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DRAFT: APRIL 26, 1990
THERASEED™ - PALLADIUM 103
DOSIMETRY INFORMATION

Photon energy 20-23 keV
Half - life 16.97 days
Source strength available 0.3-2.7 U®
0.4-2.1 mCilApp.)
Fxposure to air kerma conversion factor 0.876 cGy R
f-factor 0.886 cGy R™!
Exposure rate constant AS R cmi a! oyt
1.48 R cm*® h"l mC.'i(App,)'l
Air kerma rate constant 1.00 cGy cms h! gl
1.29 ¢Gy ¢m* bl mCi(App.)'1
Specific dose rate constamb’ 0.735 cGy N et
095 Gy h™! mCi(app)~!
Average specific dose rate constant®’ 0.66 ¢Gy h-! Ul
(Point source approximation) 0.86 ¢Gy h~ mCi(App.)'l
Anisotropy factord’ 0.90

Radial dose f unctionC) g(r) and Tissue-attenuation correction factorr )a(_r)

f g (r) o (r) r g (r) a (r)
{em) (cm)

0.5 1.344 0.974 4.0 0.156 0.113

1.0 1.000 0.725 - 4.5 0.118 0.0856
1.5 0.737 0.534 50 0.0898 0.0651
2.0 0.539 0.391 - 0.0687 0.0498
2.5 0.393 0.285 6.0 0.0528 0.0383
30 0.288 0.209 6.5 0.0391 0.0283
3.5 0.211 0.153 7.0 0.0285 0.0207

a) 1U = Unit of air kerm strength = 1 4Gy m> h~! = 1 cGy em* h™L.
A 1.293U source of Pd is equivalent to a 1.0 mCi source.

b) Dose rate in water at a distance of | cm from the source center and perpendicular to the source axis
for a unit strength source.

¢) 4 - averaged specific dose rate constant which is applicable when point source approximation
is used in dose calculations,

d) Ratio of 4 -averaged dose rate to the dose rate on the transverse axis at the same radial distance.

e) Defined following Dale, as the dose rate in water times distance squared divided by dose rate at | cm
in water,

f) Ratio of dose to water in a water phantom and dose to a small mass of water in air at the same point.

SOURCE: Ali Meigooni, Sushil Sabnis, and Ravinder Nath, "Dosimetry of lO3Pd brachvtherapy sources for
permanent implants" (Endocurietherapy/Hyperthermia Oncology, 1989, In Press).



Dose Rate Times Distance Squared for 105Pd, Model 200 Source

With an Air Kerma Strength of 1 u* or Apparent Activity of 1 mCi

Dose Rate x xz
(cGy B! en®)

Distance Along

the Transverse 1 U Source 1 mCi Source
Axis of the Linear Source Point Source Linear Source Poinc Source
Source (em) Approximation Approximation Approximatien Approximation
0.5 1.001 0.901 1.294 1.165
1.0 0.735 0.662 0.950 0.855
15 0.539 0.485 0.697 0.627
2.0 0.395 0.356 0.511 0.460
2.5 0.290 0.261 0.375 0.337
1.0 0.213 0.192 0.275 ‘ 0.248
3.5 0.157 0.141 0.203 0.183
) 0.116 0.104 0.150 0.135
4.5 0.08B& 0.077 0.111 0.100
5.0 0.064 0.058 0.083 0,074
5.5 0.048 0,042 0.062 0.056
6.0 0.036 0.032 0.046 0,042
6.5 0.028 0.025 0,036 0.033 ¢
7.0 0,021 0.019 0.027 0.024

"1U = unit of air kerma strength = 1 cGy em® h.
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1132 L ). Radiation Oncology @ Biology @ Physics

the dose rate is so low that tumor cells that have cycle
times of 2-5 days cannot be effectively killed by this low
dose rate irradiation (see the review article by Enic Hall
(7)). ""*Pd sources were developed 1o overcome this prob-
lem. '"'Pd sources emit on average 21 keV photons and
have a half life of 17 days. Because of the low energy of
photons emitted by '“*1 and '“’Pd, both of these sources
offer the considerable advantages of easy and effective ra-
duation shielding of patient and personnel, compared 1o
other sources used for permanent implants, such as Ay
and ““Rn. Because of its shorter half life, the '"'Pd im-
plants offer initial dose rates of about 2.5 times larger
than the '**I implants. which may be beneficial in some
tumors.

The energy of photons emitted by sealed sources of
'%pd (21 keV, average) is lower than that for conventional
sources of "1 (27 keV, average). Because the attenuation
coefhicients increase rapidly with decreasing photon en-
ergy, approximaiely by the cube of photon energy n the
range of 30 to 20 keV. there 15 a concern that the pene-
trating ability of '"'Pd photons may not be adequate for
conventional seed configurations used n interstitial
brachytherapy. In other words. one may obtain cold spots
in the implanted volume if the geometnic configuration
of the seeds is identical to that for 1 implants. Does one
have to decrease the seed spacing 10 compensate for this
effect? In this paper. we present an analysis of this issue
for the planning of '*Pd implants, Using the measured
dosimetry data for ""Pd sources such as the dose rate
constant and radial dose function determined by Meigooni
et al (11), we have generated dose distnbutions produced
by a wide vanety of cubic and spherical volume implants.
A detailed companson of these dose distributions, and
some clinical guidelines of planning '"'Pd interstitial im-
plants, are presented.

METHODS AND MATERIALS

For the purpose of dose calculations in an implant, the
seeds were assumed 10 be point, 1sotropic photon sources.
This 15 a reasonable assumption for multiseed implants
in which the seed onentations are randomly distributed
{9). Using the point source approximation, the dose rate,
Dir), in water at a distance r from a source, in units of
eGy h ', is given by (8):

. S\
B = =5 gk (1)

where S, 1s the air kerma strength of the seed, in units of
U = 1uGy m* h '), /A is the dose rate constant in
units of ¢Gy b ' U, gtr) 1s the radial dose function, and
$.» 15 the anisotropy factor, as defined in the following
paragraphs. Equation 1 follows the recommendations of
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the National Cancer Institute (NCI) sponsored Interstitial
Collaborative Working Group (ICWG) as described in
several recent publications (5, 8, 13, 15, 16). Briefly, the
source strength of brachytherapy sources s expressed in
terms of air kerma strength as recommended by the
American Association of Physicists in Medicine (AAPM).
The unit of air kerma strength is | Gy m° h™', which is
numerically equal 10 1 ¢Gy cm® h ', This unit has been
represented by the symbol U The conversio 1 factors be-
tween apparent activity and air kerma strength are (!,
17y

1.270 U/mCi for '**1
1.293 {//mCi for ""*Pd. (2)

The dose rate constant, A, is defined as the dose rate
at a distance of 1 ¢m in water along the transverse axis
of a source with unit air kerma strength. For the '"Pd
Model 200 source.® the dose rate constant was taken from
the work of Meigooni er @/. (11), and for the '**1 Model
6711 source,” from the recommendations of the ICWG.
The values adopted were:

A=084cGyh U

= 1,07 ¢Gy h ' mC1 ! for '*1 Model 6711
A=073cGyh U

= 0.95 ¢cGy h ' mCi~' for "Pd Model 200,  (3)

The radial dose function, gl(r), is defined as the ratio of
the dose rate at r in water 10 that at a reference distance
1., corrected for the inverse square falloff of dose. For
point source approximation, 1t is given by:

) W geive * 4)

where the reference distance, r,, 1s usually taken 1o be at
i cm. In this work. the radial dose function for '*Pd seeds
was taken from the published data of Meigooni et a/ (11)
and for '*°1 Model 6711 from the ICWG recommenda-
tions (8).

The anisotropy factor, ¢, 1s defined as the ratio of
4r-averaged dose rate at a given distance from the source
and the dose rate at the same distance along the transverse
axis. “he values of ¢, were also taken from Meigooni e
al (11) for ""*Pd and the ICWG (8) for '**]1 Model 6711
source and are:

Qan = 0.90 for w"Pd (5)
G = 0937 for "L

Using Eq. 1. the dose rate times distance squared along

* Theragenics Corp, Inc., Norcross, GA 30093

* Medical-Surgical Division/3M. St. Paul, MN 55144-1000.
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the transverse axis of an actual source, and the same at a
radius around an equivalent point source were calculated
for both '“*Land ""'Pd. Since these data are not vet widely
available, the actual values used in this work are presented
in Table 1.

For a permanent implam, dose to full decay was ob-
tained as the product of the Table | values and the average
life (1.443 times the half ife) for each radionuchde. For
a multiseed implant. the dose rate and dose delivered 1o
full decay was obtained by summing over all the seeds. 1t
15 implicit in this summation that there are no seed-to-
seed shielding effects. such as those reported by Burns and
Ragside (4) and Mewgoont ¢ al. (10).

Daose distribution around unmiformly spaced cabic and
sphenical volume implants of 1 and ''Pd sources were
calculated for implants with dimensions ranging from |
to 6 ¢cm. These dose computations were performed using
a commercial computerized treatment planning system.’
as well as a computer program specifically designed for
these calculations on a MicroVAX 1l computer. The
highest isodose curve which surrounds the target volume
{tumor volume plus a margin) and the source strengths
needed 10 deliver a specified dose to full decay were de-
termined.

In this work. 115 Gy from ""Pd is assumed 1o be
equivalent to 160 Gy from '“*1. Of course. this equivalence
of doses 1s merely a gmdetine. and only clinical trials can
determine the eguivalent dose for "Pd. If it turns out
that a different dose 18 desired. one simply has to scale

103

Table 1. Dose rate times distance squared for ""'Pd model 200
and "1 model 6711 sources using the point source
Approximation

Duose rate %+ (eGy h ' em?)
[istance along the
transverse ixis of

I mCy source

I U source*

the source (¢m) pd ooy | i =
05 0.901 0.805 1. 1635 1.022
20 0 662 (. 7KK (.85 100
1.5 0455 0.738 0627 (.437
20 0356 0 664 (1. 460 (843
2.5 0.261 0583 0.337 (1.741
30 £.192 0,308 0.24% 0.641
i5 0.141 (433 (0.1K3 (4549
40 (104 0.370 0.135 0470
4.5 0077 0317 0.100 0,403
S50 0058 1274 0.G74 (1.349
558 (0043 .238 0,056 0.302
6.0 0.032 0211 0042 0.26K
6.5 0028 0.188 0033 0235
7.0 0.019 0.163 0.024 0.207

* ) 17 = ymit of air kerma strength = 1 Gy m* h ' = 1 oGy

e b ' For "1 1270 U is equivalent to 1 mCr apparent and
for "MPd, 1.293 L i equivalent 1o | m) apparent.

Iinearly the source strength for 115 Gy presented in this
paper. The choice of 115 Gy for '"'Pd implants can be
rationatized using the time dose factor (TDF ) formula for
permanent implants developed by Orton (15), The TDF
formula for permanent implantation in the notation of
the original author is:

TDF = 4.76 x 10 ', (6)

where D is the dose delivered by full decay and 1, 1s related
to half life 1, 5 as follows:

IN B 1.06911‘). (7‘

Using Egs. 6 and 7, the TDF for a 160 Gy implam
using "1 with an initial dose rate of 7.72 ¢Gy/hris 115.6.
Therefore. an equivalent '"'Pd implant should deliver a
TDF of 115.6. For this value of TDF, the total dose for
a ""'Pd implant was calculated, using Egs. 6 and 7. to be
115.5 Gy and imtial dose rate was 19.7 ¢Gy/hr. Thus, a
115 Gy ""Pd implant has the same TDF asa 160 Gy ']
mnplant. 1t 1s worth stressing again that the dosimetry
analysis presented here can be easily modified for any
value of total dose. We chose to use 115 Gy for '"*Pd
because 11 1s reasonable on the basis of the TDF formula
and because it is the value being used in most '“*Pd clinical
trials (3).

It 18 well known that dose distributions produced by
interstitial implants are highly inhomogeneous in the 1m-
mediate vicinity of seeds. To compare the inhomogeneity
of dose distribution produced by '"'Pd with '**1, dose uni-
formity was calculated as the ratio of maximum 10 min-
imum dose in a plane midway between the seed planes.
This definition of dose uniformity is more meaningful for
investigating cold spots in the implants and the minimum
tumor doses, compared to the dose uniformity calculated
in the entire implanted volume, including pomts in the
immediate vicimty of seeds.

RESULTS

Figure | iflustrates dose rate and dose delivered as a
function of wrradiation time for an '**1 implant delivering
160 Giy 10 full decay and a ""*Pd implant delivering 11§
Cry to full decay. Under these conditions, the initial dose
rate for "'Pd is 19.7 ¢Gv/hr, which is 2,55 times that for
"I implants. As shown in Figure |, the dose rates for
"“'Pd and '**1 implants as a function of time crossover at
about 4.5 weeks. By 4.5 weeks, '""Pd would have delivered
83 Gy, which is 72% of dose to full decay, whereas '**|
implants would have delivered 50 Gy, which is only 439
of dose 1o full decay. Another way of comparing ' 1 and
UIPd dose rates is that ""'Pd implants deliver 87.5% of

YIPO L, Thertronies. Ine., ¢ anata, Ontano, Canada, KZK
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Fig. 1. Dose rate and dose dehivered as a function of time for a
"pd implant delivering a tetal dose of 115 Gy to full decay and
an "1 implant delivering 160 Gy, Initial dose rates for '"'Pd
and "1 implants are 19.7 and 7.72 ¢Gy/hr, respectively

the dose to full decay in a shorter time course of about
51 days compared to 180 days for "1 implants.

Dose distnibutions were calculated for cubic and volume
implants of dimension 1, 2, 3. 4. 5, and 6 ¢m in a plane
midway between the seed planes closest to the center of
the implant. Figure 2 illustrates a tvpical dose distribution
for a 5 cm cubic implant with 216 seeds of "1 or ""'Pd
seeds at a spacing of | ecm. Also shown are dose distri-
butions for two sphencal implants with a diameter of S
cm containing 160 seeds each. It is apparent from Figure
2 that dose distributions for '“*Pd implants in the target
volume and at its periphery have the same overail pattern
as those for '**1 implants. At larger distances from the
implant, for example outside the patient, the radiation
doses from "'Pd implants are much smalier than those
from '**1 implants, as can be estimated from the steeper
falloff of rachal dose function (Table 1); at a distance of
10 ¢m in tissue the radial dose function for '"*Pd is about
1/10th that for '**I. In Figure 2. the isodose curves with
highest values that completely surrounded the target vol-
ume were chosen to be 160 and 115 Gy for "1 and '""*Pd,
respectively. In this example, the target volume 1sa S cm
cube for the cubic implant and a 5 cm diameter sphere
for the spherical implants. The cubic seed configuration
in this example was simply a cube of 5 cm length. The
spherical seed configuration had principal diameters equal
t0 5 cm, and had a few seeds outside the 5 cm diameter
sphere along the diagonals, as shown in Figee 2. This

Y e— R L —— T i Sy S WSSE—— R By e e
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Fig. 2. Isodose curves for 5.0 ¢m cubic and 5.0 cm diameter
spherical implants of "I and '"'Pd sources. The labels next to
isodose curves represent dose in Gy, Seed spacing 15 1.0 em in
all implants. The cubic implants contain 216 seeds of 0.48 and
161 U seeds of "1 and ""'Pd. respectively. The sphencal im-
plants contain 160 seeds of 0,40 and 1.50 U seeds of "1 and
"UPd, respectively. Unit of source strength used here is L. which
15 the unit of air kerma strength: | U = 1 Gy m? h™'. For "1,
1.270 L s eguivalent 1o 1.0 mCi apparent and for '“'Pd, 1.293
{715 equivalent to 1.0 mCr apparent.

seed conhguration provides 1sodose curves that conform
10 the target volume with minimum source strength per
seed. Under these conditions an "**I implant with | em
seed spacing requires seed strengths of 0.48 and 0.40 U/
seed for the 5 cm cubic and sphencal tmplants, respec-
tively. On the other hand, ""'Pd implants require seed
strengths of 1.62 and 1.50 U/seed for the 5 ¢m cubic and
spherical implants, resoectively.

Using the methodology described above, the source
strength per seed necessary for cubic and spherical im-
plants of "1 and '"*Pd seeds at various seed spacings for
average implant dimensions varving from | to 6 cm was
determined (Fig. 3). For both isotopes, as the seed spacing
increases, the source strength per seed increases. Also, as
the average dimension of the implant increases, the source
strength per seed 1s nearly independent of average di-
mension for implants with small seed spacing, and ob-
viously the number of seeds increases rapidly with in-
creasing size. However, for larger seed spacings, the source
strength per seed decreases slightly with increasing average
dimension (Fig. 3), as a result of sioother penpheral dose
contours associated with larger seed arrays.

The Figure 3 data for a seed spacing of | ¢m are listed
in Table 2 for cubic implants and in Table 3 for sphencal

D T i i T
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Fig. 4. Total source strength divided by average dimension as a
function of average dimension for sphencal and cubic naplants
of ““1and ""Pd. Unit of source strength used here is ' which
15 the unit of air kerma strength; | U= | 4Gy m’ h ' For ™1,
1.270 U is equivalent to 1.0 mCi apparent and for ""'Pd. 1.293
: {18 eguivalent 1o |0 mCi apparent.

. time, the total source strength increased 14-fold from 7.28
10 102 € for '*Tand 19-fuld from 20.6 1o 391 U for """Pd,
for sphencal implants, as the diameter of the implant m-
creased from 1 ¢m 10 6 em (Table 3).

The total source strength divided by the average di-
mension was observed to increase exponentially with av-
erdge dimension of the implant. This results in a lincar
relavonship on a semi-loganthmic plot. as shown in Figure
4. The lines for '"'Pd are nearly parallel to those for 'l
for both spherical and cubic implants: the 'V'Pd line being
migher by a factor of about 3. Also, we note that for a
given isotope. the cubic implant hine has a larger slope
than the spherical implant, indicating that the cubic im-
plants require higher strength sources than spherical im-
plants as the average dimension increases. The data shown
in Figure 4 were fitted 1o a straight hine using the following
simple equation:

Sxld = ae™ (8)

Table 4. Coefhcients from the linear regression of data
shown tn Tables 2 and 3 using Eqg. 10, valid for
average dimensions ranging from | 10 6 om

Source Implant type a B
s Cubic 5 34K 0.278
} Sphenical 6059 0.157
"pd Cubic 15,24R 0307
Sphencal 16.746 0218

SRR A e L B B B Lmmmean BAE L e B LN - Fvelling Sl WETENN o
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Fig. 6. Dose profiles in the central planes of 5 em cubic and §
cm diameter spherical implants of ' 1 and "'Pd. The seed spac-
g 18 1.0 cm i all implants. The profiles are normalized to 1.0
on the center. The implanted volume 18 shown by the solid ver-
tical lines at + 2.5 em. The broken vertical lines at 2.0 em and
+ 1.5 ¢m represent the target volume, if margins of 0.5 and 1.0
cm, respectively, are used around the tumor or the implanted
volume.
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Table 5. Dose uniformity fora § x 5 x Sem
cubic volume implant

Dose¢ untformity (%)

Seed spacing Margin
(em) (cm) L | 1"pd
K3 0.0 27.5 250
0.5 i80 17.0
1.0 84 7.0
1.0 0.0 26.0 220
0.5 16.0 16.0
1.0 6.0 50
1.25 0.0 230 200
035 15.0 16.0
1.0 7.6 70
167 0.0 183 16.0
0.5 13.0 13,7
1.0 8.4 114
2.5 0.0 13.6 120
0.5 10.6 120
1.0 10.6 160

where « and g are coethcients which were determined
from linear regression. Their values are given in Table 4,

As noted above, the straight lines exhibiung relation-
ships of 1otal source strength implanted. per umt average
dimension as a function of the average dimension of the
implant (Fig. 4) for the same geometry, are about a factor
of 3 higher for "'Pd compared to '**1. Figure 5 exhibits
this trend in more detail by plotting the ratio of the §,/d
for ""*Pd and '**1 implants as a function of average di-
mension. This ratio ranges from 2.8 to 3.5 for cubic im-
plants and from 2.8 10 3.8 for spherical implants, as the
average dimension increases from 1 to 6 em (Fig. S). The
average value of this ratio 1s 3.3

Next, the effect of seed spacing on dose uniformity was
investigated. Figure 6 illustrates dose profiles in the central
plane through a § X 3 X 5 ¢m cubic and a § ¢m duameter
spherical implants. In both. the seed spacing was [ cm. If
the target volume is taken to be coincident with implant
volume, then the edges of the target volume are at distance
of +2.5 cm from center in both cases. For this case of no
margin, the dose uniformity in the target volume was 26
and 22% for "1 and ""'Pd cubic implants, respectively
(Fig. 6). i the 1arget volume was assumed 1o be 0.5 cm
inside the implant volume, that is, the edges of the target
were +2.0 ¢m from the center. then the dose uniformity
was 16% for both sotopes, for a margin of 1.0 cm, 1t was
6 and 5%, for '**1 and ""'Pd cubic implants, respectively
(Fig. 6). As shown here. the dose uniformity inside the
target volume for | ¢m seed spacing implants with "“'Pd
and '] was essentially the same.

To investigate the effect of seed spacing. dose uniformity
was calculated for a vaniety of seed spacings and margins
around a S cm cubic tmplant. Results of this calculation
are shown in Table 5. As shown in Table 5, the dose

uniformity improves as margin between the implanted
volume and target volume increases (target volume being
progressively smaller) for a given seed spacing with the
exception of the largest spacing of 2.5 ¢em. And for a given
value of margin, the dose uniformity 1s a complicateu
function of seed spacing. For the margins of 0.0 and 0.5
cm. the uniformity improves somewhat as the seed spacing
increases up 10 2.5 cm. For the case of a 1.0 cm margin,
the uniformity first improves with increasing spacing and
then deteriorates as spacing increases further.

DISCUSSION AND CONCLUSIONS

"pd is currently being investigated as a potential al-
ternative to '**1 for permanent implants of prostate car-
¢inoma with a higher Gleason pattern score by Blasko ef
al in Seattle (3). Although no clinical data with long term
follow up are available vet, the higher dose rate of '"*Pd
is believed to offer a potential advantage over ' implants,
which have had somewhat disappointing results for more
aggressive and rapidly proliferating tumors (14). Also, the
lower energy of photons emitted from '*Pd compared to
51 also reduces the risk of complications ansing from
jrradiation of normal tissues outside the tumor volume,
because the dose rate outside the '*Pd implants falls off
more rapidly than outside "1 implants.

In this work we have presented a detailed dosimetric
comparison of "I and ""'Pd implants with special atten-
tien paid 1o dose uniformity within the tumor volume,
as well as guidelines for determination of source strength
per seed and seed spacing to deliver 160 Gy for "I im-
plants and 115 Gy for ""'Pd implants.

Note that we have used the new dosimetry data for the
291 Model 6711 seed. as recommended by the ICWG (8).
The dose rate constant recommended by this group is
about 209 lower than the currently used values. Also note
that data for both '**1 and '"'Pd. as reported by the ICWG
(%) and Meigooni ¢f al. (11), are for a Solid Water® phan-
tom. Although Sohd Water is nearly eguivalent to water,
it s not identical to 1t and a revision of the basic dosimetry
of single sources of '**1 and '"*Pd may be necessary in the
future. The AAPM has formed a task group (AAPM Task
Group No. 43) 1o investigate this problem.

In this work we chose 115 Gy and 160 G:  + ""Pd
and "'l implants, respectively, because these are  © com-
monly used dosages. If it 1s necessary to determ e source
strengths for a diticrent total dose, it can be couily deter-
mined from the values provided in this paper by linearly
adjusting the source strength for the dosage required.

In this work we assume point source approximation
for calculation of dose distribution around the '*'1 and
1%pd sources, which are known to have anisotropic emis-
sion of radiation (9, 11). As is common practice in inter-
stitial brachytherapy calculation, we simply apply an an-

! Radhation Measurements, Inc.. Middleton. W1 53562,
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A COMPARISON OF RADIAL DOSE FUNCTIONS FOR '"Pd, "1, "*Sm,
MAm, "Yb, "Ir, AND "Cs BRACHYTHERAPY SOURCES

ALL S. MEIGOONL PH.D. AND RAVINDER NATH, PH.D.

Recently, encapsulated sources of "™'Pd (21 keV average). "“Sm (41 keV average), " Am (60 keV), and "**Yb (93
keV aversge) have been introduced as alternatives 1o conventional brachytherapy sources of "I Model 6711 (27
keV average), '*°1 Model 6702 (28 keV average), "Ir (369 keV average), and 'Cs (662 keV). To illustrate the
dependence of the penetrating ability of photons from brachytherapy sources as a function of photon energy, a
comparison of their radial dose functions is presented. Using the TS Monte Carlo simulation code for photon-
electron transport, the radial dose functions were calculated for monoenergetic photon sources with energies in the
range of 30 keV to 1 MeV. Also, similar calculations were performed using the photon spectra emitted by the
encapsulsted brachyviberapy sources. To verify the accuracy of Monte Carlo calculations, comparisons are made
with our new measured data for *'Am and existing experimental and theoretical data from other investigators. A
comparison of radial dose functions indicates that for *'Am, "™ Yb. "*Ir and '"'Cs sources radial dose functions
are close to unity for distances up to 16 cm, for "*Sm the radial dose function drops to about 0.4 at 10 cm, and for
"1 and ""'Pd it drops precipitously to less than 0.20 at 7 cm. At & cm, the measured radial dose functions for
pd, Y1 Model 6711, %1 Mode! 6702, 7FSm, ' Am, and ""Ir bave values of 0.09, 0.34, 0.38, 0.86, 1.12, and
$.97, respectively. While all of these radioisotopes provide adequate penetrating power for interstitial brachytherapy.
only the radioisotopes emitting photons with energies greater than about 40 keV can provide adeguate depth dose
(that is, smail or no tissve attenuation) for intracavitary irradiation. Our criterion for choice of minimum photon
energy suitable for intracavitary irradigtion is that the radial dose function at 5 cm should not be less than 0.9,
Also, note that pbotons with energies around 80 keV exhibit maximum penetrating ability in solid water for

Department of Therapeutc Radiology. Yale University School of Medicine, 333 Cedar Street, New Haven, CT 06510

distances up to 8 em.

Brachytherapy, Radial dose function, Penetrating ability, “'Pd, "L "Sm, *'Am, "*Yb, "Ir. ""Cs.

INTRODUCTION

There 18 considerable interest in the development of
brachytherapy sources emitung low energy photons {14)
because they offer advantages over higher encrgy photon
emitters in terms of ease of radiation shuelding within the
patient and radiation protection of medical personnel
However, the effects of photon absorption in tissue are
also more pronounced for lower energy photon emitters
such as 'l and '"'Pd, compared to '""Ir or 'VCs (R). Be-
cause the penetrating ability of photons, quantified here
with the radial dose function (defined in the next section).
varies with photon energy, it 18 important to evaluate
carefully the effects of photon absorption and scattering
m tssue as a function of photon energy. These consid-
erations regarding the penetrating ability of photons are
more important for intracavitary brachytherapy than in-
terstitial Lrachytherapy because a betier depth dose is

Reprint requests to: Ravinder Nath, Ph.D
dcknowledgements— The authors would like to thank Anthonsy
Melhillo, Anjali Nath, and Deanna Jacobs for their assistance in
preparing this manuscnpt

necessary to irradiate tumors adequately usig intracav-
iary wradiation.

It is generally accepted that effects of photon absorption
and scattering in tissue compensate each other (within 5-
10% for distances up to 5 ¢m) for brachytherapy sources
such as '“Ir and ""'Cs that emit photons with energies
greater than 100 keV (17). Although data for tissue atten-
uation factors and radial dose functions of various isotopes
extst in the Iterature (4. 5. 7.8.9, 10. 11, 12, 13, 16, 17),
these data are scattered in publications spanning a time
period of many vears. In this work, e have pooled to-
gether the relevant previous data and generated new data
to investigate svstematically the tissue attenuation effects
for brachytherapy sources as a function of photon energy,
We have calculated the radial dose functions for photons
in a water-equivalent phantom with energy in the range
of 30 keV 1o | MeV using Monte Carlo simulations. These
theoretical results are compared with those from previous

Supported in part by USPHS grant numbers CA-39044 and
(' A-49469 awarded by the Nauonal Institutes of Health
Accepted for pubhcation $ September 1991
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theoretical and experimental investigations. From an ex-
amination of radial dose functions for different 1sotopes
studied, we investigate the penetrating ability of photons
from brachytherapy sources as a function of photon en-
ergy, and address the question of suitability of particular
sources for interstitial and/or intracavitary irradiation.

METHODS AND “ ATERIALS

Radwal dose function
The Interstitial Collaborative Working Group (JCW(G)
defines the radial dose function as (7):

ra | o
S ——

I)(n-(:'(r...

g[r) B e e—— ( 1 )

[)('gy) . ‘.;(". 3

FalH
S———

where D(r) i« the dose rate at a distance of r and Dir,) is
the dose rate at a reference distance r, from the source
center, along the transverse axis of the sources. (i(r, 7/2)
and Glry, 7/2) are the geometry factors at the same points
of rand r,, respectively. The angle =/2 refers 1o the angle
between the source axis and the hine segment connecting
the point of interest and source center, Using the notation
of the ICWG, the geometry factors, which take into ac-
count the distnbution of radioactive material in the
source, are defined by:

(rlr. =/2)

I/r? for point source approximation

2tan L2y .
— T-——~ for hine source approximation
Y

where L 18 the active length of the source and y is the
coordinate of the calculation point along the transverse
axis of the seed. For a point source, the geometry factor
is simply the inverse square factor. At distances greater
thar. 2L the geometry factor of a inear source in Eq. 2
converges to the same values as with point source ap-
proximation. The geometry factors for **I and "*Ir with
about 3 mm active length are calculated to be 3.886, (0 993,
and 0.250 at distances of 0.5, 1.0, and 2 ¢m from the
source. These values are different by about 3.1%, 0.7%,
and 0% compared to the inverse square law values at the
same distances from the source. These differences are
more pronounced for larger sources such as “*'Am with
a 1.6 cm active length (2 Ci source).

The radial dose function, defined in Eq. 1. 18 the ratio
of dose rate at a point along the transverse axis relative
to the dosc rate at a reference point, r,. with the effects
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of inverse square law and the distribution of the radio-
active material in the source taken out. The reference
distance 1s taken 10 be | cm in agreement with the oniginal
definition by Dale (4). Assuming point source approxi-
mation, Eq. 1 simplifies to

Monte Carlo calculations

Monte Carlo simulations were performed using the In-
tegrated Tiger Series (1TS) (6). version 2.1. The ITS code
1s an expansion of the ETRAN code (1) allowing simu-
lations in a multdimensional and multimedia phantom.
It 1s @ combination of three codes: (a) TIGER. for 1-di-
mensional calculations: (b) CYLTRAN, for calculations
in cviindrically symmetnic geometry; and (¢) ACCEPT,
for any complex geometry. These codes incorporate pho-
ton and electron transport in the energy range of 1.0 keV
to 1.0 GeV and use the hbrary of photon cross-section
generated from the analytical approximation of Biggs and
Lighthill (2, 3). In this work calculations were performed
in spherical geometry, using the ACCEPT section of the
I'T'S senes. All the calculations were done on the MicroVax
11, operating under the VMS system. version 5.1, or the
VAXstation 3100, operating under VMS, version 5.3,

Monte Carlo simulauons in Sohd Water* were per-
formed for isotropic point sources emitling monoenergetic
photons with energies of 30, 40, 50, 60, RO, 100, 200, 400,
600, and 1,000 keV. No encapsulation was assumed for
these calculations. A spherical Solid Water phantom of
20 em radius was considered around the source. This sim-
ulates full scattering conditions for all distances up to 10
¢m. Dose rates and hence, radial dose functions and also
photon energy spectra. were calculated at distances of |
cm 1o 10 em at | om mntervals. Energy deposition in
sphenical shells of 2 mm thickness, with their average radi
at distances of 1 cm to 10 cm at | cm intervals, were
calculated using 1 keV cutoff energies for photons and
electrons. Vanances of less than 2% were obtained by
simulating 20-200 batches wath 10,000 histories per batch,
in the energy range of 1 MeV 1o 30 keV, respectively with
typical computation times of 4--30 hrs (CPL), respectively.

For simulation of brachytherapy sources, photon energy
spectra emitted by the radioisotopes were obtained from
the hterature (5, 9, 10, 11, 12, 13, 16) and are shown in
Table 1. It was assumed that a point source emitting this
spectrum 1s encapsulated in a small sphencal shell of the
same thickness and material of the encapsulation as the
actual source around the source, Shells of 0.05 mm thick
titanium for '**1 and 'Pd. 0.2 mm thick stainless steel
of "lIr, 0.076 mm thick titanium for '*Yb, and | mm
thick titanium for **' Am sources were assumed.

* Manufactured by Radiation Measurements, Inc.. Middleton,
WI 53562
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Table 1. Photon enesgy spectre used in the calculations®

Photo energy Percent vield
Souree Hall lfe spectrum (keV) (%)
e i7d 20,07 28.66
20.22 54 43
22.72 1690
3524 (G003
s (L0
497 | £.0005
21 keV average
B Model 6711 60 o 354 A60
3R 250
R 1110
274 4112
27.2 2108
s 252 454
¢ 2.1 1620
, 27 keV average
N Model 6702 60 d 54 4.54
8 210
304 14,02
274 £191
27.2 26.63
28 LeV average
Sm a0 d 32 2533
K7 48 78
41K 14 64
a4an 290
64 KR
47 KeV average
HAm 412 56 54 100,00
"“Yb 2d 49K 1599
507 28 .36
7.5 1161
631 1318
Gl 0802
109K £23%
11%.2 0.567
1308 138
177.2 6.45
198.0 10.54
240 3 0,039
261.1 0572
3077 3.258
93 keV averuge
s 424 RR40 0.13%
6120 2A45
6040 3782
SRY 0 2030
489.0 O 13%
484 0 0134
468 .0 2168
4i6.0 (276
- 374 0 0,323
116.0 3K 15K
3080 14.16
‘ 2660 13,65
o 2830 (1138
2060 1 568
201.0 (184
369 keV average
ol & W s 6620 100 .00

* Not included in thas table are very low energy pholons or those
with very low percent vield

Dose measurement lechnigues
Dose rates were measured in Sohd Water phantom at
cistances of 1 cm to 1O cm at | om intervals along the

' LiF TLD Model TLD-100, manufactured by Harshaw /Fil-
tral Partnership, Solon, OH 44139

transverse axis of the sources, using 3.1 % 3.1 X 0.89 mm"
LiF TLD chips.' A slab of Sohd Water was carefully ma-
chined to accommodate the source and TLD chips, as
described in a previous publication (11). The TLD chips
were staggered to minimize the dose perturbation expe-
nenced by each TLD chip due to the presence of the other
chips. This slab of Solid Weater phantom was then sur-
rounded by several other slabs of Solid Water of various
thicknesses (0.5 cm, 1.0 ¢m, and 2.0 ¢m) to have an ap-
proximately 7 cm phantom at each direction from the
TLD's and sources, for a full scattering condition. The
outside dimension of the whole phantom became about
30 x 25 % 20 em’. For protection from irradiation, the
whole setup was placed within a lead cubic box of 5 cm
thick walls and had inner dimensions of about 60 cm. A
4 mm lead equivalent leaded acrylic sheet was used for
the top to facilitate visual observation of the setup. We
have verified that this lead box does not perturb dose
measurements inside the Solid Water phantom by re-
peating some of the measurements in a large treatment
room used for external beam radiotherapy where shielding
walls were not so close to the phantom matenal. To
achieve good statistical quality of experimental data
(+3%). each measurement was repeated at least twice (four
times for distances of 1 and 2 cm from the source). Typ-
ically. cach measurement was repeated three times.

In our protocol, the TLD chips are read after at least
a 24 hr waiting period. using a precision TLD reader.!
Responses of the TLD chips were converted to dose rates
by calibrating at least 10 chips, divided into two sets ex-
posed to two different doses, with a calibrated 4 MV X
ray beam to get TLD response per unit dose. Since sen-
sitivity of TLD chips 1s energy dependent, the measured
TLD response was corrected using the relative sensitivity
of LiF TLD chips as a function of photon energy (11, 12).

RESULTS

Figure 1 illustrates a companison of measured radial
dose functions of the '"'Pd Model 200 source from Mei-
gooni e al (13), '**I Model 6702 source from Nath e al.
(16). "**1 Model 6711 source from Nath ef al (16, '**Sm
source from Fairchild er @l (5). **'Am 2 Ci cylindrical
source. (15) and "“Ir 0.2 mm stainless steel source from
Nath e @/ (16). The '“*Sm data from Fairchild e af (5)
were measured in A 150 tssue-equivalent plastic phantom.
However, the '**1 Models 6702 and 6711, '“Ir data from
Nath ¢7 al (16), and also the '"*Pd data from Meigooni
et al (13) were measured in Solid Water phantoms. For
“'Am source, new data were generated in the present
work using the same methodology as that used in our
measurements for 'L, "Ir, and ""*Pd sources (13, 16).
These results, shown in Figure 1, indicate considerable
differences in penetration ability of these sources. For '“Ir

¥ Atlas Models 22000A and 2000B. manufactured by Har-
shaw, Solon. OH 44139,
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photon energies from 30 keV to | MeV.

Therefore, thetr photon energies are likely to have pene-
trating abilities that are adequate for intracavitary irra-
diation.

To test the validity of our Monte Carlo simulations,
we compared our results against theoretical and expeni-
mental data from other investigators. A comparison of
measured and calculated radial dose functions at 2. 4, and
& cm for brachyvtherapy sources of '“Pd. "1, '"“*Sm.
Ham, "Yb, "lrand ' Csis presented in Figure 4. The
Monte Carlo data snown in Figure 4 were generated by
using methods described in the earlier sections. with ex-
ception of those for ™Yb. For '""Yb, Monte Carlo data
of Mason ¢ al (9, 10) are shown, and as mentioned above
no measared data for '*Yb are available vet. For "**Sm
the measured data from Fairchild ef al (5) are shown,
Overall, good agreement between the measured data and
results of our Monte Carlo simulation 1s observed, sup-
porting the validity of our Monte Carlo ssimulation tech-
nique for the determination of radial dose functions of
brachytherapy sources.

DISCUSSION

From an cvaluation of the measured and calculated
radial dose functions we have investigated the penetrating
ability of the photons emitted by '*Pd, 'L, "**Sm, “*'Am,
“*Yh, "I, and "V Cs brachytherapy sources. Also, we
have studied the penetrating ability of photons as a func-
uon of encrgy using the Monte Carlo simulation of radial
dose functions for 1sotropic monoenergetic point sources
emitting photons with energies ranging from 30 keVto |
MeV. These simulations were conducted 1n Solid Water
because 'we needed to test the validity of these calculations
by a direct measurement of radial dose functions, which
were performed in Solid Water phantoms. Note that Solid
Water haas been shown to be nearly equivalent to water
for photons with energies as low as those from *1 (11).
Therefore, reasonable conclusions regarding penetrating
ahlity in water. which is the medium of primary interest
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Fig. 4 A comparison of Monte Carlo calculated and measured
radial dose functions at distances of 2. 4, and 8 ¢m from "Pd.
51 Model 6702, 'Sm, *'Am, ""*Yb, ""Ir, and """Cs brachy-
therapy sources. The '"**Sm data are from Fairchild e al. (5),
the 'Y data from Mason e al. (9, 10), the "1 and '*Ir data
from Nath e1 al. (16), the "Pd data from Meigooni ¢ al (13),
and the 'V'Cs data from Shalek er al (17).

in radiation oncology, can be derived from the data for
Solid Water,

The dose rate from brachytherapy sources falls rapidly
as the distance increases. The inverse square law has a
dominating effect on the shape of dose distributions pro-
duced by most brachytherapy sources. especially those
emitting high energy photons. However, for lower energy
photons, the tissue attenuation can also have considerable
influence on the depth dose characteristics of a brachy-
therapy source. Because the radial dose function removes
the inverse square effects, 1t is an appropriate choice to
study photon energy dependence of tissue attenuation ef-
fects in brachytherapy.

The radial dose function, as defined by Eq. 1. takes out
the effects of inverse square law as well as the distribution
of radioactive material in the source, that is, the source
geometry. Therefore, it is reasonable to compare radial
dose function extracted from measured data for actual
sources with results of Monte Carlo simulations using a
point source in a spherical geometry. To the extent that

I S — —
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the focus of our work 15 10 investigate trends in radial
dose functions as a functhion of photon energy, our ap-
proach to this problem is vahid for drawing conclusions
about the relative penetrating ability of different radioiso-
LOpeEs In Lssue.

For intracavitary irradiation, especially in gynecological
applications, it is necessary to deliver an adequate dose
to point B, which s about 5 cm away from the sources
in the utenne tandem. [t would be difficult to achieve this
goal with brachytherapy sources emitting photons with
energy of less than 30 keV, because the tissue attenuation

Yolume 22, Number §, 1992

would reduce the dose at 5 cm by a factor of more than
two. This dose reduction due 1o tissue attenuation is on
top of the rapd falloff of dose due to inverse square law,
Therefore, we conclude that while all of the radioactive
sources studied in this work can provide adeguate pene-
tration for interstitial brachytherapy, only those emitting
photons with energies greater than 40 keV can provide
adequate depth dose for intracavitary irradiation. Also,
we observe that photons with energies around 80 keV
exhibit maximum penetrating ability for distances up 10
5 cmon a water-equivalent medium
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Dosimetry of Palladium-103 Brachytherapy Sources for

Permanent Implants

ALl § MEIGOONI, PhD, SUSHIL SAENIS. BS, RAVINDER NATH, PhD

Department of Therapeutic Radiology. Yale University School of Medicine.
New Hoven, Connecticut

A new design of encapsulated sources of palladium-103, model 200
Theraseed . is now available for interstitial brachytherapy. '*Pd emits 20
to 23 keV photons and decays with a half-life of 17 days. Compared with
iodine-125, the '9*Pd implants could deliver approximately four times higher
initial dose rate, which could b ~'inically significant in treatment of cer-
tain tumors. For the earlier '*'Pd source design, model 100, about 30%
of the dose at a distance of § cm was fr~m high-energy and longer-lived
isotopes. created by activation of tre < elements in the source materials
and their encapsulation when the source assembly was irradiated in a
nuclear reactor. To address this probler, the mode! 200 source is fabricated
by irradiating '*2Pd with thermal neutrons, followed by chemical purifica-
tion and coating of the 'Pd on graphite cylinders, which are then hot-
loaded into titanium cylinders for encapsulation. This new design essen-
tially eliminates the contribution of trace elements to the absorbed dose.
Dose distribution around a '**Pd model 200 source has been measured us-
ing LiF TLD in solid water. The measured data have been firted to an
analvtical expression, and a two-dimensional table of dose rates around
the ''Pd source has been generated Dose rate at a distance of 1 cm along
the transverse axis of the '*'Pd model 260 source, with unit air kerma
strength, is 0.735 = 0.03 cGy h~*, which is equivalent to 0.95 = 0.04 cGy
h~' from a 1-mCi (apparent) source. The exposure rate constant for '**Pd
was calculated to be 1.48 R em? h=! mCi~'. The anisotropy correction fac-
tor for '©'Pd was determined to be 0.90. Using the two-dimensional dose
rate data, the radia! dose function and the tissue attenuation factors for
193pd have also been determined

Kev Words Palladium-103, Brachyiherap, . Dosimetry . Permanent Implants

Endocunetheraps Hyperthermia Oncology 1990.6 107-117

I ntersttial brachytherapy continues to play an im-
porwant role in the management of cancers of
several sites such as the head and neck, brain, and
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prostate. The physical advantages of interstitial
brachytherapy result from a better localization of
dose to the tumor volume. In an interstitial implant,
s radiation 1s contnuously delivered over a period
of ume, repair of sublethal and potentially lethal
damage, proliferation, and other cell kinetic effects
modify the response of tumor and normal tissues,
resulting in compiex dose rate effects '™ In general.
as the dose rate is decreased from acute dose rate.
the cell survival curves become less steep, primariiy
because of the repair of sublethal damage At in-
rermediate dose rates (1010 100 cGy h™ ') where cell

ISSN 87561687 Copynght £ 1990 107
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cycle redistribution may accumulate more cells in
& more radiosensitive phase, the reverse dose rate
effect may occur, ie, the cell survival curves become
steeper with decreasing dose rates * As the dose rate
15 further reduced, the «=l] proliferation effects begin
1o domunate and the slopes of cell survival curves
become progressively shallower. In fact, it has been
argued that if the dose rate is decreased below a
cntical dose rate, cell division will continue and cell
population will continue to grow, though at a slower
rate than norma! because of cell death and radiation-
induces mitotic delays * Most temporary interstitial
implants employ dose rates above 30 ¢Gy h='.
However. permanent implants, especially those with
wodine- 125, deliver initial Jose rates on the order
of S 10 10 ¢Gy h™', delivering 10,000 to 20,000
¢Gy 10 10tal decay . most of the dose being delivered
over three half-lives, which is approximately six
maonths for '2*] implants For some tumors, these
dose rates. obtained in '**] permanant implants, may
not be adequate for wumor control. Recently in-
troduced palladium-103 sources offer the possibiliny
of irradiating tumors by permanent implants at
higher dose rates

'*IPd emits photons in the range of 20 10 23 ke\
with a half-life of 17 days. With a shorter half-life
123Pd sources deliver most of the radiation dose 1o
the tumor in & much shorter time than "% implants.
which have a half-life of 60 days In this report,
we present dosimetry data for '9*Pd sources

Matenals and Methods

1PY Sources

“WIPd decays pnimarily by electron capture 1o a
metastable state of '""Rh, primarily emiting
characteristic x-ray s with photon energies of 20.07,
20.22. and 22 70 keV with relatve intensities of
iI98%, 37.7%, and 11.7%, respectively The
‘93mRh. in turn, makes internal transition (internal
conversion) 1o its ground state emitting 20.07,
20 22, and 22 70 keV photons at relative imensities
of 2.20, 4 18, and 1.30 per 100 decays of '"'Pd.
respectively In addition, there are several very low
yield gamma rays emitted in the decay of '%%Pd
Some of these photons have energies up 10 497 keV,
but their total yield 1s less than 0.04% (Table 1)

Measurements reporied here were performed us-
ing two different models of '9Pd seeds, namely,
mode! 100 and mode! 200, manufactured by
Theragenics Corporation (Atlanta, Georgia) In the
fabrication of model 100 seeds, stable '©?Pd was
uniformly distributed throughout two aluminum
cyhinders (0.6 mm diameser x 09 mm length)
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Table 1. Spectrum of the Major Photons
Emitted by Decay of 'Pd (Unencapsulated)

Energy, keV No. of Photons
per Decay
20 07 0.2205
2022 04188
2272 0.1300
3574 00000221
3975 0 0000699
497 1 000000298

separated by & lead x-ray marker (0.25 mm diameter
x 1.4 mm length) and encapsulated in a 0.0f mm
thick titanium tube. The two ends of the tube were
then sealed with two titanium cups using a laser
welding technique The assembled seed was then
irradiated in a neutron reactor for acuvation of '°2Pd
to '**Pd The outside dimensions of the '*'Pd were
0 81 mm diameter x 4.5 mm length, which are
identical to those of '#*] sources manufactured by
IM Company (Medica! Products Division, St Paul,
Minnesota)

For the fabrication of mode] 200 seeds, the stable
'%2Pd element was first irradiated in a nuclear reac-
tor to produce '**Pd. Then, pure '*Pd was ob-
tained by a chemical separation procedure The
purified '*Pd was then electroplated onto the sur-
face of two graphite cylinders, which were then
“hot"" loaded into titanium tubes  Tianim cups
were welded to the tubes using the same procedure
as for the earlier design The outside dimensions
of model 200 were identical to those of mode! 100
'93Pd, or '7%] sources (Figure 1)

Dose Measurement Technigue

The low energy of x-rays from '**Pd and high
dose gradients, especially at distances close 1o the
source, requires a precise determination of source-
to-detector distance for dose measurements. Ex-
periments were performed using 20 x 20-cm slabs
of solid water (electron and photon water
equivalent, model 457, Radiation Measurement,
Inc . Middieton, Wisconsin) with thicknesses of
0.5.1.0, and 2 0 cm Because of the low dose rate
of the brachytherapy seeds. the ratio of signal to
noise would be very small for a typical ionization
chamber Therefore, LiF TLDs (TLD-100, Teflon
chips, Harshaw ‘Filtrol Partnership. Solon, Ohio)

Endocune, Hypertherm, Oncol Vol 6
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Figure | Schematic diagram of the '*'Pd, model 200 source

with dimensions of 1 X 1 % 1 mmand 3.1 x3.1
0 89 mm were employved as dosimeters.

A solid water phantom was carefully machined
10 accommadate the source and TLD chips. For the
measurement of dose along the transverse axis of
the source, three different yrradiation geometries
were used (Figures 2A. 2B, and 2C). The arrange-
ment stown in Figure 2A was used with & single
source positioned perpendicular to the surface of the
phantom and TLD chips were distributed along the
transserse axis of the seed. In an experiment for
i), Meigooni et al* have found about a 6% inter-
chip effect. ie. imerference of one TLD by the other
TLD chips if they are aligned along one line To
avoid this effect. TLDs were staggered around the
seed The phantom hoiding the source and TLD was
sanidwiched betweer several slabs of sohid water
(about 10 ¢m on each side) to provide full scaner-
ing conditions. . With this  arrangement.
measurements were performed at five radial
distances from 1 10 § cm at a2 1-cm interval. There
were two TLDs at each source-detector distance,

ow

and the entire experiment was repeated twice for
a better statistical quality of the data. Each experi-
ment lasted about 24 hours to obtain sufficient
response from the TLDs and the measured
responses were corrected for the decay of the source
during the 24-hour experiment period, to give the
response at the beginning of this period.

After approximately one month, the sources had
decayed 1o about one quarter of their imitial activi-
tv With this reduced activity it was very difficult
to get a reasonable response from the TLD chips
Therefore. the arrangement shown in Figure 2B was
used In this arrangement, eight sources with the
same activity were positioned in holes made on &
circle around a single TLD chip, except for the 1-cm
radius around the TLD, which has only four
sources For each source-to-detector distance, the
holes on one of the circle was used to accommodate
the sources and the unoccupied holes were filled
with liquid water to elirmunate any air cavity effects.
The entire experiment was repeated several times
to get data with good statistical quality . In this situa-

o e eas s .

RARLE 1
R R D
-
oDen

Figure 2 Schematic diagram of the experimental sefup Figures 2A and 2B show the asrangement of the TLD relative 1o the source
for the measuremen: of dose rates along the raasverse aus of the source. and Figure 2C shows the expenmental setup for rwo-dimensiona!
dose Graribution measurements around the '“'PY. madel 200 source
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tion also, the phantom holding the sources and TLD
were sandwiched between several slabs of solid
water to provide full scattering conditions

Dose distribution around & '**Pd seed in a two-
dimensional plane was measured with the arrange -
ment shown in Figure 2C. For this arrangement,
o solid water phantom was machined to accom-
maodate 1 x 1 x 1-mm TLD chips at short distances
from the seeds, namely, points with 2 (along the
longitudinal axis of the seed) and y (along the
transverse uxis of the seed) coordinates of up to 2 0
cm at O S-cm intervals At larger distances with 2
and y coordinates up to 7.5 ¢m, the 3.1 x 3.1 x
0 89-mm TLD chips were used To minimize the
interchip effect. the measurements were per-
formed by arranging the TLD chips parallel to the
2 and v anis. as shown in Figure 2C Each exper:-
ment was repeated ar least twice 10 improve the
statistical quality of the data In these experiments
the empry holes were filled with solid water plugs
10 elimunate any air gap effects Moreover, the depth
of the holes for the TLD chips and the source was
carefully selected to have the longitudinal axis of
the seed in the same plane as the center of the TLD
chips

TLD responses obtained during each experiment,
with any of the three configurations. were convened
to absorbed dose by calibrating them with a 4 MV
x-ray  beamn, which was calibrated using an
exposure-<calibrated 1onization chamber (0.6 cm’
Farmer chamhber) as prescribed by the AAPM
douimetry protocol 7 Because of the energ)
dependence of the sensitivity of TLDs. & correc-
tion factor for the photon energies of '**Pd was
determined This energy correction factor was ob-
tained by measunng the relative sensitivity of LiF
TLDs for a vanety of photon beams. namely, 60,
80 100, and 250 kV. 4 MV x-rays. and indium-192
photons.® From these measurements, the energy
dependence of the relative sensitivity of LiF was
determined. Since the relative sensitivity of TLDs
was nearly constant (1 41 <= 0.04) for photons in
the energy range of 20 (o 30 keV. we have
employed an energy correction factor of 1 41 for
'Pd 1t 1s the same as that for 2*] photons as deter-
mined by us® and is in good agreemem with the
results reported by a number of other investigators
for '*4] photons #*

Source Strength Determination

The manufacturer has determined the strength of
191Pd seeds using the following procedure '® The
photon spectrum emitted in air @t a large distance
along the perpendicular bisector of the source axis
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is measured using a calibrated Nal detector. The
total number of photons in the energy range of 20
to 23 keV is obtained by integrating this spectrum

Thus result is corrected for detector efficiency, and
knowing that only 74% of the '*Pd disintegrations
lead to photon emussion, the number of '*Pd
disintegrations per second, and hence the apparent
activity of the '’Pd seed, is determined

An accurately calibrated source was obtained
from the manufacturer in order 1o calibrate & reen-
trant well-type 1onization chamber,'' which has been
calibrated for a variety of other radioactive sources
including cesium-137, '¥] and '"3r by the
Radiological Physics Center (RPC) st M D Ander-
son Hospital and Tumor Institute.

The apparent activity of the seeds used in these
experiments was up to 74 MBg (2 mCi), which cor-
responds 1o an air kerma strength of 2 886 U (1L
= | uGy m? h™' = 1 ¢Gy cm? h™' is the unit of air
kerma strength, as defined by AAPM Repon No
2112 For "'Pd, a } 230 source is equivalent 10 a
1 mCi |apparent] source )

Results

Figure 3 illustrates the measured dose rates along
the perpendicular bisector of the model 100 and
mode] 200 '*Pd sources. The dose rate. multiphed
by distance squared along the transverse axis of
these two sources are found 1o be in good agree-
ment with each other at short distances (Figure 3
and Tabie 2). however, at larger distances the mode|
200 spurces produces a smaller dose rate For ex-
ample, at a distance of 5§ cm, the dose rates
multplied by distance squared produced by a unit
air kerma strength source are 0.079 £ 0 003 ¢Gy
cem? h™and 0.064 2 0.003 cGy em? h™' for model
100 and model 200 sources, respectively . The dose
rate constants. A, defined as the dose rate a1 a
distance of 1 cm along the perpendicular bisector
of a unit strength source, are 0.71 2 0.03¢Gy h™'
U7 and 0.735 2 0.03 Gy h™' U™ for made! 100
and mode! 200 sources, respectively. The same
quantities for a source with apparent activity of 1
mCiare 09! = 0.04 and 0.95 2 0.04 ¢Gy h™!
mCi™.

Since '*'Pd model 100 sources were made from
the “'cold’" seeds placed in the nuclear reacior. some
¢hemical impuntes also become activated  The con-
tribution of these trace elements to the tota! dose
rate for a fresh seed for which only 0 3% of the
seed activity was from the trace elements'? was
measured at different distances from the source by
shielding the low-energy photons using & 1 0 mm
thick lead sleeve around the seed This amount of
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Table 2. Measured Dose Rates Times
Distance Squared for '*'Pd, Mode! 200 and
Model 100 Sources With Unit Air Kerma

Strength (1.2930 = 1 mCi [Apparent))

Dose Rate

Distance Squared
(¢Gy emm? ™)

Disiance Along
the Transverse
Axis, cm Mode! 200  Model 100

058 1.001
1.0 0738 0.706
1.5 0 539
20 0.395 0402
25 0.290
0 D213 0214
35 0.157
40 0116 0.129
45 0 0r6
50 [URE. 00792
58 0 04K
6.0 0 036

‘Pd and trace elements. Figure 4 shows the dose
rates due 1o these high-energy photons with the total
dose rates from the mode! 100 and model 200 seeds
with no shielding  These measurements show that

s
Fe P Model 100

.
.
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P
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Figure ¢ Diose rate muliiphied by distance squared of mode! 200 et ssde ) and madel 100 (nght
side | 'O'Pd sources The dashed curve 1n each graph represenis the measured contribution of the
dose raie- from the trace eiements and hugher energy photons from ''Pd. by shuelding the low

gnerpy photons emitied by P using @
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for "OPd mode! 100, about S% and 35% of the dose
e Y ¢m, respectively, were due to the
high-«nergy photons from '*'Pd and trace elements

However, for model 200 sources, this effect of
higher energy photons from '**Pd and trace
elements is reduced by an order of magnitude com-
pared with the model 100 source, as shown in
Figure 4.

These experiments for the model 200 source were
repeated after a few months, and it was observed
from Gel: spectrometer measurements that all of
the higher energy photons for the mode) 200 source
had decayed with the same half-life as '®*Pd. Thus,
the contnbution to dose from trace elements is
essenuially neghgible for the model 200 source
Although some very low yield. high-energy photons
from the decay of '®*Pd are present, their contribu-
uon 10 dose 15 also very small (less than 5% )

Considering the relatively high contribution of
dose from trace elements in model 170 seeds. their
use for permanent implants 1s Jess de irable. Since
the model 200 sources have essentialiv ¢liminated
this problem. the more detailed dosimetry data were
obuned for model 200 seeds onh

Two-dimensional dose rates around a mode! 200
source in & canesian grid. as shown in Figure 2C.
were measured using LiF TLDs in a solid water
phantom. To improve the statistical quality of the
data, dose rates &t each point were measured at least
e, and four umes for distances less than 2 cm

at 36 carefully selected points in the z-y plane
(Figure 2C) for distances less than 2.0 cm a1 0 S<m
intervals, and then at z values of 2.5 cm, 3.5 cm.
45cm, 55cm, and 7.5 cm and y values of 3.0
c¢m, 4 0cm, S0cm, and 7 0cm. To generate dose
rate data at points other than these locations, the
measured data for given z or y values were fited
to the following expressions using the least-square
regression technigue:
N

Dy = exp { Ia y'} for each r value, and (1)
=0

N
Dayi e = cxp{ Ioblmz']la each v value 2
=
where r = /(2 + y?) Figure § shows two samples
of this least -square fit, for the data along the z and
y axes Using the parameters a's and b's, a two-
dimensional table of dose rates at a 0.5-cm nterval
in cariesian coordinates with dimensions up to 7.8
cm was generated (Table 3)

Since some of the treatment planning systems re-
quire a two-dimensional dose table in polar coor-
dinates, such a table was generated (Table 4) The
polar coordinate table was obtained for polar angle
#, from 0° 10 90° at 2 5% 10 10° intervals using the
values of parameters a's and b's 1o calculate dose
rates along different radii. The dose rates shown in
Table 4 were fined 1o the following expression
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where I 15 the exposure rate constant, which was
calculated to be 1. 15 R em? h™' U™ (1 48 R cm?
b mCi™') using the photon spectrum given in
Table 1, 15 the exposure-to-dose conversion fac-
tor, equal 10 0.866 cGy/R for the '**Pd spectrum
in water, and o(r) is the tissue atienuation factor,
as defined in the review arucle by Shalek and
Stovall '* Tissue anenuation factors are related dose
function by the expression’®:

elr) = gin ea(l) (6)

Using equation (5), e(l) was determined to be
0 724, and values of o(r) for distances berween 0 5
to 7 0 cm were calculated Results of these calcula-
tions are given in Table 6

Discussion

We have presented some of the physical and
dosimetric aspects of '**Pd sources. The exposure
rate constant, dose rate constant, radial dose func-
ton, tssue anenuation factors, and angular
dependence of dose around the '*Pd source. mode!
200, have been determined The dose rate data in
a two-dimensional gnd around the source have been
fined 10 a polynomual series and the coefficients of
thic fit are presented so that the dosimetry data can
be easily incorporated into computerized treatment
planning systems

The mode! 200 sources appear 10 be free of any
photons from contaminani trace elements. Most of
the photons emitied are in the energy range of 20
to 23 keV. but a very low yield of high-energy
photons from the decay of '%'Pd itself 1s present
Since the total vield of these high-energy photons
is less than 0 0004 per decay of ''Pd, it does not
present a problem in radiation shielding. Also, the
contribution to dose in water from the higher energ)y
photons 1s negligibly small, less than S% of the dose
due to the 20 to 23 keV photons from '9°Pd

The dose rate constant, dose rate at 1 cm along
the transverse bisector of the source per unit source
strength, for '*Pd has a magnitude similar to that
of **] sources and the outside dimensions of the
'0IPd sources are identical to those of the '39]
sources Thus, the clinical instrumentstion such as
spphicator guns used for '?%] can also be used for
the implantation of '"**Pd sources The genera! con-
figuraton of implants, ie, the number and
geometnical srrangement of seeds, is likely to be
very similar to that for '**] implants. However, the
radial dose funcrion for '9'Pd falls more rapidly than
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that for '**] sources, and anisotropy of dose distribu-
tion around the '**Pd sources 1s slightly iess pro-
nounced than that of the ] sources These
differences must be taken into account in the
development of exact planning techniques for '9*Pd
implants, and further research in this area is
warranted.

The shape of relative dose distributions in the pa-
tent with & '*Pd implant is likely 1o be similar 1o
tha: produced by a similar configuration of '%]
sources. The pnincipal advantage of '*°Pd, if any
hies in the delivery of radiation at a higher dose rate
than '] ymplants For the same biological endpoint.
the clinically equivalent dose to full decay for '*'Pd
implant would be expected to be less than that for
125] implants. The optumum dose to fully decay for
specific tumor sites using '*Pd remains 10 be ex-
plored by carefully planned clinical investigations
and radiobiological studies.
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ERRATA FOR:

Page 110; Col. 2, 215t line from the top: *...a 1.23U source...” should read, *...3 1.293V
oSur

Page 114; Fig. € caption: *...1283 U (=

in that figure

Page 114; Eq. (3}

-
2.3026

Page 1186: Col. 1, Bth dine from the top
Page 1186, Col. 1, Bth line from the top
should read, “Tissue antenuation factor

April 1980

100 mCi

0.865 ¢Gy/R..." shouid read

The exponent contained by the curly brackets in Eq. (3) shouid be multiplied by

*Tissue attenuation factors are related dose function...”
s are related 1o radial dose function...”.

rEE

117

* shou!ld be, =...100 U (= 77.33 mCi,..".
he legend of iongitudinal axis, "X (cm)” should be, *Y (cm)®,

*...0.88B6 cGyR...°.
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rissue inhomogeneity correction for brachytherapy sources

in a heterogeneous phantom with cylindrical symmetry
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Tantk [1 Compansons of data from measurements, Monte Carlo simulations and the dose calculation formalism, -

Mean value of the ranos of doses

|
L
:
L
Before Inside Beyond Entire :
Isotope poly inhomogenesty poly inhomogeneity paly inhomogeneity range %
1
Measured vorsus :
Monte Carlo:  *'Am 0968 1075 0,939 1.005 |
5y 1.024 0992 1054 1.019 |
i ] 1.067 0,927 0981 0981 |
Measured versus

Formalism: *'Am 0.9% 0.957 0879 0932 i
"y 1.082 1078 0.997 1040 ;
pg 1074 0,983 0.966 0984 ;
Monte Carlo versus i
Formatism:  *'Am 1.612 0.890 0.93%6 0.927 ]

L | 1.027 1,087 0.946 1.021
g 1.007 1.060 0,985 1020 1
i
K

electron transport. The spherical geometry 18 more efficient
than the cylindrical geometry, but the spherical phantoms
for experiments are very difficult and expensive to fabri-
cate. In this project, our intention was to develop bench-
mark data that can be used to evaluate the accuracy of
theoretical models and Monte Carlo simulations of inho-
mogeneity effects i brachytherapy.

As expected by the higher energy of photons emitted by
"Ir compared 10 "1, '""Pd, and **'Am, our formalism
predicts no inhomogeneity effect for the '"Ir sources in the
geometry described in Sec. 11 A. This theoretical expecta-
tion is also supported by previous experimental data with a

*H»

values using our dose caleulation formalism {soiid line), along the trans.
verse uxis of the "“'Pd source in a Solid Water phantom with » 2-cm-thick
cylindrical shell of polystyrene as inhomogeneity. Also shown in this
figure ure the measured dose rate in & homogeneous Solid Water (sobd
cireles) and homogeneous polystyrene phuntom (solid triangies), respec-
tively. The lines through the homogeneoas phantom data (the broken and
dotted hines) are polvnomial fits through the data, just 1o guide the eve

|

|

|

|

Fici. & Comparison of measured dose rates (open circles) and caleulated
!

' Medical Physics, Vol 18, No. 2, Mar/Apr 1992

I

high activity 'Ir source from a high dose rate remote
afterloader in a water tank.'” In this experiment it was
observed that introducing a 6.1-cm slab of polystyrene in !
water phantom in between the source and detector ‘
changed the dose rate only by about 0.8% relative to the
dose rate in a homogeneous water phantom. Thus we are
fairly confident that the lack of inhomogeneity effect for
"Ir, as predicted by our formalism, is real.

In conclusion, we have measured inhomogeneity correc-
tions for dose in a cylindrical Solid Water phantom con-
taining a polystyrene iwnhomogeneity. As expected, this in-
homogeneity correction is observed to be larger for lower
energy photon emitters and for thicker inhomogeneity. The
inhomogeneity correction is not directly related to the den- ‘
sity of the materials, but is dependent upon the atomic ;
composition of the materials. A dose calculation formalism \
that can be easily implemented in commercially available -
treatment planning computer codes, has been developed. :
Accuracy of the dose calculation formalism has been tested :
only for points along the transverse axis in a cylindrical I
geometry. Although it is reasonable to expect that it will
perform adequately for planar or spherical geometry, its l
accuracy in the presence of small heterogeneities in com- r
plex geometries 18 totally unknown. For more accurate i
dose calculations in a complex heterogeneous medium such l
as a patient, further work 1s required.
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