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A Monte Carlo study of dosimetry for eye plaque brachytherapy is performed. BrachyDose, an
EGSnrc user code which makes use of Yegin’s multi-geometry package, is used to fully model '*I
(model 6711) and '®Pd (model 200) brachytherapy seeds and the standardized plaques of the
Collaborative Ocular Melanoma Study (COMS). Three-dimensional dose distributions in the eye
region are obtained. In general, dose to water is scored; however, the implications of replacing
water with eye tissues are explored. The effect of the gold alloy (Modulay) backing is investigated
and the dose is found to be sensitive to the elemental composition of the backing. The presence of
the silicone polymer (Silastic) seed carrier results in substantial dose decreases relative to water,
particularly for '%*Pd. For a 20 mm plaque with a Modulay backing and Silastic insert, fully loaded
with 24 seeds, the dose decrease relative to water is of the order of 14% for 1251 and 20% for '°3Pd
at a distance of 1 cm from the inner sclera along the plaque’s central axis. For the configurations of
seeds used in COMS plaques, interseed attenuation is a small effect within the eye region. The
introduction of an air interface results in a dose reduction in its vicinity which depends on the
plaque’s position within the eye and the radionuclide. Introducing bone in the eye’s vicinity also
causes dose reductions. The dose distributions in the eye for the two different radionuclides are
compared and, for the same prescription dose, '°*Pd generally offers a lower dose to critical normal
structures. BrachyDose is sufficiently fast to allow full Monte Carlo dose calculations for routine

clinical treatment planning. © 2008 American Association of Physicists in Medicine.
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I. INTRODUCTION

Choroidal melanoma is the most common intraocular cancer
for adults. In the mid-1980s, the Collaborative Ocular Mela-
noma Study (COMS) was launched to evaluate therapeutic
interventions for this cancer. In the COMS medium tumor
trial, patients were entered into a randomized study compar-
ing episcleral '*I plaque therapy with enucleation (removal
of the eye).1 In 2001, the COMS group reported that survival
rates for the two treatments were the same,2 and this was
subsequently confirmed in 2006 (Ref. 3) after a longer-term
tracking of patients.

Though there are many different plaque models available,
the COMS protocol required the use of plaques of a stan-
dardized design,4 consisting of a dome-shaped gold alloy
(Modulay) backing with a cylindrical collimating lip. A sili-
cone polymer (Silastic) carrier holds brachytherapy seeds in
place at a distance of 1 mm from the concave front of the
plaque. Under the COMS protocol,5 dosimetry essentially
followed the recommendations of Task Group 43 of the
American Association of Physicists in Medicine (AAPM)
Radiation Therapy Committee:® Seeds were treated as point
sources with source anisotropy and interseed attenuation ig-
nored, the effects of the gold alloy backing on scatter and
attenuation were neglected, the Silastic insert was assumed
to be water-equivalent, and the shielding effects of the colli-
mating lip were ignored. The dose to water was calculated,
overlooking the effects of the eye-air interface, lead-lined
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eye patch worn by patients, orbital bones, and various eye
tissues.

Given the low energy of the photons from the brachy-
therapy seeds used for eye plaque therapy, the effect of
nearby objects with elemental compositions different from
water (i.e., plaque backing, insert, air, etc.) is significant. The
effect of the backing has been explored in the literature.” ™2
Though a small dose enhancement (relative to water) exists
near the backing due to the emission of fluorescence photons
by the gold alloy, the plaque’s dominant effect is to decrease
the backscatter of radiation, resulting in a significant dose
reduction in regions further away from the plaque. With the
half-value layer of '2I radiation in pure gold of the order of
0.01 mm, there is very little transmission through the
0.5 mm backing. Astrahan et al.,13 Chiu-Tsao et al.,14 and de
la Zerda et al."” have all attempted to account for the colli-
mation of the primary radiation in the plaque backing and lip
in treatment planning. To study the effect of the Silastic in-
sert, Chiu-Tsao ef al."* performed Monte Carlo (MC) simu-
lations and thermoluminescent dosimetry (TLD) measure-
ments with one seed at the center of a COMS 20 mm plaque
with a water or pure gold backing and Silastic insert. de la
Zerda et al.” subsequently carried out more extensive TLD
measurements of dose distributions for a single seed in a
COMS 20 mm alloy plaque with a Silastic insert in a solid-
water head phantom. Both groups found that the dose at a
distance of about 1 cm from the seed was reduced by about
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10% relative to that for a seed in homogeneous water.' 13

Chiu-Tsao et al. reported that the effect of the Silastic insert
alone was very close to that for the gold and Silastic
combination.* de la Zerda et al. also studied the effect of
introducing an eye-air interface and found that, for a single
seed at the center of a 20 mm plaque centered on the poste-
rior pole, the dose decreases by more than 10% near the edge
of the eye.15 A recent reanalysis of the COMS medium tumor
trial concluded that incorporating factors to account for
source anisotropy, the line source approximation, the gold
alloy plaque, and the Silastic seed carrier resulted in a con-
sistent reduction in the calculated dose to structures of
interest.'® Astrahan'’ recently updated Plaque Simulator,” a
TG-43 ophthalmic plaque dose calculation program, using
factors from several of the above-mentioned studies'*" to
incorporate more of the dosimetric effects of the plaque, in-
sert, and air interface.

While the COMS mandated the use of '*’I, another
gamma-emitting radionuclide, l03Pd, has also been used for
eye plaque brachytherapy.lg_21 With an average characteristic
x-ray energy of only 20.74 keV,? 18pg potentially offers an
advantage over the higher energy photons (average
28.37 keV) of L. The shorter range of the lower-energy
photons may result in a lower dose to critical normal struc-
tures and, hence, improved toxicity-related treatment out-
comes. Eye plaque dosimetry for '®*Pd has not been exten-
sively explored. The lower energy of the '%*Pd photons likely
means the dose distribution is more sensitive to the com-
bined effect of the plaque backing and insert than it is for
1251, TLD measurements for a single '*Pd seed in the central
slot of a COMS 20 mm plaque suggest a dose reduction of
16% along the plaque’s central axis due to the plaque back-
ing and insert relative to the dose for the same seed in pure
water.” A few years ago, Finger et al. proposed a random-
ized trial comparing eye plaque therapy using '*I, '®*Pd, and
106Ru, a beta-emitting source.”' Critical to any such study is
a comprehensive and accurate understanding of dosimetry
for each radionuclide.

Recently, the AAPM formed Task Group 129 under the
Therapy Physics Committee to review and assess the litera-
ture on eye plaque dosimetry, verify and update dosimetry
calculations in articles, and recommend consensus dosimetry
parameters relevant for eye plaque brachytherapy. While nu-
merous studies related to '*I plaque brachytherapy have
been performed, many have been limited to single seed con-
figurations, though configurations of five or more seeds are
usually used in treatment. Further, more accurate data for
treatment planning systems are needed. Dosimetric studies
for '%pd eye plaque dosimetry are lacking. Given the sensi-
tivity of ocular structures to radiation and the high incidence
of late complications related to eye plaque radiotherapy,m’25
improved dosimetry for eye plaque brachytherapy is an im-
portant goal. Accurate dosimetry might improve tumor con-
trol while reducing the incidence and severity of
complications.zs’26

In this work, Monte Carlo methods are used to study do-
simetry for I and '®Pd eye plaque brachytherapy using
COMS-style plaques. The Theragenics (Buford, GA) model
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200 seed for 'Pd and the GE Healthcare/Oncura model
(Arlington Heights, IL) 6711 for '*I are the focus of this
study. The effect of the plaque backing on the dose, in par-
ticular the sensitivity to the composition of the backing, is
investigated. The attenuation due to the Silastic insert and
interseed effects are both studied. Working towards the goal
of a complete model of the eye, the effects of introducing an
air interface or orbital bones and scoring in various eye ma-
terials (rather than water) are explored. Three-dimensional
dose distributions are computed for various plaque configu-
rations and doses at critical points of interest are compared
for "1 and '®Pd seeds.

A few months after this manuscript was submitted for
publication, another eye plaque dosimetry study using Monte
Carlo methods appeared.27

Il. MATERIALS AND METHODS

The Monte Carlo simulations are performed using
BrachyDose,zS’29 an EGSnrc®! user-code. Though Brachy-
Dose is capable of modeling electron transport, the low en-
ergy of the '°I and '®*Pd radionuclides means that secondary
electrons have a very small range (less than 0.02 mm for
30 keV electrons in water32) and, hence, their energy can be
considered to be deposited locally. BrachyDose scores the
collision kerma per history in voxels using a tracklength es-
timator, and at the low energies of interest, this is equivalent
to the absorbed dose. In these simulations, the photon energy
cutoff is set to 1 keV and Rayleigh scattering, bound Comp-
ton scattering, photoelectric absorption, and fluorescent
emission of characteristic K and L-shell x rays are all mod-
eled. Photon cross sections from the XCOM (Ref. 33) data-
base are used for all calculations. Mass-energy absorption
coefficients are calculated using the EGSnrc user code g. The
photon spectra quoted in TG-43U1 (Ref. 22) are used to
sample initial photon energies and probabilities for '*I and
13pd. In general, simulations with 10'* histories have suffi-
ciently small 1o statistical uncertainties to see the behaviors
of interest, however, for a subset of simulations the number
of histories is increased up to 6X10'° in order to more
clearly illustrate small effects.

In BrachyDose, Yegin’s multi-geometry package34 is used
to fully model brachytherapy sources and eye plaques. Many
seed models, including those used in this study, were previ-
ously benchmarked via calculations of the TG-43 dosimetry
parameters (dose rate constants, radial dose functions, and
anisotropy data).>>® Detailed dosimetry parameters for the
183pd (Theragenics model 200) and '*I (GE Healthcare/
Oncura model 6711) seed models appear in the Carleton
Laboratory for Radiotherapy Physics TG-43 Parameter Da-
tabase, a publicly accessible web site.’” Results for both seed
models were shown to be in good agreement with the data of
other authors.”>™’ Though these two seeds are the focus of
this study, all other seeds can be modeled.*®

COMS standard eye plaques4 with diameters ranging
from 10 to 22 mm (in 2 mm increments) are modeled. Note
that the 10 and 22 mm plaque sizes were only made avail-
able relatively recently.38 The plaque backing is a segment of
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FiG. 1. Points of interest for eye plaque dosimetry, given in the center of eye
reference frame (scale in centimeters) for a right eye. The eye is idealized as
a sphere of radius 1.23 cm. The (planar) air interface, which is transverse to
the optic axis, is shown. The dashed line indicates the extent of the scoring
grid, described in Sec. II. While a 12 mm plaque positioned between the
posterior pole and equator is shown here, plaques in other positions, e.g.,
centered on the posterior pole and on the equator nasal and temporal to the
eyeball, are also simulated.

a spherical shell which is 0.5 mm thick with a 15.05 mm
outer radius of curvature, terminating in a collimating cylin-
drical segment, or lip, 2.7 mm long38—see Fig. 1. The
plaque size is specified as the inner diameter of this cylindri-
cal segment (which is also 0.5 mm thick). The seed carrier
insert fits snugly into the concave side of the alloy backing
and has an inner radius of curvature of 12.3 mm so that
plaques fit an eye modeled as a sphere of diameter 24.6 mm.
Plaques are constructed of the gold alloy Modulay, which
is 77% gold, 14% silver, 8% copper, and 1% palladium
by weight.11 Modulay, with a density of 15.8 g/cm?® (ob-
tained from http://www.jelenko.com/ENGLISH/alloy_spec/
MODULAY-BOOK .pdf, accessed 28 August, 2008), is less
dense than pure gold (19.3 g/cm?®). The seed carrier insert is
made of Silastic, which is 6.3% hydrogen, 24.9% carbon,
28.9% oxygen, 39.9% silicon, and 0.005% platinum by
weight and has a density of 1.12 g/cm3.14 The seeds are
positioned in concentric rings about the plaque’s central axis
and are centered on a sphere of radius 13.7 mm. The seed
slot positions were provided by TG-129 of the AAPM in
2007 (private communication, S. Chiu-Tsao, 2007), and are
available at http://www.physics.carleton.ca/clrp/eye_plaque.

In most simulations, the eye plaque is modeled at the
center of a 30X 30X 30 cm?® water phantom of mass density
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0.998 g/ cm’. However, in a subset of simulations, air or or-
bital bone is introduced or the water is replaced with various
eye materials to scope the effects of these elements of a
human eye model. To study the effect of air at the edge of the
eye, a portion of the water phantom is replaced with air. As
illustrated in Fig. 1, the planar water-air interface is intro-
duced at a distance of 1.23 c¢m from the center of the (imagi-
nary) eye. A lead eye patch, sometimes worn by patients
during ophthalmic treatment, is modeled as a 1 mm thick
lead sheet 5 mm away from the eye-air interface. Orbital
bones are modeled with a cylinder constructed of skull bone
of length 2.46 cm and inner (outer) diameter 3.01 cm
(4.01 cm), centered on the eye, with the cylinder openings at
the front and back of the (imaginary) eye in the water phan-
tom. With these dimensions, the bone cylinder is just outside
the plaque. Some simulations were repeated with the inner
(outer) cylinder diameter decreased to 2.46 cm (3.46 cm), to
be in contact with the eye itself. The bone composition and
density are from ICRU Report 46,%° and are quoted in Table
I. Simulations in which water is replaced with either homog-
enized eye (a protein-water mixture simulating the composi-
tion of the eye (Ref. 40)) or eye lens (Ref. 39)—see Table
[—are also performed.

Following the COMS protocol, the origin of the plaque
coordinate system is taken to be I mm away from the inner
surface of the Silastic insert at the center of the plaque, co-
inciding with the inner sclera. The plaque’s central axis de-
fines the z-direction; the x and y coordinates span the direc-
tions transverse to this axis. The use of both 0.1X0.1
X 0.1 mm? and 0.5 0.5X 0.5 mm? voxels was investigated
and it was found that the dose distribution could be accu-
rately scored in the region of interest with the larger voxel
size. In general, the dose is scored in an array of 0.5X0.5
X 0.5 mm> voxels, with the first voxel centered on
z=-0.5 mm, and extending out to z=2.45 cm—see Fig. 1. In
the x and y directions the grid extends from
—-1.25 to 1.25 cm.

A number of aspects of eye plaque dosimetry are investi-
gated and, in order to connect with TG-43 type calculations,
the results are often compared to those from simulations with
the same seed configurations in water. The effect of the
plaque backing alone is studied by performing simulations
with one I or '®Pd seed in the central slot of a 12 or
20 mm plaque, with the Silastic insert replaced with water
and the backing constructed of pure gold or the gold alloy
Modulay. In the coordinate system defined above, the center
of this slot is (0,0,-0.24) c¢cm and, on the central axis,

TaBLE I. Composition and densities of certain eye tissues and bone used in simulations, taken from ICRU Report 46 (Ref. 39) and ICRP Report 23 (as quoted

in Ref. 40).
Percent by weight elemental composition
Tissue/ Density
material H C N (¢} Na Mg P S Cl Ca (gem™)
Lens 9.6 19.5 5.7 64.6 0.1 — 0.1 0.3 0.1 — 1.07
Homogenized eye 10.7 3.8 1.2 84.3 — — — — — — 1.03
Skull bone 5.0 21.2 4.0 435 0.1 0.2 8.1 0.3 — 17.6 1.60
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the plaque backing extends from z=-0.375cm to
z=-0.325 cm. Simulations with one seed at the center of a
Silastic insert with no backing are performed to ascertain the
effect of the insert alone. For these single seed simulations, it
is assumed that all other slots are filled with the insert mate-
rial. Modulay or pure gold backings are then simulated with
a Silastic insert to study the combined effect of the backing
and insert on the dose distribution.

Interseed attenuation is studied via simulations of fully
loaded 12, 16, and 20 mm plaques (containing 8, 13, and 24
1251 or 'PPd seeds, respectively) in which the plaque and
insert are constructed of water or of Modulay and Silastic.
Full simulations, which model the interactions of photons
with any seed, are compared to simulations with no interseed
effects, in which only one seed is “active” at a time: While
the transport of photons from the active seed is being simu-
lated, the other seeds are replaced with the insert material.

Having accounted for the effect of the backing and insert,
and interseed attenuation, simulations of multiple seeds in
the COMS plaques (Modulay backing, Silastic insert) are
performed. Three-dimensional dose distributions for each
plaque size (scored in water) are available at a publicly ac-
cessible web page (http://www.physics.carleton.ca/clrp/
eye_plaque). The results of these simulations are compared to
simulations of the same configuration of seeds in water (i.e.,
with the plaque backing and insert replaced with water) with
no interseed effects, as these are not included in calculations
performed according to the TG-43 protocol.

An air interface is present in several simulations in which
the plaque is centered (a) on the posterior pole; (b) on the
equator nasal and temporal to the eyeball; (c) midway be-
tween the equator and posterior pole as shown in Fig. 1; and
(d) on the equator above the eyeball. The dose distributions
from these simulations are compared to those in which there
is no air interface.

Simulations with the bone cylinder were performed with
the plaque centered on the posterior pole for both cylinder
diameters, while only the larger diameter was used for the
plaque centered on the equator temporal to the eyeball. The
dose distributions for these simulations were compared to
those in which no bone is present.

The dose distributions for different plaque configurations,
sizes, and the two radionuclides are compared via depth-dose
curves and by tabulating the dose at the points of interest
within the (right) eye noted in Fig. 1. It is important to dis-
tinguish the eye reference frame (X,Y,Z), from the plaque
reference frame (x,y,z) which was discussed above: The eye
coordinate frame (X,Y,Z) has its origin at the eye center and
the axis directions are as shown in Fig. 5(a) of the paper by
Kepka et al.*' The positions of the points indicated in Fig. 1
are based on the locations indicated by Astrahan'” and Kepka
et al.*' The dose at the sclera is quoted at (x,y,z)=(0,0,0)
in the plaque reference frame, i.e., 1| mm inset from the Si-
lastic insert on the plaque’s central axis. For this study,
z=0.5 cm on the plaque’s central axis is taken as the tumor
apex and dose prescription point. The opposite side of the
eye from the plaque (and tumor) corresponds to z=2.26 cm
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on the plaque’s central axis. The macular dose is calculated
at a point inset 1| mm from the external surface of the eye on
the optic axis in the eye’s posterior. The optic disk center is
taken to be 0.4 cm medial to the optic axis and 1.06 cm
posterior to the Y-axis, corresponding to (—1.06,0.4,0) cm
in the eye reference frame. The center of the lens is 0.77 cm
along the optic axis anterior to the center of the eye, i.e.
(0.77,0,0) cm in the eye reference frame. If a point of inter-
est does not correspond with the center of a voxel, the dose is
determined by interpolation of the dose values from neigh-
boring voxels.

For a real eye, the relative position of the plaque and the
positions of critical structures are only known approximately.
Uncertainties on the dose to the structures of interest, de-
pending on the local dose gradient, result. Further, the doses
at points of interest off the plaque’s central axis (macula,
optic disk, and center of lens) depend on the exact positions
of seeds in the plaque and vary by up to 3% depending on
seed carrier orientation. In this article, the purpose of report-
ing the dose at these points is to enable comparisons with
results for different configurations or from Plaque
Simulator,'” rather than provide the absolute dose at these
points. Thus, positional uncertainties are not the primary
concern here. The three-dimensional dose distributions on
the web page permit the determination of the dose at any
location in the eye region.

For the comparison of the doses at points of interest in the
eye, the total dose for a treatment is reported and is calcu-
lated as follows: The MC simulations provide the dose in a
voxel per history. The dose rate is calculated by dividing this
number by the air kerma strength per history for the relevant
seed type and by multiplying by the number of seeds and the
air kerma strength per seed. The air kerma strength per seed
is chosen in order to obtain a prescription dose of 85 Gy at
the tumor apex in 100 h for 1251 and 168 h for 'O3Pd, where
the treatment times were chosen to coincide with those used
by TG-129 (S. Chiu-Tsao, private communication, 2007).
The total dose delivered during a treatment is then deter-
mined by integrating over the treatment time, taking into
account the exponential decay of the source.

While results are quoted with statistical uncertainties,
there are a number of other causes of uncertainty. As men-
tioned above, the effect of scoring in different voxel sizes
was explored and a detailed discussion of voxel size effects
appears in the work of Taylor et al.>® Uncertainties in cross-
section data and seed geometry were not investigated; how-
ever, these are discussed in detail in TG-43U1.% In the vi-
cinity of the seed, uncertainties due to seed geometry and
cross-section data are each roughly 2%, while the uncertainty
on the source energy spectrum is 0.1%. In the eye plaque
model, the six suture eyelets at 30° to each other along the
edge of the collimating lip are not modeled. Given the small
size and position of the eyelets, it is likely that they have a
very small dosimetric effect, especially since the dose is
quite small in their vicinity. In simulations, seeds are as-
sumed to be completely surrounded by the insert material. In
reality, small air gaps might exist about each seed; however,
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TaBLE II. Timing for simulations of a fully loaded 16 mm Modulay/Silastic plaque performed on a single
3.0 GHz Woodcrest core, scoring in either (0.05 cm)? or (0.1 cm)? voxels in water. The times to achieve 2%
statistical uncertainty on the dose at either (i) the tumor apex (prescription point, D,) or (ii) the point on the
plaque’s central axis where the dose is half the prescription dose (D=0.5 D,) are given. The statistical uncer-
tainty on the dose at the point at the opposite side of the eye from the plaque (D) is given as a percentage of
the local dose (Djocy) and of the prescription dose (D).

(0.05 cm)? voxels

(0.1 cm)? voxels

Scenario:

8D 8D
Seed Required Time Time
type uncertainty (min) % of Dyyeq % of D, (min) 9% of Dyyeal % of D,
1251 2% on D, 3.0 7.4 0.52 0.57 7.5 0.54
2% on D=0.5 D, 5.6 5.3 0.37 1.1 5.1 0.41
1%pd 2% on D, 25 9.8 0.42 0.51 9.0 0.45
2% on D=0.5 D, 49 7.0 0.28 0.99 6.5 0.32

these would likely have a very small effect. Exact material
compositions may differ slightly from those used in this
study, and the effects of these variations are difficult to assess
in general. As mentioned above, dose sensitivity to the
plaque backing material is investigated by performing simu-
lations with pure gold and Modulay backings and by varying
the Modulay density. It is not expected that small variations
in the composition of the Silastic would significantly affect
results. Of course, the elemental compositions and densities
of eye materials vary across the population: compositions
recommended by the ICRU (Ref. 39) and ICRP (quoted in
Ref. 40) are used for the calculations described in Sec. III D.
A full investigation of the effects of variations in the density
and composition of eye materials is left to a future study
which incorporates a full model of the human eye. As dis-
cussed above, the uncertainties in the coordinates of points
of interest and the plaque position result in uncertainties on
the dose dependent on the local dose gradient. Given the
small statistical uncertainties on the results presented in this
article and the fact that uncertainties in the seed geometry
and cross-section data alone are each roughly 2%, uncertain-
ties from other causes are greater than the statistical uncer-
tainties.

The CPU time for a simulation varies slightly with plaque
material and position and also with the number and type of
seeds. With no variance reduction techniques, a simulation
with 10'0 histories and the grid of (0.05 cm)?® voxels de-
scribed above typically takes about 40 h on a single 3.0 GHz
Woodcrest core, resulting in a statistical uncertainty of
roughly 0.1% on the dose at the prescription point and less
than 0.5% on the dose at the points of interest indicated in
Fig. 1, with the highest percent uncertainty among these
points typically occurring at the point at the opposite side of
the eye from the plaque. Note, however, that this point also
typically has the lowest dose among the points of interest,
with the dose being less than 10% of the prescription dose.

For clinical applications, the calculation time would be
substantially less than 40 h because such small statistical un-
certainties are not needed. Further, preliminary investigations
suggest that scoring in (0.1 cm)® voxels should be suffi-
ciently accurate to describe dose distributions in the eye.
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Scenarios requiring a 2% statistical uncertainty on the dose
(i) at the tumor apex (the prescription point), or (ii) at the
point on the central axis where the dose drops to half the
dose at the tumor apex, were both investigated, for the array
of (0.05 cm)? voxels described above and also for an array of
(0.1 cm)? voxels spanning the same region. In order to in-
crease the efficiency of simulations, a particle recycling fea-
ture was used in which the first seed in the simulation acts as
a particle (photon) generator: Photons initiated in this seed
are tracked until they are absorbed in the seed or escape from
it. If a photon escapes, it is reinitiated at each seed location
after a rotation through a random angle about the seed axis.
Correlations between recycled photons from the same pri-
mary history are taken into account via history by history
statistics.*> The efficiency gains achieved via particle recy-
cling depend on the voxel size and seed geometry. For seeds
in a 16 mm plaque, this recycling feature decreases simula-
tion times by about 40% for '*°I and 55% for '*Pd, corre-
sponding to efficiency gains of more than 60% and 100% for
1257 and '%Pd, respectively.

The times for each scenario are given in Table II for a
16 mm Modulay/Silastic plaque filled with I or '®Pd
seeds. The uncertainty at the opposite side of the eye to the
plaque (which has the largest uncertainty among the points
of interest indicated in Fig. 1), is quoted as a percentage of
the local dose, D)o, and of the prescription dose, D,. For
scenario (i) (2% uncertainty at the tumor apex) and '*I
('%pd) seeds, the simulation takes 3.0 (2.5) min in
(0.05 cm)? voxels and 0.57 (0.51) min in (0.1 cm)? voxels.
The uncertainty on the dose at the opposite side of the eye is
7.4% (9.8%) of the local dose, which amounts to roughly
0.52% (0.42%) of the prescription dose. For the more strin-
gent requirement (ii) (2% uncertainty at 50% of the prescrip-
tion dose), the calculation times roughly double and the sta-
tistical uncertainties at all points of interest are reduced by a
factor of about \6: 1.4. Note that the statistical uncertainties
are nearly the same at the point at the opposite side of the
eye for either voxel size, and this is also true at the other
critical points of interest in the eye. This suggests that the
relative uncertainties through space are independent of the
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FiG. 2. Ratio of the doses along the plaque’s central axis for a single seed at
the center of a 12 or 20 mm plaque with a Modulay or gold backing and
water insert to the doses with water (no plaque) for (a) I and (b) 'Pd.

voxel size, as would be expected in the absence of voxel size
effects, and supports the use of (0.1 cm)? voxels for clinical
treatment planning.

lll. RESULTS AND DISCUSSION
ll.A. Effect of the plaque backing

The effect of the plaque backing alone is shown in Fig. 2,
which provides central axis depth-dose curves for one '*I
(a) or '*Pd (b) seed in the central slot of a Modulay or pure
gold plaque with water replacing the Silastic insert. The
doses for the various configurations are quoted relative to the
doses for the same seed in water (no plaque present). For
either seed type, while a small dose enhancement is evident
near the seed and plaque (small z), the dominant effect is a
significant dose decrease which begins a few millimeters
away from the seed and increases with z. This dose reduction
is due to the high-Z materials of the backing which cause
enhanced photoelectric absorption and decreased Compton
scatter relative to water. The dose enhancement near the seed
and plaque is due to fluorescence photons emitted by atoms
in the plaque backing as they relax to a ground state follow-
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ing excitation by photons from the brachytherapy sources.
These results are qualitatively in accord with the results of
earlier studies on the effect of a high-Z backing.7"12

The dose is sensitive to the backing’s composition. Both
1251 and '®Pd photons excite the L-shell in gold (~14 keV)
and K-shell in copper (~9 keV); however, few 103pq pho-
tons can excite the K-shell in silver (~25 keV), which is
excited by 1251 photons of average energy. The excitation of
these shells results in the emission of fluorescence photons
with energies just below these thresholds. Clearly, the spec-
trum of fluorescent photons depends on the energy of pho-
tons from the brachytherapy seeds and the backing’s compo-
sition. Relative to pure gold, the presence of copper and
silver in Modulay modifies the spectrum of fluorescent pho-
tons and, hence, the dose distribution. Copper acts to de-
crease the dose because of the lower average energy of the
fluorescence photons and, hence, their shorter range. Fewer
of these photons escape the backing and those that do escape
to the water do not travel far before being absorbed. This
results in a slightly lower dose with the Modulay plaque
relative to pure gold for '®Pd, as illustrated in Fig. 2(b). The
excitation of the K-shell in silver by '*I photons means that
the dose is higher with Modulay relative to pure gold, as
shown in Fig. 2(a). These observations also explain why the
dose enhancement near the plaque is larger for '2I than it is
for %Pd: The higher average energy of '*I photons means
that more fluorescence photons and fluorescence photons of
higher average energy are emitted from the backing for the
1251 source than for 103Pd, resulting in a dose enhancement
close to the plaque of the order of 1% for I versus 0.5%
for 'Pd.

For both ' and '®Pd with the Modulay backing, the
dose decrease at z=1 cm is of the order of 5%: a little greater
for I and a little smaller for '*Pd, both depending very
slightly on the plaque size. At z=2.3 cm, i.e., across the eye,
the dose decrease due to the Modulay backing is about 10%
for '*°I and less than 7% for '*Pd. This difference is due to
the relative importance of the photoelectric effect and Comp-
ton scatter for the '*°T and '*Pd photons and the fact that the
main effect of the plaque backing is to decrease Compton
scatter relative to water. For either pure gold or Modulay, the
majority of interactions for 1251 and '%pd photons is photo-
electric, with less than 5% of interactions occurring via
Compton scatter. For '*I photons (with a mean energy of
28 keV), Compton scatter accounts for 47% of interactions
in water while for '®*Pd photons (21 keV), only 27% of in-
teractions occur via Compton scatter. Hence, the introduction
of the plaque backing is more significant for '*°I than for
103pg.

Chiu-Tsao et al."* reported a dose decrease of about 10%
at z=0.76 cm based on their Monte Carlo simulations of an
1251 (model 6711) seed with a 20 mm pure gold backing. The
results for the pure gold backing in Fig. 2(a) suggest that the
drop-off at this distance is about 7%. Note that the full simu-
lation, taking into account the atomic composition of the
Modulay, indicates that this decrease is only 4%.
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FiG. 3. Ratio of the doses along the plaque’s central axis for a single seed in
a Silastic insert (backings as indicated) at the center of a 12 (dashed lines) or
20 mm (solid lines) plaque to the doses for the same seed in water (no
backing or insert) for (a) T and (b) 'Pd.

The sensitivity of the results to the density of Modulay is
investigated by performing simulations with the Modulay
backing density changed from 15.8 to 14 and 17 g/cm®. No
statistically significant difference is observed.

1Il.B. Effect of the Silastic insert

The central axis doses for a single seed at the center of a
Silastic insert with a water, pure gold, or Modulay backing
are reported relative to the doses for the same seed in water
in Fig. 3. Silastic, with an effective atomic number of 10.7,"
is a significantly more attenuating medium than water (Z
~7.4), and hence its presence results in a significant de-
crease in dose, even if the backing is replaced with water.
This effect is more important for the lower energy photons of
13pd than it is for '*I, as the former have a significantly
shorter mean-free path in Silastic and are more severely at-
tenuated. On the plaque’s central axis at z==1 cm, the pres-
ence of the Silastic insert alone results in a dose decrease of
about 9% for '*°I, compared to nearly 17% for 193pd. For
z<1.2 cm, the results for the 125] seed in the 20 cm Silastic
insert (water backing) are roughly in agreement with the

Medical Physics, Vol. 35, No. 12, December 2008

(noisy) data from the Monte Carlo simulations of Chiu-Tsao
et al.,'"* however, further away from the plaque their data
suggests a dose reduction of close to 20% while Fig. 3(a)
shows a 10% decrease. Figures 3(a) and 3(b) indicate that the
dose decrease relative to water is somewhat sensitive to the
size of the Silastic insert: more attenuation takes place in a
larger insert, which leads to some decrease in the scattered
dose. For 1251, the decrease is of the order of 1% more for the
20 mm size than for 12 mm, while for '*Pd this decrease is
smaller because there is less scatter for low-energy photons.

The shape of the curves for '*I and '®Pd at small z in
Fig. 3 are different, with the curves for '®Pd increasing
slightly with z before decreasing slowly. This artifact is due
to the source geometry for this particular brachytherapy
seed:*>* the model 200 '®*Pd pellets contain two radioactive
sources separated by a lead marker. With no radioactivity at
the center, photons must travel through more Silastic to reach
areas very near the insert on the central axis than to reach
areas at slightly larger z. Hence, on the central axis there is
more attenuation near the seed than slightly further out, re-
sulting in the increasing dose ratio for small z. This behavior
is not evident for the model 6711 '>I seeds, which have a
single cylindrical rod as the radioactive source.

The addition of the plaque backing to the Silastic insert
results in a further dose decrease, as illustrated in Figs. 3(a)
and 3(b). For a single seed in a 12 or 20 mm plaque, the total
decrease relative to water at z=1 cm on the central axis is
almost 14% for I and 20% for '®*Pd. Note that the com-
bined effect of the insert and plaque is not the product of the
effects of the insert and plaque separately, as fluorescent x
rays originating in the plaque must now pass through the
Silastic insert, and a significant fraction of these photons will
be absorbed in the insert. The results for the pure gold back-
ing and Silastic insert with the '>Pd seed are omitted from
Fig. 3(b) as they are nearly identical to those for the Modu-
lay backing. For %1, the sensitivity of the dose to the com-
position of the backing is still clearly seen with the doses for
the Modulay backing enhanced by up to 2% relative to pure
gold. As discussed above, the excitation of the K-shell in
silver followed by the emission of fluorescence photons is
responsible for this enhancement.

The results for the combination of backing and insert for
the '®I seed in Fig. 3(a) show roughly the same trend as
those from the Monte Carlo simulations of a single '*°I seed
at the center of a Silastic insert and pure gold backing of
Chiu-Tsao et al.'* The best-fit line to their data, used in
Plaque Simulator,'” is shown in the figure. It overestimates
the dose near the seed and underestimates it further out. Con-
trary to what is seen in Fig. 3(a), Chiu-Tsao et al.'* con-
cluded that the effect of the Silastic insert alone is nearly the
same as that for the Silastic and gold combination. Their
conclusion was drawn from a combination of TLD measure-
ments and MC simulations and, in both cases, their data were
quite noisy.

Chiu-Tsao et al. reported a dose decrease of 16%, relative
to water, along the central axis of a COMS 20 mm plaque
(backing and insert) containing a single '®*Pd seed.”® The
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FiG. 4. Comparison of single seed and multiseed results along the plaque’s
central axis: Ratio of the doses for seeds in a Modulay/Silastic plaque to the
doses for the same seeds in water (no plaque) with no interseed effects for
different plaque sizes and (a) '>I and (b) 'Pd seeds. Unless otherwise
noted, the results are for multiseed simulations.

results in Fig. 3 suggest that the dose decrease is 16% to 17%
near the seed and becomes 21% at the opposite side of the
eye.

lll.C. Multiseed configurations and interseed effects

Interseed effects are investigated by comparing the ratios
of doses with interseed effects to those without interseed
effects for fully loaded 12, 16, and 20 mm plaques. For both
1251 and 'Pd seeds in a 20 mm plaque, the effect is of the
order of 1% or 2% for seeds in water (no insert or backing)
and is much less pronounced, at less than 0.5%, for the
Modulay and Silastic combination. The ratio of doses is
nearly constant, decreasing slightly, going along the plaque’s
central axis. The magnitude of interseed effects decreases as
plaque size decreases, simply because there are fewer seeds
present to attenuate photons from other seeds. Interseed at-
tenuation in the region of interest is much smaller than for
other types of brachytherapy, e.g., prostate implants43 where
interseed attenuation is substantial at positions in line with
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FiG. 5. Effect of collimation due to the plaque: Ratio of the doses for a
16 mm Modulay/Silastic plaque with '>°T seeds to the doses for the same
seed configuration in water (no plaque, no interseed effects) vs. transverse
position y at x=0 and for various depths z.

multiple seeds because shadowing is important. The presence
of the collimating lip on the plaque means that these posi-
tions are not relevant for eye plaques.

The difference in dose distributions for simulations with
and without interseed effects suggests that, in order to place
this work in the context of calculations performed according
to the TG-43 protocol,6 results should be quoted relative to
those for the same configurations of seeds in water (no back-
ing or insert) with no interseed effects. Hence, the results
presented in the following for multiseed configurations in
water only are from simulations with no interseed effects.

A comparison of the effect of the plaque and backing for
single and multiple seed simulations is shown in Fig. 4. Re-
sults for single seed simulations are shown for the 12 and
20 mm plaque sizes and not the 16 mm plaque, as the latter
does not have a central slot. The effect of the Modulay and
Silastic relative to water depends on the number and configu-
ration of seeds present. For small z, the dose ratios for the
multiseed configurations are significantly smaller than those
for single seeds. This is because photons from seeds at off-
axis locations must travel through more Silastic than those
from the central seed in order to reach the small z scoring
region, resulting in substantial attenuation. This effect in-
creases with plaque size as photons originating from seeds at
larger radii (in the larger plaques) are more severely attenu-
ated. At larger z, the dose ratios for single and multiseed
configurations are closer: For the 12, 16, and 20 mm fully
loaded plaques, the dose decrease at z=1 cm on the central
axis is 14% for '°I and 20% for '®Pd, roughly the same as
the decrease for the 12 and 20 mm plaques with one seed in
the central slot (discussed in Sec. III B).

The presence of the plaque results in significant collima-
tion and dose decreases in regions outside the plaque radius
relative to the dose for the same configurations of seeds in
water, as demonstrated in Fig. 5 for a 16 mm plaque fully
loaded with '>1 seeds. Near the plaque, e.g., at z=0.25 cm,
the dose decreases substantially relative to water at the trans-
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FiG. 6. Isodose contours in the y, z plane (x=0) for a 16 mm Modulay/
Silastic plaque with '*°I seeds. The dose is scored in (0.05 cm)? voxels and
is set to zero in voxels intersecting the plaque, resulting in the ridges seen in
the upper part of the figure.

verse position y=0.8 cm, corresponding to the plaque’s ra-
dius. As the distance (z) from the plaque increases, this dose
decrease relative to water occurs at larger transverse posi-
tions. This is also illustrated in Fig. 6, which displays the
isodose contours in the y, z plane (x=0) for the 16 mm
Modulay/Silastic plaque with '>I seeds. The collimation and
off-axis dose decreases relative to water are similar for '“*Pd
seeds. For smaller (larger) plaque sizes, the dose decrease
relative to water becomes more significant at smaller (larger)
values of the transverse coordinate.

Full simulations, including interseed effects, for each
COMS plaque size (Modulay/Silastic combination) are per-
formed for the plaques in water. The three-dimensional dose
distributions for (0.05 cm)® voxels are posted at http:/
www.physics.carleton.ca/clrp/eye_plaque. Multiseed central

1.00}
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125 . .
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FIG. 7. Comparison of plaque central axis depth-dose curves for '*I and
183pq for various plaque sizes (Modulay plaque, Silastic insert).
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FIG. 8. The effect of an air interface for '*I: The ratio of the doses with an
air interface to the doses with no air vs the distance from the air interface, R,
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pole and results are for x=0 and various transverse positions y. In (b), the
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label “all seeds” indicates that the results are for a fully loaded plaque (24
seeds); otherwise, there is one seed in the plaque’s central slot. The line
marked “Zerda” is the best-fit line of de la Zerda et al. (Ref. 15).

axis depth-dose curves for the 12, 16, and 20 mm plaque
sizes and both seed types are presented in Fig. 7, where the
dose is quoted relative to the dose at the tumor apex or pre-
scription point (z=0.5 cm). In general, the dose in the tumor
(z< 0.5 cm) is higher for 1035pq seeds than for I for a given
plaque size. Beyond the apex, the dose with '“Pd seeds
drops off more rapidly.

ll.D. Towards a full human eye model: The air
interface and other effects

The introduction of an air interface at the edge of the eye
(see Fig. 1) results in a dose decrease (relative to water) in
this region, due to the reduction in backscattered radiation.
This reduction depends on the plaque’s position and size as
well as the radionuclide type and number of seeds. Gener-
ally, the effect of the air interface is larger for 1251 than it is
for 1Pd as there is less scatter for the lower-energy 103pq
photons. Figures 8 and 9 display the dose reduction due to
the air interface for I and '*Pd seeds, respectively, for
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FIG. 9. The effect of an air interface for '*Pd: The ratio of the doses with an
air interface to the doses with no air vs the distance to the air interface, R,
for a 20 mm Modulay/Silastic plaque. The plaque positions and labeling are
as in Fig. 8.

plaques centered (a) on the posterior pole and (b) on the
equator temporal to the eyeball. In each of these figures, the
ratio of the dose with the air interface to that without the air
interface is shown for a 20 mm plaque as a function of the
(transverse) distance to the air interface R. For the plaque
centered on the posterior pole, the central axis coordinate z is
related to this distance via z=2.36 cm—R, while for the
plaque centered on the equator, the coordinate x which spans
one direction transverse to the central axis is related to R via
x=1.23 cm—-R.

Consider first the case (a) in which the plaque is centered
on the optic axis in the eye posterior. Figures 8(a) and 9(a)
display dose ratios for a single seed in the central slot on the
plaque’s central axis (x,y=0) and also off-axis (x=0,
y=0.4, 0.8 cm). The analogous ratios for a fully loaded
plaque are very close to those for the single seed, and so only
the central axis results are plotted in these figures for the
fully loaded plaque. Hence, the dose decrease is not very
sensitive to the number of seeds in the plaque. The dose
reduction is most important in the immediate vicinity of the
air interface and decreases as R increases. Near the interface,
the dose decrease is of the order of 10% for '*I and 7% for
13pq. At R=0.5 cm, the dose reduction is already of the
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order of 4% for I and 2%-3% for '"Pd. Near R
=1.5 cm, the effect of the air interface is negligible. The
dose in the region where the effect of the air interface is
important is already small: Fig. 7 reveals that the dose at R
=0.5 cm, which is near the center of the lens, is only 14% of
the prescription dose for 1251 and 10% for '®Pd. The dose
ratio (air relative to no air) is roughly the same for other
plaque sizes.

The straight line in Fig. 8(a) represents the best-fit line of
de la Zerda et al.,15 based on their TLD measurements for the
same single '*I seed configuration. This linear function is
used in Plaque Simulator to account for the effect of the air
interface and clearly overestimates the dose decrease. In
principle, the discrepancy between the results in Fig. 8(a)
and those of de la Zerda et al. might be partially attributable
to the difference in size of the region in which dose is scored
in our MC simulations and dose is measured in the TLD
experiments. However, scoring in (0.1 cm)? voxels yields re-
sults in agreement with those for the smaller voxel size, pre-
sented in Fig. 8(a). Examining Fig. 8(a) carefully, one finds
that the dose decrease is slightly more important at off-axis
points than on the central axis. This was not observed by de
la Zerda et al. Their line is the best fit to the average of data
on and off the central axis and seems to be quite noisy: For
example, at x=0, y=1.0 cm, and R==1.2 cm, their dose with
air is 7% higher than when no air is present, compared to the
less than 1% decrease shown in Fig. 8(a).

Figures 8(b) and 9(b) show the dose ratio for a fully
loaded 20 mm plaque centered on the equator. The dose
drop-off depends on the distance from the plaque, z. The
distance from the air interface at which the effects of the air
become significant is also dependent on the distance from the
plaque. Near the plaque, e.g., z=0.5 cm, the dose decrease is
only significant within a couple of millimeters of the air
interface; however, further away, e.g., z=2.25 cm, the dose
decrease is non-negligible at R=1 cm. However, the dose in
the region where the dose decrease is more important (i.e.,
far from the plaque) is also the region where the dose is very
small: Fig. 7 shows that the dose is less than 12% of the
prescription dose for '*°T and 7% for '®*Pd. In the vicinity of
the lens, the dose decrease due to the air is less than 2%. The
linear function of de la Zerda et al., used in Plaque Simulator
to account for the air interface for all plaque configurations,
is also shown in Fig. 8(b) and again, clearly overestimates
the dose decrease.

A 1 mm thick lead sheet 5 mm away from the eye-air
interface (representing a lead eye patch) causes a smaller
dose decrease than if only air is present: The excitation of the
L-shell in the lead (~16 keV) results in the emission of fluo-
rescence photons which scatter back into the eye. For a
20 mm plaque containing one '>I seed centered on the optic
axis in the eye’s posterior, the dose decrease at the edge of
the eye is less than 5%, compared to 10% when only air is
present.

The presence of bony material about the eye region re-
sults in a dose decrease due to enhanced photoelectric ab-
sorption and reduced scatter, as illustrated in Fig. 10 for a
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FIG. 10. The effect of a cylinder (of diameter 3.01 ¢cm) of bone about the
eye. The ratio of doses with bone to the doses with no bone vs the position
z along the plaque’s central axis for a 20 mm Modulay/Silastic plaque fully
loaded with either I or '®*Pd seeds. The plaque is centered on the poste-
rior pole or on the equator temporal to the eyeball.

fully loaded 20 mm (Modulay/Silastic) plaque on the poste-
rior pole and on the equator temporal to the eyeball. For
either plaque position, the effect of the bone is more signifi-
cant for '>T seeds than for '°>Pd. Once again, this is because
Compton scatter accounts for a greater proportion of 2T
photon interactions in water and the main effect of the bone
is to reduce this scatter, resulting in a larger dose decrease for
1251 than for '*Pd. The dose decrease at the opposite side of
the eyeball to the plaque is near 3.5% for '*Pd and 5% for
1251 for a plaque on the equator temporal to the eyeball. This
decrease is less significant (1% for '®*Pd and 2% for '>1) for
the plaque centered on the posterior pole. Though not shown,
decreasing the diameter of the bone cylinder results in larger
dose decreases: For the plaque on the posterior pole, the dose
decrease at the opposite side of the eye to the plaque is 2%
for '°Pd and 4% for 'L

For all the simulations reported to date, dose is scored in
water, in accord with usual brachytherapy calculation proto-
cols. However, the eye is made up of a variety of materials
with elemental compositions and densities different from wa-
ter. Replacing the water with these eye materials results in
dose differences, as illustrated in Fig. 11, because the mass
energy absorption coefficients for these materials differ from
those for water: u.,/ p is lower for both the homogenized eye
(~2-3% for 21, 28 keV photons) and lens (~9% for 21,
28 keV photons) materials. As dose is proportional to the
fluence times pu.,/p, near the seed, where the fluence is
nearly the same for each configuration, the dose differs by
the ratio of u.,/p values and hence it is lower for both the
homogenized eye and lens materials relative to water be-
cause of the differences in energy absorption coefficients. In
the homogenized eye material, the dose relative to water
stays nearly constant going across the eye because the in-
creased density is almost exactly counteracted by the differ-
ence in the attenuation coefficient. In the lens material, the
photon fluence increases relative to water because the differ-
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FiG. 11. Dose deposited in a phantom made of homogenized eye or lens
material relative to dose deposited in a water phantom for one I or '®Pd
seed in the central slot of a 20 mm Modulay/Silastic plaque vs position
along the plaque’s central axis.

ence in attenuation coefficients is not quite balanced by the
density difference; a gradient in the ratio of the dose depos-
ited in the material to the dose deposited in water across the
eye results.

lll.E. Dose comparison at points of interest

This section brings together many of the effects discussed
above by comparing the dose at points of interest for differ-
ent plaque materials, configurations, and the two seed types.
Tables III and IV provide the dose at points of interest (see
Fig. 1) for a 16 mm plaque fully loaded with 1251 or 1%pq
seeds on the equator temporal to the eyeball (Table III) and
between the equator and posterior pole (Table IV). The air
kerma strength per seed (Sk) required to obtain a dose of
85 Gy at the prescription point for the seeds in water with no
interseed effects for a treatment time of 100 h for '*°I and
168 h for '®Pd is given. For this air kerma strength, the
doses for the Modulay/Silastic combination are given, as are
the doses when the air interface is present. The presence of
the Modulay and Silastic causes a consistent decrease in the
dose to the normal ocular structures. As noted above, the
effect of the air interface at these points of interest is gener-
ally small. For example, for the plaque positioned between
the equator and posterior pole, the dose decrease due to the
air is of order 3% for the lens and 5% at the opposite side for
the 121 seeds, and even smaller for '®*Pd. If the plaque cen-
tered on the equator temporal to the eyeball is moved to the
superior position with a rotation through 90° about the optic
axis, only the dose at the optic nerve will change because of
the symmetries of the configuration. This is also true if the
plaque position is rotated a further 90° about the optic axis so
that it is centered on the equator nasal to the eyeball. Table
IIT also provides the dose at the optic nerve for these con-
figurations.

The doses to the points of interest in Tables III and IV are
also presented as percentages of the prescription dose (D,),
which facilitates the comparison of the doses for the two
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TABLE III. Comparison of the dose at points of interest for a 16 mm (fully loaded with 13 seeds) plaque on the
equator temporal to the eyeball. The columns labeled “Water” indicate the dose for the seeds in water with no
plaque present and no interseed effects, while the label “MS” indicates the Modulay/Silastic combination. The
results when the air interface is present are also included as percentages of the prescription dose, D,,. Doses to
the optic disk are included for the plaque on the equator nasal to the eyeball (“nasal”) and centered on the
equator above or below the eyeball (“above or below”). The air kerma strength per seed Sk required to obtain
a prescription dose of 85 Gy at the tumor apex in 100 h for model 6711 21 seeds and 168 h for model 200
103pd seeds (“Water” configuration) is indicated where 1 U=1 uGy m?h~!. The statistical uncertainties are less

than 0.34% for '>I and 0.50% for '3Pd.

125] 103py
MS, air MS, air
Water MS Water MS

Location Gy Gy Gy % of D, Gy Gy Gy % of D,
Center of eye 2792 2379 23.68 32 22.75 18.23  18.19 27
Macula 16.45 12.82  12.80 17 11.40  8.089 8.094 12
Optic disk (temporal) 11.35  8.989 8.947 12 7.193 5355 5297 8
Center of lens 21.75 17.85 17.53 24 16.34 1250 1241 18
Sclera 262.1 2229 2227 299 287.9  210.7 210.6 307
Apex (85.00) 7443  74.40 (100) (85.00) 68.53 68.54 (100)
Opposite side 6.830  5.550 5.453 7 3.771 2930 2956 4
Optic disk (nasal) 27.78  21.02 2097 28 21.65 14.13  14.18 21
Optic disk (above or below) 16.49  12.81 1278 17 11.38  8.104 8.088 12
Sk 4.76 U/seed — 4.04 U/seed —

seed types. Apart from the scleral dose, which is less than
3% higher for 103pq than for I seeds, the dose at all points
of interest is lower with '*Pd seeds. The fact that the dose
with 'Pd seeds is higher within the tumor was noted and
seen in Fig. 7 above. The results presented here for the
16 mm plaque size are representative of the results for other
plaque sizes.

Table V compares the dose rates at points of interest for a
12 mm plaque between the posterior pole and equator (as in
Fig. 1) and a 20 mm plaque centered on the equator temporal
to the eyeball from the BrachyDose simulations to those of
Astrahan,17 obtained with Plaque Simulator. The most no-
table discrepancy is for the 20 mm plaque configuration,
where Plaque Simulator overestimates the dose by 10% at
the optic disk and 11% at the macula. Agreement with the
12 mm plaque results is surprisingly good considering the

observations made above regarding the factors used in
Plaque Simulator to account for the Modulay/Silastic combi-
nation and the air interface.

IV. CONCLUSION

In this study, the BrachyDose code was used to investi-
gate various aspects of eye plaque dosimetry: the separate
and combined effects of the plaque backing and insert, inter-
seed attenuation, dose decreases due to an air interface or
orbital bones, and scoring in various eye materials (rather
than water). The presence of the plaque backing alone (water
insert) results in a dose enhancement near the plaque due to
fluorescence photons, and a decrease at larger distances due
to the decrease in scatter, relative to water. The results for the
Modulay and pure gold backings differ, indicating sensitivity

TaBLE IV. Comparison of dose at points of interest for a 16 mm plaque midway between the posterior pole and equator temporal to the eyeball, as shown in
Fig. 1. The labeling and uncertainties are as in Table IIT, and again the treatment time is taken to be 100 (168) h for '*I ('%pd).

1251 103pg
MS, air MS, air
Water MS Water MS

Location Gy Gy Gy % of D, Gy Gy Gy % of D,
Center of eye 27.92 23.79 23.71 32 22.75 18.23 18.22 27
Macula 74.32 58.99 58.97 79 70.04 47.32 47.31 69
Optic disk 31.32 23.16 23.06 31 25.09 15.97 15.99 23
Center of lens 12.35 10.20 9.892 13 8.147 6.381 6.301 9
Sclera 262.1 2229 222.6 299 287.9 210.7 210.9 308
Apex (85.00) 74.43 74.44 (100) (85.00) 68.53 68.56 (100)
Opposite side 6.830 5.550 5.293 7 3.771 2.930 2.886 4
Sk 4.76 U/seed — 4.04 U/seed —
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TABLE V. Comparison of the dose rates (in ¢cGy/h) at points of interest obtained using BrachyDose (Dpp) to

those of Astrahan (Ref. 17) using Plaque Simulator (D pg). The results are for a 12 mm plaque midway between
the posterior pole and equator temporal to the eyeball and a 20 mm plaque centered on the equator temporal to
the eyeball. Both plaques are filled with model 6711 I seeds with Sg=1.27 U/seed. The statistical (10)
uncertainties on the BrachyDose results are less than 0.34%.

12 mm 20 mm
Location DPS Dyp DPS/DBD DPS Dyp DPS/DBD
Macula 5.851 6.086 0.96 7.796 6.986 1.12
Optic disk 3.072 3.071 1.00 5.278 4.795 1.10
Center of lens 1.599 1.610 0.99 9.268 9.422 0.98
Sclera 58.00 58.93 0.98 88.23 88.06 1.00
Opposite side 0.855 0.8673 0.99 2.981 2.874 1.04

to the backing’s composition. The Silastic insert causes sub-
stantial attenuation. The Silastic/Modulay combination re-
sults in a dose decrease relative to water of roughly 14% and
20% for '*I and 103Pd, respectively, at z=1 cm on the
plaque’s central axis. The decrease depends on the plaque
size and number of seeds. Interseed attenuation is a small,
less than 2%, effect for the region of interest in eye plaque
dosimetry with COMS plaques. The presence of an air inter-
face results in a dose decrease in the vicinity of the interface
due to the reduction in backscattered radiation; however,
generally the dose to the tumor is unchanged. Dose reduc-
tions result from the introduction of bone in the eye’s vicin-
ity. Finally, scoring in various eye materials results in dose
differences (and sometimes gradients across the eye) relative
to the dose deposited in water.

Doses at points of interest within the eye were compared
for different plaque configurations. The presence of the
Modulay and Silastic results in consistent dose decreases at
these points of interest compared to the dose for the same
configurations of seeds in water. Apart from the sclera, '**Pd
seeds generally offer lower doses to the critical normal struc-
tures than do '*°I seeds.

On a single 3.0 GHz Woodcrest core, BrachyDose can
achieve 2% statistical uncertainty on the dose to the tumor
apex in 3 min for (0.05 cm)? voxels; for (0.1 cm)® voxels,
which should be sufficient for clinical applications, it takes
about 30 s. Requiring 2% statistical uncertainty on the dose
at the point where the dose is half that at the tumor apex
takes twice as long: Less than 6 min for the (0.05 cm)? vox-
els and 1 min for the (0.1 cm)? voxels. These times are suf-
ficiently fast for routine clinical treatment planning.

BrachyDose is a powerful tool to explore eye plaque do-
simetry which can be adapted to different plaque designs and
seed models. Dosimetry for other plaque designs or different
seed models would be a straightforward extension of the
work presented here. Investigating dose distributions for par-
tially filled plaques or for plaques with cutouts is also pos-
sible. As BrachyDose is based on the EGSnrc system, elec-
tron transport may be modeled which would allow the
investigation of beta ray sources such as 106Ru for eye plaque
brachytherapy. For accurate dosimetry, a detailed human eye
model should be integrated into these simulations. This could

Medical Physics, Vol. 35, No. 12, December 2008

lead to significant changes in the dose distributions, as
shown in Fig. 11.
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