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Abstract

Purpose: The objective of this study was to examine feasibility of single- or hypo-fraction of high-dose-rate (HDR)
electronic brachytherapy (eBT) in uveal melanoma treatment.

Material and methods: Biologically effective doses (BED) of organs at risk (OARs) were compared to those of
iodine-125-based eye plaque low-dose-rate brachytherapy (!I LDR-BT) with vitreous replacement (VR). Single- or
hypo-fractionated equivalent physical doses (SFEDs or HFEDs) for tumor were calculated from tumor BED of 2]
LDR-BT using linear-quadratic (LQ) and universal survival curve (USC) models. BED OARs doses to retina opposite
the implant, macula, optic disc, and lens were calculated and compared among SFED, HFED, and 21 LDR-BT. Elec-
tronic BT of 50 kVp was considered assuming dose fall-off as clinically equivalent to 121 LDR-BT. All OARs BEDs were
analyzed with and without silicone oil VR.

Results: For a single-fraction incorporating VR, the median/interquartile range of LQ (USC)-based BED doses
of the retina opposite the implant, macula, optic disc, and lens were 16%/1.2% (33%/4%), 35%/19.5% (64%/17.7%),
37%/19% (75% /17.8%), and 27% /7.9% (68%/23.2%) of those for 2] LDR-BT, respectively. SFED tumor values were
29.8/0.2 Gy and 51.7/0.5 Gy when using LQ and USC models, respectively, which could be delivered within 1 hour.
SFED can be delivered within 1 hour using a high-dose-rate eBT. Even four-fraction delivery of HFED without VR
resulted in higher OARs doses in the macula, optic disc, and lens (135 ~ 159%) than when using I LDR-BT technique.
A maximum p-value of 0.005 was observed for these distributions.

Conclusions: The simulation of single-fraction eBT, including vitreous replacement, resulted in significantly re-

duced OARs doses (16 ~ 75%) of that achieved with 2l LDR-BT.
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Purpose

Ocular melanoma, while rare, is the most common
primary intraocular malignancy in adults and the sec-
ond most common type of melanoma [1-3]. In the United
States, ocular melanoma incidence is approximately six
per million. It develops from melanocytes found in the
choroid, iris, uvea, or ciliary body. Uveal melanomas ac-
count for over 80% of these malignancies [2, 3]. Treatment
of uveal melanomas includes enucleation or radiation
therapy. Radiation therapy may be delivered either via
brachytherapy (BT) [4-17], external beam radiation ther-
apy (EBRT), using proton beams or stereotactic radiosur-
gery with Gamma knife (Elekta Instruments, Stockholm,
Sweden). Outcomes [18] are reported in terms of surviv-
al, metastases, recurrence, and visual acuity, but there are

few EBRT results that include doses to OARs within the
optical apparatus [19-21].

Iodine-125-based eye plaque low-dose-rate BT (
LDR-BT) has proven to provide superior vision reten-
tion and equivalent tumor control over conventional
enucleation for ocular melanomas [10, 22-24]. However,
its delivery typically takes 5 days, with a dose-rate of
0.35-0.83 Gy/h. In this study, we explored the expect-
ed radiobiologically equivalent doses of organs at risk
(OARs) when an equivalent tumor dose and dose dis-
tributions were simulated to be delivered in less than
5 fractions, currently possible due to the advent of high-
dose-rate (HDR) electronic brachytherapy (eBT), which
has an equivalent dose fall-off due to the similar energy
range (avg., 20-35 keV) as 'l LDR-BT (28 keV). Because of
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the nature of HDR-eBT delivery, radiobiologically equiv-
alent OARs doses are expected to be higher than those of
125] LDR-BT when HDR-eBT is delivered in a single-frac-
tion. However, no literature has reported estimated OARs
doses in HDR-eBT delivered in a single- or hypo-fraction-
ated fashion. Vitreous replacement (VR)/vitreous substi-
tution, is a common treatment for retinal detachment [25].
Natural vitreous body is a gelatin-like fluid composed
mainly (~98%) of water [25]. In VR, it is often replaced
with synthetic biocompatible oil, such as silicone, which
has a gelatin-like viscosity of 1,000 cSt. Clinical series
utilizing VR as an adjuvant to episcleral plaque therapy
have been reported by McCannel and others [26-28]. Ra-
diobiologically equivalent HDR-eBT OARs doses over
125 LDR-BT have also not been reported when a silicone
oil VR is performed just prior to irradiation. To our best
knowledge, this is the first study assessing radiobiologi-
cally equivalent OARs sparing simulating HDR-eBT de-
livery through radiobiological modeling studies. No eBT
applicators or collimators allowing equivalent %I LDR-
BT dose distributions have been studied. The conformal-
ity of I LDR-BT is highly dependent on the choice of
plaque size, specific loading or strength of individual %1
source. To estimate comparative radiobiologically equiv-
alent OARs doses from HDR-eBT, we did not change the
plaque size, specific loading, or source strengths. Using
clinical data of 284 patients, we noted distances between
the 11 LDR-BT eye plaque and each of the OARs (retina,
macula, optic disk, and lens). These structures are pre-
sented in the left panel of Figure 1A. The right panel of
Figure 1B shows a representative cross section of an eye
with a plaque in place and locations according to the col-
laborative ocular melanoma study (COMS) dose points
used for dose calculations [29, 30]. These distances were
applied to estimate radiobiologically-equivalent OARs
doses for HDR-eBT based upon the findings of equivalent
dose fall-off between %I and eBT. To normalize radio-
biological effect of differences in fractionation schemes
(i-e., continuous delivery of 1] LDR-BT versus single- or
hypo-fractionated HDR-eBT delivery), radiobiologically
equivalent OAR doses were computed using a widely-
accepted linear-quadratic (LQ) and universal surviv-

A

Sclera
Choroid

al curve (USC) [31] models. This was a radiobiological
modeling study to estimate the feasibility of HDR-eBT
application as a form of intra-operative brachytherapy.
To assess the feasibility of single-fraction HDR-eBT use in
ocular melanoma treatment, corresponding OARs doses
in biologically effective doses (BED) and equivalent dose
in 2 Gy fraction (EQD,) with and without VR were evalu-
ated as the first step.

Material and methods
Iodine-125 eye plaque brachytherapy patients

A total of 284 patients treated for ocular melanoma
with 12 LDR-BT episcleral eye plaques between Febru-
ary 22, 2006 and March 2, 2016 were retrospectively ex-
amined after an internal review board approval. All 123
LDR-BT procedures were performed without VR, and
current standard of care was used as a ground truth for
this radiobiological modeling comparison study. Posteri-
or tumors located sufficiently close to the optic nerve were
treated with a ‘notched” plaque, where the notch was an
opening in the plaque surrounding the optic nerve. The
prescription dose for all patients was 85 £1.0 Gy, deliv-
ered over approximately 120 hours in accordance with
the COMS protocol [22]. Plaque loading with %] sources
was determined for each case with the tumor height and
general shape details, as reported by an ophthalmologist.
A radiation dose was prescribed to a point near the tu-
mor apex. Tumor height or distance to the prescription
point was measured from the inner scleral surface to the
apex of tumor, with a 1 mm expansion in height. For the
purpose of this study, doses were assumed to be similar
to the surface and sclera 1 mm depth, based on appar-
ent similarities of their depth dose percentages between
50 kVp source and encapsulated I source. The plaque
diameter was chosen to provide a 2 mm gross tumor vol-
ume/ planning target volume (GTV/PTV), like expansion
at the base of the tumor. Chord distances to the tumor
and critical structures in the eye were provided by the
ophthalmologist based on physical and ultrasound ex-
aminations of the patient, and were reported relative to
the optic disk and fovea. The prescription tumor height
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Fig. 1. General eye anatomy (A) and a schematic representation of a typical collaborative ocular melanoma study (COMS)

12]-based eye plaque brachytherapy (B)
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ranged from 2.2 mm to 11.3 mm, with a median height of
4.3 mm, of which, 205 were within #1.7 mm of this val-
ue. Distribution of prescription heights is shown in Ta-
ble 1. Using the tumor edge to disk chord lengths and
the tumor edge to fovea chord lengths with standard eye
dimensions, relative distances between the target and
interest points were determined. Seed locations for each
plaque were known relative to the center of plaque. In
relation to the anatomy of the eye, the plaque center was
determined from tumor’s spatial relationship to the fo-
vea and optic disk. Model 6711 %] seeds (Amersham, GE
Oncura, USA) were used up to June 2014. Subsequently,
IsoAid model Advantage (IAI-125A, IsoAid, Port Richey,
FL, USA) sources were used. Coordinates of the seeds rel-
ative to anatomical points of interest were entered into
a treatment planning system (Pinnacle® Treatment Plan-
ning, Philips Healthcare, Andover, MA, USA) to deter-
mine dose distribution. Dose calculations in this study
were performed using a point source model according
to the American Association of Medical Physics (AAPM)
Task Group (TG) 43 formalism [32].

BED dose calculations

Prescription point doses of 12l LDR-BT were first con-
verted into BED, based on a previous study [33]:

2R, A } §
(#-N)(oB)(1-e)

X [% (1-e™) - (le/\) (1-e—<z»+M)] Eq.1,

where R, is the initial dose rate, and A is the radionu-
clide-specific decay constant. The value of A is 0.0117
(1/day)and thevalue of Trepresentsimplant timeinhours.
A mono-exponential recovery constant value of y = 0.46 h!
was used for all OARs [33] and was calculated for T}, =
1.5h [34]. o/ B values of the opposite retina = 2.58, macula
= 2.58, optic disc = 1.75, and lens = 1.2 were applied [33].
The equivalent dose in 2 Gy fraction (EQD,) of I LDR-
BT was calculated (see Eq. 2).

R, (1-e
BED 5157 = { o(}\ ) )x{l*'

BED s
EQD2,y5; prpy = ——22LLDREL

2

(“ Tp) Eq.2.

The /B of 11.5 was used for tumor BED and EQD,
calculations [33]. Then, single-fraction equivalent dose
(SFED) or hypo-fraction equivalent dose (HFED) of HDR-
eBT were estimated to deliver the same BED doses of 12
LDR-BT (e.g., BED;ys5; 1prsr = BEDpypreesr). HDR-eBT
BED values were recorded based on two different radio-
biological models, including a conventional LQ model
[35-37] shown in Eq. 3 and a USC model [31] present-
ed in Eq. 3 or Eq. 4, depending on dose per fraction (d).
USC model follows LQ model survival curve in Eq. 3 for
low-dose range and multi-target model asymptote for
high-dose range in Eq. 4. For continuity, there must be
a single-transition dose (D7), at which point LQ model in
Eq. 3 smoothly transitions to terminal asymptote of the
multi-target model of Eq. 4. Therefore, when dose per
fraction (d) was lower than a single-transition dose (D7),
the LQ and USC models were the same as in Eq. 3, while

Table 1. Patient and tumor characteristics of this
study
Characteristic n %

Patient age at implant

<50 47 16.5
50-69 149 52.5
>70 88 31.0

Tumor characteristics

Apical prescription height (mm)

2.0-5.0 175 61.6
5.1-7.5 83 29.2
7.6-9.6 19 6.7
>9.6 7 2.5
Median height (mm) 43
Largest basal dimension (mm)

5.0-8.0 40 14.1
8.1-11.0 86 30.3
11.1-14.0 101 35.6
14.1-16.0 57 20.1
Median basal dimension (mm) 12.0

Closest tumor border to center of foveal avascular zone (FAZ)
(mm)

0.0 16 5.6
0.1-2.0 64 22.5
2.1-5.0 68 23.9
5.1-7.5 83 29.2
>7.5 26 9.2
Median distance (mm) 43
Closest tumor border to edge of optic disk (mm)

0.0-2.0 74 26.1
2.1-4.0 54 19.0
4.1-6.0 55 19.4
6.1-8.0 38 13.4
> 8.0 63 22.2
Median distance (mm) 4.90

Plaque characteristics

Standard plaque diameters (mm)

10.0 2 0.7
12.0 7 2.5
14.0 24 8.5
16.0 69 243
18.0 57 20.1
20.0 47 16.5
22.0 0 0.0
Notched/non-standard plaque diameters (mm)
10.0 0 0.0
12.0 2 0.7
14.0 5 1.8
16.0 27 9.5
18.0 19 6.7
20.0 20 7.0
22.0 5 1.8
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the USC model followed Eq. 4 when the dose per fraction
(d) was larger than a single-transition dose (Dy). The sin-
gle-transition dose (Dy) was estimated as 6.2 Gy [31] for
non-small-cell lung cancer (NSCLC). Also, the LQ model
was well validated, experimentally and theoretically, up
to about 10 Gy per fraction, and would be satisfactory for
usage up to about 18 Gy per fraction [38]. The value for
Dy has not been reported for uveal melanoma; therefore,
the impact of Dy values on the findings of this present
study (i.e., OARs sparing of HDR-eBT) was examined by
using D1 = 6.2, 10, and 18 Gy. However, these values did
not affect the outcomes of this study significantly. The
result of using D value of 10 Gy was presented in this
report, while the results of D values of 6.2 Gy and 18 Gy
were enclosed in the Appendix.

d

BEDypr..sr = Nd (1+G 7[3) Eq.3.
where N and d represent the number of hypo-fractions and
dose per fraction. G refers to a repair function that has a val-
ue of 1 for HDR single- or hypo-fractionated radiotherapies,
such as EBRT or HDR-BT. When N is 1 (single-fraction),
d is named SFED. Hypo-fractionated cases of N = 2, 3, and
4 were evaluated, in which d was denoted as HFED.

N(d-D,)

BEDypr-esr = aD,

Eq. 4,

Where d is still dose per fraction, Dyand D, are the pa-
rameters that determine the final ‘slopes” and x-intercept
of the survival curve.

OAR dose estimation of single- or
hypo-fractionated electronic brachytherapy

HDR-eBT 50 kVp devices, such as Xoft Axxent (iCAD,
Inc., Nashua, NH, USA) or IntraBeam (Carl Zeiss Med-
itec Inc., Oberkochen, Germany), present similar energy
(avg., 20-35 keV) to that of 12, and allow clinically simi-
lar high gradient isodose lines (i.e., radial functions) from
a single-source, but with significantly higher dose rates
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of up to 60-114 Gy/h at 20 mm [39]. In general, the ratio
of physical doses to OARs relative to a physical tumor
or prescription dose is determined largely by the implant
geometry. For the purpose of this study, the equivalent
dose distributions between HDR-eBT and '?°I LDR-BT
were simulated to be equivalent in order to assess the
impact of higher eBT dose rates on OARs sparing. There-
fore, for a given implant geometry (i.e., each case of %]
LDR-BT), the physical dose ratios of each OAR to the tu-
mor were assumed to be invariant with respect to frac-
tionation scheme (single-fraction or hypo-fractionation)
or delivery method (!?I LDR-BT or HDR-eBT). By using
the ratio of OAR to tumor point dose for each 121 LDR-BT
case, a physical dose for each OAR point was computed
from HDR-eBT SFED and HFED values of tumor point
obtained from Eq. 3 or Eq. 4. Simulated HDR-eBT deliv-
ered BED and EQD, values and then calculated using
the following o/ values [33]: the opposite retina = 2.58,
the macula = 2.58, the optic disc =1.75, and the lens = 1.2.

Attenuation by silicone oil

The above-mentioned calculations were repeated for
each case in a database including a transmission factor that
would account for attenuation by the presence of VR lig-
uid, being silicone oil, with a viscosity of 1,000 centistokes
(cSt) [40, 41]. Attenuation of 50 kVp eBT (IntraBeam; Carl
Zeiss Meditec, Inc., Germany) by 1,000 cSt silicone oil rel-
ative to distilled water was measured for several thick-
nesses of oil under good geometry conditions, and a ra-
tional polynomial was fitted to the measured data. The
eBT probe (IntraBeam; Carl Zeiss Meditec, Inc., Germany)
was equipped with a rudimentary collimator (Figure 2).
The first portion of the collimator was tubular, com-
posed of copper and lead, and supported in a stand at
500 mm above the detector of thin-window parallel plate
ion chamber (Exradin A11-TW; Standard Imaging, Inc.,
Middleton, WI, USA) (Figure 2). The first collimator had
a larger inner diameter (32 mm) at its upper portion, with
a smaller inner diameter (22 mm) at its final aperture. The

=

<o o o =
> o)} (o] o
1 1 1 <

e
N
1

Oil-water transmission ratio

0 5 10 15 20 25 30 35
Distance in liquid (mm)
® QOil-water transmission ratio

Fig. 2. Measurements of 50 kV X-Rays transmission through water and silicone oil. The inset in the (A) shows the measurement
setup. The (B) shows plots of the measured transmission through 1,000 cSt silicone oil (squares) and distilled water at ~22°C
(diamonds). The right panel shows a plot of transmission ratio of silicone oil to distilled water with the fitted equation used for

dose calculations
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upper portion of the first collimator was a brass/copper
tube, with a 38 mm outer diameter and a 75 mm length.
A tapered cone of 2 mm thick lead extended the length
up to 185 mm, where the lower portion of the copper tube
was held as a final aperture. This placed the 22 mm in-
ner diameter aperture at 20 mm distal to the probe tip.
A circular collimator of 30 mm inner diameter was placed
at 250 mm from the probe tip. A sheet of clear mylar of
0.16 mm thick was placed on top of the 30 mm collimator.
A transparent plastic cylinder of 75 mm diameter was lo-
cated on top of the mylar as a container of distilled water
or silicone oil, and covered with clear plastic wrap of less
than 0.005 mm thickness. Ionization current was mea-
sured at a series of depths from 4 mm to 28 mm for dis-
tilled water and 1,000 cSt silicone oil. Collected data were
normalized to the measured value, with no liquid pres-
ent, and each fitted to a rational polynomial expression.
Attenuation ratios found for silicone oil to distilled water
as a function of depth are presented in Figure 2. For each
of the clinical cases examined in the present study, the
vector distance from the implant origin to each of OAR
dose points was used together with the fitted expression
to compute a transmission factor for each point. Radiobi-
ological calculations and analysis above were conducted
as before, using the recomputed OAR doses.

Statistical correlation analysis

Wilcoxon signed-rank test was applied to evaluate
skewness of distributions and degree of dependence
between percentage of OARs doses calculated with ra-
diobiological models and fractional physical OARs doses.
Statistical analyses were performed using Excel (Micro-
soft Corporation, Redmond, WA, USA) and MATLAB
(The MathWorks, Inc., Natick, MA, USA).

Results

The collected data exhibited significant skewness,
thus were expressed as median and interquartile range
(IQR). There were 146 treatments of the left eye, and
138 treatments of the right eye. The median (IQR) largest
basal dimension within the 284 patients was recorded as
12.0 (4.0) mm (Table 1). The closest tumor border to the
foveal avascular zone and the edge of the optic disk were
observed as 4.5 (6.0) mm and 4.9 (6.0) mm, respectively.
The median plaque diameter was 18.0 (4.0) mm. COMS
plaque diameters used were from 10 to 22 mm, and in-
cluded both ‘notched” or non-standard (78) and ‘non-

notched’ or standard (206) plaques. Patients, tumors, and
plaque characteristics are presented in Table 1. The medi-
an total activity and implant times were 45.4 £20.1 U (40.1
115.8 mCi) and 120.1 £13.7 h, respectively. The doses at
the prescription and OARs points in Gy of the 286 121
LDR-BT patients are shown in Table 2. The median dose-
rate at the prescription point was 0.73 (0.03) Gy/h. The
median physical doses to OARs, including foveola/mac-
ula (‘macula’), optic nerve/disk (‘optic nerve’), center of
the lens (‘lens’), and retina opposite plaque (‘retina’) were
46.3 (61.5) Gy, 40.2 (46.8) Gy, 14.7 (11.0) Gy, and 6.8 (3.0) Gy,
respectively. Anatomic points of interest (‘retina’, “‘macu-
la’, “disk’, and “lens’) and dose calculations were defined
according to COMS protocol for each plaque. Dose cal-
culation technique used did not account for the effects of
silastic insert or plaque ‘lip” in keeping with clinical prac-
tice for most of the cases in this cohort.

The single-fraction physical dose (median, 30 Gy,
range, 28-32 Gy) and 52 Gy (range, 48-59 Gy) were ob-
served when LQ and USC models were applied, and
was radiobiologically equivalent to an average of 85 Gy
(range, 84-90 Gy) of 11 LDR-BT from two different ra-
diobiological models. It was feasible to deliver this dose
within 1 hour with 50 kVp eBT (IntraBeam; Carl Zeiss
Meditec, Inc., Germany). The tumor SFED values via USC
and LQ models were 51.7 (0.5) Gy and 29.8 (0.2) Gy, re-
spectively, when 21 LDR-BT BED values of 107.3 (0.2) Gy
were converted into radiobiologically equivalent doses
given in 1 fraction. However, one of the major concerns of
single- or hypo-fractionated HDR-eBT delivery was the
expected dose to OARs.

Single-fraction delivery via HDR-eBT with VR result-
ed in radiobiologically equivalent OARs doses that were
significantly less than doses for %I LDR-BT (Figure 3).
The USC-based BED and EQD, median doses to the retina,
macula, optic disc, and lens were 33% (4.3%), 64% (17.7%),
75% (17.8%), and 16% (23.2%) of those for 12l LDR-BT, re-
spectively. The LQ-based BED and EQD, median doses of
the retina, macula, optic disc, and lens were 16% (1.2%),
35% (19.5%), 13% (19.1%), and 9% (7.8%) of those for 121
LDR-BT, respectively. The median doses of I LDR-BT
with VR, as expected, were found significantly lower than
the current standard of care; I LDR-BT without VR pre-
sented 35% (0.8%), 34% (3.5%), 32% (2.9%), and 33% (2.4%)
for the retina, macula, optic disc, and lens (Figure 3). All
p-values for these distributions were less than 0.005.

Regardless of the use of either USC or LQ models,
a single-fraction of HDR-eBT without VR resulted in a sig-

Table 2. Tumor and organs at risk point doses of '?°I-based eye plaque brachytherapy obtained from dataset

of 284 cases

Rx point Organ at risk (OAR) point

Tumor Retina Macula Disk Lens
Median physical dose (Gy) 84.9 6.8 46.3 40.2 14.7
IQR of physical dose (Gy) 0.03 3.0 61.5 46.8 11.0
Median biological effective dose (Gyggp) 107.2 7.4 74.2 74.2 215
IQR of biological effective dose (Gyggp) 1.04 3.6 158.6 135.7 21.7

Rx — prescription, Gy — Gray, Gyggp — Gray biologically effective dose, OAR — organ at risk, IQR — interquartile range
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Fig. 3. Organs at risk (OARs) analysis of BEDs for treatments comparing simulations performed with vitreous replacement (VR)
to those without (no-VR) for notched (B, D) and non-notched plaques (A, C). OARs data are presented for the L-Q model in the

(A, B) and the USC model in the (C, D)

nificantly higher median OARs doses to the retina, macu-
la, optic disc, and lens, being 62 ~ 147%, 156 ~ 183%, 175 ~
222%, and 130 ~ 313% of those for 12l LDR-BT, respective-
ly. These differences in OARs doses between HDR-eBT
and '?I LDR-BT were significant (p < 0.005). The results
for calculations of delivery involving 1-4 treatment frac-
tions are summarized in Table 3. In delivery via 2-4 frac-
tions for all the 284 cases without VR, the median OARs
BEDs were from 69% (8.9%) to 77% (6.5%) of I LDR-BT
plaque delivery for the retina, 147% (71.6%) to 135%
(54.3%) for the macula, 162% (70.1%) to 146% (52.6%) to
the optic disk, and 125% (39%) to 119% (29.2%) for the
lens using the LQ model. Using the USC model, the me-
dian OARs BEDs for 2-4 fractions were calculated from
106% (16.8%) t0 89% (8.6%) of 11 LDR-BT plaque delivery
for the retina, 162% (46.2%) to 137% (34.3 %) for the macula,
197% (49.0%) to 159% (35.1%) for the disk, and from 207%
(55.9%) to 143 % (35.3%) for the lens. Notched plaque cases ac-
counted for 27% of the total cases (78 of 284 cases) only, and
therefore, could notbeeligible due to thelimited accommo-
dation of an HDR-eBT applicator with a notched plaque.
206 of the 284 cases (73 %) studied were treated using non-
notched plaques, potentially HDR-eBT cases. For non-

notched plaque treatments using VR, the median OARs
BEDs computed for a single-fraction delivery using the
LQ model were from 16.1% (1.2%) to 33.0% (20.1%) rel-
ative to 12 LDR-BT plaque delivery BED, and those cal-
culated using the USC model were from 33.2% (4.1%) to
86.1% (22.8%). Notched delivery cases utilizing VR cal-
culated with the LQ model resulted in OARs BEDs from
15.9% (1.1%) t0 53.9% (12.6%) of 1251 LDR-BT plaque BED.
USC model calculations for notched plaques with VR
showed OARs BED values from 32.5% (3.9%) to 71.0%
(11.1%) of I LDR-BT plaque BED. Notched and non-
notched results for the LQ and USC models are compared
in Figure 3.

Plaque sizes from 10 mm to 22 mm in a cumulative
analysis of single-fraction HDR-eBT presented less than
75.0% of 1?1 for all OARs BEDs, using either the LQ or
USC models when VR was included. In contrast, all
plaque sizes (10 ~ 22 mm) in HDR-eBT cumulative anal-
ysis showed more than 100% of %1 for at least one OAR
BED, regardless of the use of LQ or USC model without
VR. All HDR-eBT OARs BEDs had more than 146% of 121
using the USC model, while the LQ model calculations
resulted in more than 130% of '?I for the macula, optic
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Table 3. BEDs as percentage of 1| LDR-BT eye plaque dose for treatments computed over various fractio-
nations with and without vitreous replacement (VR) for organs at risk points studied in the current work.
Median values from the 284 cases are shown

Model No. of fractions Vitreous status Retina (%) Macula (%) Disk (%) Lens (%)
LQ 1 without VR 61.9 156.4 175.2 130.1
with VR 16.0 34.8 36.7 26.8
2 without VR 68.7 146.7 162.0 124.8
with VR 19.4 347 35.7 27.8
3 without VR 733 140.0 153.1 1212
with VR 21.6 34.6 35.2 28.5
4 without VR 76.8 134.7 145.8 118.5
with VR 233 34.6 34.7 29.0
usc 1 without VR 146.7 182.8 221.5 313.5
with VR 331 63.8 75.0 68.0
2 without VR 106.3 162.3 197.3 207.1
with VR 27.9 513 58.0 44.8
3 without VR 94.2 146.9 172.8 165.7
with VR 26.8 45.6 47.5 37.6
4 without VR 89.2 137.3 159.2 143.1
with VR 26.5 40.8 41.6 343
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Fig. 4. A comparison of organs at risk (OARs) sparing of HDR-eBT when various single-transition doses are used. Dy = 6.2 Gy
in A and B, and Dy = 18 Gy in C and D. The USC model-calculated biologically effective doses (BEDs) as a percentage of 12°
LDR brachytherapy BEDs for cases without vitreous replacement (VR) (light diagonal lines) and with silicone oil VR (dark
solid). Notched plaque data are plotted in B and D, and non-notched in A and C
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disk, and lens when VR was not employed. The opposite
retina BEDs were observed to be less than 100% of 12
LDR-BT for all sizes without VR, but only with the use of
LQ model. As plaque diameters increased from 10 mm
to 22 mm, the percentage of HDR-eBT over 2] LDR-BT
BED for the retina ranged from 23% to 15% (24% to 39%)
with the LQ model (USC model), and for the macula, it
ranged from 23% to 44% (24% to 68%) when VR was in-
corporated. The OARs sparing in SFED HDR-eBT with
VR were observed to increase for the retina and the mac-
ula, as smaller plaque diameters (e.g., 10 mm diameter)
were used for both the LQ and USC models. In contrast,
no obvious trend with plaque diameter was observed for
the optic disk and lens.

The sensitivity of the D parameter on the USC-based
BED and EQD, calculations was evaluated using D= 6.2
and =18, and calculated doses were compared with those
using D =10. Regardless which D value was used in the
USC model, all OARs BEDs still presented less than 100%
of 2 LDR-BT for a single-fraction HDR-eBT with VR.
When three different values of the D parameter were as-
sessed, the percentage of HDR-eBT OARs BEDs over 121
LDR-BT presented less than 0.3% and 1.1% differences
for the macula and the optic disk, respectively, with no
variation in the retina and the lens values. The impact of
Dy value on HDR-eBT HFED doses was also evaluated.
As expected, HDR-eBT SFED with three different D val-
ues produced the same value of 51.7 (0.5) Gy. The HFED
doses with 2 fractions were still the same (26.7 (0.2) Gy) for
all three D values. For the 3 and 4 fraction cases, HFED
doses with Dy =18 were smaller than those of Dy =10 and
6.2, which had the same HFED doses: 15.3 (0.1) Gy (D;=18)
vs. 18.4 (0.2) Gy (Dy = 10 and 6.2) for 3 fractions, and
12.7 (0.1) Gy vs. 14.3 (0.1) Gy for 4 fractions.

Discussion

In the present study, we examined the feasibility of
single- or hypo-fractions of HDR-eBT through a radiobi-
ological model study. In anticipation of the development
of HDR-eBT systems for uveal melanoma, one key ques-
tion to the HDR-eBT approach is: ‘Can HDR-eBT achieve
the equivalent OARs sparing of the current standard-of-
care of a single-fraction of 2°I LDR-BT?". Moreover, ‘If
a single fraction does not work, how many fractions of
HDR-eBT are needed to achieve the equivalent sparing?’
and, ‘If any fractionation of HDR-eBT does not work,
then, how much sparing can be achieved using HDR-
eBT with silicone oil VR?’ To the best of our knowledge,
this was the first radiobiological modeling study to as-
sess OARs sparing of eBT-based HDR delivery for uveal
melanoma compared to the current standard of 1?°I-based
eye plaque brachytherapy with VR not performed. For
the purpose of this study, higher strength '?°I sources
were not investigated, and a minimal eBT treatment sys-
tem was proposed, in which the eBT source was applied
similarly to a contact therapy. Here, a single X-ray source
is placed in a proximity, i.e., of 20 mm to the scleral sur-
face, and a collimating applicator allows presentation of
a ‘beam” with a cross-sectional shape comparable to an
episcleral plaque. This requires the eye to be positioned

such that the collimator encompasses the tumor extent
at the sclera. For very posterior tumors, including those
necessitating a notched plaque, this positioning may only
be achieved for a short period of time without unwant-
ed tissue damage. Thus, treatment with such a system
is likely impractical for tumors located in this region of
the eye. Patients eligible for treatment with VR and non-
notched eye plaque candidates may derive some benefit
from the proposed HDR-eBT approach. When an estab-
lished intensity-modulated compensator approach is ap-
plied to HDR-eBT collimator design, then the HDR-eBT
system is able to not only generate uniform dose distribu-
tions, but also potentially improve tumor coverage when
the plan is based on magnetic resonance imaging (MRI)
[6]. The eBT source in this study was simply a vehicle to
explore the question of whether or not an HDR treatment
can be considered with respect to radiobiological doses to
OARs. The HDR source was not limited to eBT, but could
be used with other radioactive sources, delivering HDR
radiation with similar to %I energy.

The proposed HDR-eBT delivers radiobiologically
equivalent tumor doses of 1] LDR-BT through assess-
ment of their estimated OARs BED values and compar-
ison with those of %I LDR-BT. A major benefit of the
current 2] LDR-BT technique is its low-dose-rate nature,
which is selectively beneficial to normal tissue [19, 42],
also confirmed by the findings in this study. Our results
show that delivery of a single-fraction of high-dose-rate
might be realized intra-operatively using eBT sourc-
es, and would result in unacceptably high biologically
equivalent doses to OARs. This hypo-fractionated HDR
approach using eBT technique was found to fail in achiev-
ing equivalent OARs doses in BED or EQD, even with
4 fractions when VR was not applied. However, if a sil-
icone oil VR was performed just prior to irradiation, the
biologically equivalent OARs doses were significantly
reduced in comparison to I LDR-BT. Inclusion of VR
may permit intra-operative treatment of accessible choroi-
dal melanomas in a single-fraction HDR-eBT with lower
OARs doses and a single surgical procedure, as opposed
to a treatment duration of 5 days and 2 surgical visits.

The main purpose of this study was to examine the
feasibility of a single-fraction HDR-eBT delivery of an
equivalent tumor dose without increasing OARs doses
through radiobiological modeling studies. The OARs
doses of single-fraction HDR-eBT with and without
VR were focused and compared to those of current %1
LDR-BT. When the dosimetric results of a single HDR-
eBT with VR are compared with 125] LDR-BT with VR,
the LDR approach presents similar or even better OARs
BEDs (Figure 3). However, the current COMS standard
plaque design is such that it is difficult to limit the dose to
non-target locations within the eye due to the fixed geom-
etry. The current standard of 12l LDR-BT plaque consists
of a gold backing with a silastic seed carrier insert avail-
able from 10-22 mm diameters in 2 mm increments [20].
The silastic insert has grooves to hold a fixed number of
radioactive sources in place and to provide a relatively
cylindrically symmetric dose distribution. In contrast to
this, an HDR approach has the potential to use intensity-
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modulated brachytherapy (IMBT) techniques under in-
vestigation [43]. Callaghan et al. [43] systematically re-
viewed static and dynamic IMBT studies for cervical can-
cer, rectal cancer, breast cancer, and prostate cancer using
eBT, 2Ir, 199Yb, and 'Gd. In addition, current plaques
must be sutured onto the outside of the sclera overlying
the tumor and are left in place for 5 to 7 days until the
prescribed dose is delivered. A second surgery is later
performed to remove the plaque. This procedure is cost-
ly, since it requires two minor surgeries, possible hospi-
talization during the dose delivery period, and single-use
brachytherapy sources. Also, a typical COMS 2] LDR-BT
eye plaque results in a hand exposure of approximately
2-6 mSv to the surgeon per treatment [44]. A single-frac-
tion HDR approach can omit the hospitalization as well
as to minimize staff exposure.

In this radiobiological modeling study, the calcula-
tions of equivalent physical doses of single- or hypo-frac-
tions were performed based on two (LQ and USC) ra-
diobiological dose models. The LQ model that was first
proposed and extensively studied by Fowler [45], is still
the most widely accepted model to describe cell surviv-
al as a function of dose. However, one of its limitations
is to describe cell survival for a large single-dose [31].
The USC model, which consists of two parts that de-
pend on fraction size (dose per fraction) was also used
in this study. When the fraction size is less than a certain
threshold dose (D7), it yields an equivalent dose to the LQ
model and therefore, reflects a multi-target effect when
fraction size is larger than (D7) [8]. To estimate radiobio-
logically equivalent doses for stereotactic-body radiation
therapy approaches, Park et al. validated the USC model
in vitro by fitting it to a survival curve obtained for H460
non-small-cell lung cancer cell line [31]. The USC model
may not be sufficiently validated through in vivo studies.
The input parameters of neither the USC model nor the
multi-targets model are available for uveal melanoma.
Due to these uncertainties, the sensitivity of the thresh-
old dose (D7) was assessed for a wide range of its value
(DT = 6.2 ~ 18 Gy), while its standard value (DT = 10 Gy)
was employed in this study. The results of two different
threshold doses (DT = 6.2 Gy and 18 Gy) are presented
in the Appendix. Studies via in vitro and animal models
should be followed to validate a hypothesis that is for-
mulated by this preliminary radiobiological model-based
dose calculation study. The radiobiological modeling
considerations in 2 LDR-BT for uveal melanoma, such
as its BED calculation and BED-based DVH, have been
previously reported [33, 42]. A fundamental assumption,
and therefore possible limitation of this study was that
the relationships between the physical doses to the pre-
scription point and the OARs points were invariant by
virtue of geometry. This first-order approach may even-
tually be superseded by more complex models, which in-
corporate subtle biomaterial differences and other high-
er-order effects.

The geometry of individual tumors with respect to
optical apparatus has a significant effect upon OARs
doses. The macula, optic disk, and lens are very specific
structures within the globe, whereas the retinal structure

is distributed over a large portion of the interior surface.
Therefore, a dose to the retina is less sensitive to tumor
location than dose to the macula, optic disk, and lens.
For beam-like irradiation, those structures located out-
side the projected beam are likely to receive lesser doses
than those located on the beam path. Therefore, posterior
structures (macula, optic disk) may receive higher doses
from irradiation of anterior tumors than anterior struc-
tures (the lens), and conversely, irradiation of posterior
tumors may involve greater dose to anterior structures
and less to posterior structures. This variability in im-
plant geometry may account for a large statistical uncer-
tainties in our data for those categories with small sample
sizes, such as the 10 mm plaque (n = 2), 12 mm plaque
(n =9), and 22 mm plaque (n = 5).

Geometry also strongly impacts the application of
an HDR-eBT approach to ocular melanomas since the
appositional geometry available with current HDR-eBT
systems would require the eye to be rotated and immobi-
lized sufficiently to permit beam access to the tumor via
an anterior orbital fossa. In our clinical database of 284 pa-
tients, there were 78 cases (27%) using notched plaques.
The amount of rotation needed to make these accessible is
likely impractical for HDR-eBT treatment. However, the
remaining 206 cases (73%) may have presented in a man-
ner that permits consideration for an intra-operative treat-
ment approach using eBT. It is expected that the findings
of this study could encourage more research on single- or
hypo-fractionated HDR-eBT applications for uveal mel-
anoma. However, this study simulated radiobiological-
ly equivalent OARs doses of HDR-eBT compared to %1
LDR-BT, which is the current standard of care for uveal
melanoma, typically performed without VR. For the pur-
pose of this study, the current clinical standard of care of
125 LDR-BT without VR was applied as reference data-
sets to assess the feasibility of HDR-eBT in terms of OARs
sparing. The actual application of HDR-eBT is highly
dependent on the specific technique, including specific
type of eBT applicator or collimation used. New applica-
tors, collimators, and full system developments need to
be explored, with their dosimetric properties validated
through phantom studies.

To incrementally improve the uncertainty of eBT dose
calculation, the use of formulas derived from TG-43 are
an ideal way to calculate each HDR-eBT OAR dose. For
the purpose of this radiobiological modeling study, the
physical HDR-eBT OARs doses were estimated from the
ratio of each OAR dose over the tumor dose in '?°I LDR-
BT. The TG-43 source parameters of Xoft Axxent (iCAD,
Inc., USA) are known [46]. In contrast to the Xoft Axxent
device, the TG-43 source parameters of the IntraBeam
device (Carl Zeiss Meditec Inc., Germany) have not been
reported mainly due to the nature of its delivery (without
treatment planning.) For instance, in IntraBeam-based
intra-operative radiotherapy for accelerated breast irra-
diation, surface dose on each solid applicator with 20 Gy
of prescription dose, is determined based on the distance
from the electronic source. In the current study, the HDR
eBT delivery was simulated using an IntraBeam device
(Carl Zeiss Meditec Inc., Germany). When each eBT, OAR
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dose was calculated using TG-43 formalism, the absolute
physical dose of each OAR in eBT could change. How-
ever, their average values in the investigated 284 cases
were expected to be mainly driven by their geometrical
distance from the tumor.

Once an integrated HDR-eBT system is completed,
Monte Carlo dose calculation studies should be per-
formed on the new system. Initially, dose distributions
of a couple of representative '?°I eye plaque cases can be
validated using the HDR-eBT system, and compared to
those of 11 LDR-BT eye plaque doses using a Monte Car-
lo simulation. In order to deliver uniform doses to the tar-
get region on the proposed HDR-eBT collimator system,
we can adopt the approach of 3D-printed solid compen-
sators, which have been widely used in an external beam
intensity-modulated radiotherapy.

In addition, the radiobiological effects of HDR-eBT on
OARs of uveal melanoma should be validated through
in vivo animal studies before any HDR-eBT clinical trial.
Under an assumption of equivalent dose distribution,
the retina, macula, optic disk, and lens were analyzed.
If dose distributions differ, the sclera dose should also
be validated via in vivo animal models. The findings of
this study are expected to provide guidelines for a clini-
cal study design to explore alternative dose-rate sources,
and/ or different fractionation schemes in order to reduce
the current lengthy hospital stay.

Conclusions

Our results indicate that single-fraction equivalent
doses using high-dose-rate eBT could be delivered with-
in 60 minutes, and may significantly reduce OARs doses
(17% ~ 86%) relative to '] LDR-BT when VR with 1,000
St silicone oil is simulated. Regardless of the use of ei-
ther USC or LQ model, even four-fraction delivery of eBT
without VR resulted in a significantly higher OARs doses
(p < 0.005) to the macula, optic disc, and lens of those for
125] LDR-BT, respectively.

PACS Number: 87.19.xj, 87.50.cm, 87.50.ct, 87.53.Jw,
87.55.D-, 87.55.dk.
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APPENDIX
1. Radiobiological modeling of LQ and USC models.

SFED and HFED of HDR-eBT are simulated to be delivered in HDR mode; thus, repair function (G) in Eq. 2 has
the value of 1. For the purpose of this radiobiological modeling study, the prescription point BED dose for HDR-eBT is
established to have the same BED dose of 12l LDR-BT (i.e., BEDypg..sr = BED 125/ 1pR-ET)-

1A. SFED and HFED of HDR-eBT using LQ BED model.

Derivation of SFED and HFED are performed from the LQ model-based BED in Eq. 3.

d
BED1p51 1 pr s = BEDppropr = N * d (1+7ﬁ) Eq. A-1.

N
-N+ /W'Hl o BED 251 1pR-BT )
d= Eq. A-2.
2| o5
o
SFED: when a fraction number (N) has value of 1, SFED is calculated from BED of I LDR-BT in Eq. A-3.

1
'1"'/( 1+4 o BED151 1pr-BT )
SFED = I Eq. A-3.

2| o |
HFED: when a fraction number has value greater than 1, HFED is calculated from BED of 125 LDR-BT in Eq. A-4.

-N+ /‘1\744 a/lﬂBEsz LDR-BT )I
N
F]

Eq. A-4.

HFED =
d

1B. SFED and HFED of HDR-eBT using USC BED model.

Fraction dose (d) < asingle-transition dose (D): SFED and HFED of HDR-eBT are calculated using Eq. A-3and Eq. A-4,
respectively.
Fraction dose (d) > a single-transition dose (Dr): The USC model-based BED in Eq. 4 was derived from Eq. 5-B in [25],
InS = ‘ngEI where N = 1. Thus, for the fractionated delivery, the USC model is given as Eq. A-5.
0

InS = -N (%lzq) Eq. A-5.

InS = -aBED, BEDypr gt is expressed in Eq. 2. From Eq. 2, the fraction dose (d) is derived in Eq. A-6.

g = NDg + oD BEDypg.epr Eq. A-6.

N
a. SFED is calculated in Eq. A-7 when a fraction number (N) has the value of 1.
SFED = D, + aDg BED: 5 pg s Eq. A-7.

b. HFED is calculated in Eq. A-8 when a fraction number has the value of 2, 3, or 4.

HFED = NP * 0D Oz\leDHDR-eBT Eq. A-8.

2. Impacts of single-transition doses (D = 6.2 Gy and 18 Gy)

The results were observed when two different single-transition doses (D1 = 6.2 Gy and 18 Gy) were used. Regard-
less of which single-transition doses (D1 = 6.2 Gy, 10 Gy, or 18 Gy), single- or hypo-fractionated HDR-eBT was not
able to achieve equivalent or better OARs sparing unless VR was placed. However, HDR-eBT with VR enables to spare
OARSs better than the current standard care of I LDR-BT, despite the value of single-transition dose (Dy).
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