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Dosimetry of eye plaques for ocular tumors presents unique challenges in brachytherapy. The chal-
lenges in accurate dosimetry are in part related to the steep dose gradient in the tumor and critical
structures that are within millimeters of radioactive sources. In most clinical applications, calculations
of dose distributions around eye plaques assume a homogenous water medium and full scatter con-
ditions. Recent Monte Carlo (MC)-based eye-plaque dosimetry simulations have demonstrated that
the perturbation effects of heterogeneous materials in eye plaques, including the gold-alloy backing
and Silastic insert, can be calculated with reasonable accuracy. Even additional levels of complexity
introduced through the use of gold foil “seed-guides” and custom-designed plaques can be calculated
accurately using modern MC techniques. Simulations accounting for the aforementioned complex-
ities indicate dose discrepancies exceeding a factor of ten to selected critical structures compared
to conventional dose calculations. Task Group 129 was formed to review the literature; re-examine
the current dosimetry calculation formalism; and make recommendations for eye-plaque dosime-
try, including evaluation of brachytherapy source dosimetry parameters and heterogeneity correction
factors. A literature review identified modern assessments of dose calculations for Collaborative Oc-
ular Melanoma Study (COMS) design plaques, including MC analyses and an intercomparison of
treatment planning systems (TPS) detailing differences between homogeneous and heterogeneous
plaque calculations using the American Association of Physicists in Medicine (AAPM) TG-43U1
brachytherapy dosimetry formalism and MC techniques. This review identified that a commonly used
prescription dose of 85 Gy at 5 mm depth in homogeneous medium delivers about 75 Gy and 69 Gy
at the same 5 mm depth for specific I and '%*Pd sources, respectively, when accounting for COMS
plaque heterogeneities. Thus, the adoption of heterogeneous dose calculation methods in clinical
practice would result in dose differences >10% and warrant a careful evaluation of the corresponding
changes in prescription doses. Doses to normal ocular structures vary with choice of radionuclide,
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plaque location, and prescription depth, such that further dosimetric evaluations of the adoption of
MC-based dosimetry methods are needed. The AAPM and American Brachytherapy Society (ABS)
recommend that clinical medical physicists should make concurrent estimates of heterogeneity-
corrected delivered dose using the information in this report’s tables to prepare for brachytherapy
TPS that can account for material heterogeneities and for a transition to heterogeneity-corrected pre-
scriptive goals. It is recommended that brachytherapy TPS vendors include material heterogeneity
corrections in their systems and take steps to integrate planned plaque localization and image guid-
ance. In the interim, before the availability of commercial MC-based brachytherapy TPS, it is rec-
ommended that clinical medical physicists use the line-source approximation in homogeneous water
medium and the 2D AAPM TG-43U1 dosimetry formalism and brachytherapy source dosimetry pa-
rameter datasets for treatment planning calculations. Furthermore, this report includes quality man-
agement program recommendations for eye-plaque brachytherapy. © 2012 American Association of
Physicists in Medicine. [http://dx.doi.org/10.1118/1.4749933]
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. INTRODUCTION

Melanoma is the most common primary intraocular cancer
arising from the uveal layer, which includes the choroid, cil-
iary body, and iris. There are about 2500 annual cases of uveal
melanoma and 350 cases of retinoblastoma in the United
States and about double that including Europe, Russia, and
Australia. Brachytherapy of choroidal melanoma using radon
seeds was first reported in 1930.! Many different radionu-
clides, including '?°1, 13Pd, 131 Cs, %’Ir, ©°Co, Sr, "3 Au,
and 'Ru/!'%Rh, among others, and various designs of eye
plaques have been used in the brachytherapy of choroidal
melanoma.”™* External beam techniques such as proton,>
helium-ion,'® and Gamma Knife'!! have also been employed.?
Choice of radiation modality and prescribed dose can influ-
ence local tumor control, resultant visual acuity, eye reten-
tion, and cosmetic results. Because the eye is a small structure
(25 mm-30 mm in diameter), the ocular dose distribution can
be highly sensitive to the intrinsic assumptions of the dose cal-
culation method. Consequently, characterization of radiation
interactions for eye plaque dosimetry is critical in determining
location and incidence of side-effects.'> '3

In addition to its use in treating ocular melanomas, plaque
brachytherapy has been used for retinoblastoma, choroidal
hemangioma, select choroidal metastases, and exudative mac-
ular degeneration.®!'* In comparison to enucleation (removal
of eye), plaque brachytherapy offers equivalent tumor control
while allowing eye preservation and vision retention.'3
However, due to different techniques and sources used in
various institutions, there was little consensus about the
treatment approach for this disease before 1985. In 1985, the
Collaborative Ocular Melanoma Study (COMS) was created
as a multi-institutional cooperative clinical trial sponsored
by the National Eye Institute of the National Institutes of
Health (Bethesda, MD). The COMS group standardized
methods of plaque brachytherapy for choroidal melanomas
and conducted two prospective randomized clinical
trials."
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One trial of the COMS compared 20 Gy (4 Gy x 5 daily
fractions) of external-beam radiotherapy prior to enucleation
to no irradiation prior to enucleation. Patients eligible for
inclusion in this “large choroidal melanoma study” had tu-
mors with an apical height >10 mm or a maximal tumor
basal dimension >16 mm. The COMS found that 20 Gy
of preoperative external-beam radiotherapy did not improve
survival.'® The second COMS trial compared enucleation
against a minimum of 100 Gy of '>I plaque radiation ther-
apy for medium-sized choroidal melanomas.!”"'> Medium-
sized melanomas were defined as having an apical height
from 2.5 mm to 10 mm and a maximal tumor basal dimen-
sion of <16 mm."> Here, the COMS found no survival differ-
ences. Thus, brachytherapy with '>°1 eye plaques was con-
firmed to be as effective as enucleation for medium-sized
choroidal melanoma, with the added advantages of eye and
vision preservation.'®!” The most recent publications on trial
outcomes are in COMS Report No. 24 (2004) and Report No.
28 (2006).'% 1% In the COMS trials, the original dose prescrip-
tion of 100 Gy was based upon dosimetry formalism and data
before the report of Task Group 43 (TG-43) of the AAPM
and was revised in November 1996 to 85 Gy’*?? to give the
same effective dose when using the TG-43 dosimetry formal-
ism and parameters.”? The standard eye plaques of COMS de-
sign (COMS-plaques) were initially designed with diameters
from 12 mm to 20 mm in 2-mm increments.?*+? Currently
available COMS-style plaques with diameters of 10 mm and
22 mm were not part of the COMS study.

In 1986, the COMS recognized the uncertainties in ac-
curate determination of dose distributions around the eye
plaques. COMS required all participating institutions to cal-
culate radiation doses in a simple manner for consistency in
delivered dose even though the accuracy was limited. Dose
specification required use of a point-source approximation for
1251 source dosimetry with no corrections for dose anisotropy,
plaque side or lip attenuation, lack of photon backscatter or
fluorescence photons from the gold-alloy backing, or Silastic
insert attenuation.’® The COMS Radiation Committee mem-
bers established these criteria at the time of trial formation
based on the 1985 state-of-knowledge and availability of
treatment planning capabilities in clinical practice.’*

Since the COMS trials started, there have been several
modifications to the recommended brachytherapy dosimetry
formalism.”>?"-?° These modifications include new national
primary air kerma strength calibration standards, and TG-
43 dosimetry parameters for sources used in brachytherapy.
In 1996, the original prescription dose of 100 Gy was re-
vised to the equivalent 85 Gy based on the TG-43 formal-
ism and dosimetry parameters published in 1995, but the
point source approximation and homogeneous water calcula-
tion continued to be used in the COMS protocol as rigidly
specified in the COMS procedure manual.>*

Recent updates of brachytherapy dosimetry guidelines,
such as the 2004 and 2007 TG-43 Report Update and Sup-
plement (TG-43U1 and TG-43U1S1) have addressed con-
cerns regarding dose calculations to distances down to 1.0 mm
(5 mm was the minimum distance in the 1995 TG-43 report)
from low-energy brachytherapy seeds,”’-3 which is crucial
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for accurate calculation of doses to the tumor and critical
ocular structures. In addition, the changes to new national
primary air kerma strength calibration standards?®?° were
also adopted and incorporated in TG-43U1 and TG-43U1S1
for the recommendation of the revised dose rate constants
and dosimetry formalisms.?”** These dosimetry data and for-
malisms (not available at the time of the COMS) are necessary
for accurate calculation of eye tumor and critical ocular struc-
ture doses.?”-30-34 Similarly, functions have been examined to
allow more accurate fitting of dosimetry parameters at short
radial distances.>> However, the AAPM recommendations in
the TG-43U1 and TG-43U1S1 reports are limited to infinite
homogeneous water medium and hence do not account for the
effects of material heterogeneities such as the eye plaque and
bony orbit which are of higher effective atomic number Z
than water.

The impact of these changes to calibration standards,
dosimetry formalisms, and implant parameters has been
examined by several investigators and evaluated by the
AAPM for specific applications, e.g., low-energy prostate
brachytherapy.’®37 While specific clinical recommendations
for choroidal melanoma were made by the ABS in 2003,
no societal guidance has been issued for the effects of new
developments on modern eye-plaque dosimetry. Task Group
129 was formed to (a) review the dosimetry aspects of eye-
plaque brachytherapy, (b) evaluate the impact of implement-
ing the recommendations of TG-43U1 for the homogeneous
assumption, (c) examine the heterogeneity effects on the dose
distributions in the eye tumor and critical ocular structures,
and (d) make recommendations for treatment planning and
quality assurance (QA) for eye-plaque brachytherapy.

Many different possible designs of eye plaques, i.e.,
physical configurations, chemical compositions of com-
ponents, and radionuclides, have been reported by vari-
ous investigators.2’25*39‘57 These include COMS standard,
notched and modified designs, ROPES, USC, IBt/Bebig
(beta-emitters), Nag, and other custom made plaques. Among
these designs, the COMS-plaques loaded with > seeds are
the most common. Besides !*I seeds, COMS-plaques loaded
with other low-energy radionuclide sources like '“Pd and
131Cs seeds have also been used for clinical treatment of oc-
ular tumors.>* Given the low-energy photons, < 0.03 MeV,
the heterogeneity effects due to the high Z. and physical
densities of the gold-alloy backing and Silastic insert on the
dose distributions are significant. While there are many po-
tential plaque and seed combinations, the task group felt that
it should focus on plaques of the standard COMS design
for low-energy seeds due to their well-established use in the
United States.

In this report, we present a detailed description of COMS-
plaques in Sec. II. Review of eye-plaque dosimetry studies
to 2011 and evaluation of the plaque heterogeneity effects
on eye-plaque dose distributions are presented in Sec. III.
Recommendations for eye-plaque treatment planning ap-
proaches and a quality management program (QMP) are pre-
sented in Sec. IV. The Appendix reviews the clinical aspects
of eye-plaque brachytherapy of uveal melanoma and alterna-
tive radiation treatment modalities. These recommendations
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have been reviewed and approved by the AAPM Brachyther-
apy Subcommittee, Therapy Physics Committee, and the Pro-
fessional Council and by the ABS Board of Directors. This
report is available on the AAPM website.’® While certain
commercial products are identified in this report, such identi-
fication does not imply recommendation nor endorsement by
the AAPM or ABS, nor does it imply that the products are
necessarily the best available for these purposes.

Il. COMS PLAQUES

The standard COMS-plaque design (Figs. 1 and 2) consists
of a gold-alloy backing (trade name Modulay)> and a Silas-
tic (MDX4-4210 bio-medical grade elastomer; Dow Corning
Corp., Midland, MI)*® seed carrier insert. The COMS-plaques
are available in 10 mm-22 mm diameters with 2 mm incre-
ments (Trachsel Dental Studio, Rochester, MN). Silastic in-
serts have grooves that reproducibly position brachytherapy
seeds to provide approximately cylindrically symmetric dose
distributions. The mass composition of the Modulay gold-
alloy backing (density 15.8 g/cm?) is 77%, 14%, 8%, and 1%
of Au, Ag, Cu, and Pd, respectively.”>%° The silicone rub-
ber, Silastic, seed carrier insert is made of 39.9%, 28.9%,
24.9%, 6.3%, and 0.005% of Si, O, C, H, and Pt by weight,
respectively,® with a physical density of 1.12 g/cm® and Zes
= 11. Grooves on the convex side of the Silastic insert ac-
commodate individual seeds, with the total number of seeds
depending on plaque diameter. The Silastic layer between the
bottom of the seed groove and the eye surface is 1 mm thick,
serving as spacer material to avoid extreme dose “hot spots”
in the scleral layer. The concave aspect of the Silastic insert
has a radius of curvature of 12.3 mm designed to conform
to the eye surface. The gold-alloy backing is in the form of
a segment of spherical shell (0.5 mm thick and a 15.05 mm
outer radius of curvature) terminated by a cylindrical segment,
which is called the “lip.” The lip provides radiation collima-
tion for additional protection for normal structures around and
in the eye.

Seed diagrams viewed from the concave side of the Silastic
insert for seven different plaque sizes are shown in Fig. 1.%
The seeds are generally arranged in polygon rings. The ori-
entation of each seed is associated with an angle ¢ defined as
the angle between the +x, axis and the projection on the x-y
plane of the line passing through the seed center. For example,
¢ = 45° and 135° for seeds # 3 and # 4, respectively, in the
10-mm plaque. The definition of angle ¢ indicating the ori-
entation of each seed as shown in the diagram for the 10-mm
plaque in Fig. 1 applies to all seeds in all the plaque sizes. The
coordinates (in mm) of the seeds (centers and two ends) for
standard plaques are listed in Table I in the eye-plaque coordi-
nate system (Xp, yp, Zp), Where z, = 0 (see Fig. 1) at the inner
sclera point (1 mm interior of the outer sclera point) and the
+z,, axis points from the inner sclera into the eye. Seed coor-
dinates are for the idealized positions for COMS-plaques. Val-
ues of ¢ angles for individual seeds are listed in the rightmost
column of Table I. The seed center coordinates were based
on the ring radius determined by Kline®' and the angle ¢ for
each seed for plaques 12 mm-20 mm in diameter. For 10 mm
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10 mm Plaque

12 mm Plaque

14 mm Plaque

FIG. 1. Seed diagrams for 10 mm-22 mm COMS-plaques when viewed
from the concave aspect of the Silastic insert. Rotational orientation of the
Silastic seed carrier insert within the gold-alloy backing (relative to the su-
ture eyelets) is arbitrary. The z, axis (not shown) is pointing out of the image
and toward the eye center. Note the angle ¢ defined as the angle between the
+Xp axis and the projection onto the x-y plane of the line passing through
the seed center is shown in the diagram for the 10 mm plaque (upper left).
This definition of angle ¢ applies to all plaque sizes.

and 22 mm plaques, the ring radius values were determined
using a digital caliper measurement, and angles ¢ for individ-
ual seeds were determined from scanned images of a set of
Silastic inserts of these sizes. From the ring radius and angle
¢, the seed center coordinates were calculated. The determi-
nation of the seed end coordinates was based on the seed cen-
ter coordinates, the orientation of each seed, and the nominal
seed physical length of 4.5 mm (seed physical length varies
from 4.5 mm to 5.0 mm depending on seed model). The side
view diagram of the 14 mm COMS-plaque in the plane (x,-z,
plane) containing the plaque’s central axis is shown in Fig. 2,
with the seeds in idealized positions. Note that the seeds can
move slightly away from the idealized positions in real pa-
tient cases. The users are advised to verify the coordinates of
the loaded seeds in the plaque against the tabulated values in
Table I at the time of plaque commissioning.

lll. DOSIMETRY STUDIES

Accurate eye-plaque dosimetry studies are challeng-
ing tasks due to steep dose gradient in the eye. The
dosimetry studies for various designs of eye plaques
(with different radionuclides and seed models) have
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Z

eye center

origin

suture lug +2.7 —
2.75 mm o
gold-alloy backing seed Silasticinsert
—> f¢e———— 14 mm ———»
0.5 mm

FIG. 2. Side view diagram of 14-mm COMS plaque, illustrating the gold-
alloy backing and Silastic insert with seed grooves accommodating seeds
(gray circles and rectangle) in idealized positions. The Silastic insert is
1 mm thick between the groove and the concave surface of the insert. The
coordinate system origin is located at the inner sclera along the plaque cen-
tral axis. The zp-axis is pointing toward the eye center, the x,-axis points
away from the suture lug, and the y, axis (not shown) points into the figure.

been reported, including measurements using thermolu-
minescent dosimeters (TLDs),2%43:43:52.62-67 djpdes,*68-70
radiographic film,%%7! radiochromic film,**7>7>  plas-
tic scintillators,”®”” polymer gel,”® small ion chambers,*
alanine,” and diamond,* as well as calculations using the
TG-43 model and superposition,”>’*-8! Monte Carlo (MC)
simulations,?%4449:53.59.82-86 34 djscrete-ordinates calcula-
tion method.?”-8 The dose distributions are highly sensitive
to the plaque design, radionuclide selection and seed model,
resulting in widely varying plaque heterogeneity effects. In
view of the numerous designs of eye plaques and the sensi-
tivity of the dose distributions to the plaque design, we focus
this review on the most frequently used COMS-plaques as de-
scribed in Sec. I. The task group evaluated all of the above-
mentioned papers in developing its recommendations.

lIlLA. Literature review

In 1988, Wu and Krasin reported radiographic XV-film
study results for 12-mm and 16-mm COMS-plaques, fully
loaded with '°I (model 6711) seeds.®® The film was posi-
tioned in a central plane of the eye plaque. They reported rel-
ative doses normalized to 5 mm depth (on central axis) from
the inner sclera, as presented in isodose curve plots in a cen-
tral plane. They also demonstrated the collimating effect of
the plaque lip on the dose distribution.

In the 1990s, Chiu-Tsao ef al. and de la Zerda et al. re-
ported on TLD measurements and MC simulations of the
dose distributions in an eye phantom for single '>’I (model
6711) and '°Pd (model 200) seeds at the center slot (# 24 as
shown in Fig. 1) of a 20 mm COMS-plaque.*%%%7 They ob-
served central-axis dose reductions of about 10% and 16% at
a depth of 10 mm for '>I and '*Pd, respectively, compared
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with doses in homogeneous water. The extent of dose reduc-
tion varied slowly with depth into the eye phantom. Off-axis
dose reductions up to 30% were also reported. They attributed
these reductions to the non-water-equivalence of the Silastic
insert and lack of backscatter. Being 40% silicon by weight,
Silastic has Z.¢ greater than that of water (Z.g ~ 7.4) and con-
sequently attenuates low-energy photons more than water via
the photoelectric effect. The study by de la Zerda et al. also
included dose measurement at off-axis points extended to the
penumbra region and beyond, to assess the penumbra charac-
teristics in the central plane due to the collimating effect of
the gold-alloy backing and lip.%>

Knutsen et al.”’ performed diode measurements in wa-
ter for 12-mm and 20-mm COMS-plaques loaded with '*°1
seeds (model 6711 and 6702), reported relative doses along
the central-axis and off-axis dose profiles, and compared these
results with doses calculated using the Plaque Simulator (IBt-
Bebig, Berlin, Germany) software.”’ Krintz et al. performed
measurements using radiochromic (model MD55-2) film for
14-mm and 20-mm COMS plaques, fully loaded with '*°1
seeds (model 6711) in a solid water phantom.”> The film
was positioned in a central plane of the plaque. They also re-
ported relative doses along the central-axis and off-axis pro-
files, which were compared with Plaque Simulator software
calculated dose distributions using a line source approxima-
tion and a constant correction factor of 0.9 in version 4. Mea-
sured off-axis doses were lower than those calculated by an
average of 15% near the plaque periphery, demonstrating that
the use of a constant correction factor was inadequate to ac-
count for the extra attenuation resulting from radiation trav-
eling a longer path (greater than 1 mm) tangentially through
Silastic.

The COMS medium tumor trial dosimetry was reanalyzed
by Krintz et al. in 2003 to investigate the impact of dose
anisotropy, the line-source approximation for the geometry
function, radiation collimation by the gold-alloy backing, and
Silastic seed carrier insert attenuation using an early version
of Plaque Simulator software.’”*’* The reanalysis used a con-
stant Silastic transmission factor of 0.9 (10% reduction) based
on Chiu-Tsao et al.?® and a gold transmission factor of zero.
They determined that corrected dose calculations resulted in
a significant reduction, between 7% and 21%, compared to
COMS-calculated values for structures of interest within the
eye. The authors concluded that future eye-plaque dosimetry
should be “performed using the most up-to-date parameters
available.” However, even the most recent 2D dose calculation
algorithm in the 2004 and 2007 AAPM TG-43 reports will
over-estimate dose due to the inherent assumption of an infi-
nite homogeneous water medium used to obtain seed dosime-
try parameter data.

In 2008, Rivard er al. reported dosimetry data for stan-
dard COMS-plaques with diameters between 10 mm and
22 mm, and for specific '*°I (model 6711), '°*Pd (model 200),
and "'Cs (model CS-1 Rev2) seeds, based on superposi-
tion of dose contributions from individual seeds following the
TG-43 formalism in an infinite homogeneous water medium
using the Pinnacle treatment planning system.®® Treatment
times to deliver appropriate doses were provided. Although
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TABLE I. Coordinates (millimeters) of seeds for the 10 mm—22 mm diameter COMS standard eye plaques. The seed physical length was set to 4.5 mm. Physical
positioning of the seed # assignment is shown in Fig. 1. The COMS reference coordinate system origin at (x, = 0, y, = 0, z, = 0) is defined at the inner sclera
along the plaque’s central axis. The angle ¢ is the angle between the +x,, axis and the projection on the x-y plane of the line from the origin to the seed center.
As an example, the definition of the angle ¢ is shown in the diagram for 10 mm plaque in Fig. 1. In this example, ¢ = 45° for seed # 3.

Seed center coordinates Seed end coordinates
Angle
Seed # Xpc Ype Zpc Xpl Yp1 Zp1 Xp2 Yp2 Zp2 ¢ ()

10 mm plaque 1 —2.30 —2.30 —2.01 —3.89 —0.71 —2.01 —0.71 —3.89 —2.01 225
2 2.30 —2.30 —2.01 0.71 —3.89 —-2.01 3.89 —0.71 —2.01 315

3 2.30 2.30 —2.01 3.89 0.71 —2.01 0.71 3.89 —2.01 45

4 —2.30 2.30 —2.01 —-0.71 3.89 —2.01 —3.89 0.71 —2.01 135

5 0.00 0.00 —2.40 2.25 0.00 —2.40 —2.25 0.00 —2.40 90

12 mm plaque 1 —3.72 —2.70 —1.60 —5.04 —0.88 —1.60 —2.40 —4.52 —1.60 216
2 1.42 —4.37 —1.60 —-0.72 —5.07 —1.60 3.56 —3.68 —1.60 288

3 4.60 0.00 —1.60 4.60 —2.25 —1.60 4.60 2.25 —1.60 0

4 1.42 4.37 —1.60 3.56 3.68 —1.60 —-0.72 5.07 —1.60 72

5 —3.72 2.70 —1.60 —2.40 4.52 —1.60 —5.04 0.88 —1.60 144

6 0.00 —2.70 —2.13 —2.25 —2.70 —2.13 2.25 —2.70 —2.13 270

7 0.00 2.70 —2.13 2.25 2.70 —2.13 —2.25 2.70 —2.13 90

8 0.00 0.00 —2.40 2.25 0.00 —2.40 —2.25 0.00 —2.40 90

14 mm plaque 1 —5.90 0.00 —1.06 —5.90 2.25 —1.06 —5.90 —2.25 —1.06 180
2 —2.95 —5.11 —1.06 —4.90 —3.98 —1.06 —1.00 —6.23 —1.06 240

3 2.95 —5.11 —1.06 1.00 —6.23 —1.06 4.90 —3.98 —1.06 300

4 5.90 0.00 —1.06 5.90 —2.25 —1.06 5.90 2.25 —1.06 0

5 2.95 5.11 —1.06 4.90 3.98 —1.06 1.00 6.23 —1.06 60

6 —295 5.11 —1.06 —1.00 6.23 —1.06 —4.90 3.98 —1.06 120

7 —4.10 0.00 —1.77 —4.10 2.25 —-1.77 —4.10 —2.25 —1.77 180

8 0.00 —4.10 —-1.77 —2.25 —4.10 —-1.77 2.25 —4.10 —1.77 270

9 4.10 0.00 —1.77 4.10 —2.25 —-1.77 4.10 2.25 —1.77 0
10 0.00 4.10 —1.77 2.25 4.10 —-1.77 —2.25 4.10 —1.77 90
11 0.00 —2.10 —224 —2.25 —-2.10 —224 2.25 —2.10 —2.24 270
12 0.00 2.10 —224 2.25 2.10 —224 —2.25 2.10 —224 90
13 0.00 0.00 —2.40 2.25 0.00 —2.40 —2.25 0.00 —2.40 90
16 mm plaque 1 —5.68 —2.73 —0.87 —6.65 —-0.71 —0.87 —4.70 —4.76 —0.87 206
2 —1.40 —6.14 —0.87 —3.60 —5.64 —0.87 0.79 —6.64 —0.87 257

3 3.93 —4.93 —0.87 2.17 —6.33 —0.87 5.69 —3.52 —0.87 309

4 6.30 0.00 —0.87 6.30 —2.25 —0.87 6.30 2.25 —0.87 0

5 3.93 493 —0.87 5.69 3.52 —0.87 2.17 6.33 —0.87 51

6 —1.40 6.14 —0.87 0.79 6.64 —0.87 —3.60 5.64 —0.87 103

7 —5.68 2.73 —0.87 —4.70 4.76 —0.87 —6.65 0.71 —0.87 154

8 —4.50 0.00 —1.64 —4.50 2.25 —1.64 —4.50 —2.25 —1.64 180

9 0.00 —4.50 —1.64 —2.25 —4.50 —1.64 2.25 —4.50 —1.64 270

10 4.50 0.00 —1.64 4.50 —2.25 —1.64 4.50 2.25 —1.64 0
11 0.00 4.50 —1.64 2.25 4.50 —1.64 —2.25 4.50 —1.64 90
12 0.00 —1.80 —2.28 —2.25 —1.80 —2.28 2.25 —1.80 —2.28 270
13 0.00 1.80 —2.28 2.25 1.80 —2.28 —2.25 1.80 —2.28 90
18 mm plaque 1 —7.70 0.00 —0.03 —7.70 2.25 —0.03 —17.70 —2.25 —0.03 180
2 —5.44 —5.44 —0.03 —7.04 —3.85 —0.03 —3.85 —7.04 —0.03 225

3 0.00 —7.70 —0.03 —2.25 —7.70 —0.03 2.25 —7.70 —0.03 270

4 5.44 —5.44 —0.03 3.85 —7.04 —0.03 7.04 —3.85 —0.03 315

5 7.70 0.00 —0.03 7.70 —2.25 —0.03 7.70 2.25 —0.03 0

6 5.44 5.44 —0.03 7.04 3.85 —0.03 3.85 7.04 —0.03 45

7 0.00 7.70 —0.03 2.25 7.70 —0.03 —2.25 7.70 —0.03 90

8 —5.44 5.44 —0.03 —3.85 7.04 —0.03 —7.04 3.85 —0.03 135

9 —6.20 0.00 —-0.92 —6.20 2.25 —0.92 —6.20 —2.25 —-0.92 180

10 —3.10 —5.37 —-0.92 —5.05 —4.24 —-0.92 —1.15 —6.49 —0.92 240
11 3.10 —5.37 —-0.92 1.15 —6.49 —0.92 5.05 —4.24 —-0.92 300
12 6.20 0.00 —-0.92 6.20 —2.25 —0.92 6.20 2.25 —-0.92 0
13 3.10 5.37 —-0.92 5.05 4.24 —-0.92 1.15 6.49 —0.92 60
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TABLE 1. (Continued).

Seed center coordinates Seed end coordinates
Angle
Seed # Xpe Ype Zpc Xp1 Yp1 Zp1 Xp2 Yp2 Zp2 ()

14 —3.10 5.37 —-0.92 —1.15 6.49 —-0.92 —5.05 4.24 —-0.92 120
15 —3.18 —3.18 —1.64 —4.77 —1.59 —1.64 —1.59 —4.77 —1.64 225
16 3.18 —3.18 —1.64 1.59 —4.77 —1.64 4.77 —1.59 —1.64 315
17 3.18 3.18 —1.64 4.77 1.59 —1.64 1.59 4.77 —1.64 45
18 —3.18 3.18 —1.64 —1.59 4.77 —1.64 —4.77 1.59 —1.64 135
19 0.00 —2.00 —2.25 —2.25 —2.00 —2.25 2.25 —2.00 —2.25 270
20 0.00 2.00 —2.25 2.25 2.00 —2.25 —2.25 2.00 —2.25 90
21 0.00 0.00 —2.40 2.25 0.00 —2.40 —2.25 0.00 —2.40 90
20 mm plaque 1 —8.08 —2.94 0.64 —8.85 —0.83 0.64 —7.31 —5.06 0.64 200
2 —4.30 —7.45 0.64 —6.25 —6.32 0.64 —2.35 —8.57 0.64 240
3 1.49 —8.47 0.64 —-0.72 —8.86 0.64 371 —8.08 0.64 280
4 6.59 —5.53 0.64 5.14 —7.25 0.64 8.03 —3.80 0.64 320
5 8.60 0.00 0.64 8.60 —2.25 0.64 8.60 2.25 0.64 0
6 6.59 5.53 0.64 8.03 3.80 0.64 5.14 7.25 0.64 40
7 1.49 8.47 0.64 3.71 8.08 0.64 —-0.72 8.86 0.64 80
8 —4.30 7.45 0.64 —2.35 8.57 0.64 —6.25 6.32 0.64 120
9 —8.08 2.94 0.64 —7.31 5.06 0.64 —8.85 0.83 0.64 160
10 —6.53 —1.49 —0.65 —7.03 0.70 —0.65 —6.03 —3.68 —0.65 193
11 —291 —6.04 —0.65 —4.93 —5.06 —0.65 —0.88 —7.01 —0.65 244
12 291 —6.04 —0.65 0.88 —7.01 —0.65 4.93 —5.06 —0.65 296
13 6.53 —1.49 —0.65 6.03 —3.68 —0.65 7.03 0.70 —0.65 347
14 5.24 4.18 —0.65 6.64 242 —0.65 3.84 5.94 —0.65 39
15 0.00 6.70 —0.65 2.25 6.70 —0.65 —2.25 6.70 —0.65 90
16 —5.24 4.18 —0.65 —3.84 5.94 —0.65 —6.64 242 —0.65 141
17 —3.80 —2.76 —1.57 —-5.12 —-0.94 —1.57 —2.48 —4.58 —1.57 216
18 145 —4.47 —1.57 —0.69 —-5.17 —1.57 3.59 —3.77 —1.57 288
19 4.70 0.00 —1.57 4.70 —2.25 —1.57 4.70 2.25 —1.57 0
20 1.45 4.47 —1.57 3.59 3.77 —1.57 —0.69 5.17 —1.57 72
21 —3.80 2.76 —1.57 —2.48 4.58 —1.57 —-5.12 0.94 —1.57 144
22 0.00 —2.25 —2.21 —2.25 —2.25 —2.21 2.25 —-2.25 —2.21 270
23 0.00 2.25 —2.21 2.25 2.25 —-221 —2.25 2.25 —2.21 90
24 0.00 0.00 —2.40 2.25 0.00 —2.40 —2.25 0.00 —2.40 90
22 mm plaque 1 —9.20 0.00 1.15 —-9.20 2.25 1.15 —-9.20 —2.25 1.15 180
2 —6.51 —6.51 1.15 —8.10 —491 1.15 —491 —8.10 1.15 225
3 0.00 —-9.20 1.15 —2.25 —-9.20 1.15 2.25 —9.20 1.15 270
4 6.51 —6.51 1.15 491 —8.10 1.15 8.10 —491 1.15 315
5 9.20 0.00 1.15 9.20 —2.25 1.15 9.20 2.25 1.15 0
6 6.51 6.51 1.15 8.10 491 1.15 491 8.10 1.15 45
7 0.00 9.20 1.15 2.25 9.20 1.15 —2.25 9.20 1.15 90
8 —6.51 6.51 1.15 —491 8.10 1.15 —8.10 491 1.15 135
9 —-17.19 —1.27 —-0.29 —7.58 0.95 —-0.29 —6.80 —3.48 —0.29 190
10 —2.50 —6.86 —-0.29 —4.61 —6.09 —-0.29 —0.38 —7.63 —-0.29 250
11 4.69 —5.59 —-0.29 2.97 —7.04 —-0.29 6.42 —4.15 —-0.29 310
12 7.19 1.27 —-0.29 7.58 —0.95 —-0.29 6.80 3.48 —0.29 10
13 2.50 6.86 —0.29 4.61 6.09 —-0.29 0.38 7.63 —-0.29 70
14 —4.69 5.59 —-0.29 —-2.97 7.04 —-0.29 —6.42 4.15 —-0.29 130
15 —3.09 —3.68 —1.53 —4.81 —2.23 —1.53 —1.36 —5.12 —1.53 230
16 3.68 —3.09 —1.53 2.23 —4.81 —1.53 5.12 —1.36 —1.53 320
17 3.09 3.68 —1.53 4.81 2.23 —1.53 1.36 5.12 —1.53 50
18 —3.68 3.09 —1.53 —2.23 4.81 —1.53 —5.12 1.36 —1.53 140
19 0.20 —2.24 —2.21 —2.05 —2.44 —2.21 2.44 —2.05 —2.21 275
20 —0.20 2.24 —2.21 2.05 2.44 —2.21 —2.44 2.05 —2.21 95
21 0.00 0.00 —2.40 2.24 0.20 —2.40 —224 —0.20 —2.40 95
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the plaque heterogeneity effect was not accounted for in this
study, the comparison of dose distributions and dose-volume
histograms for the three radionuclides provided information
concerning the choice of radionuclide and implant time based
on plaque size and tumor apex height. In this paper, the cor-
rection for the NIST 1999 Sk update was incorrectly imple-
mented a second time when establishing the acceptable dose-
rate criterion using the methods of the 2003 ABS guidance
publication.

In 2008, Melhus and Rivard reported results of MC sim-
ulations using MCNP5 that were performed to estimate
brachytherapy dose distributions for COMS eye plaques.?
Specific brachytherapy source models containing '2°I (model
6711), '3Pd (model 200), and '3!'Cs (model CS-1 Rev2) were
distributed into 10 mm-22 mm diameter COMS eye plaques.
Transport media used in the MC simulations were both
heterogeneous (Hetero), including Silastic and gold-alloy
backing, and homogeneous (Homo) liquid water environ-
ments. Homogeneous central-axis dose distributions agreed
to within 2% to Pinnacle calculated values based on the
TG-43 approach.”’ For heterogeneous simulations, notable
radiation dose attenuation was observed with reductions at 5
mm depth of 11%, 19%, and 9% for 1257 103pq and 13!Cs,
respectively. A depth-dependent central-axis dose correction
factor (referred to as Hetero/Homo ratio) was derived to cor-
rect homogenous dose calculations at depths up to 10 mm
from the inner sclera for COMS-plaque component hetero-
geneity effects with plaques fully loaded with seeds. The ra-
tio decreased slowly with increasing depth into the eye. They
also performed MC simulations for single seeds at the center
of a 20 mm COMS plaque in homogeneous water medium for
comparison with a fully loaded plaque.

Also in 2008, Thomson et al. reported results of a MC
investigation of eye-plaque brachytherapy dosimetry using
BrachyDose, an EGSnrc-based radiation transport code, to
simulate 3D dose distributions in the eye from specific %1
(model 6711) and '%Pd (model 200) sources in standard
COMS-plaques.”® Homogenous water medium was generally
assessed, and implications of replacing water with eye tissues
were examined. Dosimetric influence of the gold-alloy back-
ing was investigated, and found to be sensitive to the backing
composition. For a fully loaded plaque with gold-alloy back-
ing and Silastic insert, the dose decrease relative to homoge-
neous water was 13% for '2°1 and 20% for '*Pd at a distance
of 5 mm from the inner sclera along the plaque’s central axis.
For COMS-plaques, inter-seed attenuation was observed to
be a 2% effect. Dose reduction near the air-tissue interface
(in front of cornea) was up to 10% as compared to an infi-
nite homogeneous water medium, but the effect was small at
most points-of-interest (POIs) within the eye. Similarly, or-
bital bones were shown to decrease doses in the eye region by
up to 5% and 3.5% for '>I and '%*Pd, respectively, depend-
ing on the plaque location on the eyeball. Replacing water as
the transport medium with eye tissue and surrounding air re-
sulted in dosimetric differences of up to 8%.%° For the same
prescription dose, '®*Pd generally delivered a lower dose than
1251 to normal or critical structures. Furthermore, the authors
observed that BrachyDose was sufficiently fast to allow full
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MC dose calculations for routine clinical treatment planning.
In addition to fully loaded plaques, they performed MC sim-
ulations for a single seed at the center of a 12 mm or 20 mm
COMS plaque in a homogeneous water medium. They deter-
mined the Hetero/Homo ratio at depths < 23 mm for both
single seed and fully loaded plaques. It was found that the
values of the Hetero/Homo ratio for a fully loaded 16 mm
COMS plaque differed by up to 2% on the central axis and by
up to nearly 6% at other POIs. For a single seed in 12-mm and
20-mm plaques, the values of the Hetero/Homo ratio were
within 1%, hence insensitive to the plaque size.

There is good agreement between the results of Brachy-
Dose and MCNP5 simulations for T (model 6711) and
103pd (model 200) seeds in the COMS-plaques, with the
BrachyDose simulation covering a larger region around the
eye. The Hetero/Homo ratio for single seed '2°I (model 6711)
and '%*Pd (model 200) at the center of a 20 mm COMS plaque
obtained from these two MC codes was compared with the
TLD data for the same seed model by de la Zerda et al.%?
and Chiu-Tsao et al.®” Agreement within the uncertainties of
both the TLD data (&= 5%—10%) and MC results (<0.4% sta-
tistical uncertainty only) was found. Thus, the TLD data cor-
roborate the MC simulation results of the dose reduction by
COMS-plaque.

In 2010, Thomson and Rogers reported on the sensitivity
of dose distributions for eye-plaque brachytherapy as a func-
tion of seed model.?* Using BrachyDose, they calculated dose
distributions for six '*Pd and '*°I seed models identified to
have sufficient air kerma strength for eye-plaque therapy and
compared these to previously obtained results.” Differences
in dose reduction relative to homogeneous water assumption
(based on TG-43 approach) varied slightly with seed model,
with variations generally of order 2%. For the same prescrip-
tion dose, absolute doses at POIs vary by up to 8% with seed
model (see Tables III-V in Thomson and Rogers®® for doses
at POIs for different seed models). In general, for the same
prescription dose at the prescription point, doses at selected
POIs were lower with '%Pd seed models than with '>I seeds.
This study also demonstrated the large errors incurred using
the TG-43 approach (homogeneous water assumption) to cal-
culate doses to critical ocular structures, particularly to points
off the plaque’s central axis with dose differences of up to
90% observed.”

In 2010, Thomson et al. reported on MC results, also us-
ing BrachyDose code, for a modified 22 mm COMS plaque
with a 10 mm diameter circular cutout at the plaque center
designed for treatment of iris melanomas.>® The plaque was
loaded with '*°I (model 6711) or '93Pd (model 200) seeds.
Doses at POIs differed by up to 70% from those calculated
using the superposition method based on the TG-43 approach,
indicating the importance of accounting for attenuation
and lack of scatter by the plaque.

Zhang et al. reported on MC simulations for a 16 mm
COMS plaque without the Silastic insert.® The plaque was
fully loaded with 125] seeds (IsoAid model IAI-125A) or '3'Cs
seeds (IsoRay model CS-1 Rev2) in a water equivalent insert.
MCNPX code was used for the calculation. They compared
the heterogeneity effects due to gold and gold-alloy plaques
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on the central-axis doses and dose-volume histograms for 21

and 3'Cs sources, and found dose reductions of 7% and 4%
for gold and gold-alloy backings at a depth of 6 mm compared
to the homogeneous water conditions.

Acar” reported radiochromic EBT film measurement
of dose distributions for COMS-plaques with diameters of
14 mm, 16 mm, 18 mm, and 20 mm fully loaded with '>1
seeds (IBt-Bebig model 125.S16). EBT film was positioned in
a central plane of the plaque in a polystyrene eye phantom.
In addition, a film was also positioned at 5 mm or 12 mm
depth normal to the plaque central axis. The relative central-
axis doses normalized to the 5 mm depth as well as relative
off-axis dose profiles were reported. The EBT film data were
compared with the calculated relative doses using Plaque
Simulator (version 4) and were lower by no more than 15%.

In 2011, Rivard et al. compared three clinical brachyther-
apy TPS and two MC codes to investigate dosimetric dif-
ferences for brachytherapy of intraocular tumors using spe-
cific I (model 6711) or 'Pd (model 200) sources in a
16 mm COMS plaque.”® The authors evaluated the impact
of heterogeneity-enabled MC estimations on the administered
dose. TPS used in the comparison were BrachyVision v6.1
and v8.1, Plaque Simulator v5.3.9, and Pinnacle v8.0dp1, all
of which use the superposition of single seed doses follow-
ing the AAPM TG-43U1 point-source (1D) or line-source
(2D) formalisms in water. Using modified 2D dose calcu-
lations accounting for the plaque heterogeneity, the Plaque
Simulator software can also incorporate correction factors
for individual seeds due to gold-alloy backing and Silastic
insert. MCNP5 v1.40 and BrachyDose/EGSnrc MC codes
were used for comparison to the TG-43 techniques. Three
types of calculations were performed: (1) point source ap-
proximation (1D TG-43U1 formalism) in homogeneous wa-
ter medium (for the TPS only), (2) line source approxima-
tion (TPS with 2D TG-43U1 formalism and MC codes) in
homogeneous water medium, and (3) plaque heterogeneity-
corrected line sources (Plaque Simulator with modified 2D
calculation and MC codes). Comparisons between the five
methods were made along the plaque central axis and at
specified off-axis points representing normal anatomic struc-
tures within a standardized eye model. For TG-43 calcula-
tions in a homogeneous water medium, agreement within
2% was observed between the 1D and 2D formalisms when
comparing TPS and MC codes. For the heterogeneous dose
calculations, the results from MC codes and modified 2D
calculation in Plaque Simulator agreed within 2% at most
points along the central axis. Dose differences for plaque
heterogeneity-corrected calculations differed by up to 37%
on the central axis in comparison to a homogeneous water
medium. Rivard et al.”® determined that a prescription dose
of 85 Gy (based on homogeneous water assumption) at 5
mm depth actually delivers 76 Gy and 67 Gy for specific 11
(model 6711) and '*Pd (model 200) sources, respectively, af-
ter accounting for COMS-plaque heterogeneities. For off-axis
anatomic structures, dose differences between homogeneous
water and heterogeneous medium cases approached a factor
of 10.
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li.B. Plaque Simulator TPS

After consideration of the COMS dosimetry correction
factors examined by Krintz et al.,’* Astrahan included ad-
ditional correction factors into a later version (version 5) of
Plaque Simulator software.”” Though this is the only cur-
rently available software specific to eye-plaque treatment
planning,” it is not approved by the U.S. Food and Drug Ad-
ministration (FDA) nor has it received the Conformité Eu-
ropéenne (C€) mark as of this writing. Plaque Simulator is
based on superposition of dose contributions from individ-
ual seeds following the TG-43 formalism. The software in-
corporates additional features that model three-dimensionally
the gold-alloy backing and ray-trace the path of primary ra-
diation between the calculation point and a linear radiation
source. This enables the software to account for collimation
of primary radiation emitted from the radioactive seeds by the
gold-alloy backing. The software also incorporates a scatter
and attenuation correction factor specific to COMS plaques
that is estimated from the primary path length in the Silas-
tic seed carrier insert and is dependent on the distance be-
tween the source and calculation point. In addition, there is a
fluorescence backscatter correction factor for the USC style
plaques®! in which the seeds are glued directly into individ-
ually collimating slots embedded in the gold backing. Com-
pared with homogeneous water, the dose-modifying effects
of the gold-alloy backing and Silastic were greatest near the
plaque surface and immediately adjacent to the plaque, while
being least near the center of the eye. The dose distribution
calculated using Plaque Simulator surrounding a single '*1
seed (model 6711) centered in a 20-mm COMS-plaque was
consistent with previously published studies using TLD mea-
surement and MC calculation.?®%? For fully loaded 12-mm
and 20-mm plaques, Astrahan concluded that the calculated
dose to critical ocular structures ranged from 16% to 50% less
than that reported using the standard COMS dose calculation
protocol. The 50% reduction occurred at a point of interest in
the penumbra region of a 12 mm plaque, illustrating the colli-
mating effect of the gold-alloy backing and lip accounted for
in the Plaque Simulator calculation. Also in 2005, Astrahan
et al. described the dosimetric consideration of a modified
COMS-plaque with a reusable gold “seed-guide” insert re-
placing the Silastic insert.’® The seed locations in such a “seed
guide” insert are slightly different from those of the Silastic
insert. Hence, the dose distribution is different from that for a
COMS-plaque with Silastic insert. The effect on doses due to
the air space between the seeds and the eye surface was also
estimated.

Review of current clinical practice indicates several
brachytherapy software programs employed for plaque dose
calculations. Though many of these programs have been ap-
proved for general brachytherapy applications, Plaque Simu-
lator is the only one specifically written for ophthalmic plaque
dosimetry. It is widely used and commercially available (IBt-
Bebig, Germany), and has many image-based features not
available in custom Excel spreadsheets developed institution-
ally for plaque dose calculations and checks. Until Plaque
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Simulator receives approval by the U.S. Food and Drug Ad-
ministration, the AAPM and ABS do not recommend its clin-
ical use as a primary dose calculation tool.

lll.C. TG-43 hybrid treatment planning

In 2009, Rivard et al. developed an approach to using
a conventional brachytherapy TPS for treatment planning
of complex, MC-based brachytherapy dose distributions that
include material heterogeneities.”> Each COMS eye plaque
fully loaded with radioactive seeds was modeled as a virtual
source. The longitudinal axis (z-axis) of the virtual source co-
incided with the plaque central axis. The 2D anisotropy func-
tion in the cylindrical coordinate system and the radial dose
function for the virtual source were obtained from the MC-
derived dose distributions and entered into the Pinnacle TPS.
They demonstrated that this approach could accurately repro-
duce MC-derived heterogeneous-corrected dose distributions
for plaques fully loaded with '2°I, 1%*Pd, or !3!Cs seeds. Draw-
backs of this technique are (a) the volume averaging about the
plaque axis of symmetry, and (b) the number of dosimetric
parameter values (exceeding 30000 for each combination of
radionuclide and plaque size) needed for TPS entry.

IV. RECOMMENDATIONS

In the interim before brachytherapy TPS allowing
heterogeneity-corrected dose calculations become FDA ap-
proved or receive (€ mark and are commercially available,
the AAPM and ABS recommend a dual approach (i.e., sep-
arate homogeneous and heterogeneous dose calculations) for
eye-plaque treatment planning as outlined in Secs. IV.A and
IV.B. Guidance on seed dosimetry parameters, image-guided
brachytherapy, and the quality management program are also
provided in Subsections IV.A-IV.E.

IV.A. Homogeneous dose calculation
formalisms

The AAPM TG-43 1D formalism was used in the original
COMS protocol for central-axis dose calculations with the 1D
anisotropy function ¢,,(r) set equal to unity. In comparison to
the 2D formalism, this approximation produces nearly iden-
tical central-axis dose results because COMS plaque source
positioning aligns the transverse planes of every source with
the plaque central-axis. However, dose differences >5% be-
tween the 1D and 2D formalisms exist away from the plaque
central-axis. Because source orientations are known and
affixed by the Silastic insert, the AAPM and ABS recom-
mend abandonment of the 1D formalism dose calculation
method and use of the 2D brachytherapy dosimetry formal-
ism of the AAPM TG-43U1 report. Care should be taken to
ensure that the line-source geometry function is used with the
radial dose function gz (r) and 2D anisotropy function F(r,
0).27 The clinical medical physicist (or Qualified Medical
Physicist depending on the regulatory environment) should
discuss changing from the 1D to the 2D formalism with
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their radiation oncologist colleague(s) prescribing eye plaque
brachytherapy.

IV.B. Heterogeneous dose calculation formalisms

In light of the clinically significant radiation collimation
by high-Z plaque components, the clinical medical physicist
should prepare for a transition to more accurate dose calcula-
tions. Based on the magnitude and clinical significance of the
plaque heterogeneity effects mentioned in Sec. III, the AAPM
and ABS recommend that dose calculations be performed
in both homogeneous water (i.e., TG-43 dosimetry formal-
ism) and accounting for plaque material heterogeneities. The
AAPM and ABS recognize that the most accurate method to
calculate eye-plaque brachytherapy dose distributions is a ver-
ified MC code that accounts for material heterogeneities of
the eye plaque and patient. However, there currently are no
MC-based TPS having FDA approval or (€ mark. Accurate
eye-plaque dosimetry may also be obtained with conventional
brachytherapy TPS based on the TG-43 hybrid technique,’>“*
or using the superposition of single-source dose distributions
with appropriate semianalytic corrections for plaque mate-
rial heterogeneities such as performed by Plaque Simulator
software. However, until brachytherapy MC-based TPS or the
Plaque Simulator software obtain FDA approval or (€ mark,
clinical practitioners may be limited to the TG-43 hybrid tech-
nique or conventional TG-43-based dose calculations in ho-
mogeneous water medium.

In anticipation of brachytherapy TPS allowing het-
erogeneous dose calculations, e.g., semianalytic path-
length correction,’”® M(C,>-82.83 collapsed cone,”*% discrete
ordinates,’”-%% or other approaches,”” the AAPM and ABS
recommend performing a parallel dose calculation or estima-
tion to include the effects of plaque material heterogeneities
when these brachytherapy TPS become available. At a min-
imum, heterogeneity-corrected dose to the prescription point
should be obtained, but preferably a 2D dose distribution. To
aid the treatment planning decision making process, a table
of central-axis dose values for Homo and Hetero cases for
fully loaded plaques is presented based on the MC results
by Thomson et al.® Table II displays the central-axis dose
values of the Homo and Hetero cases for all seven COMS-
plaque sizes, with the Homo dose normalized to 85 Gy at a
depth of 5 mm for a given plaque size. Table II facilitates
estimations of the administered dose with the plaque hetero-
geneity accounted for corresponding to calculated dose with
homogeneous assumption, using the same product of the air
kerma strength and effective treatment time, correcting for de-
cay during the elapsed treatment time. When the prescription
point is the tumor apex at a depth different from 5 mm, the
tabulated Homo value at that prescription depth should be
renormalized to the prescription dose, and all the other val-
ues (Hetero and Homo) for the same plaque size in the same
table should be rescaled accordingly. For example, when the
prescription dose is 85 Gy (with homogeneous water assump-
tion) at the prescription depth of 7 mm for a 16 mm plaque
loaded with 2T (model 6711) seeds, the dose values as listed
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TABLE II. Central-axis dose values (in Gy) of the Homo and Hetero cases for all seven COMS plaque sizes (10 mm-22 mm), with the Homo dose normalized
to 85 Gy at a depth of 5 mm for a given plaque size. Data are for model 6711 and model 200 seeds for '2°T and '3Pd, respectively, from simulations with
BrachyDose (Ref. 54).

Homo Hetero
Depth (mm) 10 12 14 16 18 20 22 10 12 14 16 18 20 22
1251 (6711)
0 445 363 320 262 252 231 236 395 317 278 223 215 196 202
1 295 255 232 204 192 181 180 263 226 204 177 166 155 155
2 205 187 175 162 153 147 145 184 166 155 142 134 127 126
3 149 141 135 130 125 121 120 133 125 120 114 109 106 104
4 111 108 107 104 103 101 101 98.5 96.0 93.9 92.0 89.8 88.4 87.7
5 85.0 85.0 85.0 85.0 85.0 85.0 85.0 75.0 74.9 74.8 74.6 74.4 74.4 74.1
6 66.9 67.8 68.7 69.7 70.8 71.7 72.3 58.5 59.4 60.2 60.9 61.8 62.5 62.8
7 53.5 54.9 56.3 57.6 59.4 60.8 61.6 46.5 47.8 49.0 50.1 51.6 52.9 53.5
8 435 45.0 46.5 48.0 50.1 51.8 52.9 37.6 38.9 40.3 41.7 43.4 44.8 4577
9 35.9 37.3 38.9 40.4 425 44.1 455 30.8 322 33.5 34.9 36.6 38.1 39.2
10 30.0 31.3 329 343 36.3 38.0 39.4 25.6 26.9 28.1 29.4 31.2 32.6 33.7
11 25.3 26.7 28.0 29.2 31.2 32.8 34.0 21.5 22.6 23.9 25.0 26.6 28.0 29.1
12 21.6 22.7 24.0 25.1 26.9 28.5 29.6 18.2 19.2 20.4 21.3 22.9 24.2 25.3
13 18.5 19.5 20.7 21.7 234 24.8 25.9 15.6 16.5 17.4 18.4 19.8 21.0 21.9
14 16.1 16.9 17.9 18.9 20.5 21.8 22.7 13.4 14.2 15.1 16.0 17.2 18.3 19.2
15 14.0 14.8 15.7 16.6 17.9 19.1 20.0 11.6 12.3 13.1 13.9 15.0 16.0 16.7
16 12.2 13.0 13.8 14.5 15.8 16.9 17.7 10.1 10.8 11.4 12.2 13.1 14.1 14.8
17 10.7 11.4 12.2 12.8 14.0 14.9 15.7 8.88 943  10.0 10.7 11.6 12.4 13.0
18 9.51 10.1 10.8 11.4 12.4 13.2 14.0 7.85 8.33 8.90 947 102 11.0 11.5
19 8.46 9.00 9.54  10.1 11.0 11.9 12.4 6.94 737 7.88 8.36 9.06 9.72 103
20 7.56 8.03 8.52 9.01 985  10.6 11.1 6.17 6.55 7.02 7.43 8.07 8.65 9.12
21 6.74 7.21 7.64 8.09 8.87 9.44 9.98 5.52 5.85 6.24 6.67 7.25 7.75 8.11
22 6.04 6.43 6.85 7.27 7.97 8.52 9.00 4.94 5.24 5.59 5.95 6.49 6.90 7.26
23 5.45 5.77 6.18 6.56 7.18 7.68 8.16 4.40 470 5.00 5.36 5.82 6.26 6.59
103pd (200)
0 483 396 350 288 276 253 258 376 302 263 211 203 185 191
1 324 281 255 224 211 197 197 260 222 199 172 162 151 151
2 224 203 190 175 166 158 156 181 163 151 137 130 123 122
3 158 150 143 137 132 128 126 129 121 115 109 105 101 100
4 115 112 110 108 106 104 103 93.4 90.8 88.6 86.5 84.6 83.0 82.3
5 85.0 85.0 85.0 85.0 85.0 85.0 85.0 69.2 69.0 68.8 68.5 68.4 68.1 67.9
6 64.5 65.6 66.5 67.6 69.0 69.8 70.2 52.3 53.0 53.8 54.6 55.6 56.0 56.4
7 49.8 51.4 52.8 54.1 56.1 57.4 58.2 40.3 415 427 43.7 453 46.3 46.8
8 39.1 40.6 422 43.7 459 473 48.6 31.5 32.8 34.0 35.3 37.0 38.2 39.1
9 31.1 32.6 34.0 35.5 37.8 39.3 40.5 25.0 26.3 27.4 28.6 30.3 31.7 32.6
10 25.0 26.4 27.8 29.2 31.1 32.7 33.9 20.1 21.2 223 234 25.0 26.2 27.3
11 20.4 21.6 22.8 24.0 25.9 27.4 28.5 16.3 17.3 18.3 19.3 20.7 22.0 22.9
12 16.7 17.8 18.9 20.0 21.6 23.0 24.0 13.4 14.3 15.1 16.0 17.3 18.4 19.2
13 13.9 14.8 15.7 16.7 18.1 19.4 204 11.0 11.8 12.5 13.3 14.5 15.5 16.2
14 11.6 12.4 132 14.0 153 16.4 17.2 9.16 984 105 11.1 12.2 13.1 13.8
15 9.71 10.4 11.1 11.9 12.9 13.9 14.7 7.66 8.26 8.78 939 103 11.0 11.7
16 8.20 8.79 9.41 9.99 110 11.9 12.6 6.47 6.97 7.46 7.98 8.69 9.43 9.94
17 6.95 7.48 7.99 8.55 942 102 10.8 5.48 5.89 6.36 6.71 7.45 8.05 8.48
18 5.94 6.38 6.86 7.33 8.10 8.75 9.24 4.68 5.05 5.42 5.78 6.38 6.89 731
19 5.08 5.48 5.89 6.32 6.94 7.54 8.00 4.00 430 4.62 4.97 5.47 5.93 6.30
20 438 472 5.08 5.44 6.05 6.48 6.93 3.45 3.69 3.98 428 4.69 5.09 5.43
21 3.81 4.08 438 4.70 521 5.63 6.01 2.96 3.18 3.43 3.70 4.06 4.40 4.68
22 3.28 3.51 3.79 4.07 451 4.89 5.23 2.57 2.75 2.97 321 3.52 3.83 4.06
23 2.87 3.05 327 3.54 3.92 429 4.54 2.24 2.40 2.58 2.76 3.07 3.31 3.54
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in the column for Homo and Hetero of Table II need to be
multiplied by a factor of (85/57.6).

Some brachytherapy TPS, e.g., Plaque Simulator, based on
superposition of individual seed doses, allow the user to enter
distance-dependent dose correction factors to account for ra-
diation scatter and attenuation by the gold-alloy backing and
Silastic insert for a single seed. Specific recommendations
for the Plaque Simulator single seed dose correction func-
tion, 7(r), are included in Table III, which are based on the
MC results of the Hetero/Homo ratio values for a single seed
(I model 6711 or '%*Pd model 200) at the center of a 20
mm COMS-plaque by Thomson et al.>° This dose correction
function accounts for scatter and attenuation by the gold-alloy
backing and 1 mm path length in Silastic. Together with the
ratio of the transmission factors of Silastic and water through
the extra oblique path length (beyond 1 mm) in Silastic,”® T(r)
is used to multiply the TG-43U1 calculated single seed dose,
beginning in version 5 of PS software.

When heterogeneity-correction based TPS are used
clinically,”®°-%7 careful attention must be paid to an appro-
priate change in prescription dose since there are no clinical
results at this time demonstrating its utility. Any changes
in prescription dose must evaluate the relationship between
the conventional treatments with which the facility has ex-
perience and the heterogeneity-corrected dose distributions.”®
Before changing prescriptions, the clinic should gather both
homogeneous and heterogeneous dosimetry for multiple pa-
tients to understand the relationship between the two dose cal-
culation methods.

IV.C. Model specific dosimetry parameters

Appropriate repositories of dosimetry parameter data for
clinical use are the published AAPM-recommended consen-
sus data in TG-43U1 or TG-43U1S1.27-3% An additional ref-
erence for appropriate data sources is the joint AAPM/RPC
Brachytherapy Source Registry.”” Other resources with de-
tailed dosimetry parameter data (in excel format) are avail-
able, such as the GEC-ESTRO (Ref. 100) and the Carleton
University website.'°! On the Carleton University website,
Taylor and Rogers have posted MC-calculated datasets for
several seed models®""3 that include 17 g;(r) values and 5
F(r, 0) tables for r < 10 mm for individual seed models. The
Carleton University datasets compare favorably to AAPM
consensus data. Although this report focuses on '>3I and '%*Pd
seeds in standard COMS-plaques, these recommendations are
generalizable to all photon-emitting plaques.

As of this writing, seed models that can be made with suf-
ficient strength for eye-plaque brachytherapy include:

125T: models 6711 and 9011 (Oncura, Inc., Princeton,
NJ), model 2301 (Best Medical, Inc., Springfield, VA),
model TAI-125A (IsoAid, LLC., Port Richey, FL), and
model 125.516 (IBt-Bebig, Berlin, Germany);

103Pd: model 200 (Theragenics Corporation, Buford, GA),
model 2335 (Best Medical, Inc., Springfield, VA), and
model IAPd-103A (IsoAid, LLC., Port Richey, FL);
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TABLE III. Values of the dose correction function 7(r) for a single seed in
a COMS plaque at various transverse distances r from the seed center used
in the Plaque Simulator calculations for 1251 (model 6711) and '%Pd (model
200) seeds (Ref. 58).

Dose correction function, 7(r)

7 (mm) 1251, model 6711 103pd. model 200
0 0.922 0.836
1 0.921 0.836
2 0.919 0.836
3 0.915 0.836
4 0.910 0.834
5 0.905 0.830
6 0.899 0.827
7 0.892 0.823
8 0.886 0.820
9 0.880 0.816
10 0.874 0.814
11 0.868 0.811
12 0.863 0.809
14 0.853 0.804
16 0.845 0.801
18 0.838 0.798
20 0.833 0.796
25 0.822 0.792
30 0.816 0.789
35 0.811 0.788
40 0.808 0.787

I3B1Cs: model CS-1 Rev2 (IsoRay Medical, Inc., Richland,
WA).

The above seed models are posted on the joint AAPM-RPC
Brachytherapy Source Registry, except model 125.S16 that is
of the same design as model 125.S06 but with higher strength
and is available in Europe.

IV.D. Image-guided brachytherapy

In support of the field of radiotherapy to implement
image-guidance, the AAPM and ABS further recommend
that commercial brachytherapy TPS vendors integrate tu-
mor localization data, such as fundus photographs,*192-105
ultrasonographs,'%® 197 and/or CT and MRI scan images'%% 1%
acquired before the plaque implantation. A retinal draw-
ing should be made that includes the tumor, centered at
its clock hour and anterior-posterior location as well as its
basal dimensions.'%5 119 Tn addition, the distance from the tu-
mor edge to the central fovea and optic disc should be cal-
culated and documented. These measurements are derived
from a combination of the ophthalmic examination (slit lamp
and/or ophthalmoscopy), ultrasonography (high and/or low
frequency), photography, and transillumination. Each of these
diagnostic/localization techniques either contributes or is crit-
ical to tumor measurement and determination of intraocular
distances. Once the tumor edges and location are determined,
the distances between the tumor and critical ocular structures
can be calculated. These calculations may be performed with
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FIG. 3. Retinal/fundus diagram (upper) and transverse cross section diagram (lower) of standard eyes with 22-mm inner diameter: (a) right eye, and (b) left
eye. In the fundus diagrams, the numbers indicate chord and arc lengths (in parentheses) in mm between two points in the retina. The fovea is at the center of the
three concentric rings, which represent equator, ora serrata, and limbus from inside out, respectively. The small circle next to the fovea indicates the optic disc.
The slightly larger dotted circle outside the optic disc indicates the projection of the outer circumference of the optic nerve sheath. The 12 clock hours indicated
by numerals 1-12 (outside the outermost circle) are used to identify the locations of anatomical structures in an eye. In the cross section diagrams, only the
chord lengths (in mm) are shown. Note that the actual dimensions of the eye vary and the eye is not a perfect sphere.

photographic software, ultrasound calipers, or with the retinal
and cross-sectional diagrams [Figs. 3(a) and 3(b)] as used by
COMS. 0T Thege diagrams were created as a guide to aver-
age normative distances from reference points within a stan-
dard eye (with a 22.0 mm inner diameter). The Radiological
Physics Center (RPC) employs a method devised by Kline'!?
to calculate the POI coordinates for the fovea, optic disc, and
lens in the eye-plaque coordinate frame.''3

IV.E. Quality management program

For each eye-plaque procedure, a multi-disciplinary team
consisting of at least one ophthalmologist, one radiation on-
cologist, and one clinical medical physicist or designate (such
as a medical dosimetrist) should work closely together to as-
sure safe, accurate, and effective brachytherapy. General qual-
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ity checks and QA for individual patient cases are necessary
at different stages of the treatment process as outlined below.

IV.E.1. Commissioning

The ultrasound device used for determining tumor size and
extent should be tested using the procedures recommended
by AAPM Ultrasound TG-1.'" An institution must have a
well-type ion chamber with a traceable calibration to a na-
tional metrology institute (e.g., NIST, NPL, PTB, etc.)!'5 to
determine brachytherapy source strengths (in terms of air
kerma strength, not apparent activity)''® prior to plaque as-
sembly and application. The well chamber should be re-
calibrated by an accredited dosimetry calibration laboratory
(ADCL) or a national metrology institute (e.g., NIST) at
2-year intervals.'!’
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Upon receipt of the gold-alloy backing and Silastic inserts,
the location of the grooves on the Silastic insert should be ver-
ified against the diagram in Fig. 1. As a first step preparing to
commission the eye-plaque TPS, the values of seed coordi-
nates (Table I) entered in the TPS should be verified for accu-
racy for all available plaques in the clinic. Second, the clinical
medical physicist should validate the single source dosime-
try data (Sec. IV.C) in the TPS. Preceding clinical use, the
eye-plaque brachytherapy TPS should be commissioned ac-
cording to TG-53.'"® There are notable differences amongst
brachytherapy TPS in the amount and format of dosimetry
parameter data that can be entered. For eye-plaque dosimetry,
g1 (r) should be specified with r resolution of 1 mm or finer for
1 mm < r < 30 mm to ensure accurate dose-rate determina-
tion at clinically relevant distances. Similarly, F(r, 8) should
be defined at 10° or smaller increments of polar angle, and
include data for at least two radial distances of r < 10 mm.
While brachytherapy TPS vendors improve dose calculation
capabilities, the AAPM and ABS recommend that clinical
medical physicists calculate central-axis homogeneous dose
distributions for either the 121 model 6711 or !*Pd model 200
sources in a 16 mm COMS plaque to compare with published
dose distributions.”® The clinical medical physicist should
also estimate central-axis inhomogeneous dose distributions
for these same sources for comparison if the brachytherapy
TPS in that institution allows such calculations.”

IV.E.2. Preoperative planning

Upon the decision to treat a specific patient, agreement
as to which radionuclide and source model to use should be
reached among the radiation oncologist, ophthalmic oncol-
ogist, and the clinical medical physicist. This decision may
be based on preoperative comparative treatment planning to
determine doses to the tumor and to normal ocular struc-
tures (e.g., fovea, optic disc, lens, opposite eye wall). Each
radiotherapy patient record should include a retinal diagram
that indicates the affected eye, tumor location, tumor dimen-
sions, and proximity to critical normal ocular structures.'®> A
prescription should be used to initiate the treatment planning
process. It should indicate the affected eye (left or right), pre-
scription dose, prescription point, initial dose rate at the pre-
scription point in Gy/h, radionuclide, half-life, seed model,
number of seeds, seed strength, plaque type and size, GTV-
to-PTV margin (e.g., 2 mm), implant and explant dates, and
treatment duration. The magnitude of the heterogeneity cor-
rection on the central axis can be calculated using data in Ta-
ble II. In addition to the prescription point on the central axis,
dose to the fovea, optic nerve, lens, and opposite eye wall
as well as the outer and inner sclera along the plaque central
axis should be determined as accurately as possible given the
available resources in the clinic. If a heterogeneity correction
model is available, then heterogeneity corrected doses should
be documented as calculated. At a minimum, doses to points
(fovea, optic disc, lens, opposite eye wall and sclera) should
be calculated using the homogeneous models and an estimate
of the heterogeneity correction noted using the dosimetry data
presented in this report as a guideline.
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The brachytherapy plan should be checked by another
qualified physicist or dosimetrist and the TG-43 based dose
distribution should be verified by an independent dose calcu-
lation method such as a spreadsheet calculation or using third-
party commercial software. Tolerances of 2% on the plaque
central axis may be considered acceptable.

IV.E.3. Preoperative quality assurance

An in-house clinical medical physicist or his/her assigned
designate (such as a medical dosimetrist) should verify the
seed strengths prior to plaque assembly using a well cham-
ber with a traceable calibration to a national standard estab-
lished by a national metrology institute (e.g., NIST) following
recommendations by the AAPM Low Energy Brachytherapy
Source Calibration Working Group.'!'> Guidance on the ac-
tions to be taken based on the percentage difference found be-
tween the manufacturer’s source-strength certificate and the
in-house assay is provided by Butler et al. Ten randomly se-
lected seeds from each source-strength grouping should be
measured; all seeds should be measured for seed batches <10.
A tolerance of 6% should be used as given in the top-third of
Table II of Butler et al. for calibration agreement with the
manufacturer’s certificate. This Task Group is also in agree-
ment with Sec. II.B of Butler ef al. that a tolerance of 3% for
the batch mean should be used.

The seed loading pattern in the Silastic insert for
the individual patient case should be confirmed using
autoradiography,''® photography, or visually inspected (and
documented) by a person different than who loaded the
plaque. To minimize personnel radiation exposure, estab-
lished time/distance/shielding practice should be followed.
Due to the low-energy photons associated with sources used
for eye plaque brachytherapy, use of a high-Z transparent
shield can permit handling of the plaque and sources while
minimizing whole-body exposure. Radiation survey instru-
ments should be calibrated for the appropriate energy since
response to '3’Cs may be a factor of 2 lower than for low-
energy sources.

While the seeds need not be sterilized before plaque as-
sembly, the plaque must be sterilized after its assembly prior
to implantation. Methods of plaque sterilization are deter-
mined according to hospital-approved procedures and include
steam, gas, and chemical techniques.*® Radioactive plaques
must be transported within a shielded container marked with
radiation safety labels, the radionuclide, and the patient’s
name. Pertinent laws and hospital radiation safety require-
ments should be reviewed in advance with the patient and
his/her family.

A recent development has been the availability of prepared
plaques for rent from source manufacturers. These plaques
come sterilized with no opportunity for direct measurement of
source strength or loading confirmation. A minimum of one
nonsterile loose seed should be ordered and assayed by the in-
house physicist, given that the number of seeds ranges from
5 to 24 in fully loaded 10 mm-22 mm COMS plaques. The
assay tolerance for the air kerma strength of the loose seed(s)
is 6% individually and 3% for any single batch. The recom-
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mended number of seeds and tolerance matches that described
in the Butler et al.!'?

IV.E.4. Operative environment

Before or at the time of anesthesia and the brachytherapy
implant, the patient should be provided an identity wristband
including the patient name, medical record number, and the
attending physician’s name. The patient’s records should be
available and reviewed prior to implantation. The correct eye
and tumor location within the eye should be confirmed by
clinical examination, e.g., indirect ophthalmoscopy. Familiar-
ity with the ophthalmology terms oculus dexter (OD) and ocu-
lus sinister (OS) for right and left eye, respectively, may assist
with correct eye identification. A timeout procedure should be
performed before starting the implantation operation to verify
the aforementioned information. To provide radioactivity ac-
countability, staff exiting the operating room after the proce-
dure has started should be inspected with a radiation survey
meter to prevent migration of radioactive seeds that may have
been accidentally removed from the plaque.

The largest uncertainty in the source location relative to pa-
tient anatomy involves the plaque placement by the surgeon.
Intra-operative ultrasonographic imaging, scleral depression,
and/or transillumination techniques are common and widely
used to verify the accuracy of plaque placement for posterior
ocular tumors.!? 12! If used, ultrasound imaging should be
performed along both the longitudinal and transverse merid-
ians in 2D or 3D.!?? Printout of a polar map of the retinal
diagram from Plaque Simulator showing the locations of the
suture holes relative to ocular landmarks can aid the suturing
and plaque-placement verification processes. A copy of these
images and the operative report should be placed in the patient
record.

The prescription should indicate the circumstances of
plaque application, with any differences from the intended
plan noted. A suitable radiation survey meter should be used
to evaluate the operating room before and after the procedure.
This meter should be calibrated for the radionuclide used or
an appropriate correction factor should be established, and
the formalism of NUREG-1556 or an equivalent formalism
should be followed.!?* The room and all staff should be sur-
veyed following completion of plaque placement. The expo-
sure rate at 1 m from the patient/implant should be assessed
and documented according to NRC or agreement state regu-
latory requirements. While unlikely, seeds may separate from
the plaque prior to, during, or after surgery. Thus, all ra-
dioactive sources should be accounted for (either implanted
or placed in a shielded container) at the conclusion of surgery.
Radiation survey in the operating room should also be
performed after the patient leaves the room to ensure no ra-
dioactive sources are left behind.

IV.E.5. Postoperative

Should the patient be discharged after plaque placement,
the patient should be given wound care instructions, emer-
gency contact information, and information on the radionu-
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clide and source strength implanted. This is done (in part)
for other medical professionals who may see the patient in
an emergency room or at other medical offices. This infor-
mation should also include acceptable distances and times for
proximity to other people, especially children.'?* The patient
should be provided with a lead patch for protecting the pub-
lic from radiation exposure. The patient should be reminded
to return on a specific date for plaque removal surgery. There
should be an action plan developed to return the patient for
plaque removal in the case of severe weather, national or local
emergency, or patient noncompliance, and for plaque retrieval
should the patient unexpectedly expire or if a seed unexpect-
edly comes loose following plaque placement.

V. DISCUSSION

Accuracy of dose calculations is necessary because radi-
ation response is highly dependent on dose, and the dose
response can have a steep gradient especially in the thera-
peutic range. Accurate dose calculations are the foundation
upon which meaningful intercomparisons can be performed
amongst different radiation modalities and for perturbations
related to treatment variables such as the use or nonuse
of Silastic inserts, gold “seed-guides,” seed slots, notches,
plaque-slots, and custom plaque designs. Thus, as more ac-
curate methods for dose calculation become available, these
methods should be adopted clinically even though the changes
may temporarily unsettle the clinical practice. This report
addresses the issues that arise when a new dose calculation
method is adopted in a well-established clinical application.

A prescription dose of 85 Gy at 5 mm depth was used in
Table II of this report as a reference dose value for the ho-
mogeneous water assumption. When the prescription point is
the tumor apex at a depth different from 5 mm, the tabulated
dose values should be renormalized to the requested prescrip-
tion dose at the requested prescription depth with the homo-
geneous water assumption and all other dose values rescaled
accordingly. Note that the ABS recommendation’® of the pre-
scription depth is at the tumor apex, including the tumors with
apex height less than 5 mm. This is different from the origi-
nal recommendation of minimum 85 Gy to 5 mm prescrip-
tion dose required by the COMS group.”>?!* Some cen-
ters have reported even lower apical tumor prescription doses
for choroidal melanoma, retinoblastoma, and select choroidal
hemangiomas, '+ 125-127

The AAPM and ABS recognize that advances in oph-
thalmology and radiation oncology have improved tu-
mor control and eye retention, and also strive for vision
preservation.® > 1319 With these endpoints and goals, other
plaque designs and alternative radiation modalities are be-
ing evaluated. For example, when treating tumors close to or
surrounding the optic nerve, a notch or slot can be cut from
standard gold COMS-plaques.”*>! Similarly, COMS plaques
have been modified to decrease dose to critical structures
such as the cornea, iris, and lens.**>* Other design varia-
tions include ROPES, USC, IBt/Bebig (beta-emitters), Nag,
other custom made plaques, and a “seed-guide insert” that
can be used to locate brachytherapy sources in the COMS
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gold-alloy backing without Silastic insert.® Further, the
AAPM and ABS recognize that standardized methods of dose
calculation will facilitate multi-institutional analysis of treat-
ment efficacy and side effects. Thus, it is important to use
identical nomenclature, tumor-staging and most importantly,
standardized dosimetry practices.'?

While the Appendix reviews clinical aspects of eye-plaque
brachytherapy, it does not address the influence of dose
rate and dose-gradient or low-energy photon relative bio-
logical effectiveness (RBE), effects that should be consid-
ered when varying implant duration or comparing eye plaque
brachytherapy to other radiotherapy modalities. The above-
mentioned effects are under investigation.lzg’ 130 Further, the
dosimetric analysis performed for the current report does
not consider the tissue-heterogeneity of the structures in and
around the eye; further analysis is needed to evaluate these
factors.>

Image guidance for eye-plaque brachytherapy based on
fundus photography/ophthalmoscopy and ultrasonography
has been developed and used in the COMS study in the lo-
calization and delineation of eye tumors. It should be noted
that the optics and images are affected by eye size, tumor
specific characteristics, and pigmentation. For example, the
edges of some choroidal melanomas dive deep to the choroid
and (by ophthalmoscopy) appear only as a mild normally
pigmented elevation of the retina. In these cases, ophthal-
moscopy may reveal normal yet elevated retina; while ul-
trasonographic measurement better confirms the actual basal
tumor dimensions. Similarly, photographically based fluores-
cein or indocyanine green angiography will occasionally re-
veal a larger than expected tumor basal dimension.'3! 132 Cur-
rent CT and MRI images are limited in spatial resolution and
accuracy for ocular tumor delineation. With the future devel-
opments of high-resolution (sub-millimeter) imaging and in-
tegration of multiple image datasets, it will be possible to ac-
curately outline the tumor and the normal structures in 3D.
At that time, consideration should be given to 3D image-
based treatment planning, DVHs, and other modern treatment
planning tools as commonly used for external beam radiation
therapy.
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APPENDIX: CLINICAL ASPECTS

In this appendix, the historical evolution of eye-
plaque brachytherapy as well as the most recent ABS
recommendations for treatment of choroidal melanoma are
presented. Further, the concepts of relative intraocular dose-
gradients, the optic nerve as an obstruction to plaque place-
ment, and innovative plaque designs (for iris and peripapillary
tumors) are described. Lastly, a brief review of the clinical
outcomes derived from widely used '2°1, '%3Pd, 1%°Ru/!%Rh

Medical Physics, Vol. 39, No. 10, October 2012

plaque and charged particle therapies as well as less com-
monly employed sources are presented.

1. Local control and radiation side effects

Five-year local control rates for eye-plaque therapy or ex-
ternal beam therapy using protons are excellent, with a range
of 81%-97% in Table 4 of Finger et al.'>> Thus, current oc-
ular melanoma research efforts aim to reduce side-effects to
normal tissues, such as eye lash loss, dry eye, corneal dam-
age, radiation retinopathy, radiation optic neuropathy, vitre-
ous hemorrhage, cataract, and neovascular glaucoma.3

Radiation-related vision loss is typically due to cataract,
radiation maculopathy, optic neuropathy, exudative retinal de-
tachments, or neovascular glaucoma.3 In the treatment of
juxtafoveal and subfoveal tumors, foveal chorioretinal at-
rophy can also lead to severe irreversible loss of vision.
In general, the higher the radiation dose to the fovea, the
faster the onset of chorioretinal atrophy and loss of central
vision.!%133-134 Ty addition, high-radiation doses to the sclera,
choroid, and retina are more likely to cause secondary reti-
nal detachments with associated vision loss.!?> Finger noted
that plaque location is related to the incidence of cataract and
retinopathy after brachytherapy.'> !> However, in multivariate
analysis it appears that doses to fovea and lens are the most
significant factors.'> 133134 Note that the doses quoted in the
studies mentioned in this appendix are pre-TG-129 values.

Radiation retinopathy and optic neuropathy are pro-
gressive vascular diseases characterized by micro-aneurysm
formation, neovascularization, and large and small vessel
leakage. Clinical findings include small infarcts called
“cotton-wool spots” for their appearance, hemorrhages, and
deposits of exudates, e.g., fat. Serum leaking from normal
and neovascular blood vessels causes retinal or optic nerve
edema, vision loss, and ischemia. Over time, small and large
blood vessels close, which leads to progressive ischemia. Cur-
rent research suggests that vascular endothelial growth fac-
tor (VEGF) increases retinal vascular permeability and con-
tributes to radiation retinopathy and optic neuropathy.'3-13

The optic nerve is particularly vulnerable to radiation
morbidity. It travels from the eye through a fixed scleral
opening into the orbit. As radiation damage makes the in-
traneural blood vessels progressively incompetent, compo-
nents extravasate into the optic nerve, expanding in vol-
ume within a confined scleral space. Clinically viewed
as papilledema within the eye, optic nerve incarceration
leads to further ischemia and eventual atrophy. This pro-
cess also appears to be partially mediated by VEGF. Fin-
ger and co-workers performed the first pilot studies ex-
amining the effects of anti-VEGF medications for radia-
tion maculopathy and optic neuropathy.'3”-138:140 Since anti-
VEGF medications have been shown to suppress neovascu-
larization and decrease leakage from both normal and ab-
normal vessels, intraocular (intravitreal) injections of be-
vacizumab (Avastin) or ranibizumab (Lucentis) by Roche-
Genentech, Inc., (South San Francisco, California) have been
used to ameliorate radiation-associated optic nerve and mac-
ular edema as well as hemorrhage after '>°I and '*Pd plaque
brachytherapy.!37-13% 141
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2. 2003 ABS guidance

The ABS made recommendations for patient selection,
treatment techniques, prescription dose, and dose rates for
eye-plaque therapy of uveal melanoma.*® They recommended
that most patients with COMS small-sized uveal melanomas
(<2.5 mm height and <10 mm in largest basal dimen-
sion) be candidates for plaque brachytherapy if evidence
of growth was observed. Patients clinically diagnosed with
COMS medium-sized uveal melanomas (2.5 mm-10 mm in
height and <16 mm basal diameter) were candidates for
plaque brachytherapy, while some patients with COMS large-
sized melanomas (>10 mm height or >16 mm basal diame-
ter) could also be treated with plaque brachytherapy. In gen-
eral, plaque brachytherapy was an option for all patients free
of metastatic disease and able to tolerate surgery. Histopatho-
logic verification of the primary tumor diagnosis was not re-
quired. According to the ABS, patients with gross-extrascleral
extension, ring melanoma, and tumor involvement of more
than half of the ciliary body were not suitable for plaque ther-
apy. While recommendations pertained to '2°I sources, other
radionuclides were reviewed in the report. The ABS recom-
mended a minimum dose of 85 Gy to the tumor apex using
the AAPM TG-43 formalism for dose calculations assum-
ing an unbounded homogeneous water medium (including
the NIST99 calibration standard). ABS recommended a dose
rate of 0.60 Gy/h—1.05 Gy/h which would deliver the total
dose in 3—7 consecutive days.*® The 2003 ABS recommenda-
tion eliminated the minimum 5 mm depth for the prescription
point that was mandated within the COMS.

3. Dose gradient

The ABS recommended that the tumor apex be targeted to
receive 85 Gy.*® The apex is defined as the farthest intraoc-
ular extent of the tumor, so tissue proximal to that point will
receive progressively more than 85 Gy. The tumor base typi-
cally receives the maximum dose due to source proximity. As
Finger pointed out in 1997, during plaque radiation therapy a
steep dose gradient exists within the tumor.?

Since a dose gradient exists, plaque brachytherapy of two
unequally sized ocular tumors would result in strikingly dif-
ferent values for the dose maxima in the tumor volume. For
example, a dose of 85 Gy to the apex using an '>°I plaque
brachytherapy for a 10 mm thick tumor may result in a
central-axis inner-scleral dose of 644 Gy (a base-to-apex ra-
tio of 8 to 1); this inner-scleral dose will reduce to 166 Gy
for a 3 mm thick tumor (a base-to-apex ratio of 2 to
1).°° While the mean tumor dose for the former is much
higher than that of the latter, these two treatments are cur-
rently considered equivalent. This phenomenon is particularly
important in treatment of tumors close to the fovea and/or op-
tic nerve where higher doses to regions of concern correlate
with a higher incidence of radiation maculopathy and optic
neuropathy, 157133, 134,141, 142

The dose gradient is also affected by radionuclide selec-
tion, source design, and plaque component construction. For
example, treatment of a 5-mm thick tumor using beta-emitting
106Ru/!1%Rh plaques delivers a base-to-apex dose ratio of ap-
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proximately 9 to 1 compared with 3 to 1 for '’} For an
apex dose of 85 Gy, with '%Ru/'%Rh the base can receive
almost 800 Gy as opposed to 260 Gy for '?’I. This high
base-to-apex dose ratio may explain why patients treated with
106Ry/!%Rh plaques are more likely to develop chorioretinal
atrophy around the tumor, less commonly seen after '>I or
103pd plaque therapy.'*3

For treatment of equivalent-sized tumors, lower energy
103pg (21 keV) versus '°I (28 keV) or *'Cs (30 keV) will
progressively increase the dose gradient, but not as much as
the beta-emitting '°°Ru/'°Rh. In general, '%*Pd will increase
the dose within the target volume and decrease dose to most
normal ocular structures outside the tumor volume except the
sclera. Preoperative comparative dosimetry studies indicate
that treatment with different radionuclides results in differing
scleral, choroidal, and retinal doses.

It is important to consider dose to normal ocular struc-
tures, because side effects may be predicted based on these
measurements.'> 13134 However, there exist no current rec-
ommendations for maximum doses to the lens, macula,
optic nerve, or sclera. Similarly, there exists no dose esca-
lation study to determine the required base or apex dose for
any intraocular tumor.'* These facts underscore the need for
improved dosimetry methods to allow more accurate research
on the radiation tolerance of normal ocular structures and the
minimum required dose for tumor control. Research is needed
to decrease irradiation of normal ocular structures, to reduce
the apex dose, to increase the dose gradient outside the tumor,
and to reduce the target volume.

As discussed above, dose distributions vary amongst low-
energy photon-emitters for the same tumor, but there is lim-
ited clinical data comparing the efficacy of '*°I versus '®*Pd
eye plaques.'® In 1991, Finger et al. compared the radia-
tion distribution of '%Pd versus 21 brachytherapy plaques
sewn to 12 human donor eyes.'#® This experiment involved
placing equivalent arrays of '®*Pd or '>I seeds into standard
14 mm COMS-plaques. The plaques were placed to approx-
imate nasal and temporal equator placement. Three sets of
two TLDs were used to quantify radiation delivered by the
brachytherapy plaques. Dosimeters were sewn to the eye in
three target locations: on the center of the cornea, on the sclera
beneath the macula, and at the equator in a position opposite
the plaque. After adjusting '**Pd source strengths for the same
1251 prescription dose, '%*Pd plaques were found to deliver
less radiation to all three target locations.'*® Subsequent com-
parative clinical dosimetry also reflected this difference.'* In
these cases, preoperative simulations comparing equal apex
tumor doses revealed that '%*Pd brachytherapy plaques deliv-
ered more dose to the tumor and less dose to most normal oc-
ular structures in comparison to 21 eye plaques. These find-
ings are consistent with the MC simulations as mentioned in
Secs. I-TV.%

4, 125] and 193Pd plaque outcome studies

Introduced by Rotman, Packer, and Sealy in the
1970s, clinical experience with 21 eye plaques has
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been described by many investigators, most notably by
COMS.!3:19:39,40,42,54,79,147-150 The most recent COMS pub-
lications of randomized multicenter clinical trials using '*°1
brachytherapy versus enucleation for COMS-medium sized
choroidal melanoma reports 12-year mortality rates and prog-
nostic factors.'® All patients were followed for 5-15 years at
scheduled examinations for metastasis or another cancer un-
til death. Out of the 1317 enrolled patients, 515 patients were
eligible for 12 years of follow-up, with 231 patients (45%)
still alive and clinically cancer-free. For patients in both treat-
ment arms, 5- and 10-year all-cause mortality rates were 19%
and 35%, respectively; by 12 years, the cumulative all-cause
mortality rate was 43% among patients in the '?° brachyther-
apy arm and 41% among those in the enucleation arm. The
12-year death rate with histopathologically confirmed
melanoma metastasis was 21% in the '>°I brachytherapy arm
and 17% in the enucleation arm. In multivariate analysis, the
most significant predictors of time to death from all causes
and death with melanoma metastasis were increased patient
age and larger basal tumor diameter. This 12-year follow-up
data confirmed earlier COMS reports. It was the conclusion
of the COMS Study Group that there was no significant dif-
ference in survival for patients treated by '>°I brachytherapy
or enucleation.'® 13!

For '93Pd, the most extensive outcome studies have been
described by Finger, Chin, and Duvall in the Palladium-
103 for Choroidal Melanoma Study Group.'?> They reported
18-year experience with '%*Pd in a retrospective series from
1990 to 2007 with four hundred patients diagnosed with uveal
melanoma and negative for metastatic disease. '**Pd plaque
brachytherapy was delivered to a mean apex radiation dose
of 73.3 Gy over 5-7 continuous days. Patients were evalu-
ated for local tumor control, visual acuity, radiation damage
(retinopathy, optic neuropathy, cataract), and metastatic dis-
ease. A total of 272 tumors (68%) were located at or posterior
to the equator. According to the 7th edition AJCC classifica-
tion for uveal melanoma, there were 186 (46.5%) T1 tumors,
156 (39%) T2 tumors, 50 (12.5%) T3 tumors, and 8 (2%)
T4 tumors. Alternatively these tumors could be classified as
COMS-small (3%), COMS-medium (92%) and COMS-large
(5%).'%-128 Patients were followed for a maximum of 205
months with a mean follow-up of 51 months. Fourteen pa-
tients required salvage enucleation, including five for tumor
growth and nine for glaucoma pain control. The local control
rate was 97%. Life-table analysis of patients with 20/200 or
better vision before treatment (n = 357) suggests that 79%
and 69% are expected to retain that acuity for 5 and 10 years,
respectively. These data stand in contrast to other reported
series, >4 18.19,42,47,143,150,152-158 [ jife_table analyses demon-
strate a probability that 92.7% and 86.6% of patients will
be free of metastatic disease at 5 and 10 years, respectively.
Finger et al. concluded that '3Pd plaque brachytherapy used
to treat 400 patients with uveal melanoma in this series pro-
vided clinical results superior to those reported for alterna-
tive forms of radiation.'? However, determination of statis-
tically significant differences between the use of '°*Pd and
125] would require a case-matched or prospective randomized
multi-institutional clinical trial.
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5. Iris and iridociliary melanomas

Previously treated by surgical removal, i.e., iridectomy or
iridocyclectomy, there has been a trend away from intraocu-
lar surgery of anterior uveal melanomas toward the relatively
safe extraocular application of brachytherapy plaques. Plaque
therapy avoids the risks of intraocular surgery, including in-
fection, hemorrhage, acute cataract, and retinal detachment.
In contrast to surgical removal, anterior plaque brachytherapy
offers iris retention, retained iris function, decreased glare,
and larger treatment margins.'>

Iris and iridociliary melanomas can be measured accu-
rately using high-frequency ultrasound also called ‘“ultra-
sound biomicroscopy.”'®-13 Introduced in 1991, ultrasound
frequencies of 35 MHz-50 MHz permitted high-resolution
imaging of tumors in the posterior iris and ciliary body. High-
frequency ultrasound measurements of iridociliary tumor size
and apex height allowed for improved plaque-size selection,
treatment planning, and tumor follow-up.!3%13%164

With 10-year follow-up, epi-corneal plaque brachytherapy
was associated with excellent local control, high-risk of radia-
tion cataract formation, and low-risk for radiation retinopathy
or optic neuropathy, although, it was an uncomfortable treat-
ment modality for the patient. More recently, 0.1-mm thick
donor amniotic membrane grafts have become commercially
available (Biotissue, Inc., Miami, FL).'%> During insertion,
the membrane can be placed between the plaque and cornea
as a buffer to reduce discomfort.'%

6. Peri-, juxta-, and circumpapillary melanomas

The optic nerve presents a significant obstruction to plaque
placement and effective tumor control for tumors near the
optic nerve. The optic nerve, as the disc observed within
the eye, has a mean diameter of 1.75 mm. However, im-
mediately posterior to the eye where it is surrounded by
the optic nerve sheath, it expands to a mean diameter of 5
mm.'%” Therefore, it is physically impossible even with “per-
fect” plaque placement to cover the posterior margin of a
choroidal melanoma that extends within 1.5 mm of the in-
traocular portion of the nerve (the optic disc) with standard or
notched COMS-plaques. In the past, plaque brachytherapy for
juxtapapillary melanomas relied on side-scatter and plaque-
tilt to treat posterior margins.>!% 120121 Efforts to address
this problem have included plaque-notching, removal of the
plaque posterior lip, and adjuvant transpupillary thermother-
apy (TTT) laser to the untreated peripapillary tumor.>’-!68
Despite customized-notched plaques and adjuvant laser, pa-
tients with peripapillary, juxtapapillary, and circumpapillary
melanomas have been reported to exhibit relatively poor local
tumor control, '8 142143

In 2005, an approach was developed to measure the retrob-
ulbar optic nerve sheath diameter (ONSD) with 3D ultrasound
to permit plaque irradiation of tumors near or surrounding the
optic disc.’! Given the ONSD was typically 5 mm—6 mm,
conventional plaques with gold-alloy backing were altered
to accommodate the nerve within the plaque. Eight millime-
ters wide, variable-depth slots with parallel sides were cut



6179 Chiu-Tsao et al.: Dosimetry of 125] and 193Pd COMS eye plaques 6179

into standard COMS-plaques. Unlike pie-shaped notches that
merely move the plaque slightly closer to the posterior edge
of the tumor, slotted plaques accommodate the retrobulbar op-
tic nerve into the slot and enable the targeted zone to include
the entire tumor and 2 mm-3 mm free margin (as is used for
more anterior choroidal melanomas).’' The 5-year follow-up
results of these slotted plaques were recently published.”’

However, slotted plaque dosimetry presents additional
challenges. Brachytherapy seeds cannot be placed within the
slot and are instead affixed in nonstandard patterns around
the slot. Dose distributions from the seeds are expected to fill
in the gap created by the slot to encompass the juxtapapil-
lary and posterior tumor margins with radiation dose. Careful,
preoperative dosimetry is required to ensure that the targeted
zone (tumor and free-margin) within the slot receive an ade-
quate dose.”’

Slotted plaques can enhance plaque placement. Although
the most posterior portion of the eye can be a challenging lo-
cation for plaque localization, the optic nerve also serves as
a fixed reference within the plaque that can aid proper plaque
placement.’’ Confirmatory, intraoperative ultrasound imaging
was suggested by the investigators.!?"*1?? In this study, radia-
tion optic neuropathy and maculopathy were found treatable
with intravitreal anti-VEGF therapy.'3%-14!

Slotted plaques and future customized eye-plaque innova-
tions may improve local control, diminish irradiation of nor-
mal tissues, and retain eyes.57 However, these deviations from
standard plaque construction and dosimetry warrant further
investigation by clinical medical physicists.

7. Large and extra-large uveal melanomas

Since 2003, when the ABS suggested that COMS large tu-
mors, i.e., tumors > 16 mm in basal diameter and or > 10 mm
in height, are typically treated by eye removal (enucleation),
there has been a trend toward offering brachytherapy as an
enucleation alternative for eye and vision sparing.’® Many of
these tumors would be graded as T2, T3, or T4 by the 7th
edition AJCC staging manual.!?® In these cases, standardized
COMS 22 mm and custom-made 22 mm and 24 mm gold-
alloy plaques have been employed. As might be expected, vi-
sion retention has been complicated by a greater incidence
of synchronous retinal detachments, hemorrhages, intraocu-
lar inflammation, and glaucoma commonly associated with
tumors of this size.'®® However, studies have found accept-
able eye and vision retention rates, and most patients would
prefer to retain their eye—even with partial or complete vi-
sion 1053.47’48‘ 170,171

8. Alternative radiation modalities

Though several publications on clinical outcomes have
been published, there are no prospective, randomized clinical
trials comparing the clinical outcomes among plaque and ex-
ternal beam radiotherapy modalities for choroidal melanoma.
Alternative radiation modalities include external-beam ther-
apy with protons or helium ions from high energy cy-
clotrons, megavoltage energy photons from linear accelera-
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tors or Gamma Knife® (®°Co), and beta-emtting'®Ru/'®°Rh
plaques.

a. Protons and other heavy charged particles

Ocular melanoma proton therapy was pioneered at the Har-
vard Cyclotron Laboratory, Massachusetts Eye and Ear In-
firmary, and Massachusetts General Hospital.>~” Currently at
least 13 institutions around the world are using protons to treat
ocular tumors.'”? Recently, treatments have been given over 4
consecutive days and four treatment fractions to a prescription
dose of 60 Gy or less using a proton RBE of 1.1 in compari-
son to ®°Co. Proton therapy is effective for local tumor control
with several groups reporting rates of 89%-98%.5:10:173.174
Five-year survival rates of 80% with preservation of the globe
and functional vision have been published.!”>!73 Unlike low-
energy plaque therapy, proton therapy typically requires an
anterior entrance dose with more commonly reported anterior
segment complications, including lash loss, dry eye, neovas-
cular glaucoma, and cataract.’> Also unlike plaques, treatment
can be confounded by eye movement leading to a mobile tar-
get volume and potential for geographic miss. It is difficult
to equate high dose-rate therapies, such as proton irradiation
to low dose-rate brachytherapy. Only two comparative stud-
ies have been performed: Hungerford and Wilson compared
protons to '?°T and '%Ru/!"°Rh,®? and Char et al. examined
helium-ions versus '>I.!° While both studies reported good
local tumor control and reasonable vision retention in com-
parison to %I, secondary enucleation rates for proton and
helium ion therapy were higher than for radionuclide-based
therapy.

b. Linear accelerators

External beam photons have been used for over 30
years for the treatment of choroidal melanoma with mixed
results.!”>17® Treatments over 5-7 days with five treatment
fractions delivering 50 Gy-70 Gy with 6 MV arcs are most
commonly employed. Outcomes have included favorable lo-
cal control rates, yet with high rates of enucleation and vi-
sion degradation, attributed mainly to the larger mean lesions
sizes, than those treated with beta-emitting or low-energy
photon-emitting radionuclides. With the radiation source po-
sitioned approximately 1000 times further from the eye
than for plaque brachytherapy, patient immobilization and
treatment delivery are challenging aspects of this treatment
modality.!77-178

c. Gamma Knife

Photons from ®°Co have been used in Gamma Knife®
(Elekta, Stockholm, Sweden) to control the growth of
choroidal melanoma using a single dose of 20 Gy-25 Gy to
the 50% isodose line. Relatively few patients have been ir-
radiated using the Gamma Knife, mostly for juxtapapillary
tumors.!”~!8 Similar to charged particle therapy, Gamma
Knife treatment can be complicated by eye movement and
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high dose-rate effects. Techniques such as surgical fixation
of the ocular muscles or ocular suction stabilization devices
have been used to limit eye movement.

d. "Ru/'"%Rh eye plaques

Mostly in Europe, '"Ru/!%Rh plaques are the most cost-
effective treatment modality. The beta-emitting '®Ru/!*°Rh
eye plaques were pioneered by Lommatzsch in Germany.'#?
Twenty-year follow-up for posterior tumors was reported
in 2000.'"* In 1999, Wilson and Hungerford reported on
a retrospective, nonrandomized chart review for choroidal
melanoma patients treated with '2°I, '%Ru/!%Rh, and pro-
tons, concluding that local control rates are better for
125T and protons (95%) than 106Ru/1%Rh (89%). However,
106Ru/!1%Rh had fewer ocular side effects.’

106Ru/!1%Rh has a long half-life of 371.6 days and high-
energy beta particles (3.54 MeV maximum energy, 1.42 MeV
mean energy). The percent depth dose in tissue is approxi-
mately 5%—-10% at 7 mm depth, depending on plaque size
and shape. The radioactive material '®Ru/!?Rh is encapsu-
lated in a curved silver plaque in various shapes and dimen-
sions available from IBt-Bebig. The '®®Ru/'%Rh is electrode-
posited on a 0.2 mm thick Ag substrate mounted on to a
0.7-mm Ag backing and covered with a 0.1-mm thick Ag
window. The dosimetry studies for such plaque design have
been reported in the literature.***%:72.77.78,80.85,185-188 e 1o
the limited penetration of beta particles, many centers limit
treatment to tumors less than 5 mm in apex height due to the
limited range of '®Ru/'%Rh electrons. Compared to '>I or
103pq, 196Ru/!%Rh plaque therapy is associated with a much
higher inner scleral dose, often inducing peri-tumoral chori-
oretinal atrophy and more rapid vision loss after treatment
of perifoveal tumors. In addition, '°Ru/!°Rh plaques have
a very sharp penumbra that is likely responsible for reported
failures of local control in treatment of juxtapapillary tu-
mors that have required side scatter for local control.!#? 153,156
However, there are likely to be fewer significant side-effects
and excellent vision-sparing with using '"°Ru/!%Rh in treat-
ment of small-height tumors away from the optic nerve and
macula because of this sharp penumbra. The sharp penum-
bral demarcation at the edge of a '%Ru/!%Rh plaque therapy
targeted zone also requires more surgical skill. '*°T or '%*Pd
plaques offer more lateral radiation scatter toward limiting
the risk of geographic miss. These differences are typically
addressed by using relatively larger '°Ru/!®°Rh plaques so
as to increase the size of the tumor-free margins. Due to the
risks of misapplication, '%Ru/!?Rh plaques should be placed
by experienced plaque surgeons.
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