mean values of each tumour staging group; 1.5 mm, 4.5 mm,
222 and 9.0 mm). Increase in tumour height correlated with worse local control. See Figure 6 in the

223 supplementary material for the corresponding TCP models divided into staging groups.
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Figure 3: Tumour control probability (TCP) curves taking dose and tumour height into account
(tumour heights based on mean values of each tumour staging group). A) TCP for Dgg, at 3
years. B) TCP for D¢, at 7 years. TCP curves were based on Cox proportional hazard
regression, using no combined TTT and Ru-106 treatment (most common in the cohort) and

male sex (the most frequent sex in the cohort).

None of the alternative dose metrics (Di4-9s%) were found to correlate better to local tumour
control than to Dogs, based on dose metric p-values. Similar results were found for BED. The p-
values for the full range of dose metrics in the reduced Cox model are plotted in Figure 7 in the

supplementary material for physical doses and BED.

Calibration plots demonstrated good agreement between predicted and observed local control

rates for both reduced models (Figure 10 in the Supplementary material).

Competing risk analysis showed cumulative incidences at 3 years for recurrence, death, and
TTT of 15% (95% CI: 11-20), 14% (95% CI: 9-18), and 6% (95% CI: 3-9), see Figure 8 in the
supplementary material. Accounting for death and TTT, Dgog remained the most significant
factor for recurrence with HR for a 10 Gy increase of 0.87 (0.82-0.92, p<10™*). Additionally,
combined TTT and Ru-106 brachytherapy and sex remained significant explanatory variables,
while tumour height showed borderline significance. See Table 5 in the supplementary material
for results from the cumulative incidence model. Modelling marginal and central tumour
recurrence separately (and considering the other type of recurrence a competing risk), we found
a clear dependence of dose and tumour height for central recurrences, but not for marginal

recurrences. See Figure 9 and Tables 6-7 in the Supplementary material for details.

None of the underlying Cox proportionality assumptions were violated.

18
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DISCUSSION

We report results from a complete dataset of consecutive patients treated with Ru-106
brachytherapy in the period 2005-2014. The follow-up is consistent and only a single patient

was lost to follow-up before any routine control visits.

Dose-response relationships for uveal melanomas treated with Ru-106 brachytherapy have, to
the best of our knowledge, not previously been reported in the literature, making the results of
this work highly relevant for current clinical practice and for treatment guidelines. The
estimated minimum dose to the tumour proved to correlate strongly with risk of tumour
recurrence, with a physical dose of 100 Gy needed to ensure at least 84% local control at 3-
years.Controversy exists in the literature — and in clinical practise — around the optimal apex
prescription dose, with reported values ranging from 85 to 130Gy [12—16]. Based on our model,
the corresponding estimated 3-year tumour control rates for these apical doses would be 81%
and 89%, respectively. In addition to an apical prescription dose of 130 Gy, Stockel et al. [16]
use a restriction of at least 700 Gy to the base of the tumour to introduce an increased treatment
margin, accounting for possible uncertainties in plaque placements and thus dose distributions
to the tumour. This larger prescription dose might thus be considered for future treatments, but

it should be carefully compared to the risk of any visual acuity decreasing side-effects.

Treatment plans were recreated using 3D image-guided software enabling accurate plaque
position to be determined from follow-up fundus photographies. The analysis was consequently
based on the actual delivered 3D dose distributions and not point doses. As such, the Do
directly reflects any geographic miss (the minimum dose to the tumour will be low); while for

tumours with full dose coverage, it might correlate closely to the prescription dose.
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In our primary analysis, we did not distinguish between marginal and central recurrences. For
the purpose of treatment plan optimisation and individualisation, we are primarily interested in
the total recurrence risk estimate as a function of minimum dose. In order to further understand
recurrence patterns (and possible guide optimal choice of therapy), it may additionally be of
interest to examine whether the two types of recurrence are one or different phenotypes. Our
secondary analyses, separating the two types of recurrence and finding only dose dependence

for central recurrences, provide a tentative indication that this might be the case.

Local control rates vary considerably throughout literature and range from a 5-year probability
of 59% [17] to 97.9% [12]. Damato et al., who observed nine local recurrences (out of 458
patients), report on a highly selected cohort (median tumour height 3.2 mm, range 0.7-7.0 mm),
for whom Ru-106 brachytherapy was the most convenient treatment modality. In contrast to our
results, they found that dose was not a significant risk factor for recurrence and report largest
base dimension as the only significant risk factor, although with no multivariate analysis.
Marconi et al. [14] reported local tumour control of 93.6%, with increased risk of local
recurrence with lower apical dose, which agrees with our findings. Isager et al. [18] reported 5-
year local tumour control of 73%, and found anterior location, largest base dimension and
tumour height as significant risk factors for local tumour recurrence, which is partly in line with

our findings.

The dose-response relationship observed in the current study was somewhat shallow, and we
did observe recurrent events, even for 15 cases in which the tumour was calculated to have
received >100 Gy. A sub analysis showed that the majority of these were either large tumours or
near the optic disc, but the remaining 5 cases could not be explained by such characteristics.
This number is comparable to the selected cohort by Damato et al. [12]. It has previously been

suggested that specific gene defects might result in radiation resistance. This phenomenon is
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currently being studied further [19]. Our results could indicate some extent of radiation

resistance, but we did not have sufficient genetic information to investigate this.

Sex remained a significant explanatory variable for local recurrence in the robustness analyses
and when accounting for competing risks. Other studies have found male sex to have earlier and
more frequent metastases in the first decade after the diagnosis of uveal melanomas [20], but we
did not have a robust clinical explanation for this finding in regard to local recurrence of uveal

melanoma.

We included patients with tumour heights up to 12 mm, larger than the traditionally
recommended 5 mm [21]. Kaiserman et al. [22] concluded that brachytherapy provided
acceptable results for some tumours with heights of more than 8 mm, and they reported a 5-year
local tumour control rate of 76 %. In our work, however, tumour height proved to have a
significant negative influence on the local control probability, even when accounting for
minimum tumour dose. This finding was supported by Brualla et al. [23] who suggested to
avoid Ru-106 brachytherapy of tumours more than 5 mm of height due to very large doses to

the sclera and the healthy structures at risk.

Our results indicate that different treatment modalities should potentially be considered for large
tumours. It is, however, not obvious which treatment modality that should be used: Both lodine-
125 and proton therapy have shown acceptable results for larger tumours in regard to local
control rates [24—26]. The optimal choice between the two (taking into account logistical

challenges as well) for each individual patient may have to be the subject of further studies.

Yarovoy et al. [27] found improved local tumour control for patients treated with brachytherapy
combined with TTT compared to brachytherapy alone. When we adjusted for stage in the
reduced multivariate Cox analysis (Table 3 in the Supplementary material), we found combined

treatments to have a significant negative impact on local tumour control. During the time period
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of this study, TTT was delivered as supplementary treatment in cases with expected inferior
response to Ru-106 treatments; e.g. large tumours and tumours in close proximity to the optic
disc. It was furthermore used in cases with poor tumour regression or re-growth; for the latter
indicating biologically more aggressive and/or radiation resistant tumours [19,28]. Since effect
of TTT on tumour control is unclear, and likely small, this use is unlikely to have biased our

radiation dose-response estimate.

Model robustness was assessed using BED which did not change the overall results in the
current study (Figure 2), and we observed a similar correlation between BEDggg, and recurrence
to that found when using physical dose. Combined with an acceptable correlation between
predicted and observed 3-year local control, we believe that the established model is reliable. It
is, however, important to emphasize the limitations in the data underlying our models.
Importantly, we developed the models using dose estimates from recreated 3D dose
distributions. These were based on (image-guided) assumptions regarding plaque positioning
and activity as provided by the plaque manufacturer’s empirical measurements. It should,
additionally, be kept in mind that the treatment plans were made using a standard eye size.
Since all eyes are not of equal sizes, this is a limitation to the recreated treatment plans. BED
estimates are limited by the parameters involved (T, and o/B). Values used are the best

currently available in the literature, but they are largely based on in vivo data.

There is no established standard for dose reporting for ocular brachytherapy [29]. Reports from
the GEC-ESTRO committee and The American Association of Physicists in Medicine (AAPM)
have provided recommendations on dose reporting in various other tumour sites traditionally
treated with brachytherapy, including gynaecological and prostate cancer [30-32]. Generally,
reporting of minimum or near-minimum dose to the tumour volume (e.g. Dioo%, Doo%, Do and
Doo%) is recommended. This is in line with the guidelines for external beam radiotherapy,

described in Report 83 from the International Commission on Radiation Units and
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Measurements (ICRU) [33]. Heileman et al. [34] use Dogy in their study of treatment
optimization of Ru-106 brachytherapy. We considered various alternative dose metrics as part
of our secondary robustness analyses and tested the significance of the full range (Di%-Dogs).
We found Dyg¢, to correlate strongly with outcome, with no additional advantage of using other

dose metrics.

While tumour control is important, healthy tissue toxicity should also be considered and
assessed when deciding the optimal treatment for each individual patient. Prognostic factors
such as distance and dose to structures at risk, diabetes, and tumour volume have been evaluated
for radiation-induced side effects after Ru-106 treatments for choroidal melanomas [35,36]. A
normal tissue complication probability analysis for the present cohort has recently been

published by our group [37].

Our TCP analysis allows the ophthalmologist to quantify the likely change in TCP arising from
a suboptimal plaque position (e.g. due to adjacent anatomical structures making optimal plaque
positioning difficult) or altered treatment time (e.g. arising from the surgical theatre being
unavailable). It would be highly relevant and necessary to validate the model in an external
dataset. Until then, these results represent the only available dose-response relationship for the
probability of local tumour control for choroidal melanoma patients treated with Ru-106

brachytherapy.

CONCLUSIONS

We have established tumour dose-response relationships for uveal melanoma patients treated
with Ru-106 brachytherapy. Minimum dose delivered to the entire tumour volume correlated
strongly with the risk of tumour recurrence, with 100 Gy needed to ensure at least 84% local

control at 3 years.
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