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TilERASEED* - PALLADIUM 103.

Is DOSIMETRY INFORMATION
'

<

Photon energy 20-23 kev
llatf-life 16.97 days

Source strength available 0.5-2.7 - Ua)
0.4-2.1 mci (App.)

Exposure to air kerma conversion factor 0.876 cGy R-I
f-factor 0.886 cGy R-I

1.15 R cm h- U-I1.48 R cm' h-| mci (App.)-I
2Exposure rate constant

2 h-I U-IAir kerma rate constant 1.00 cGy em
1.29 cGy em' h-I mci ( App.)-I

Specific dose rate constant ) 0.735 cGy h~ 3 U-Ib

0.95 cGy h-I mci ( A pp.)-I
,

.

Average specific dose rate constant ) 0.66 cGy h-I U-Ic

(Point source approximation) 0.86 cGy h-I mci ( A pp.)-I
.

Anisotropy factor ) 0.90d

IRadial dose function') g(r) and Tissue-attenuation correction factor )o(r)

r g(r) a(r) r g(r) o(r)
(cm) (cm)

0.5 1.344 0.974 4.0 0.156 0.I13
1.0 1.000 0.725 4.5 0.118 0.0856
1.5 0.737 0.534 5.0 0.0898 0.0651

'

2.0 0.539 0.391 5.5 0.0687 0.0498
2.5 0.393 0.285 6.0 0.0528 0.0383
3.0 0.288 0.209 6.5 0.0391 0.0283
3.5 0.211 0.153 7.0 0.0285 0.0207

a) IU = Unit of air kergstrength = 1 pGy m h~I = 1 cGy em' h-I
2 "

A 1.293U source of Pd is equivalent to a 1.0 mci source.

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

!

c) 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.

c) Defined following Dale, as the dose rate in water times distance squared divided by dose rate at I 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.

103
- SOURCE' Ali Meigooni, Sushil Sabnis, and Ravinder Nath, " Dosimetry of Pd brachytherapy sources for ;

permanent implants" (Endocurietherapy/llyperthermia Oncology,1989, in Press).
'

|

l

j
_ _ _ _ _ _ _ _ - _ _ _ _ _ _



~
- . -

'

|.

.

<
.,
,

103 i*
Dose. Rate Times Distance Squared for Pd, Model 200 Source

With an Air Kerma Strength of 1 U* or Apparent Activity of 1 mci
'

2Dose Rate x r
2(cGy h'l cm )

Distance Along

the Transverse 1 U Source 1 mGi Sourte

Axis of the Linear Source Point Source Linear Source Point Source

Source (cm) Approximation Approximation Approximation Approximation' |

s

0.5 1.001 0.901 1.294 1.165

1.0 0.735 0.662 0.950 0.855

1.5 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
,, .

3,0 0.213 0.192 0.275 0.248

3.5 0.157 0.141 0.203 0.183

4.0 0.116 0.104 0.150 0.135
1

4.5 0.086 0.077 0.111 0.100 ;

5.0 0.064 0.058 0.083 0.074

5.5 0.048 0.043 0.062 0.056

6.0 0.036 0.032 0.046 0.042 - j

65 0.028 0.025 0.036 0.033
.

.

7.0 0.021 0.019 0.027 0.024 ,

>

$

2 h''.* 1 U - unit of air kerma strength - 1 cGy em
,
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O Technical hmorations and Notes

SOAIE TREATA1ENT PLANNING CONSIDERATIONS FOR '"3Pd AND '2sg j

PERN1ANENT INTERSTITIAL IS1 PLANTS l

RAVINDER NATil, Pfl.D., Al1 S. MEIGOONI, Pli.D. AND ANTilONY MELIL.I.0, B.S.

Department of Therapeutic Radiology, Yale University School of Medicine,333 Cedar St., New Itaven, CT,06510*

a
Scaled sources of palladium-103 (""Pd), which decay with a half life of 17 da3s and emit on aserage 21 kev

,' photons, are now in clinical use for permanent implants. For seed implantation of prostatic cancer, '"'Pd implants
are usually planned to deliser 115 G to full decay at an initial dose rate of 19.7 cGy/hr w hereas "'I implants are3

usually planned to delher 160 Gy at an initial dose rate of 7.72 cG3/hr. Itecause of the lower energy of photons
emitted by '"'Pd compared to the "'I sources (27 lev aserage energy), the tiwuc attenuation is more sescre for |

'"'Pd sources. The radial dose function drops rnore steepl) with distance from the '''Pd sources compared to the |
"'I sources, raising a concern about the powihility of cold spots in the tumors implanted with ""Pd sources. To
insestigate this inue, a detailed anal sis of the dependence of dose uniformit) as a function of seed spacing for "'I3

and ""Pd sources in various cubic and spherical configurations was carried out. Using the measured single source
dosimetry data as input, dose distributions for a sariety of cubic and spherical implants were generated on a
computerited treatment planning system. This study indicates that relatise dose distributions for "'I and '"'Pd
implants with the same geometric configuration and number of seeds are scry similar inside the implanted solume
for implants. Dose uniformity within a target solume implanted with ""Pd seeds is also scry similar to that for
"'I.To espedite clinicalimplementation of ""Pd, an atlas of dose distributions for ""Pd implants has been produced
for sarious seed configurations, seed spacings, and target sohunes. Using "'I implants as a guideline, clinical i

procedures for planning of ""Pd implants hase been descloped. It was found that the total source strength implanted
disided by the dimension of the implant can be esprewed as an esponential function of implant site, resulting in a
simple method for estimating the strength of seeds necewary in an implant. Also, the air kerma strength of '"'Pd
seeds is almut 3.3 times that of "*l sources in an implant with the same geometric configuration and number of
seeds, prosided treatment doses of I15 Gy and 160 Gy are chosen for ""Pd and "'I imphants respectively.

Palladium-103, lodine-125, tirach therap), Interstitial implants, Permanent implants, Dosimetry, Dose calculations,3

Treatment planning.

INTROI)UCIlON rate irradiation. Typical '251 implants are planned to de-
liver a dose of 160 Gy to full decay. The initial dose rate

Permanent implantation of tumors by radioactive seeds is 7.72 cGy/hr and 87.5% of the full dose is delivered over
is an established technique for treatment of several tumor a period of 6 months (three halflives).
sites such as the prostate (14). Recently, permanent im- It is well known that the biological effectiveness of ra-
plants of the prostate have become increasingly popular diation decreases with decreasing dose rate because of re-

e with the development of a transperineal percutaneous pair of sublethal and potentially lethal damage, recruit-*

implantation technique under transrectal ultrasound and ment of relatively quiescent subpopulations of cells, and

i template guidance (2), which can be an outpatient pro- repopulation of target cell population itself(7). The only
'

* * cedure in a 1-day surgery unit. Because of the low energy known exception to this overall trend is the inverse dose
of photons emitted by encapsulated sources of i2'l (27 rate effect observed by Mitchell et al. (12) which occurs
kev, average), the '2'l sources are well-suited for per- over a limited dose rate range near 50 cGy/hr in lleLa
manent implants from the point of view of radiation ex- cells. In the dose ram range of permanent '2'l implants
posure of persons around the patient during the procedure (7.72 cGy/hr and less), it has been argued by Freeman et
and after his or her release from the hospital. Ilowever, al. (6) that for a 5-day cycle time, 2'l implants should be
the half life of '251 is long (60 days) for a permanent im- more effective than external beam. Using similar argu-
plant, resulting in highly protracted continuous low dose ments, one can conclude that for '2'l permanent implants

Reprint requests to: Ravinder Nath Supported in part by USPilS grant no R01-CA-49469,
Mnowledgemcms-The authors would like to thank Deanna awarded by the National Cancer Institute.
Jacobs for helping with preparation of this manuscript. Accepted for publication 5 September 1991.
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the dose rate is so low that tumor cells that have cycle the National Cancer Institute (NCI) sponsored Interstitial
times of 2-5 days cannot be effectively killed by this low Collaborative Working Group (ICWG) as described in
dose rate irradiation (see the review article by Eric Itall several recent publications (5,8,13,15,16). Briefly, the
(7)). ' 'Pd sources were developed to overcome this prob- source strength of brachytherapy sources is expressed in
lem. '"3Pd sources emit on average 21 kev photons and terms of air kerma strength as recommended by the
have a halflife of 17 days. Because of the low energy of American Association of Physicists in Medicine (AAPM).
photons emitted by '"1 and ""Pd, both of these sources The unit of air kerma strength is I pGy m h~', which is2

2offer the considerable advantages of easy and effective ra- numerically equal to I cGy cm h-'. This unit has been
diation shielding of patient and personnel, compared to represented by the symbol U. The conversio.i factors be-
other sources used for permanent implants, such as ''*Au tween apparent activity and air Lerma strength are (1,
and Rn. Because of its shor1er half life, the ' 'Pd im- 17):

222

plants offer initial dose rates of about 2.5 times larger
than the 1 implants. which may be beneficial in some 1.270 U/ mci for i23gi25

,

'" * ' ' '
l.293 U/ mci for ' 'Pd. (2)T.he energy of photons emitted by scaled sources of .

""Pd (21 kev, average) is lower than that for conventional . 7The dose rate constant, A, is defined as the dose rate
sources of '"I (27 kev, average). Because the attenuation .

coefficients increase rapidly with decreasing photon en- t a 6tana d I cm q wakr abng me tranwem ads
u3of a source with unit air kerma strength. For the Pd

ergy, approximately by the cube of photon energy in the

the work of Meigooni et al. (Il), and for the }.en from
M del 200 source,' the dose rate constant was ta

range of 30 to 20 kev, there is a concern that the pene-
i Model

trating ability of '"3Pd photons may not be adequate for 671I source, from the recommendations of the ICWG.
conventional seed configurations used in interstitial

e v lues a@d wcre:brachytherapy. In other words, one may obtain cold spots
in the implanted volume if the geometric configuration A = 0'84 cGy h4 U-'
of the seeds is identical to that for '"I implants. Does one
have to decrease the seed spacing to compensate for this = 1.07 cGy h- ' mci ~' for "I Model 67118

effect? In this paper, we present an analysis of this issue A = 0.73 cGy h'' U-'
for the planning of 8 Pd implants. Using the measured
dosimetry data for ""Pd sources such as the dose rate = 0.95 cGy h-' mci-' for '"'Pd Model 200. (3)
constant and radial dose function determined by Meigooni
et al. (l 1), we have generated dose distributions produced The radial dose function, g(r), is defmed as the ratio of
by a wide variety of cubic and spherical volume implants. the dose rate at r in water to that at a reference distance
A detailed comparison of these dose distributions. and r , corrected for the inverse square fallotT of dose. Foro

some clinical guidelines of planning ""Pd interstitial im- point source approximation, it is given by:
plants, are presented.

$(r) r.,
g(r) = M '") - (4).

METIIODS AND SIATERIALS

For the purpose of dose calculations in an implant, the where the reference distance, r , is usually taken to be ato

seeds were assumed to be point. isotropic photon sources. I cm. In this work, the radial dose function for ""Pd seeds
This is a reasonable assumption for multiseed implants was taken from the published data of Meigooni et al. (l 1)
in which the seed orientations are randomly distributed and for '"I Model 6711 from the ICWG recommenda- . t
(9). Using the point source approximation, the dose rate, tions (8).
Ar), in water at a distance r from a source, in units of The anisotropy factor, do,,, is defmed as the ratio of j
cGy h~', is given by (8): 4rr-averaged dose rate at a given distance from the source *.

and the dose rate at the same distance along the transverse
axis. The values of cy, were also taken from Meigooni et

N(r) = Sx A,, g(r)6 ,, (1) al. (t | } for '"'Pd and the ICWG (8) for '"I Model 6711
source and are:

where S is the air kerma strength of the seed, in units of4

U (1 U = 1pGy m h~'), A is the dose rate constant in 6,, = 0.90 for ' 'Pd2 (5)
units of cGy h'' U-', g(r) is the radial dose function, and 4,, = 0.937 for '"1.
4,, is the anisotropy factor, as defmed in the following
paragraphs. Equation i follows the recommendations of Using Eq.1, the dose rate times distance squared along

* Theragenics Corp, Inc., Norcross, G A E093. ' 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 linearly the source strength for 115 Gy presented in this
radius around an equivalent point source were calculated paper. The choice of 115 Gy for '0'Pd implants can be
for both '"I and ""Pd. Since these data are not yet widely rationalized using the time dose factor (TDF) formula for
available, the actual values used in this work are presented permanent implants developed by Orton (15). The TDF ,

'
in Table 1. formula for permanent implantation in the notation of

For a permanent implant, dose to full decay was ob- the original author is:
,

tained as the product of the Table I values and the average i

life (1.443 times the half life) for each radionuclide. For TDF = 4.76 X 10~3Dt (6)
'

y

a multiseed implant, the dose rate and dose delivered to *

full decay was obtained by summing over all the seeds. It w here D is the dose delivered by full decay and i is relatedm
is implicit in this summation that there are no seed-to- to halflife tu2 as follows:
seed shielding efTects, such as those reported by Burns and
Raeside (4) and Meigooni et al. (10)- I = 1.069/u2 (7)m

Dose distribution around uniformly spaced cubic and'

spherical volume implants of '"I and ""Pd sources were Using Eqs. 6 and 7, the TDF for a 160 Gy implant,

' ,
calculated for implants with dimensions ranging from i using '"1 with an initial dose rate of 7.72 cGy/hr is 115.6.

-

to 6 cm. These dose computations were performed using Therefore, an equivalent ""Pd implant should deliver a I

a commercial computerized treatment planning system,8 1 DF of 115.6. For this value of TDF, the total dose for
as well as a computer program specif cally designed for a ""Pd implant was calculated, using Eqs. 6 and 7, to be
these calculations on a MicroVAX 11 computer. The i15.5 Gv and initial dose rate was 19.7 cGy/hr. Thus, a i

highest isodose curve which surrounds the target volume -

115 Gv ""Pd implant has the same TDF as a 160 Gy '"I
(tumor volume plus a margin) and the source strengths implarit. It is worth stressing again that the dosimetry
needed to deliver a specified dose to full decay were de- analysis presented here can be easily modified for any [

'

termmed. value of total dose. We chose to use i15 Gy for ""Pd
in this work,115 Gy from ""Pd is assumed to be because it is reasonable on the basis of the TDF formula ;

equivalent to 160 Gy from '"I. Of course, this equivalence and because it is the value being used in most ""Pd clinical
~

of doses is merely a guideline, and only clinical trials can trials (3).
determine the equivalent dose for ""Pd. If it turns out it is well known that dose distributions produced by i

that a different dose is desired, one simply has to scale interstitial implants are highly inhomogeneous in the im-
'

mediate vicinity of seeds. To compare the inhomogeneity -
Table 1. Dose rate times distance squared for ""Pd model 200 ofdose distribution produced by ""Pd with '"I, dose uni-

and '"I model 6711 sources using the point source formity was calculated as the ratio of maximum to min-
approximation imum dose in a plane midway between the seed planes.

This defmition of dose uniformity is more meaningful for2 2Dose rate x r (cGy h" cm )
investigating cold spots in the implants and the mmimum

Distance along the 1 U source * 1 mci source tumor doses, compared to the dose uniformity calculated
trannerse asis of in the entire implanted volume, including points in the
the source (cm) ""Pd '"1 "" Pd '"I immediate vicinity of seeds.

0.5 0.901 0.805 1.165 1.022
:.0 0.662 0.788 0.855 1.001
1.5 0.485 0.738 0.627 0.937 NESUIIIS '

2.0 0.356 0.664 0.460 0.843 .

- -

!<

1_igure I illustrates dose rate and dose deh.vered as a'

2.5 0.261 0.583 0.337 0.741
3.0 0.192 0.505 0.248 0.641 function ofirradiation time for an '"I implant delivering

,. 3.5 0.141 0.433 0.183 0.549 160 Gy to full decay and a ""Pd implant delivering 115
'

4.0 0.104 0.370 0.135 0.470 Gy to full decay. Under these conditions, the initial dose I
4.5 0.077 0.317 0.100 0.403 rate for ""Pd is 19.7 cGy/hr, which is 2.55 times that for !
5.0 0.058 0.274 0.074 0.349 >

inI .mplants. As shown m. Figure 1, the dose rates for i5.5 0.043 0.238 0.056 0.302
6.0 0.032 0.211 0.042 0.26g ""Pd and '"1 implants as a function of time crossover at ,

6.5 0.025 0.185 0.033 0.235 about 4.5 weeks. By 4.5 weeks, "'Pd would have delivered
7.0 0.019 0.163 0.024 0.207 83 Gy, which is 72% of dose to full decay, whereas "I8

2 *" * "" # '" "* 1 U = unit of air kerma strength = 1 pGy m h" = 1 cGy
cid h". l'or '"I, I.270 U is equivalent to 1 mci apparent and of dose to full decay. Another way of comparing siand
for ""Pd,1.293 L is equivalent to 1 mci apparent. ""Pd dose rates is that ""Pd implants deliver 87.5% of

;

8 'l P-11. Therattonics. Inc., i3 nata. Ontario, Canada. KZK
Zil7.
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ine (6eek) Fig. 2. Isodose curves for 5.0 cm cubic and 5.0 cm diameter
Fig.1. Dose rate and dose delivered as a function of time for a spherical implants of "'I and ""Pd sources. The labels next to }
""Pd implant delivering a total dose of 115 Gy to full decay and isodose curves represent dose in Gy. Seed spacing is 1.0 cm in -i
an "'I implant delivering 160 Gy. Initial dose rates for ""Pd all implants. The cubic implants contain 216 seeds of 0.48 and ,

and "'I implants are 19.7 and 7.72 cGy/hr, respectively. 1.61 U seeds of "'I and ""Pd. n;spectively. The spherical im- *

plants contain 160 seeds of 0.40 and 1.50 U seeds of "'I and
""Pd, respectively. Unit of source strength used here is U. which

the dose to full decay in a shorter time course of about is the unit of air kerma strength; 1 U = 1 pGy m h]''. For "'t,
z

I

1.270 D is equivalent to 1.0 mC, apparent and for " Pd,1.293
51 days compared to 180 days for usI . implants- Uis equivalent to 1.0 mci apparent.

'

Dose distnbutions were calculated for cubic and volume i

implants of dimension 1,2,3. 4,5, and 6 cm in a plane
midway between the seed planes closest to the center of seed configuration provides isodose curves that conform |

'
the implant. Figure 2 illustrates a typical dose distribution to the target volume with minimum source strength per
for a 5 cm cubic implant with 216 seeds of "51 or ""Pd seed. Under these conditions an "'I implant with I cm
seeds at a spacing of I em. Also shown are dose distri- seed spacing requires seed strengths of 0.48 and 0.40 U/
butions for two spherical implants with a diameter of 5 seed for the 5 cm cubic and spherical implants, respec-
em containing 160 seeds each. It is apparent from Figure tively. On the other hand, ""Pd implants require seed
.2 that dose distributions for ' 'Pd implants in the target strengths of 1.62 and 1.50 U/ seed for the 5 cm cubic and i

volume and at its periphery have the same overall pattern spherical implants, resoectively. ;

as those for "'I implants. At larger distances from the Using the methodology described above, the source
~

,
,

implant, for example outside the patient, the radiation strength per seed necessary for cubic and spherical im-
'

doses from ""Pd implants are much smaller than those plants of "'I and "*Pd seeds at various seed spacings for ,

from "'I implants, as can be estimated from the steeper ' average implant dimensions varying from I to 6 cm was I.

falloff of radial dose function (Table 1); at a distance of determined (Fig. 3). For both isotopes, as the seed spacing i

10 cm in tissue the radial dose function for ' 'Pd is about increases, the source strength per seed increases. Also, as |

1/10th that for "5 . In Figure 2, the isodose curves with the average dimension of the implant increases, the source1

highest values that completely surrounded the target vol- strength per seed is nearly independent of average di- -

ume were chosen to be 160 and i 15 Gy for "'I and ""Pd, mension for implants with small seed spacing, and ob-
respectively. In this example, the target volume is a 5 cm viously the number of seeds increases rapidly with in-

''
cube for the cubic implant and a 5 cm diameter sphere creasing size. Ilowever, for larger seed spacings, the source .
for the spherical implants. The cubic seed configuration strength per seed decreases slightly with increasing avemge
in this example was simply a cube of 5 cm length. The dimension (Fig. 3), as a result of smoother peripheral dose
spherical seed configuration had principal diameters equal contours associated with larger seed arrays.
to 5 cm, and had a few seeds outside the 5 cm diameter The Figure 3 data for a seed spacing of I cm are listed
sphere along the diagonals, as shown in Figue 2. This in Table 2 for cubic implants and in Table 3 for spherical *

.
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Fig. 3. Source strength per seed required for delivering 160 Gy and i 15 Gy using "'I and ""Pd implants of different
sizes and seed spacings. Unit of source strength used here is U. which is the unit of air Lerma strength; I U = 1
pGy m h~'. For "'t,1.270 U is equivalent to 1.0 mci apparent and for ""Pd,1.293 U is equivalent to 1.0 mci2

apparent.

implants. For cubic implants. as the implant dimension strength per seed in cubic implants oser this range ofim-
increases from I cm to 6 cm, the number of seeds in the plant dimensions of 1 to 6 cm varied from 0.91 to 0.48
implant increase from 8 to 343; the total source strength U for '251 implants and from 2.58 to 1.69 U for ""Pd
implanted increases from 7.28 to 165 U for '251 and from (Table 2). Similarly, for spherical implants, the source
20.6 to 580 U for ""Pd. This is a 23-fold increase from strength per seed decreased from 0.91 to 0.37 U for i23;
'251 compared to a 28-fold increase for ""Pd. The source and from 2.58 to 1.42 U for '"3Pd, as the implant dimen-

sion increased from I cm to 6 cm (Table 3). At the same

Table 2. Dosimetry parameters for cubic implants of "I
.

and ""Pd with a 1.0 cm seed spacing Table 3. Dosimetry parameters for spherical implants of
'2'l and ""Pd with a 1.0 cm seed spacing i

Source
Total strength S, Diameter Total Source S,

1.cngth Number source per ] of Number source strength 7,
,

ofcube, of strength, seed sphere, of strength. per seed ;.

d(cml Source seeds 5, ( U)* (tY ( U cm ' ')* d (cm) Source ' seeds S,(Ur ( U)* ( U cm- ')*
,

1-

j I "'I 8 7.28 0.91 7.28 1 *1 8 7.28 0.91 7.28
'*

< 1 ""Pd 8 20.6 2.58 20.6 1 "Pd 8 20.6 2.58 20.6
2 "'I 27 18.1 0 67 9.05 2 "'I 27 17.3 0.64 8.6
2 '"'Pd 27 56.2 2.08 28.1 2 ""Pd 27 54.0 2.0 27.0
3 "'I 64 36.5 0.57 12.2 3 "'I 56 28.6 0.51 9.5
3 ""Pd 64 116. l.82 38.8 3 ""Pd 56 96.9 1.73 32.3 . 1

4 "'I 125 63.8 0.51 15.9 4 "'I 81 41.3 0.51 10.3 |
4 ""Pd 125 211. 1.69 52.8 4 ""Pd 81 154. 1.90 38.5
5 *1 216 104. 0.48 20.7 5 "I 160 64.0 0.40 12.8 )
5 "Pd 216 350. 1.62 70.0 5 *Pd 160 240. 1.50 48.0
6 *1 343 165. 0.48 27.4 - 6 "'I 275 102. 0.37 17.0
6 ""Pd 343 580. I.69 96.6 6 ""Pd 275 391. 1.42 65.1

Note: Total doses to full deca) are 160 and 1 I 5 Gy for *1 and ""Pd. Note: Total doses to full decay are 160 and 115 Gy for *1 and ""Pd.
respectnel . respectively.3

2 2 2 2* I U = unit of air kerma strength = 1 uGy m h'' = 1 cGy em h-' * 1 U = unit of air kerma strength = 1 pGy m h'' = | cGy cm h-'.
I or *l.1.270 U is equisalent to i mci apparent and for ""Pd.1.293 For *l,1.270 U is equivalent to i mci apparent and for ""Pd,1.293
Uis equisalent to i mci apparent. U is equivalent to i mci apparent. j
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The ratio of to 1 source strength per average dimensionAerage D* ens # (cm) Fig. }Pd to that for
'

for I, as a function of average dimension.
Fig. 4. Total source strength disided by average dimension as a Unit of source strength used here is U. which is the unit of air
function of average dimension for spherical and cubic implants kerma strength; I U = 1 pGy m h''. For '"I,1.270 Uis equiv-2

,

of'"I and ""Pd. Unit of source strength used here is U. which alent to 1.0 mci apparent and for ""Pd,1.293 U is equivalent
is the unit of air kerma strength; I U = 1 uGy m h '. For '"1. to 1.0 mci apparent.2 ,

1.270 U is equivalent to 1.0 mci apparent and for ""Pd,1.293
Uis equivalent to 1.0 mci apparent. cubic Impiants

*1 Model 671i ""Pd Model 200
time. the total source strength increased 14-fold from 7.28 >2 -,--

to 102 U for '"I and 19-fold from 20.6 to 391 U for ""Pd,
for spherical implants, as the diameter of the implant in- [ ](E I Z 9A I
creased from I em to 6 cm (Table 3). , ' , 4.. -. -H W -

'

.i...

The total source strength divided by the average di- os -

' j: ii <

,,

iimension was observed to increase exponentially with av- :
' -

,o,

erage dimension of the implant. This results in a linear | ': ::
i | O|

relationship on a semi-logarithmic plot, as shown in Figure E' ' '

,

4. The lines for ""Pd are nearly parallel to those for *1 $u E- '

for both spherical and cubic implants; the ""Pd line being 8 '

3p%,c,, ,, pion,,
higher by a factor of about 3. Also, we note that for a T

f4 *1 uoo i s7t t ea uoo.i rooe

given isotope, the cub.ic implant line has a larger slope
.

Tu*i,_ - . ,._ . , , , ,

than the spherical implant, indicating that the cubic im- .
' Li I
D 7-Q}f( "~-Q

]"I
..

plants require higher strength sources than spherical im- f ,
,.

plants as the average dimension increases. The data shown o' ;p,

o. . ; ;; jj -{-|in Figure 4 were litted to a straight line using the following
simple equation:

. ,, j; {!
':

., ,, -
,

Sdd = ne" (8) on ,: 1i,

. , '.
: '; || >i.

. ,,.

^I ~ o '*
o e 4 44 r 4

Table 4. Coelhcients from the linear regression of data
shown in Tables 2 and 3 using Iq.10, valid for anw (cm) j

average dimensions ranging from 1 to 6 cm
_

cm diameter spherical implants of '"I and ""Pd. The seed spae-
Fig. 6.1)ose probles in the central planes of 5 cm cubic and 5

Source Implant t>pe o # ing is 1.0 em in all implants. The profiles are normalized to 1.0
n the center. The implanted solume is shown by the solid ver.'"I Cubic A 348 0278 ,

al n at m crn. He Men vend Una at m em aM v
Spherical [[059 0157 ,

""'8 "" f* '* '"F"* # # **# " * * '"" Pd Cubic 15.248 0.307 :
cm, respectively, are used around the tumor or the implantedSphencal 16.746 0.218 volume.

. . _ . _ _ . _ _ _ .
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. Table 5. Dose uniformity for a 5 x 5 x 5 cm uniformity improves as margin between the implanted ;

cubic volume implant volume and target volume increases (target volume being ,

Dose uniformity (5 ) progressively smaller) for a given seed spacing with the
'

Seed spacing Margin exception of the largest spacing of 2.5 cm. And for a given 2

(cm) (cm) "'I ""pd value of margin, the dose uniformity is a complicate 6 !

fu,nction of seed spacing. For the margins of 0.0 and 0.5 j
0.83 0.0 - 27.5 25.0

cm, the umformity improves somew hat as the seed spacmg j0.5 18.0 17.0
l.0 8.4 7.0 increases up to 2.5 cm. For the case of a 1.0 cm margin, ;

- 1.0 0.0 26.0 22.0 the uniformity first improves with increasing spacing and =
0.5 16.0 16.0 then deteriorates as spacing increases further, - r
1.0 6.0 5.0 j

1.25 0.0 23.0 20.0
0.5 15.0 16.0 DISCUSSION AND CONCLUSIONS i

,

1.0 7.6 7.0
~

1.67 0.0 18.3 16.0 ""Pd is currently being investigated as a potential ale'*
,

0.5 13.0 13.7 ternative to "5I for permanent implants of prostate car- *

; .
ein ma with a higher Gleason pattern score by Blasko et. M

~5 1'''

al. in Seattle (3). Although no clinical data with long term
0.5 10.6 12.0 ,

1.0 10.6 16.0 follow up are available yet, the higher dose rate of ""Pd
is believed to offer a potential advantage over "'I implants, .>

w hich have had somewhat disappointing results for more . |
where a and # are coefficients which were determined aggressive and rapidly proliferating tumors (14). Also, the '

from linear regression. Their values are gis en in Table 4 Iower energy of photons emitted from ""Pd compared to
As noted above, the straight lines exhibiting relation- "'I also reduces the risk of complications arising from

,

ships of total source strength implanted, per unit average irradiation of normal tissues outside the tumor volume, !

, dimension as a function of the average dimension of the because the dose rate outside the "'3Pd implants falls off !

implant (Fig. 4) for the same geometry, are about a factor more rapidly than outside "51 implants. .

,

of 3 higher for ""Pd compared to "5 . Figure 5 exhibits In this work we have presented a detailed dosimetric1

this trend in more detail by plotting the ratio of the Sdd comparison of "51 and ""Pd implants with special atten- J

for ""Pd and "51 implants as a function of aserage di- tion paid to dose uniformity within the tumor volume, i

mension. This ratio ranges from 2.8 to 3.5 for cubic im- as well as guidelines for determination of source strength
plants and from 2.8 to 3.8 for spherical implants, as the per seed and seed spacing to deliver 160 Gy for '251im- .

average dimension increases from 1 to 6 cm (Fig. 5). The plants and i15 Gy for ""Pd implants. !
average value of this ratio is 3.3. Note that we have used the new dosimetry data for the |

Next, the effect of seed spacing on dose uniformity was "51 Model 671 I seed, as recommended by the ICWG (8).
investigated. Figure 6 illustrates dose profiles in the central The dose rate constant recommended by this group is -

_ i

plane through a 5 X 5 x 5 cm cubic and a 5 cm diameter about 20% lower than the currently used values. Also note !

spherical implants. In both, the seed spacing was I cm. If that data for both "51 and ""Pd, as reported by the ICWG
the target volume is taken to be coincident with implant (8) and Meigooni et al. (11), are for a Solid Water # phan- |
volume, then the edges of the target volume are at distance tom. Although Solid Water is nearly equivalent to water, ]
of12.5 cm from center in both cases. For this case of no it is not identical to it and a revision of the basic dosimetry '

margin, the dose uniformity in the target volume was 26 ofsingle sources of"51 and ""Pd may be necessary in the ,
'

and 22% for ."51 and ""Pd cubic implants, respectively future. The AAPM has formed a task group (AAPM Task i.

*

(Fig. 6). If the target volume was assumed to be 0.5 cm Group .No. 43) to investigate this problem. ;

[., inside the implant volume, that is, the edges of the target in this work we chose 115 Gy and 160 G, ""Pd .!i

' ' were 2.0 cm from the center, then the dose uniformity and "51 implants, respectively, because these are me com- )
was 16% for both isotopes; for a margin of 1.0 cm, it was monly used dosages. Ifit is necessary to determme source |j
6 and 5%, for "51 and ""Pd cubic implants, respectively strengths for a different total dose, it can be easily deter-

,

(Fig. 6) As shown here, the dose uniformity inside the mined from the values provided in this paper by lin_early ' |
target volume for I cm seed spacing implants with "*Pd adjusting the source strength for the dosage required.
and "51 was essentially the same. In this work we assume point source approximation ' |

To investigate the effect of seed spacing, dose uniformity for calculation of dose distribution around the "fI and ,

was calculated for a variety of seed spacings and margins ""Pd sources, w hich are known to have anisotropic emis-
around a 5 cm cubic implant. Results of this calculation sion of radiation (9,11). As is common practice in inter- -

";

are shown in Table 5. As shown in Table 5, the dose stitial brachytherapy calculation, we simply apply an an- ]
l
,

8 Radiation Measurements, Inc., Middleton, WI 53562. f
l

;|
.

a - - , + ., e-. m - - ,w- - ,- , - M ,
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isotropy correction which results in dose rate aseraged e Dose uniformity (as defmed here)in the tumor volume
over all orientations around the actual seed. This ap- is essentially the same for ""Pd and '"! implants of
proximation is strictly valid only for large multiseed im- same geometry,
plants that have randomly distributed seed orientations * As a rule of thumb, source strength for a ""Pd implant
(9). Therefore, the use of our data for small implants or delivering 115 Gy should be about 3.3 times that for
those with uniformly aligned seeds is not warranted. an '"1 implant delivering 160 Gy, The ratio of source -

For both '"I and ""Pd, we assume that there is rio strengths is greater for larger implants, and the ratio
interseed effect, that is, no source-to-source shielding ef- would be higher if relative to the currently used '"I
fect. It is possible that this effect is larger for ""Pd implants dose rate constant.
compared to '"I. Therefore, a further study along these To expedite the clinical implementation of ""Pd
h,nes is warranted.

Despite these limitations, which are common to all m.-
sources in brachytherapy, an atlas of dose distributions
produced by various cubic and spherical implants has been

terstitial brachytherapy dosimetry today, we conclude the developed and can be obtained from the authors. This
*

' '
I# "'"E atlas can be used in a manner similar to a nomograph.

Similar work dealing with other implant shapes, such e

* Within the tumor volume, the isodose distributions as ellipsoids, single and double plane, will also be helpful ,

produced by ""Pd are very similar to those by '3 , and in a quantitative comparison of the dosimetric charac-1

outside the tumor solume those for ""Pd fall off more teristics of ""Pd implants versus those of '"I, and is cur-
rapidly, rently in progress.
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A COMPARISON OF RADIAL L)OSE FUNCFIONS FOR ""Pd, '2sy, usSm,
2* Am, '"Yb, n2Ir, AND "7Cs BRACIIYTIIERAPY SOURCES

Au S. MEIGOONI, Pil.D. AND RAVINDER NATil, PH.D.
'

i

Department of Therapeutic Radiology, Yale University School of Medicine. 333 Cedar Street, New Ilaven, CT 06510s
4

Recently, encapsulated sources of "'Pd (21 kev aierage), "'Sm (41 lev aierage),24'Am (60 lev), and '''Yb (93
lev aierage) haic been introduced as alternatises to consentional brach therapy sources of 82'I Slodel 6711 (27'

3

lev aserage), '2'I N1odel 6702 (2H lev aierage), "2Ir (369 kev aierage), and "'Cs (662 lev). To illustrate the
dependence of the penetrating ability of photons from brach therapy sources as a function of photon energy, a3

comparison of their radial dose functions is presented. Using the ITS Monte Carlo simulation code for photon-
electron transport, the radial dose functions were calculated for momienergetic photon sources with energies in the
range of 30 kev to I NicV. Also, similar calculations were performed using the photon spectra emitted by the
encapsulated brachytherapy sources. To serify the accuracy of Monte Carlo calculations, comparisons are made
with our new measured data for '''Am and esisting esperimental and theoretical data from other iniestigators. A
comparison of radial dose functions indicates that for '''Am, '''Yb, *2tr and "'Os sources radial dose functions
are close to unity for distances up to lo em, for "*Sm the radial dose function drops to almut G A at 10 cm, and for
'2'l and ""Pd it drops precipitously to less than 0.20 at 7 cm. At 5 cm, the measured radial dose functions for
""Pd, '''I Sladel 671I, '2'I Model 6702, "'Sm, 2''Am, and "'Ir haie salues of0.09, 0.34, 0.38. 0.86,1.12, and
0.97, respectisely. While all of these radioisotopes proiide adequate penetrating p<mer for interstitial brachytherap),
only the radioisotopes emitting photons with energies greater than about 40 kev can proiide adequate depth dose
(that is, small or no tissue attenuation) for intracasitary irradiation. Our criterion for choice of minimum photon
energy suitable for intracasitar) irradiation is that the radial dose function at 5 cm should not be less than 0.90.
Also, note that photons with energies around 80 lev eshibit maximum penetrating ability in solid water for ,

distances up to 5 cm.

Ilrachytherapy, Radial dose function, Penetrating ability, ""Pd, "'!, "'Sm, ''' Am, '*'Yh, "21r, "'Cs.

INTRODUCIION necessary to irradiate tumors adequately using intracav- *

itary irradiation.
There is considerable interest in the deselopment of it is generally accepted that effects of photon absorption

,

'
brachytherapy sources emitting low energy photons (14) and scattering in tissue compensate each other(within 5-
because they offer advantages over higher energy photon 10"r for distances up to 5 cm) for brachytherapy sources
emitters in terms of case of radiation shielding within the such as "21r and "'Cs that emit photons with energies
patient and radiation protection of medical pers(mnel. greater than 100 lev (17). Although data for tisme atten-
Ilowever, the effects of photon absorption in tissue are uation factors and radial dose functions of various isotopes

* also more pronounced for lower energy photon emitters exist in the literature (4, 5,7,8,9,10,11,12,13,16,17),
'

such as '"1 and "''Pd, compared to "21r or "7Cs (8). Ile- these data are scattered in publications spanning a time

f cause the penetrating ability of photons, quantified here period of many years. In this work, we have pooled to-
'

with the radial dose function (defmed in the next section). gether the relevant previous data and generated new data t

varies with photon energy, it is important to evaluate to investigate systematically the tissue attenuation effects
carefully the effects of photon absorption and scattering for brachytherapy sources as a function of photon energy.
in tissue as a function of photon energy. These consid- We have calculated the radial dose functions for photons
erations regarding the penetrating ability of photons are in a water-equivalent phantom with energ,y in the range
more important for intracavitary brachytherapy than in- of 30 kev to 1 MeV using Monte Carlo simulations. These

7
'

terstitial l>rachytherapy because a better depth dose is theoretical results are compared with those from previous

Reprint requests to: Rasinder Nath, Ph.D. Supported in part by USPHS rant numbers CA-39044 andE

AcAnonfedrements-The authors would like to thank Anthony CA-40469 awarded by the National Institutes of Heahh.
Melillo, Anjali Nath, and Deanna Jacobs for their assistance in Accepted for publication 5 September 1991.
preparing this manuscript.
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theoretical and experimental investigations. From an ex- ofinverse square law and the distribution of the radio-
amination of radial dose functions for different isotopes actise material in the source taken out. The reference
studied, we investigate the penetrating ability of photons distance is taken to be I cm in agreement with the original
from brachytherapy sources as a function of photon en- definition by Dale (4). Assuming point source approxi-
ergy, and address the question of suitability of particular mation, Eq. I simplifies to
sources for interstitial and/or intracavitary irradiation.

$(r) rfg(r) = (3)I ",METilODS AND LATERIAIS

Radial dose fimction 3ftmte Carlo calctdations
The Interstitial Collaborative Wor king Group (ICWG) Monte Carlo simulations were performed using the In-

defines the radial dose function as (7): tegrated Tiger Series (ITS)(6), version 2.1. The ITS code
is an expansion of the ETRAN code (1) allowing simu-

,

ri lations in a multidimensional and multimedia phantom. *

d(r) G(ro p #
it is a combination of three codes: (a) TIGER. for 1-di-

g(r)= (1)
mensional calculations; (b) CYLTRAN, for calculations .

g(7 ), gk $ in cylindrically symmetric geometry; and (c) ACCEPT,
\ 2/ for any complex geometry. These codes incorporate pho-

ton and electron transport in the energy range of 1.0 kev

where d(r)is the dose rate at a distance of r and d(r )is to 1.0 GeV and use the library of photon cross-sectiono

the dose rate at a reference distance r from the source generated from the analytical approximation of Biggs ando

center, along the transverse axis of the sources. G(r, r/2) Lighthill (2,3). In this work calculations were performed
and (i(r , r/2) are the geometry factors at the same points in spherical geometry, using the ACCEPT section of theo

of r and r , respectively. The angle r/2 refers to the angle ITS series. All the calculations were done on the MicroVaxo

between the source axis and the line segment connecting II, operating under the VMS system, version 5.1, or the
the point ofinterest and source center. Using the notation VAXstation 3100, operating under VMS, version 5.3.
of the ICWG, the geometry factors which take into ac- Monte Carlo simulations in Solid Water * were per-
count the distribution of radioactive material in the formed for isotropic point sources emitting monoenergetic
source, are def ned by: photons with energies of 30. 40,50,60,80,100,200,400,

600, and If)00 kev. No encapsulation was assumed for

g(7,yf3) these calculations. A spherical Solid Water phantom of
20 cm radius was considered around the source. This sim-

21/r for point source approximation ulates full scattering conditions for all distances up to 10
(2) cm. Dose rates and hence, radial dose functions and also=' 2 tan"(L/2y)

for line source approximation photon energy spectra, were calculated at distances of I
cm to 10 cm at I cm intervals. Energy deposition in

where L is the active length of the source and y is the spherical shells of 2 mm thickness, with their average radii
coordinate of the calculation point along the transverse at distances of I cm to 10 cm at i em intervals, were
axis of the seed. For a point source, the geometry factor calculated using 1 kev cutoff energies for photons and
is simply the inverse square factor. At distances greater electrons. Variances of less than 2% were obtained by
than 2L the geometry factor of a linear source in Eq. 2 simulating 20-200 batches with 10,000 histories per batch,
converges to the same values as with point source ap- in the energy range of t MeV to 30 lev, respectively with *

proximation. The geometry factors for *1 and "21r with typical computation times of 4-30 hrs (CPU), respectively,
about 3 mm active length are calculated to be 3.886,0.993, For simulation of brachytherapy sources, photon energy I

'

and 0.250 at distances of 0.5,1.0, and 2 cm from the spectra emitted by the radioisotopes were obtained from
source. These values are different by about 3.1% 0.7% the literature (5,9,10,1I,12,13,16) and are shown in
and 0% compared to the inverse square law values at the Table 1. It was assumed that a point source emitting this
same distances from the source. These differences are spectrum is encapsulated in a small spherical shell of the
more pronounced for larger sources such as 24'Am with same thickness and material of the encapsulation as the
a 1.6 cm active length (2 Ci source). actual source around the source. Shells of 0.05 mm thick

The radial dose function, defined in Eq.1, is the ratio titanium for *1 and ""Pd,0.2 mm thick stainless steel
of dose rate at a point along the transverse axis relative of "2Ir,0.076 mm thick titanium for "*Yh, and I mm

2thick titanium for ''Am sources were assumed.to the dose rate at a reference point, r , with the effectso

|

* Manufactured by Radiation Measurements, Inc.. Middleton,
WI53562.
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Table 1. photon energy spectra used in the calculations * transverse axis of the sources, using 3.1 X 3.1 X 0.89 mm'
LiF TLD chips.t A slab of Solid Water was carefully ma-Photo energy Percent yield

sourer liatr bre spectrum tkevi (5 ) chined to accommodate the source and TLD chips, as
described in a previous publication (11). The TLD chips

""Pd 17 d 20.07 28 66
20.22 54.43 were staggered to minimize the dose perturbation expe-
22.72 16.90 rienced by each TLD chip due to the presence of the other

|$ $j chips. This slab of Solid Water phantom was then sur- '

497.1 oo005 rounded by several other slabs of Solid Water of various
21 key average thicknesses (0.5 cm,1.0 cm, and 2.0 cm) to have an ap-

"1 M ate 167ti 60 d |j proximately 7 cm phantom at each direction from the
30.9 11.10 TLD's and sources, for a full scattering condition. The
27.4 41.12 outside dimension of the whole phantom became about

2|[! 30 X 25 X 20 cm). For protection from irradiation, the
3,

i 22.1 16 20 whole setup was placed within a lead cubic box of 5 cm
f 27 key average thick walls and had inner dimensions of about 60 cm. A

"1 Model 6702 60 d |j $. 4 mm lead equivalent leaded acrylic sheet was used for
30.9 14.02 the top to facilitate visual observation of the setup. We

y 51 ]
have verified that this lead box does not perturb dose ,

,g n'y Lerage measurements inside the Solid Water phantom by re-'

"'S m 340 d 38.2 25.33 peating some of the measurements in a large treatment
38.7 48.75 room used for external beam radiotherapy where shielding

j$ '$M walls were not so close to the phantom material. To
61.4 8.38 achieve good statistical quality of experimental data

41 Lev average (!3%), each measurement was repeated at least twice (four

k 4N$ f9[ "[y*9 times for distances of I and 2 cm from the source). Typ-'

So 7 28.36 ically, each measurement was repeated three times.
'

57.5 11.61 In our protocol, the TLD chips are read after at least
63 1 13 18
931 OI802 a 24 hr waiting period, using a precision TLD reader.1

109.8 5.25 Responses of the TLD chips were converted to dose rates
iIR2 0.567 by calibrating at least 10 chips, divided into two sets ex-

|$ $ posed to two different doses, with a calibrated 4 MV X
1980 10.54 ray beam to get TLD response per unit dose. Since sen.
240.3 0.039 sitivity of TLD chips is energy dependent, the measured
$$ ; 's TLD response was corrected using the relative sensitivity

3

93 lev aserage of LiF TLD chips as a function of photon energy (11,12).
"'I r 74.2 d 884.0 0.139 -

612.0 2.445 ,

604 0 3.782 RESULTS
589 2 2m30
889h 0 138 Figure I illustrates a comparison of measured radial
j$ dose ftmetions of the "Pd Model 200 source from Mei-2 8
416 o 0.276 gooni et al. (13), '2*I Model 6702 source from Nath et al.

* 374.0 0.323 (16), '2'l Model 6711 source from Nath et al. (16), "Sm

|$ (|[ source from Fairchild et al. (5),24'Am 2 Ci cylindrical

( 296.0 13.65 source, (15) and "21r 0.2 mm stainless steel source from
283.0 0.138 Nath et al. (16). The '45Sm data from Fairchild et al. (5)

'*

joi;o o;568 were measured in A 150 tissue-equivalent plastic phantom.'06 1

g ig4

369 kev aserage flowever, the '25I Models 6702 and 6711, "2Ir data from
"b 30 > 662o uxux) Nath ct al. (16), and also the ""Pd data from Meigooni

* Not included in this table are very low energy photons or those et al. (13) were measured in Solid Water phantoms. For
voth very low percent 3 eld. 24'Am source, new data were generated in the presenti

work using the same methodology as that used in our
Dow measurement ter/miques measurements for '25 , "2Ir, and ""Pd sources (13,16).1

Dose rates were measured in Solid Water phantom at These results, shown in Figure 1. indicate considerable
distances of I cm to 10 cm at I cm intervals along the differences in penetration ability of these sources. For "2Ir

F

' LiF TLD Model TLD-100, manufactured by liarshaw/Fil- 8 Atlas Models 22000A and 2000B, manufactured by liar-
trol partnership, Solon. 01144139. shaw, Solon,01144139.

L

F
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,

.. . .._ ,. , , . . - . ,
not published yet.' 'i a

| , ,# [ * j To understand the dependence of radial dose function
, ; on photon energy. we undertook the present study using

'[. . f - [N,
'7

b 1.O %m j Monte Carlo simulations of monoenergetic photons in a
;

"

j wide range of photon energies. Figure 2 shows the Monteg ! $ *x 1r.
' "

g g "g ! ( .i j Carlo calculated radial dose functions ofisotropic mono-
s

~I ,{ 3 energetic point sources of 30 kev to I MeV, as a function j
*

i>

\ t h 'a 1 of distance in Solid Water from the source. This result
00; *\ I %d. j can be explained as follows: for photons with energy of

y

\\ ', ! less than 30 kev, dose deposition is mainly through theg ! .
'

6 [ photoelectric process. Ilowever, at higher energies thees s

_' l Compton scattering makes a larger contribution to energy |B O.< ! 'A s.
, * '

?R * 1, .
" " deposition. For higher energy photons (with energies33 , ,

8- greater than 100 kev). the direction of scattered photons I
_

*1 M. becomes more forward and hence they deposit energies*

.

. ,*6 . & ae; O at larger depth. Also, higher energy photons loose a con-''*
<

*. siderable fraction of their initial energy upon Comptong,s ,,

scattering. Thus, fbr intermediate photon energies in theg 3 g' 9
'

range of 50-100 kev, there is considerable multiple pho-' '

npih (r n1 ton seattering which leads to buildup ofdose in a medium.
A steep change in radial dose function between 30 kev

j Fig.1. A comparison of measur rd radial dose functions of'"'l\l to 100 kev is observed, as shown in Figure 3. . Note that
- Model 200 (solid diamonds) from Meigooni ci al. (l l). 2 1 Male!

the radial dose functions at 5 and 10 cm from the source6711 (sohd circles) from Nath ci al (16). and Malel 6702 (open
circles) from Nath cl al. (16). * Am (open triangles) from present increase with increasing energy up to 80 kev and then
work, and " Ir 0.2 m m stainless steel (open xtuares) f rom Nath decrease to about unity for higher energy photons (Fig.

'

ci al. (16) brachytherapy sources in Solid Water. Also show n is 3). The radial dose function at 5 cm has a maximum
the radial dose function for "'Sm (sohd triangles) in an A150 value for photon energies around 80 kev, which is close
phantom. cxtracted from Fairchild et al. (5). I he hnes connecting to those for , ' Am and ""Yb. Also,it is observed that ford ..

the measured data are obtained from least square polynomial
fit just to guide the eyc. photons with energies greater than about 40 kev. the radial

dose function at 5 cm is equal to or greater than unity.

the radial dose function gradually decreases from unity . , - m,.,. q7et i em to 0.87 at 10 cm; for 24' Am it first increases to
}

I

|1.12 at a distance of 5 cm and then drops to 0.80 at 10 15i # %. N
,, Q ,]i * " . t no 1Mj

cm; for "'Sm it drops to 0.40 at 10 cm; and for '"I and
_

j ..

""Pd, it drops precipitously to less than 0.2 at 7 cm. At ; | [ (^.. ?

'} .gIa 5 cm distance from the source the measured radial dose . !
' % .N , j

d[ 1 y f [. - e ~ " \ ~ gg
functions for ""Pd, '"I (Model 6711 and 6702). "'Sm,
24' Am. and "21r have values of 0.09. 0.34, 0.38. 0.86, \* i 501.12, and 0.97, respectively. ( .

!
p. ,''''

As shown in Figure 1, the measured radial dose func. 1 g g 'g
*

tions from different brachytherapy sources vary consid- $ \ N
Ierably from each other and depend upon photon energy S *

e. N 40, '

in a very complex fashion. At a depth of 5 cm, the radial y ;) ,, ,

dose function fint increases with increasing photon energy y'' '.

as evident from the trends in the measured data from i '.

""Pd (21 kev average energy). '"1 Model 6711 (27 kev \ ,'
average energy), '"I Model 6702 (28 lev as crage energ3 ). j ;o'

"'Sm (41 lev average energy), and 2"Am (60 kev). g[, , , . _ . ,_ , _ .

Ilowever, as the photon energy increases further from
,

, 4 - a 10 1 .,'
- o b uthat of 2*Am, the radial dose function at 5 cm decreases

slightly as is evident from the data for "2ir sources, which Depth (crn)
have an average energy of 369 kev. At present, no mea- Fig. 2. Monte Carlo calculated radial dose function ofisotropic
sured data for the radial dose function of "Yb (93 lev monoenergetic point sources of 30 lev to 1 MeV in Solid Water,
average energy) are available although preliminary data as a function of distance from the source in Sohd Water.

. _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ -



a

A comparison of radial dose functions O A. S. MmoONI et u!. |129
o

- - - - -

7..
- . . - . - . __ -,

7 .( 15 f 103 125, 8702J Pd,200 1

B . O s

~'e._.R 10 2cm9

,y' a :: e 2&
'

~G ,

Q/j os~~
. , ,

4cm h
_ ,.

'] Bcm'/ *
, i m i_ '~ F d nBo i

- '

15 1455mc
. 2& -4cm 8cm

b 2W -

} '4cm
- - 1o m .3

E I ,h '

d
,

8cm
f haS : .yr

.] d
.

S o-.j7 0i .a

5 -) b jFig. 3. Vanation of radial dose functions in Solid Water at 2,5,
) and 10 cm from isotropic manoenergetic point sources with d H b h I dx ' &

% u2,
y photon energies from 30 kev to I MeV. ca 13i

c f ('" ** 8 cm
,o

Therefore, their photon energies are likely to hase pene- M || j

diation.
"j C5|' | !

:)l
trating abilities that are adequate for intracavitary irra- i yy y

i I I || | NS!n 4i

To test the validity of our Monte Carlo simulations, ,, 337 ,c
we compared our results against theoretical and experi-
mental data from other investigators. A comparison of ?& 4c- ec o co ucan nota

,,
*C*'"

measured and calculated radial dose functions at 2,4, and T pr , , ,

,~ g . d8 cm for brachytherapy sources of ""Pd, '251, '''S m. ca n-..e octo

H l2'' A m. "*Yb, "21r and '"Cs is presented in Figure 4. The
Monte Carlo data snown in Figure 4 were generated by g g Ld__ . No . J
using methods described in the earlier sections with ex-
ception of those fcr '"Yb. For '"Yb, Monte Carlo data Fig. 4. A comparison of Monte Carlo calculated and measured

""C"5 I2' 4 and 8 cm fr m ""Pd,
of Mason et al. (9,10) are shown, and as mentioned above [ di"I d 'C I""CII "* "I di'*Am.T b, ,'tIr,and Cs brachy-iI Model 670.. sSm, -
no measured data for '"Yb are available 3ct. For '''S.m therapy sources. The "'Sm data are from Fairchild et al. (5),
the measured data from Fairchild ci al. (5) are shown. the ""Yb data from Mason et al. (9,10), the *I and "21r data
Oserall, good agreement between the measured data and from Nath ct al. (16), the ""Pd data from Meigooni et al. (13),

results of our Monte Carlo simulation is obsersed, sup- and the "'Cs data from Shalek ct al. (17),

porting the validity of our Monte Carlo simulation tech-
nique for the determination of radial dose functions of
brachytherap) sources. in radiation oncology, can be derived from the data for

Solid Water.
The dose rate from brachytherapy sources falls rapidly

DISCUSSION as the distance mereases. The inverse square law has a
From an evaluation of the measured and calculated dominating effect on the shape of dose distributions pro-

radial dose functions w e have ins estigated the penetrating duced by most brachytherapy sources. especially those*

ability of the photons emitted by "''Pd, '2'I. "'Sm. 2*' Am, emitting high energy photons. However, for lower energy4

} '"Yb,"21c,and 'PCs brachytherapy sources. Also, we photons, the tissue attenuation can also hase considerable
have studied the penetrating ability of photons as a func- influence on the depth dose characteristics of a brachy-'

tion of en :rgy using the Monte Carlo simulation of radial therapy source. Because the radial dose function removes
dose functions for isotropic monoenergetic point sources the inverse square effects, it is an appropriate choice to
emitting photons with energies ranging from 30 kev to 1 study photon energy dependence of tissue attenuation ef-
MeV. These simulations were conducted in Solid Water fects in brachytherapy.
because we needed to test the validity of these calculations The radial dose function, as defined by Eq.1. takes out
by a direct measurement of radial dose functions, which the effects ofinverse square law as well as the distribution
were performed in Solid Water phantoms. Note that Solid of radioactive material in the source, that is, the saurce
Water has been shown to be nearly equivalent to water geometry. Therefore, it is reasonable to compare radial
for photons with energies as low as those from :2'l (11). dose function extracted from measured data for actual
Therefore, reasonable conclusions regarding penetrating sources with results of Monte Carlo simulations using a
ability in water, which is the medium of primary interest point souice in a spherical geometry. To the extent that

i
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the focus of our work is to investigate trends in radial would reduce the dose at 5 cm by a factor of more than
dose functions as a function of photon energy, our ap- two. This dose reduction due to tissue attenuation is on
proach to this problem is valid for drawing conclusions top of the rapid fallotf of dose due to inverse square law.
about the relatise penetrating ability ofdifferent radioiso- Therefore, we conclude that while all of the radioactive
topes in tissue. sources studied in this work can provide adequate pene-

For intracavitary irradiation, especially in gynecological tration for interstitial brachytherapy, only those emitting
applications. it is necessary to deliser an adequate dose photons with energies greater than 40 kev can provide
to point B which is about 5 cm away from the sources adequate depth dose for intracavitary irradiation. Also,
in the uterine tandem. It would be dillicult to achieve this we observe that photons with energies around 80 kev
goal with brachytherapy sources emitting photons with exhibit masimum penetrating ability for distances up to
energy ofless than 30 kev, because the tissue attenuation 5 cm in a water-equivalent medium.
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Dosimetry of Palladium-103 Brachytherapy Sources for
Permanent Implants

ALI S MElGOONI. PhD, SUSHIL SABNIS, BS. RAVINDER N ATH. PhD

Department of Therapeuuc Rad ology. Yale University School of Medicine.
New Haven. Connecucut

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 8"Pd implants could deliver approximately four times higher
initial dose rate, which could be c'.inically significant in treatment of cer-
tain tumors. For the earlier 8"Pd source design, model 100, about 304r
of the dose at a distance of 5 cm was frem high-energy and longer-lived
isotopes, created by actisation of treu elements in the source materials
and their encapsulation when the source assembly was irradiated in a
nuclear reactor. To address this problem, the model 200 source is fabricated
by irradiating 'HPd with thermal neutrons, followed by chemical purifica-
tion and coating of the 8"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 hase been fitted to an
analytical expression, and a two-dimensional table of dose rates around
the 8"Pd source has been generated. Dose rate at a distance of I cm along
the transverse axis of the '"Pd model 200 source, with unit air kerma

*

strength,is 0.735 2 0.03 cGy h-8, which is equivalent to 0.95 2 0.04 cGy
h-' from a 1 mci (apparent) source. The exposure rate constant for '"Pd
w as calculated to be 1.48 R cm8 h-' mci-8. The anisotropy correction fac-
tor for 8"Pd was determined to be 0.90. Using the two-dimensional dose
rate data, the radial dose function and the tissue attenuation factors for
'"Pd hase also been determined.

Key w ords Panatum-lo3. Brachy therapy . Doume:ry , Permanent Implanu

Endocunetherapy 'Hypertbermia Oncologv 1990.6.107 117

prostate. The physical advantages of interstitial
I nterstitial brachytherapy continues to play an im.portant role in the management of cancers of brachytherapy result from a better localization of

several sites such as the head and neck, brain, and dose to the tumor volume. In an interstitial implant,
as radiation is continuously delivered over a penod
of time, repair of sublethal and potentially lethal
damaFe. Prohferation, and other cell k.inetic effects

Thn work was wpponed m pan by US Pubhc Heahh Service modify the response of tumor and normal tissues.
grant C A&69 amarded by the Nanona! Cancer Insurute resulting in complex dose rate effects.'"3 In general.
Addren for Repnnu Ravmder Nath. PhD. Depa*tment of as the dose rate is decreased from acute dose rate.
Thera;wtic Radiokigy . Yale Uru erury Schant of Me6eur. D3 the cell survival curves become less steep. pnmaril)
Cedar Streer HRT *221. New Hasen. CT 06510

because of the repair of sublethal damage. At in-Recened for Pu% canon January 20. 1989
Accepted for Pu% canon jal) 5.149 termediate dose rates (10 to 100 cGy h-') where cell

Apre 1940 1sss r581687 Cor>nshi I 1990 107
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cycle redistribution may accumulate more cells in Table 1. Spectrum of the Major Photons
a more radiosensitive phase, the reverse dose rate Emitted by Decay of '"Pd (Unencapsulated)
effect may occur, ie, the cell survival curves become
steeper with decreasing dose rates.' As the dose rate
is further reduced, the rell proliferation effects begin Energy, kev No, of Photons
to dominate and the slopes of cell survival curves Per Decay
become progressively shallow er, In fact, it has been
argued that if the dose rate is decreased below a
critical dose rate, cell division will continue and cell 20.07 0.2205
population will continue to Frow , though at a slower 20.22 0.4188 -

rate than normal because of cell death and radiation. 22,72 0.1300
induced mitotic delays) Most temporary interstitial 357.4 0.0000221
implants employ dose rates above 30 cGy h-'. 397.5 0.0000699
Howes er, pernunent implants, especially those with 497.1 0.00000398
iodine 125, deliser initial Jose rates on the order
of 5 to 10 cGy h-', delisering 10,000 to 20,0C0
cGy to total decay, most of the dose being delivered
oser three half Ines, which is approximately six separated by a lead x ray marker (0.25 mm diameter
months for 2"1 implants. For some tumors, these x 1.4 mm length) and encapsulated in a 0.05 mm
dose rates, obtained in '"1 permanant implants, may thick titanium tube. The two ends of the tube w ere
not be adequate for tumor control. Recently in- then sealed with two titanium cups using a laser
troduced palladium-103 sources offer the possibihty welding technique. The assembled seed was then
of irradiatmg rumors by permanent implants at irradiated in a neutron reactor for activation of '"Pd
higher dose rates. to '"Pd. The outside dimensions of the '"Pd w ere

'"Pd emits photons in the range of 20 to 23 kev 0.81 mm diameter x 4.5 mm length which are
with a half-hfe of 17 day s With a shoner half-life, identical to those of '"1 sources manufactured by
'"Pd sources deliser most of the radiation dose to 3M Company (Medical Products Division, St. Paul,
the tumor in a much shorter time than '"I implants. Minnesota).
w hich have a half-life of 60 day s. In this report, For the fabrication of model 200 seeds, the stable
we present dosimetry data for 'UPd sources. '"Pd element w as first irradiated in a nuclear reac-

tot to produce '"Pd. Then, pure '"Pd was ob-

Materials and Methods tained by a chemical separation procedure. The
purified '"Pd was then electroplated onto the sur-

'"Pd Sources face of two graphite cylinders, which were then
'UPd decays primanly by electron capture to a " hot" loaded into titanium tubes. Titanium cups

metastable state of 2""Rh, primarily emitting were welded to the tubes using the same procedure
charactenstic pray s with photon energies of 20.07, as for the earlier design. The outside dimensions
20.22, and 22 70 kev with relatne intensities of of model 200 w ere identical to those of model 100
19 8 % , 37.7 % , and 11,7 % , respectively. The 8"Pd, or 2"1 sources (Figure 1).
'"*Rh, in turn, makes internal transition (internal
comersion) to its Fround state erruttmg 20.07, Dose Measurement Technique
20 22, and 22.70 kev photons at relatis e intensities The low energy of x rays from '"Pd and high
of 2.20,4.18, and 1.30 per 100 decays of '"Pd, dose gradients, especially at distances close to the
respectively. In addition, there are several very low source, requires a precise determination of source-
yield gamma rays emitted in the decay of '"Pd. to-detector distance for dose measurements. Ex-
Some of these photons have enerF es up to 497 kev, periments were performed using 20 x 20-cm slabsi

but their total yield is less than 0.N % (Table 1). of solid water (electron and photon water '

Measurements reported here w ere performed us- equivalent, model 457 Radiation Measurement,
ing two different models of '"Pd seeds, namely, Inc., Middleton, Wisconsin) with thicknesses of .
model 100 and model 200, manufactured by 0.5,1.0, and 2.0 cm. Because of the low dose rate
Theragenics Corporation ( Atlanta, Georgia). In the of the brachytherapy seeds, the ratio of signal to
fabncation of model 100 seeds, stable '"Pd was noise would be very small for a typical ionization
uniformly distributed throughout two alurrunum chamber. Therefore, LiF TLDs (TLD-100, Teflon
cyhnders (0.6 mm diameter x 0.9 mm length) chips, Harshaw/Filtrol Partnership, Solon, Ohio)

I
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figure t Schematic diagram of the *Pd, model 200 source

with dimensions of I x 1 x 1 mm and 3.1 x 3.1 x and the entire experiment was repeated twice for

0 89 mm were emplo)ed as dosimeters. a better statistical quality of the data. Each experi-

A sohd water phantom was carefully machined ment lasted about 24 hours to obtain sufficient
I

to accommodate the source and TLD chips. For the response from the TLDs and the measured
measurement of dose along the transverse axis of responses were corrected for the decay of the source

the source, three different irradiation geometries during the 24 hour experiment period, to give the

were used (Figures 2 A. 2B, and 2C). The arrange- response at the beginning of this period.

ment shown in Figure 2A was used with a single After approximately one month, the sources had

source positioned perpendicular to the surface of the deca)ed to about one quarter of their initial activi-

phantom and TLD chips w ere distributed along the ty. With this reduced activity it was very difficult
transserse axis of the seed. In an experiment for to get a reasonable response from the TLD chips.

2"1 Meigooni et al' hase found about a 69 mter- Therefore, the arrangement shown in Figure 2B w as

chip effect. ie. mterference of one TLD by the other used. In this arranFement, eight sources with the

TLD chsps if they are aligned along one line. To same activity were positioned in holes made on a

asoid this effect. TLDs were stagfered around the circle around a single TLD chip, except for the 1 cm

seed The phantom holdmg the source and TLD was radius around the TLD, which has only four

sandwthed between seseral slabs of sohd water sources. For each source-to-detector distance, the

(about 10 cm on each side) to proside full scatter- holes on one of the circle was used to accommodate

ing conditions. With this arrangement, the sources and the unoccupied holes were filled

measurements were performed at fise radial w ith liquid w ater to ehminate any air cavity effects.

distances from 1 to 5 cm at a 1-cm intersal. There The entire experiment was repeated several times
were two TLDs at each source detector distance, to get data with good statistical quality . In this situa-
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Egee 2 khemane diagram of the expenmenta! setap Firures 2A and 2B show the arrangement of the TLD relauve to the source
far the rneawremem of dose rates along the trunene aus of the source. arn:t Figre 2C show s the expenmenta! setup for twc>4imensional

dose distnNnan meautements around the *Pd. model 200 source
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tion also, the phantom holding the sources and TLD is measured using a calibrated Nal detector. The
were sandwiched between several slabs of solid total number of photons in the energy range of 20
water to provide full scattering conditions. to 23 kev is obtained by integrating this spectrum.

Dose distnbution around a $"Pd seed in a two- This result is corrected for detector efficiency, and
dimensional plane was measured with the arrange- knowing that only 74% of the 5"Pd disintegrations
ment shown in Figure 2C. For this arrangement, lead to photon emission, the number of 1"Pd
a solid water phantom was machined to accom- disintegrations per second, and hence the apparent
modate 1 x 1 x 1-mm TLD chips at short distances activity of the 'HPd seed, is determined.
from the seeds, namel), points with z (along the An accurately calibrated source was obtained
longitudmal axis of the seed) and y (along the from the manufacturer in order to calibrate a reen-
transserse axis of the seed) coordinates of up to 2.0 trant well-rype ionization chamber,o which has been
cm at 0.5-cm intervals. At larger distances with z calibrated for a variety of other radioactise sources
and y coordinates up to 7.5 cm, the 3.1 x 3.1 x including cesium 137, 8251, and "21r by the
0.89 mm TLD chips were used. To minimize the Radiological Physics Center (RPC) at M. D. Ander-
interchip effect, the measurements were per, son Hospital and Tumor Institute.
formed by arranging the TLD chips parallel to the The apparent activity of the seeds used in these
r and y ads. as show n in Figure 2C. Each expen- experiments was up to 74 MBq (2 mci), which cor-
ment was repeated at least twice to improve the responds to an air kerma strength of 2.586 U(lU
statistical quahty of the data. In these expenments = 1 pG) m2 h" = 1 cGy em h-' is the unit of air2

the empty holes were filled with solid water plugs kerma strength, as defined by AAPM Report No-
to ehnunate any att gap effects Moreover, the depth 21.82 For '"Pd, a 1.23U source is equivalent to a
of the holes for the TLD chips and the source was I mci (apparent) source.)
carefully selected to hawe the longitudinal axis of

Resultsthe seed in the same plane as the center of the TLD
chipt Fi ure 3 illustrates the measured dose rates alongF

TLD responses obtained during each experiment. the perpendicular bisector of the model 100 and
with any of the three configurations, uere con erted model 200 '"Pd sources. The dose rato, multiplied
to absorbed dose by calibrating them with a 4 MV b) distance squared alonF the transverse ads of
U ray beam, which was calibrated usmg an these two sources are found to be in good agree-
esposure calibrated ionization chamber (0.6 cm' ment with each other at short distances (Figure 3
Farmer chamber) as prestnbed by the AAPM and Table 2 n how es er, at larger distances the model
dosimetry protocol? Because of the energ) 200 sources produces a smaller dose rate. For ex-
dependence of the sensitnity of TLDs, a corree- ample, at a distance of 5 cm, the dose rates
tion factor for the photon energies of '"Pd was multiplied by distance squared produced by a unit
determmed This energy correction factor was ob- air kerma strength source are 0.079 2 0.003 cG)
tamed by measunng the relatne sensitisit) of LiF cm2 h' and 0.06 2 0.003 cGy em2 h' for model
TLDs for a sanety of photon beams. name!),60, 100 and model 200 sources, respectively. The dose
80,100, and 250 kV. 4 MV x-rays. and iridium-192 rate constants, A. dermed as the dose rate at a
photons.' From these measurements, the energ) distance of I cm along the perpendicular bisector
dependence of the relatne sensitivity of LiF was of a unit strength source, are 0.71 10.03 cGy h'
determmed. Since the relatise sensitivity of TLDs F8 and 0.735 2 0.03 cG) h' F' for model 100
was nearly constant (1.41 z 0.04) for photons in and model 200 sources, respectively. The same
the energ) range of 20 to 30 kev, we base quantities for a source with apparent activity of I
employed an energy correction factor of 141 for mci are 0 91 10.04 and 0.95 t 0D4 cG) h'
'"Pd it is the same as that for 5"I photons as deter- mci',,

mined by us* and is in Eood agreement with the Since 1"Pd model 100 sources were made from
results reported by a number of other investigators the " cold" seeds placed in the nuclear reactor, some
for 5281 photons 3 ' chemical impurities also become activated. The con-

tribution of these trace elements to the total dose
Source Strength Determination rate for a fresh seed for which only 0.3% of the .i

The manufacturer has determined the strength of seed activity was from the trace elements'' was
'"Pd seeds using the following procedure.'' The measured at different distances from the source by
photon spectrum emitted in air at a large distance shielding the low-energy photons using a 1.0 mm I

alonF the perpendicular bisector of the source axis thick lead sleeve around the seed This amount of l
!

l
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Table 2. Measured Dose Rates Timess

Distance Squared for "8Pd, Model 200 and
C2- '

Model 100 Sources With Unit Air Kerma
,C[e! Strength (1.293U = 1 mci [ Apparent])-2.

\ e U::e :2:;
_

c U:n 122 Dose Rate x
; ;3_ _,

3 ! \, I Distance Squared
t ! 4 i (cGy em2 h 8)
-

r
-I Distance Along(; ,,

a \ j the Transverse"~

'; ; 4 Axis, cm Model 200 Model 100
|

: :

-y
-

. -

O.5 1.001'

1.0 0.735 0.706
. s
-

- 1.5 0.539

: - 2.0 0.395 0.402

N. 2.5 0.290
3.0 0.213 0.214Ny'
3.5 0.157

- .
- 4.0 0.116 0.129

' ' '

4.5 0.086
~ ~ ~

5.0 0.064 0 0792

Fyt ? De e ta rr :nNed b dua%e sq 4'ed f " P.: 5.5 0.048
m ee w oper. .m ce nxe' :w raw e.:."se c- 60 0.036
D .= :r. Pr a;Jmg the tida.oe%e aus of the setd

lead shielding is about 100 HYLs fer 21 kev "Pd and trace elements. Figure 4 shows the dose

phrns from '"Pd. hence it will absorb all the 21 rates due to these high-energy photons with the total

to 23 lev photons from the '"Pd. but will only dose rates from the model 100 and model 200 see6

shghtly anenuate the higher energy photons from with no shielding. These measurements show that

,

3, 3 g~s .
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F.gure 4 Dese rate mulap!;ed by distance sq ared of model 200 (left sides and moclel 100 tright
sidei '''Pd sources The dahed cune m each graph represents the measured contribution of the
dose rate, from the trace elemems and teF e' energy photons frorn '"Pd. by shieldir.g the lowh

enern pnotam emmed b3 '"Pd usmg a 1 mm thd lead sleese
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for '''Pd model 100, about 5% and 35% of the dose at 36 carefully selected points in the z y plane
rate r i , J $ cm, respectisely, were due to the (Figure 2C) for distances less than 2.0 cm at 0.5-cm
high-energy photons from '''Pd and trace elements. intervals, and then at z values of 2.5 cm,3.5 cm.
However, for model 200 sources, this effect of 4.5 cm,5.5 cm, and 7.5 cm and y values of 3.0
higher energy photons from ''$Pd and trace cm,4.0 cm,5.0 cm, and 7.0 cm. To generate dose
elements is reduced by an order of magnitude com- rate data at points other than these locations, the
pared with the model 100 source, as shown in measured data for given z or y values were fitted
Fi ure 4. to the following expressions using the least-squareF

These experiments for the model 200 source were regression technique:
repeated after a few months, and it was obsened

c1P q I ap) y[| for each value, aM
(N

from GeLi spectrometer measurements that all of D(2 > ) '# = d)

the higher energy photons for the model 200 source U=0 J ;

had decay ed with the same half-life as '''Pd. Thus, (g ]
the contribution to dose from trace elements is p(2,yi r = exp q I bp > z' , for each y value. C)
essentially negligible for the n,odel 200 source. Li=0 J
Although some sery low yield, high-energy photons where r = Az: + y2). Figure 5 shows tw o samples
from the decay of '''Pd are present, their contribu- of this least -square fit, for the data along the z and
tion to dose is also sery small (less than 5% ). y axes. Usmg the parameters n's and b*s, a two-

Considering the relatisel) hi h contribution of dimensional table of dose rates at a 0.5-em mten al ;F
dose from trace elements in model 100 seeds, their in cartesian coordinates with dimensions up to 7.5
use for permanent implants is less dnirable. Since cm was generated (Table 3). .

the model 200 sources hase essenta.!Iy eliminated Since some of the treatment planning systems re-
this problem, the more detailed dostmetry data were quire a two-dimensional dose table in polar coor- ,

obtamed for model 200 seeds only. dinates, such a table was generated (Table 4). The *

Tw o-dimensional dose rates around a model 200 polar coordinate table was obtained for polar angle
source in a cartesian grid. as shown m Figure 2C. 6 from Oo to 90c at 2.58 to 100 intervals using the
were measured using LiF TLDs in a sohd water values of parameters s's and b*s to calculate dose
phantom To improse the statistical quahty of the rates along different radii. The dose rates show n m
data. dose rates at each pomt uere measured at least Table 4 were fitted to the following expression:
tu tte. and four times for distances less than 2 cm ( s 3
Witn an oserall uncertamt) of :e 4% these data D:r.ei r2 = exp L

U c , vei r' L
Ic for each 6 salue t .h

were reprodu;ible. Dose measurements were made j

Z=CD
'

~

r ~ * 00
~

v =

:
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.
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= , s. 4 x, .
g 4 & ' 4

!
; c; ' %_,

; ; 4 f 5 C 2 4 E 9
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Figere 5 A sample of leawware fit to the meamred dose rate daa along the y axn defo ad
along the r asa mghti
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2Table 3. Dose Rate Multiplied by Distance Squared (cGy em h-8) for a '"Pd, Model 200 Source With
a Unit Air Kerma Source Strength * in Cartesian Coordinates With r Along the Source Axis

(cm) 0 000 0 500 1000 1500 2.000 2.500 3.000 3.500 4 000 4.500 5.000 5.500 6 0C0 6.500 7.000 7.500

ytcm)

0 00 0.789 0 409 0.270 0.201 0 157 0 123 0 004 0 071 0 053 0 040 0 030 0 024 0.019 0 015 0 011

0 50 1.001 0.765 0 456 0.285 0.207 0.157 0 119 0.090 0.067 0 050 0.037 0.028 0.022 0 018 0 014 0.011

1.00 0 735 0 663 0 472 0 302 0 203 0 146 0.110 0 083 0 062 0 047 0.036 0.028 0.022 0 017 0.013 0.010

1 50 0 539 0 507 0 409 0.292 0 201 0 142 0 106 0 080 0.061 0 046 0.035 0 028 0 022 0 017 0 013 0.010 ;

2 00 0 395 0.373 0 325 0.254 0 185 0.135 0.100 0 077 0.059 0 045 0 035 0 027 0.022 0 017 0.013 0.010

2 50 0 290 0 274 0249 0208 0160 0121 0092 00?! 0 056 0 044 0 0M 0 027 0.021 0 017 0.013 0 010 |

3 00 0 213 0 203 0187 0.162 0132 0 IN 0 082 0 065 0 052 0 041 0 033 0 027 0 021 0 017 0.013 0 010

3 50 0 157 0 151 0.140 0 124 0.106 0 087 0 070 0 057 0 N7 0.038 0 031 0 025 0.020 0 016 0 013 0 009 |
4 00 0 116 0 113 0 106 0 095 0 083 0 070 0 059 0 049 0 041 0 OM 0 028 0 023 0 019 0 015 0 012 0 009

4 50 0 066 0 085 0 080 0 072 0 OM 0 056 0 W8 0 Wl 0 035 0 030 0 025 0 021 0 018 0 014 0 011 0 OW

5 00 009 0 0M 0 061 0 055 0 050 0 N4 0 038 0 034 0 029 0 025 0 022 0 019 0.016 0 013 0 Oil 0 008

5 50 0 NB 0 M8 0 N' O N3 0 026 0 DM 0 030 0 027 0 024 0 021 0 019 0 016 0 014 0 013 0.010 0 008

6 00 0 036 0 036 0 035 0 033 0 030 0 027 0 024 0 022 0 020 0 017 0 015 0.014 0 012 0 011 0 010 0 COS

6 50 0 026 0 026 0 027 0 026 0 024 0 022 0 020 0 018 0016 0014 0013 0011 0.010 0000 0008 00%
7 00 0 021 0 021 0021 0020 0O!9 0017 0016 0014 0 013 0 012 0 010 0 W9 0 008 0 007 0.007 0 00'

*Lnn air kemu wer.r2 * I s G3 m2 b" * I cGy cm' h9

Table 4. Dose Rate Multiplied by Distance Squared (cGy cm2 h'8) for 8HPd, Model 200 Source
With a Unit Air Kerma Source Strength * in Polar Coordinates With the Polar Axis Along the

Source Axis

6 deg , 00 50 10 0 12 5 15 0 17.5 20 0 30 0 40 0 50 0 60 0 70.0 80 0 90 0
[r e}

O 50 0?H 0'O 0 820 0 823 0 t? 0 616 0 819 0 P35 0 854 0 000 0 971 1 012 1 037 1 001
1W 04W D 412 0 423 04!5 0 424 0 45' O 464 0 52' O 597 0 660 0 705 0 735 0740 0 '35

| 1 50 02'O O 2'l 0 282 0 280 0 28' O2% 0 30b 0 353 0 417 0 475 0 512 0 534 0.533 0 539
2 00 0 201 0 201 0 209 0 212 0 215 0 214 0 217 0 248 0 295 0 341 0 372 0 388 0.38' O3M'

2 50 0 15' O 156 0 160 0 160 0 163 0 leo O leo 0 180 0 212 0246 0 272 0 263 0.283 020
3W 0 123 0 121 0 122 0 122 0 122 0 120 0 121 019 0.155 0 179 0 199 0.206 0208 0 213
3 50 00W 000 0 001 0 090 00w 0 091 0 042 0 101 0 116 0 132 0 146 0 151 0 154 0 15'
4 (0 0.071 0 069 009 O M6 0 066 0 069 00?0 00'8 0 088 0 049 0 108 0 112 0 115 0 116
4 30 0 053 0 051 0 050 0 050 0 050 0 052 0 054 0 0e! 0 068 0 075 0 081 0 083 0 086 0 066
5W O ND 0 03% 0 036 0 038 0 039 0 039 O NI 0 048 0 054 0 058 0 061 0 062 0 (e5 00M
5 50 0 030 0 029 0 029 0 030 0.031 0 031 0 032 0 035 O N3 0 045 D N6 0 047 0 049 0 048
6 00 0 024 0 022 0 022 0 024 0 024 0 025 0 025 0 031 0 034 0 036 0 035 0 035 0.037 0 036
6 50 0 019 0 018 0 018 0 019 0 019 0 020 0 020 0 025 0 028 0 028 0 027 0 027 0.028 0 02P
7 00 0 015 0 014 0 014 0 014 0 014 0 016 0 016 0 020 0 023 0.022 0 021 0 021 0 022 0 021
7.50 0 011 0 011 0 011 0 011 0 011 0013 0 013 0 016 0 018 0 016 0 017 0 017 0.017 0 016
8 00 0 007 0 007 0 (08 0 009 0 010 0.0W D 010 0 013 0 015 0 014 0 013 0.013 0 013 0.013
8 50 0 003 0 003 0 Om 0 008 0 011 0 005 0 007 0 010 0.013 0 011 0 011 0 011 0 010 0 010
9 (0 0 Col 0 001 0 005 0 012 0 023 0 002 0 004 0 007 0 011 0 009 0 009 0 009 0 007 0 008
9 30 0 000 0 000 0 006 0 03k 0 144 0 001 0 002 0 005 0 009 0 007 0 007 0 008 00% 0 007 -
10 00 0 000 0 Oto 0 009 0 449 5 428 0 000 0 001 0 003 0 009 0 005 0 006 0 00? 0ON 0 000

'Umt air herma wength = 1 u 03 m' h" = 1 cG cm b'3
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Table 5. Parameters Resulting From Least-Square Fit to the Doss Rate Time Distance i
Squared Data in Polar Coordinates Using Equation 3.

6(deg) c. .c c2 cs c4 c: ca

,

00 3. SB650E.01 -1. 15830E*00 5. 37180E-01 -1. 42800E-0) 1. 75480E-02 -8. 05400E-Os 0. OCOJOE+00

50 3. 56280E-01 -1 14370E+00 5 24540E-01 -1. 38600E41 1. 68720E-02 -7. 65700E-05 0 00000E+00 .

10 0 4 088%0E-01 -1. 28500E+00 6 9M40E-01 2. 25540E-Ol 3 79780E-02 -3.17310E-03 1. 04130E-08
,

12.5 4 75290E-01 -1 SN50E+00 9 19320E--01 -3 27570E-01 6. 04000E42 -5 $20$0E-03 1, 97910E-04

15 0 4 71690E-01 -1. 48?l0E+00 9 21840E-01 ~3 37710E-01 6 43080E-02 -6 07860E-03 2. 25440E-04
17 5 2 75890E-.01 -8 75980E-01 3 35360E-01 -8. 57640E-02 1. 04590E-02 ~4 79260E-Os 0. 00C00E+00

20 0 2. 42130E-01 -7 69100E-01 2. 49670E-01 -5 77370E-03 6 51460E-03 -2. 81090E-04 0 000LOE+00
30 0 1. 57000E-01 -5 13150E-01 9 26560E--02 -1. 64590E-02 1. 69300E-03 -7. 28500E-05 O. (00C0E+(0 !

40 0 8 332TE-02 -2 WOE-01 -2 !W50E-02 1. 01550E-02 -1 2tl70E-03 4 95860E-05 0 00(x0E+00
50 0 7 86000E-02 -2 29650E-01 -3 93730E-02 1. 07720E-02 -1. 00520E-03 3.14800E-05 0 00 WOE-00
60 0 1 26350E-01 -2 78110E-01 -8 21490E-Ot 5 M130E-Os 0 00000E+00 0. 00000E+00 0 DDXiE-00
70 0 1 42bOE-01 -2. 74490E-01 -2 54.h0E-03 6 75180E-01 0 00000E+00 0 000'iOE+00 0 000r0E-00 i

kO O 1 65ME-01 -3 01610E-01 6 320 0E-03 -3 12130F-Os 0 000(CE+00 0 00000E-07 0 OXM-T
40 0 ! 332'0E-01 -2 WODE-01 -2 8%kOE-03 5. 43800E-N 0. 00000E+00 0 00000E+00 0 0 WOE -0?

t

'

Tne parameters c, are gnen in TaNe 5 for 6 bet- distance of 3 cm along the transserse asis of the
ueen 0" to 40t '"Pd source is about 1.73 times the dose rate at the

This resuh indicate > that the dose rates at a same distance along the aus of the source. Altimugh
,
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this dose distribution is quite anisotropic, it should Table 6. Radial Dose Function, g(r), and
Tissue Attenuation Correction Factors, a(r),

be kept in mind that the dose distribution for the
8251, model 6711, is even more anisotropic; for ex- for '''Pd, Model 200 Source

ample, dose rate at 3 cm along the transverse axis
of a $251 source is 2.10 times the dose rate at the Distance, em g(r) a(r)
same distance along the source axis.88 Figure 6 il-

lustrates the isodose rate curves around a '''Pd 0.5 1.344 0.974
model 200 source, generated by interpolating bet-

1.0 1.000 0.725
ween 'h dosimen data shown in Table 3. The two_ 1,5 0.737 0.534
dimensional interpolation and searching ofisodose 2.0 0.539 0.391
rates was performed on MicroVAX 11 computer us-

2.5 0.393 0.285
ing the NCAR graphics software package deseloped 3.0 0.288 0.209
by the National Center for Atmospheric Research. 3.5 0.211 0.153

It is customary to use the point source approx. 4.0 0.156 0.113
imation in the calculauon of dose distributions pro.

4.5 0.118 0.0856
duced by clinical implants with a large number of 5.0 0.0898 0.0651
seeds implanted in a random orientation. In this

5.5 0.06S7 0.0498
case, the average dose at a given radius from the 6.0 0.052 b 0.0383
source can be easily calculated from the two.

6.5 0.039) 0,0283
dimensional dose table in polar coordinates (Table

7.0 0 0285 0.0207
4). The ratio of the 4n averaged dose rate to the

I

dose rate at the same distance along the transverse
asis was calculated for distances ranging from 0.5
to 6.5 cm. This ratio, sometimes called the at a distance of 1 cm from a umt air-kerma strength

anisotropy factor, was found to be relatively in- **'Pd model 200 source is 0.735 x 0.90 = 0.66

dependent of distance from the source and has an cGy h'. The same quantity for a 1-mci apparent

aserage value of 0.90. Thus, for dose calculations activity source is 0.86 cGy h'.

using the pomt source approximation. the dose rate Radial dose function, g(r), for a point source ap-

proximation is defined by the follow ing
expression'*:

4

bit)A ;; ; [_Fe T '';g-
) str) = r8 (4)*

th!cm)q: - i
.

! j Using this definition, the radial dose function was

* O " ., q calculated for a '')Pd model 200 source and is
shown in Fi ure 7 and Table 6. Also shown in j

; \\ j F '

j Figure 7 is the radial dose function for 82'l model
6711 (3M Company / Medical Products Division, St.s , "C,0

_ [ \
Paul, Minnesota) source for comparison.* '

i [
,

Dose rate at a point along the transverse atis can~

I 'a
_

be calculated using equation (4), g(r) in Table 6 and
DE| \

the dose rate at 1 cm. Dose rate at I cm is the pro-.

{
\ 1

'

\ 's j duct of the dose rate constant i.e. 0 66 cGy h~'U'
, ,,

''

o4 L
\ \ and the source strength. It should be noted that the

4 n- averaged value of the dose rate constant should'*
y .,

be used, if the sources are treated as a point source.'

C2 - Me N . y' Alternatively, the dose rate at any point can beN calculated using the traditional approach, as

C 2 4 6 5

Le:'" (:~ ) F S f
a(r) (5)D(r) =

Fy ure 7. Pxha! dase functiort FtrL of the *Pd mWel 2m
r2

wurce as enmpared mith that of a '8'l model 6'll wurce

]]5
Apn!19XI
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where Tis the exposure rate constant, which was that for 829 sources, and amsotropy of dos.e distribu-
calculated to be 1.15 R cm h s in (1.48 R cm2 tion around the '"Pd sources is slightly less pro-

2

h ' mci 8) using the photon spectrum given in nounced than that of the 829 sources. These
Table 1; f is the exposure-to-dose conversion fac- differences must be taken into account in the
tor, equal to 0.866 cGy/R for the 8"Pd spectrum development of exact planning techniques for '"Pd
in water; and a(r) is the tissue attenuation factor, implants, and funher research in this area is
as defined in the review article by Shalek and warranted.
Stovall." Tissue attenuation factors ate rrlated dose The shape of relative dose distributions in the pa-

,

function by the expression'*: tient with a 8"Pd implant is likely to be similar to
that produced by a similar configuration of 829

g(r) a(1) (6) sources. The pnncipal advantage of '"Pd, if any,a(r) =

lies in the delivery of radiation at a higher dose rate
than 829 implants. For the same biological endpoint,

Using equation (5), a(1) was determined to be the clinically equivalent dose to full decay for '"Pd
0.724, and values of a(r) for distances betaeen 0.5 implant would be expected to be less than that for
to 7.0 cm were calculated. Results of these calcula- 829 implants. The optimum dose to fully decay for
tions are given in Table 6. specific tumor sites using 8"Pd remains to be ex-

plored by carefully planned clinical investigations
and radiobiological studies.Discussion
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Page 110; Col. 2,21st line from the top: ..a 1.23 U source.. * should read, "...a 1.293U*

*source.

Page 114; Fig. 6 caption: * .129.3 U (- 100 mci.. * should be, * .100 U ( = 77.33 mci.. * Also
in that figure, the legend of ICngitudinal axis. *X (cm)" should be, "Y (cm)".

Page 114; Ea. (3): The exponent contained by the curly brackets in Eq. (3) should be multiplied by
2.3026.

'

Page 116; Col.1, 5th line from the top: . 0.866 cGy/R.. * should read, ".. 0.886 cGy/FL ".*

Fage 116; Col.1, 8th line from the top: " Tissue attenuation factors are related dose function. *
should read, ' Tissue attenuation f actors are related to radial dose function...".
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Tissue inhomogeneity correction for brachytherapy sources
in a heterogeneous phantom with cylindrical symmetry

Ali S. Meigooni and Ravinder Nath
Yale University School of Medicine. Department of Therapeutic Radiology, 333 Cedar Street, New Haven,
Connecticut 06.510

(Received 5 November 1990; accepted for publication 14 November 1991)

In brachytherapy it is customary to perform dose calculations for an implant assuming that the
tumor and surrounding tissues constitute a uniform, homogeneous medium equivalent to water.
In this work, the validity of the above assumption is studied quantitatively for points along the
transserse axis of ' 'Pd, 2'I, and Am brachytherapy sources, using measured and Monte24i

Carlo calculated dose rates in homogeneous and heterogeneous media with cylindrical symme-
try. The irradiation geometry chosen was a single source implanted in a Solid Water phantom

'

which had a 1- or 2-cm-thick cylindrical Solid Water shell replaced by a polystyrene shell. The
| Monte Carlo simulations were performed using the integrated tiger series CYLTRAN Code.;

| Experimental data were obtained for the same geometry to test the validity of the Monte Carlo

! calculations for a heterogeneous phantom. Measured dose rates just beyond a 2-cm-thick poly-
styrene heterogeneity were observed to be greater than those in a homogeneous Solid Water
phantom by about 130% 55% and 10% for ""Pd, '25 , and 24' Am, respectively. Thus the etTect1

of a relatively small polystyrene heterogeneity in Solid Water can be substantial for lower energy
photons. This perturbation of dose was found to increase steeply with decreasing energy and
increasing size (thickness) of inhomogeneity. A simple dose calculation formalism has been
developed to predict dose rate in a heterogeneous phantom with cylindrical symmetry, which
uses as input the radial dose functions of the uniform media comprising the heterogeneous
phantom. Dose rate predictions using this formalism are in reasonable agreement with the
experimental data and the Monte Carlo calculated values. Also, this formalism predicts no
inhomogeneity effect for "21r sources in the geometrical configuration studied in this work.

1. INTRODUCTION Monte Carlo calculated dose rates. Our approach is to
develop a dose calculation formalism that has been tested

The most abundant types of tissues in the human body by comparisons with measured data. Measurements were
bas e radiation absorption characteristics similar to those of performed in a specially designed heterogeneous phantom.
water. Therefore, for radiation dosimetry it is reasonable to We selected cylindrical symmetry because: (i) Monte
assume as a first approximation that the tumor and sur- Carlo simulations of photon-electron transport with high
rounding tissues constitute a uniform homogeneous me- computational efficiency can be performed in this geometry
dium equisalent to water. This is a good assumption par- and (ii) this geometry allows multiple measurements at
ticularly for higher energy photons because they interact different radial distances in a single experimental determi-

with water primarily via Compton scattering which is al- nation, thus improving the statistical quality of the mea-
most independent of the atomic number of the medium. sured data. Using this formalism, the inhomogeneity effect

flowever, this assumption may not be valid for low-energy for "21r was also investigated.

photon emitters that are becoming increasingly popular in
brachytherapy.' The relative probability of photoelectric |1. MATERIAL AND METHODS'

efTect (as compared to the competine Compton process)
A. Brachytherapy sources and phantom materials

increases rapidly as photon energy decreases below about
2

30 kev for water and about 50 kev for bone Because the Dose rates were measured along the transverse axes of
*

probability of photoelectric effect depends strongly on the 24'Am (Gulf Nuclear Industries),125 , model 6702 (3M1

atomic numbers of the materials involved, the penetrating Medical Division), and *Pd, model 200 (Theragenics
ability of low-energy photons can vary considerably from Corporation) sources with air kerma strengths of 44,33.3,
one type of tissue to another.3 110 wever, experimental st ud- and 2.27 U, respectively. (U is the unit of air kerma

2
ies using brachytherapy sources in heterogeneous phan- strength, defined by AAPM? It is equal to 1 pGy m
toms are extremely sparse and little quantitative informa- h ~ ' or equivalently,1 cGy cm h - '.) In terms of conven-2

tion on dose perturbations caused by tissue heterogeneities tional, but now obsolete quantities, the source strengths
in brachytherapy is available in the literature." were 2 Ci,26.2 mci, and 1.76 mci, respectively. The out-

In this work, we study quantitatively dose perturbations side dimensions of the 1 and ""Pd sources were 4.5 mmi25

243
caused by the presence of tissue heterogeneities in a Solid longx0.8 mm diameter and the Am source was 16 mm
Water phantom containing a single "*Pd, 125 , and long x 10 mm diameter. Details of the 24'Am source have1

2'' Am brachytherapy source using meastared and/or been described earlier.'
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4'
Polystyrene Spd Water with the smaller TLDs placed at distances up to 5 cm, and

h-- . larger TLDs placed at distances greater than 5 cm from the*
s

source. The TLD positions were selected such that the
"interchip" effect would be negligible.8 Care was taken to
ensure that there would be at least 7 cm of phantom ma-'

,

terial around the source and each TLD. To provide fullsogce TLD Ch@si

f_ _ _ ; ' 'f scattering conditions, the TLDs at 7.0 and 8.0 cm from the%i
,-

~

center were placed along the diagonal of the square sheet''~-
-

,- !
containing the TLDs.' l'

For personnel protection, the whole setup was ar-

! ranged within a cage made of 5-cm-thick lead bricks (bot-,

,

; tom and four vertical sides) and a leaded acrylic slab (Nu-'
,

[___''~- clear Associates) with a 4-mm lead equivalent thickness.
1 A- ,

The inner dimensions of the cubic cage oflead were about,.-1 i

- t 60X60X60 cm. We observed that there was no measur-'

able effect of the lead cage on the dosimetry of the sources.
,

Dose rates were measured with and without the poly-
styrene inhomogeneity. From these data, relative dose

Fn L Schemanc diagram or experimental setup for measurement of dose rates at each source-to-detector distsnce were calculated as
rate along the transverse axis of the brachytherapy sources in a hetero. the ratio of dose rate in the heterogeneous phantom to that
geneous phantom The phantom made of Sohd Water, is represented by . .

the cuNc outhne ( not to scale, actual dimensions are 20 x 20x 8 cm). The in the homogeneous phantom. The relative dose rates are
shaded area represents a cylindrical shell (8 cm high v 2.1 cm thick) of presented here as the inhomogeneity correction factors.
P"b 5'Y' enc- Details of our protocol for the TLD dosimetry have

been described earlier.8 Dose rates at each source-to-TLD
distance were extracted from four to eight TLD measure-

Measurements were performed in homogeneous and
ments. To check the reproducibility of measured data,

heterogeneous media. For these measurements two slabs of
measurements were repeated at least twice, typically three20X 20x 4 cm of Solid Water phantom (RMI, model 457)
times. For each distance, our phantom with cylindrical

were carefully machined such that in each slab, one of the
symmetry allows four simultaneous TLD measurementstwo cylindrical polystyrene shells, with 2.1- and 1.0-cm
resulting in about 12 measurements for each point. Thethickness and 4-cm height, could be placed as shown in
standard error (due to random errors) in the determina-Fig.1. The inner and outer radii of one shell were 1.9 and
tion of mean value of TLD measurements was within

4.0 cm, respectively; and 3.0 and 4.0 cm for the other one,
3% f r au p ints. To achieve similar levels of uncertainties

Most of the experiments were performed with the 2.1-em-
at all points, the TLDs at larger distances were irradiated

thick shell. These polystyrene shells could be exchanged
f r 1 nger times because the dose rate falls off rapidly withwith Solid Water cylindrical shells of the same dimensions
increasing distance from the source. Measurements of dose(Fig.1). IIoles were machined in the Solid Water slabs

3 r tes at large distances (greater than 5 cm) from theand cylindrical shells to accommodate 1 X 1 X 1 mm and
Pd sources required about seven days of irradiation.33.1 X 3.1 X0.89 mm LiF TLD chips with their centers lo-

Typical irradiation times were about 1-2 days. Correctionscated at distances of 1.0, 1.5, 1.8, 2.15, 2.40, 2.65, 2.75,
f r s urce decay during irradiation experiments were3.10, 3.40, 3.60, 3.80, 4.15, 4.50, 5.0, 6.0, 7.0, and 8.0 cm
m de.from the source center. TLDs were distributed in a plane

containing the transverse bisector of the source (Fig. 2) B. Monte Carlo simulations

Dose rates from brachytherapy sources of Pd, 225 ,3
1

'

- 2'" Am, and "21r in homogeneous and heterogeneous phan-
*** m toms were calculated using the CYLTRAN code from the

ITS (integrated tiger series) code' which has its roots in *

meaum 2

the Berger-Seltzer electron transport code LTRAN.to The
CYl.TRAN code incorporates the photon and electron trans-
port in the energy range of 1.0 kev to LO GeV and uses the

- ! --. photon cross-section library generated from the analytical

fk approximation of Biggs and Lighthill.na: These calcula-
9 wt # ** tions were performed using the point source approximation

with the source located at the midpoint of a 20-em long
x 30-cm diameter cylinder of Solid Water. Multiple scat-

_

tering step lengths were obtained using the logarithmic
grid spacing option that results in energy loss by a factor of

Fn 2. Geometry of the heterogeneous phantom for the calculation of 0.917 (2- ") in a path increment. This path length wasdme rates. A c3 ndncal shell of medium 2 is placed in medmm 1 Theh
inner and outer radii of the shell are ri and r2 respecthely. further subdivided by the code into 1-10 step lengths,. de-
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pending upon atomic number and density of the medium. that at r = ri the dose rate in the two media coincide
Energy depositions by the secondary electrons were calcu. (ignoring the interface effects at r = ri, which are impor-
lated for 2-mm-thick cylindrical shells with average radii tant only at microscopic dimensions"). Thus
of 1.06,1.48,1.9, 2.1, 2.3, 2.5, 2.7. 2.9, 3.1, 3.3, 3.5, 3.7, ^"''d*"'' ^"'""""'2

,

3.9, 4.1, 4.3, 4.9, 5.9, 6.9, and 7.9 cm. lleight of the cylin- gma,om i( ri) = Kmamm 2(ri)a
dri al shell at I cm was selected to be 4 mm and it was ri r$

(4)increased gradually to 1.6 cm at 8.0 cm to maintain the
same solid angle and to improve statistical quality of the hence,

data at distances greater than 1 cm. Beyond 8 cm from the
a = IKmeamm iki)*^ medium i}/Ismeamm 2 i)' Ameamm 2source center, calculations were performed using a 40-cm

diameter phantom; i.e., an additional 10 cm of medium
was included to provide the full scattering conditions. The Replacing a in Eq. (3) by Eq. (5) gives
effect of the enca7sulation for each source type was incor-

- porated by introducing a small cylinder of 'he encapsula- b ( r) = ^"''"** ' (6)
8"""'""' 2 '""'"* '

r smamm 2ki)tion material around the source with its radius equal to the
encapsulation thickness of that source (e.g.,0.05-mm Ti Similarly, for the regions r > rs,it is reasonable to assume

125for 1 and ""Pd). Energy depositions were converted to that the distance dependence of the dose rate would be
dose rates for both homogeneous and heterogeneous media similar to the radial dose function of medium 1. Corrected
and inhomogeneity correction factors were calculated. for the entrance irradiation, the dose rate in this region is

To obtain good stastical quality data ( 3%) it was modeled as follows:
necessary to use 200 bat-hes with 10 000 histories per

b(r) = ( A amm iS/r )#mamm i(r) , (7)batch. Calculations were pe-formed on a Micro VAX 11, m

running on a VMS operating system, version 5.1 and tyP- where # can be calculated by matching the dose rates at
ical computation time was about I day per run. r = r2 (again ignoring interface effects). This results in

the following expression for #:
C. A formalism for calculating inhomogeneity

N2)fmeamm 1(f )/8meamm 2(ri)gmedmm iN2)*Correction O = Kmedmm 2 i
(8)

The tissue heterogeneity factors are more easily incor-
Substituting # from Eq. (8) m. Eq. (7), we obtain:

parated into conventional dose calculation computer pro-
grams if expressed in the form of analytical equations. Amgmm iS

Nk) =With this goal in mind, we deseloped a formalism for cal- 2r
culating the tissue inhomogeneity correction using data for

homogeneous media as input. Following the Interstitial gmeamm ik) gmeamm 2k2)'Emcamm iki)
XCollaborative Working Group (ICWG)' formalism, dose gemMM M '

rate at a point along the transverse axis is given by
for r> r2 (9)

hmamm(r) = ( A am S/r )gmamm(r), (1)2

Putting E,qs. (2), (6), and (9) together, one can expressm

where A is the dose rate constant (dose rate mea- the dose rates at any point in the heterogeneous medium asmeamm
sured at I cm along the transverse axis of the source with .

S/r )g(r), (10)2

unit air Lerma strength), gmamm(r) is the radial dose func- D(r) = ( A amm im

tion for homogeneous medium, and S is the strength of the where
source in terms of air kerma strength. For the heteroge-
neous phantom shown in Fig. 2, the dose rate at a point Kmcamm iD), r < ri,

between the source and the front surface of the heteroge- gma. (ri)
neity is anticipated to be nearly the same as the dose rate in g(r) = Kmamm 2DF T < r < r2i.

#*"'" * 7
homogeneous medium 1 and is modeled by the following

k2PKmedmm iki)expression that is similar to Eq. (1): p). Fmeamm 2-

g
Kmeamm 2(ri) gmeamm i(r2)

5(r) = ( A amm iS/r )gmamm i(r), for r < ri. (2)2
m

(11)
Dose rate in the inhomogeneity between ri and r2, will also The radial dose function data for 125g, unPd,2"Am, and
depend upon the radial dose function and dose rate con.

* It in S lid Water and polystyrene are shown in Table 1.
stant for the homogeneous medium 2 and can be expressed
by

D(r) - ( A amm 3S/r )gmamm 2(r) a, for ri < r < r2, Ill. RESULTS2

m

(3) Figure 3(a)-(c) shows the measured and Monte Carlo
where a is a correction factor introduced to take into ac- calculated dose rates at distances of 1 to 8 cm along the
count the change in radiation field in the region r < ri. transverse axis of 2uAm, '25 , and ""Pd sources in the1

This correction factor, a, can be easily calculated knowing heterogeneous phantom (with a 2-em-thick polystyrene cy-

Medical Physics, Vol.19, No. 2, Mar /Apr 1992
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TAin r 1. Radial dose function g(r) for "Pd. *l,24' Am, and *Ir sources.

Pd *1 2 cam mirW

Depth Solid" Solid" Solid Solid"d

d d d
(cm) Water Polystyrene Water Polystyrene' Water Polystyrene Water Polystyrene

1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 0.499 0 830 0.932 1.079 1.41 1.28 1.15 1.16

3 0.280 0 623 0.694 0 996 1.48 1.43 1.10 1.14

4 0.152 0 489 0.520 0.936 1.51 1.59 1.08 1.15

5 0.0797 0.388 0.401 0.89 t 1.53 1.75 1.10 1.19

6 0.0433 0.296 0.312 0.829 1.54 1.87 1.13 1.21

7 0.0225 0.218 0.246 0.735 1.50 1.92 1.14 1.20

8 0.159 0.199 0.634 1.42 1.93 1.11 1.14

9 0.126 0.172 0.548 1.31 1.95 1.04 1.06

10 0.168 0.515 1.21 0.98 1.01
e

" Interpolated from Meignoni, Sabnis and Nath.''
' Interpolated from Nath Meigonni, and Meli."
' Interpolated from Meigooni, Meli, and Nath.'

-dPresent work.

lindrical shell replacing the Solid Water as shown in Fig. ment with measured data, within about 8% (Table II). To
1) relative to the dose rates in the homogeneous Solid analyze the differences between measured data and Monte

Water phantom. These results indicate an increase in rel. Carlo simulated data, average values of the ratios of mea-

ative dose rates (relative to that in Solid Water) in all cases sured and Monte Carlo data were calculated in three dif-
right after the heterogeneity by about 130%, 55%, and ferent regions; before the heterogeneity, inside the hetero-

10% for Pd,323,and 2423
1 Am, respectively. For points geneity, and beyond the heterogeneity.

before the heterogeneity (toward the source), a negligible The formalism described in Sec. Ill C was used to cal-
effect is observed. The inhomogeneity correction factor in- culate the dose rates of ''2Ir, 2"Am,125 , and Pd sources3

1

creased from 1.00 before the heterogeneity to a maximum in the heterogeneous medium. These calculations were per-
of about 1.10,1.55, and 2.30 at a point just beyond (within formed using the radial dose functions shown in Table I.

24iAm, 125 , and Pd As an example, predicted absolute dose rates for ' 3Pd in3
10.5 cm) the heterogeneity for

sources, respectively. As distance beyond the heterogeneity the heterogeneous medium are shown in Fig. 6. Overall,
increased, the inhomogeneity effect was still quite large for they are in good agreement with measured data (Table II).
1251and *3Pd; about 1.40 and 1.90, respectively, at 4 cm For comparison, absolute dose rates as a function of dis-

53beyond the heterogeneity [ Fig. 3(b) and (c)}. For 2 cam tance from a Pd source in homogeneous phantoms of
sources, the inhomogeneity effect decreased to a negligible Solid Water and polystyrene are also shown. To investigate
amount at about 3 cm beyond the heterogeneity [ Fig. the accuracy of the dose calculation formalism, the ratios
3(a)]. A comparison of the inhomogeneity effects for of dose rate in heterogeneous medium at a given point to

Pd,125 , and "Am is shown in Fig. 4. that in homogeneous Solid Water medium were deter-253
1

Effects of two different heterogeneity thicknesses were mined as a function of distance from 2u Am,125 , and1

I also investigated theoretically using the Monte Carlo cal. Pd sources and the results were compared to the ratios"3

culation technique, and experimentally using TLDs. For of measured data, as shown in Fig. 3(a)-(c). A quantita-
1 our studies indicate that the inhomogeneity effects in- tive comparison of predictions of the dose calculation for-125

crease considerably when the thickness of the inhomoge- malism with measured and Monte Carlo data are shown in
neity is increased from 1-cm-thick polystyrene to 2 cm Table II. The maximum deviations are - 12% and .

(Fig. 5). For the smaller (l em thick) heterogeneity, the + 8% The overall agreement in the entire range for all
} correction factor reached a maximum value of 1.25 just isotopes is within *2%

beyond the heterogeneity; and then decreased to a negligi- .

ble value at points about 3 cm beyond the heterogeneity.
The maximum inhomogeneity effect for 2.1-cm-thick het-
crogeneity was 1.55. Thus for 1 the inhomogeneity effect It has been shown earlier by us that there are significant125

increases by about 24% as the thickness of the heteroge- differences in the penetrating ability of photons from 125g
neity increases from 1 to 2 cm. This experimental observa- sources in homogeneous phantoms of Solid Water,
tion agrees with the prediction of the dose calculation for- PMMA, and polystyrene.8 In this previous study, the pen-
malism with an accuracy of better than 1% Itaving tested etration of radiation was higher in polystyrene than in
the validity of our dose calculation formalism, it is pre- PMMA and that in PMMA was higher than that in Solid
dicted that the inhomogeneity correction factors increase Water. It was also noted that the differences between poly-

2by 34% and 6% for *3Pd and "Am, respectively, as the styrene, PMMA, and Solid Water are not proportional to
thickness ofinhomogeneity increases from 1 to 2 cm. the density of the material because polystyrene with a den-

3The results of our Monte Carlo simulations are in agree- sity of 1.044 g/cm exhibits a larger difTerence relative to

Medical Physics, Vol.19, No. 2, Mar /Apr 1992
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i was noted that the penetrating ability of low-energy pho-,
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Solid Water, PMMA, and polystyrene are 7.4,6.5, and 5.7,
, .

;

; i 3[ 1| j respectively, one would expect a smaller relative probabil-

*2/ ! .; ity of photoelectric absorption in polystyrene than in
g 3 ~, , t
a l !

'

PMMA, and also smaller in PMMA than in Solid Water.'

4
i

i ,j These data led us to expect a larger effect with a polysty-

on! d rene inhomogeneity in Solid Water than with a PMMA
2 3 4 5 0

'
e inhomogeneity in Solid Water; therefore, we elected toc *

(b) D&th c% conduct the present study with a polystyrene inhomogene-

f m 3,_ ity.
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fig [|Fio.1 (a) Dose rates of *Am in a heterogeneous Solid Water phantom s

p'' ,T
|with a 2.1-cm-thick polystyrene shell, relative to that in a homogeneous

W. jSdid Water phantom. Filled circles represent measured data, open circles '

k U '

Monte Carlo results and the miid curve the predictums of our dose cal- , ,, !
' '~

culation formahsm. (b) Dose rates of "'I in a h terogeneous Sohd Water 0 1 2 3 a 5 6 S'

priantom with a 2.1-cm-thick p(dystyrene shell, relative to that in a ho- "" #,.,

mogeneous Sohd Water phantom. Filled circle'. represent measured data,
open circles Monte Carlo results and the sob.s curv. the predictions of our
dose calculation formabsm. (c) Dose rates ::f YPd in a heterogeneous Fla. 5. Monte Carlo calculated dose rates from "'I in a heterogeneous

Sohd Water phantom with a 2.1-cm-thick polystyrene shell, relative to phantom with a 1.0- or 2.1-em thick polystyrene shell. relative to that in
that in a homogeneous Sobd Water phamom. Filled circles represent a homogeneous Sohd Water phantom, at the same souice-tc<!ctector
measured data, open circles Monte Carlo results and the sohd curve the distance, for two different sizes (thickness) of inhomogeneity. The scdid

predictions of our dose calculation formahsm. curves reprewns least-square fit to the data to guide the eye.

Medical Physics, Vol.19, No. 2. Mar /Apr 1992



- 406 . A. S. Melgooni tnd R. N th: Timue inhomogen11ty cerr:cti:n for briehythirrpy ecurc33 406
.

TAMI il Compansons of data from ancasurements, Monte Carlo simulations and the dose calculation formalism. "

Mean value of the ratios of doses
Before inside Beyond Entire

Isotope poly inhomogeneity poly inhomogeneity poly inhomogeneity . range

Measured versus
Monte Carlo; *Am 0.968 1.075 0.939 1.005

*I 1.024 0 992 I.054 1.019
*Pd 1.067 0.927 0981 0.981

Measured versus
Formahsm: *Am 0.98 0.957 0.879 0.932 i

*I 1.052 1.078 0.997 1.040
"Pd 1.074 0.983 0.966 0.984

Monte Carlo versus
Formalism: NAm 1.012 0.840 0.936 0.927

*I 1.027 1.087 0.946 1.021
*

*Pd 1.007 1.060 0.985 LO20

s

electron transport. The spherical geometry is more efficient high activity "2Ir source from a high dose rate remote
than the cylindrical geometry, but the spherical phantoms afterloader in a water tank." In this experiment it was
for experiments are very difficult and expensive to fabri- observed that introducing a 6.1-cm slab of polystyrene in . !

cate. In this project, our intention was to develop bench- water phantom in between the source and detector
mark data that can be used to evaluate the accuracy of changed the dose rate only by about 0.8% relative to the
theoretical models and Monte Carlo simulations of inho- dose rate in a homogeneous water phantom. Thus we are 3

mogeneity effects in brachytherapy. fairly confident that the lack of inhomogeneity effect for
As expected by the higher energy of photons emitted by 192 Ir, as predicted by our formalism, is real.

"2 Ir compared to 25g, imPd, and 24'Am, our formalism In conclusion, we have measured inhomogeneity correc--
predicts no inhomogeneity effect for the "21r sources in the tions for dose in a cylindrical Solid Water phantom con-
geometry described in Sec. II A. This theoretical expecta- taining a polystyrene inhomogeneity. As expected, this in-
tion is also supported by previous experimental data with a 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
. . ,'"j d ! treatment planning computer codes, has been developed.

[* h] ! Accuracy of the dose calculation formalism has been tested

| ; 1 only for points along the transverse axis in a cylindrical
3 '[ k h j ] geometry, Although it is reasonable to expect that it will
E i i .! perform adequately for planar or spherical geometry, its i

5 [ *b Y i accuracy in the presence of small heterogeneities in com-
C f *d. d ] plex geometries is totally unknown. For more accurate

? ! i*h I dose calculations in a complex heterogeneous medium such

7 ! !TlNq: j as a patient, further work is required.

[ M e.n$
e,- .
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Dosimetry on transverse axes of 1251 and 1921r interstitial brachytherapy
sources

Ravinder Nath, Ali S. Meigooni, and Jerome A. Meli
Depanment of Therapeutic Radiology. Yale University SchoolofMedicine. New Haven Gmnecticut 06310

(Received 29 August 1989; accepted for publication 5 July 1990)

Dose rates along the transverse axes of '"I model 6702, '"I model 6711 and ""Ir 0.2-mm steel
sources for interstitial brachy therapy bas e been measured in a solid-water phantom for distances
up to 10 cm using LiF thermoluminescent dosimeters (TLDs). Specific dose rate constants, the
dose rates in water per unit source strength I cm along the perpendicular bisector of the source,
are determined to be 0.90 0.03,O.85 0.03, and 1.09 0.03 cGy h ~ ' U ~ ' for '"I model 6702,
"'I model 6711 and '"Ir 0.2-mm steel sources, respectisely (l U = unit of air kerma strength

2 2=1 Gy m h ~ ' = 1 cGy em h - '). In older and obsolete units of source strength (i.e., mci'

apparent ), these are 1.14 0.03, 1.08 0.03, and 4.59 015 cGy h-' mci ~ ' (apparent).
Currently accepted values of specific dose rate constant for *l sources are up to 20% higher than
our measured values which are in good agreement with the results of our hionte Carlo
simulations. But for '"Ir there is good agreement between our measured value of the specific dose
rate constant and currently accepted values. The radial dose function for '"I model 6702 is found
to be consistently larger than t hat for "I model 6711, wit h an increasing difference as the distance
from the source increases. Our measured s alues for the radial dose function for "'I sources are in
good agreement with t he results of our N1onte Carlo simulation as w ell as the measured values of
Schell et al. [ Int. L Radiat. Oncol. Biol. Phys. 13,795-749 (1987)] for model 6702 and Ling et al.
[ Int. L Radiat. Oncol. Biol. Phys. 9,1747-1752 (1983) J for model 6711. However, some of the
recently reported 51onte Carlo s alues of the radial dose function for "I sources are significantly
larger than measured s alues; up to 18G at a distance of 5 cm. Our measured radial dose function
for t he '"Ir seed is in good agreement wit h our hionte Carlo calculated values, and with both our
earlier data for the high actiuty " Ir source of a remote afterloader and recommended values by
hicisherger et al. I Radiol. 90,953 957 (1968)].

Key w ords: "'1, "Clr, brach) therapy, dosimet ry , radial dose function, specific dose rate constant

1. INTRODUCTION hionte Carlo simulation techniques."'" Also, sp cific dose
,

rate constants and radial dose functions have been calculat-
Despite the availabihty of extensive hierature on the dosi- ed by sescral insestigators using hionte Carla simula-
metry of interstitial brachytherapy sources, measured data tions."'" The only direct measurement of dose rates in a
on dose rates around *1 and ""It sources in a tissue equis a- medium are those from Kubo and Anderson'2 in 1979, w ho
lent medium are extremely sparse. To the best of our know- used a hemisphericalionization chamber in a tissue equisa-
ledge, there are no previous reports in the peer-reviewed sci- lent phantom, Krishnaswamy"in 1975 who used LiF ther-
entific hierature w hich present direct measurements of dose moluminescent dosimeters (TLDs) in an acrylic phantom
rates m a medium ftom interstitial brach) therap3 sources in and Hartmann et al."in 1983 w ho used LiF TLDs in a mix-
current use, i.e., "I model 6711 source (sihen wire iodine- D phantom. All three of these measurement were for the
125 seed), "I model 6702 source (no marker iodine-125 now discontinued model 6701 "I source. Es en for measure-
seed) and *lr (0.2-mm steel encapsulation iridium-192 rnents of relati e doses such as the radial dose function or the
seed). Generally, dose rates in tiwue are determined using angular distribution around sources in current use only one
the exposure rate constant, the exposure-to-dose cons crsion or tuo sets of measurements have been reported for the "'I
factor (f factor) and the tissue attenuation correction fac- model 6702 source," the "I model 6711 source," the "'21r
tors.' iloneser, newer protocols recommend the use of air 0 2-mm steel source" and the "'21r 0.1-mm Pt source." On
kerma strength for source strength, specific dose rate con- the other hand, several 51onte Carlo simulations investigat-
stants and radial dose functions for dose calculations." The ing the radial dependence of depth dose in various tissues
exposure rate constants for point and filtered sources of "'I and two dimensional dose distnbutions hase been report-
and "21r hase been determined theoretically ' and experi- ed." "2

mentally' ' by a number ofins estigators. The correction fac- To rectify the paucity of measured dosimetry data for *1
tors for tissue attenuation also hate been determined both and "'21r sources. t he National Cancer Institute ( NCI) orga-
experimentally and theoretically for a sariety of brachui- nized in 1985 an Interstitial Collaboratise Working Group
apy nuclides." " The calculations base used either herger's 'ICWG ). One of the objectis es of the ICWG was to evaluate
method" " of point-isotropic source buildup fae; ors" or the accuracy of the dosimetry data of "I and "21r. The

1032 Med. Phys.17 (6), Nov/ Dec 1990 0094-2405/90/061032-09501.20 4 1990 Am. Assoc. Phys. Med. 1032 .-
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ICWG comprised three independent research teams from f
Memorial Sloan Kettering Institute, the University of Cali-
fornia at San Francisco, and Yale University, who conduct-
ed a thorough analysis of the dosimetry of '"I and "21r

P
sources. This paper presents a part of the dosimetry data g (r e)
generated by one of the participating institutions during the
course of this three year effort. r

ll. MATERIALS AND METHODS g 4o

A. Definitions and basic equations i8f 2 ~ =2

f a t
J

I Ilt has been common practice to express the strength of
brachytherapy sources in terms of equivalent mass of ra- m w magram iiiustratmg the geometry or a dose calculation
dium (mg) or apparent activity (mci). Eqmvalent mass of formabsm for a tmear radioactise v urce.
radium is that amount of radium in 0.5-mm Pt encapsulation
w hich produces the same exposure rate in air at a large dis-
tance from the source center along the transserse axis. Simi- transverse axis can be expressed by

-

larh , apparent activity is the activity of a point hypothetical
bare source w hich produces the same exposure rate in air as b(r) = AS, % , (4)
the actual source. In 1974, the National Council on Radi. r

ation Protection and Measurement" (NCRP) recommend- w here r is the radial distance from the source center, A is the

ed that "the specification of gamma-ray brachytherapy specific dose rate constant defined as the dose rate per unit
sources should be in terms of the exposure rate at one meter air kerma strength at I cm along the transverse axis of the
from, and perpendicular to, the long axis of the source at its seed, and g(r) is the radial dose function that accounts for
center." Following the recommendations by the NCRP, radial dependence of photon absorption and scatter in the
other national and international groups have made similar medium.
recommendations, except that exposure rate has been re- For the point source approximation, the isotropic dose
placed by air kerma rate. For brachytherapy sources, the air distribution around interstitial sources can be obtained using

kerma is related to exposure by" the anisotropy factor 6,,,, as follows

K = ( W/c)X, (1) b,,,,,o (r) = ASy # k 6,,,, (5)
r

w here W/c is the average energy required to produce an ion where the anisotropy factor is the ratio of 4rr-averaged dose
pair in dry air and has a value of 33.97 3 C-' = 0.876 rate, at a distance of r, to the dose rate at the same distance
cGy R~' In agreement with these recommendations the along the transverse axis and has values of 0.96,0.94 and
AAPM * has also recommended the use of air kerma 1.00 for '"I mode 16702, '"I mode 16711 and '"Ir sources,
strength for specification of brachytherapy sources. Air respectively."
kerma strength S is defined as the product of air kerma rate4

in air at a large distance /from the source center along the B. Radioactive sources
transverse axis and the distance / squared'

Measurements, reported here, were performed using the

Su = K,/ (2) '"I seeds manufactured by 3M (Medical Products Divi-2

sion/3 M, St. Paul, M N ), w hich are available in t wo different
The recommended unit of air kerma strength is Gy m h ~ ' models. Low-activity seeds, model 6711, can contain up to

2

which is numerically equal to cGy em h~ '. In this paper, 555 MHg (15 mci) '"I adsorbed onto a silver wire, while
2

we shall denote this unit by the symbol U i.e., high-activity seeds, model 6702, contain up to 1480 MBq

1U = 1 Gy m h-' = IcGy em h-' (3) (40.0 mci) '"I adsorbed on three ion exchange resin2 2

spheres (0.6-mm diameter). The outside dimensions of
An apparent activity of I mCiis equivalent to 1.27 Uand these sources are 4.5 mm long x0.8-mm diameter. Each

4.20 U for '"I and '"21r sources, respectively and 1 type of seed emits the spectrum of '"I ranging from 27.4 to
mg Ra Eq of "21r is equivalent to 7.53 U. These conversion 35.5 kev. Model 6711 also emits characteristic x rays of sil-

factors are based on an exposure rate constant of 1.45 and ver between 22.1 and 25.2 kev. The average photon energies

for '"I and " Ir, respectively." for the model 6702 and model 6711 sources are 28.5 and 27.44.60 R cm mci ^ ' h2 '

The ICWG in its final report has also recommended toe kev respectively. Details of the source base been described

adoption of air Lerma strength for the specification of bra- previously by Ling et al." and Schell et al." for the model
chytherapy sources." Furthermore, the ICWG has devel- 6702 source and by Ling et al.'" for the model 6711 source.
oped a formalism for the dose calculation ofinterstitial bra- The '"21r source contains a 30% "21r-70% Pt alloy wire
chy therapy sources which is briefly desenbed in the encapsulated in a 0.2-mm. thick stainless-steel t ube ( Best In-

Appenda. As shown in the Appendit the dose rate from '"I dustries). The outside dimensions are 3.0 mm longx0.5-
and "#1r sources at distances greater than I cm along the mm diameter the source emits a wide spectrum of energies

Medical Physics, Vol 17, No. 6, Nov/Dec 1990
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mostly in the range of 20) to 884 kev with an average value
of 360 kev.' 7

c) 6 [ | / /|[
Source strengths were measured with a re-entrant well.

; ,

type ionization chamber calibrated by the Radiological ! ! gg' yx
Physics Center (RPC), Ilouston, Texas, for several bra- g ['r=~cr d g.4 us

chytherapy sources, including the "'Ir and '"1 sources used O - W ,D /
,

in this work. The constancy of the well-type chamber was [. ~ [p
'
i checked using an NIST-calibrated 10.04 mg 22*Ra source. O b ~* / P''P , / bor ' bThe overall precision of the calibration of the brachytherapy o' ' s
j source has been estimated to i 1E During the course of f ' \ ~ , '~ /'/ A
, s

f

//j these calibrations, the source strengths were in the range of

' 4]']p/
' '-

| 1(L40,5-18 and 18-46 U for the "I model 6702, "'I model
1 6711 and '"Ir sources, respectively. /

| To verify the accuracy of strength determination, a spe-
J cially ordered seed of each type with a precise and individual
i calibration was obtained from the manufacturer. Strengths
I of these three seeds were then measured using the well-type
| chamber described above, and then the sources were sent to

I the other two participants in the ICWG. The agreement
among the three ICWG participants and the manufacturer's, F n 2 Schernanc diagrarn of the cycrimental setup for dose measurements
values for the source strengths was within 2%. a,ng the transserse aus or the source The source axis is perpendicular to

the plane of the figure.
C. Dose measurement techniques

a Dose measurements were in a 20 x 20 x 20 cm solid-water
phantom (Radiation Measurements Inc., model 451) using sured with a Harshaw TL.D reader (models 2000A and'

; LiF TLDs. In previous Monte Carlo studies, it has been 200()H). The response of individual chips was corrected for

shown that solid water [ composition 11 ( 8.099 ), differences in their physical properties such as mass, size,

; C(67.22% ), N( 2.40G ), O(19.849 ), Ca(2.32G ), and etc., using a chip factor.

j Cl(0.13% )] is equivalent to water for '"I and '"Ir dose Since the shape of the TLD chips (a flat square) allows

measurements within 5G.2'" In each measurement, IiF three different orientations relative to the source, the effect

chips were distobuted in precisely drilled holes along four of chip orientation was investigated. As described in our ear-
,

lines dis erging from t he seed. Chip centers were located at I_ lier work, chip orientation has a negligible effect on our mea-

| cm intersals along each line ranging from 1 to 10 cm from surements.2'

| the seed. With this arrangement, up to four measurements Also a small correction factor was applied for the finite

) were simultaneously obtained at each distance. A diagram or size of the TLD chip.2' While this factor was significantly
| the setup is show n in Fig. 2. Additional slabs of solid water different from unity for distances less than I cm, its values in

j were placed on the side of the phantom near the source to this work were 1.013,1.003 and 1.001 for distances of 1,2,

g ensure the presence of at least 10 cm of medium in all direc. and 5 cm respectively.

| tions around the source The TLD chips at distances of 8-10 The sensitivity of LiF TLD, defmed as the TLD response

cm from the source along the tuo outer radiallines ( Fig. 2) per unit dose to water, varies considerably with photon ener-'

w ere closer than 10 cm from the phantom edge. Ilowes er, no gy. As previously described 2' the sensitivity of LiF chips

measurable difierence hetueen the results from inner and was determined for 60,80,100, and 250-kV and 4-MV x-

outer radial lines was observed. TLD chips u ere arranged in ray beams and a high-activity (370 GHg) '"Ir source. For
a pattern that minimized interchip effect; i c., perturbation the orthovoltage energies and t he '"Ir source, t he chips were

of the radiation field by the presence of other chips in the irradiated in air simultaneously with the NIST (formerly
phantom.'' in each measurement all chips received approxi. N HS ) -calibrated Spokas chamber w hose ionization charge
mately the same dose by varying the irradiation time; the was converted to dose to water in air following the ICRU
chips nearest the source being removed first from thejig. So ( 1973 ) protocol.'" For t he 4-M V x-ray beam, t he chips were

as not to alter the irradiation conditions, other chips were irradiated at d,,,, in phantom, and dose was calculated ac-
placed in the sacated positions cording to the AAPM ( 1983) protocol frorn the charge col-

Details of our protocol for T1 D measurements have been lected u ith an NIST-calibrated t himble chamber. Responses

described previously" and are described here briefly. Three of the LiF as a function of dose-to-water were used to deter-
'

batches with 100 each LiF TLD ohips with dimensions of mine the sensitivity of LiF for each photon beam. The sensi-

3.1 x 3.1 x 0.89 mm (TL.D-100, Teflon chips, liarshaw Co. ) tivities u ere then related to the monoenergetic equivalent of

u ere used in this work. !!cfore each cxperiment,1 LDs u ere each x-ray beam. For the '"I sources, the TLD sensitivity
annealed in an aged aluminum tray at 4(10"C for one hour relatis e to 4-MV x-ray beams (Varian Clinac 4 ) was 141. In
and then kept at room temperature for 45 min followed by the case of '"Ir, a depth dependent energy correction, as
80 'C heating for 24 h. After irradiation and a waiting period described by Meigooni et al..'" was used to take into account
of at least 24 h, the responses of the TLD chips were mea- the degradation of "*Ir photon spectrum with increasing

, _ _
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depth; the values of relative TLD sensitivities used in the are given in Table I. The photon spectrum for "'Ir has al-n2

Ir measurements were 1.00,1.02,1.05,1.06, and 1.08 for ready been described.'" '"I, model 6702, emits an average of
source-to-detector distances of 1,3,5,7, and 10 cm, respec- 1.47 x-ray photons per disintegration. *I, model 6711,
tively. emits an average of 1.85 photons per disintegration and the

1r 0.2-mm steel source emits 2.17 photons per disintegra-"2

D, Monte Carlo calculations tion. Using these data and attenuation factors of 0.879 and

Monte Carlo calculations were performed using the inte. 0.859 by the 0.05-mm-thick titanium wall for the photon

grated tiger series (ITS) codes which are expansions of the spectra emitted by '2'I models 6702 and 6711, respectively,

17RAN code of Berger and Seltzer" allowing multidimen. we converted the Monte Carlo calculated dose rates per unit

sional and multimedia phantoms. The ITS series is mainly a photon fluence to dose rates per unit air kerma strength.

combination of three codes: (i) Ticta, for one-dimensional in this work, the Monte Carlo simulations described

calculations; (ii) cyt;t RAN, for calculations in cylindrical above are used only for the determination of relative depth
dose, because our Monte Carlo simulations assume a pointgeometry; and (iii) ACCLPr for any complex geometry.

These codes incorporate photon and electron transport ia source encapsulated in a spherical shell of titanium which

the energy range of 1.0 kev to 1.0 GeV. In this work, calcula_ may not result in exactly the same radiation field as the actu-

tions were performed in a spherical phantom using the al seed configuration. For this reason, we do not recommend _

the use of our Monte Carlo simulations for absolute doseArctPT section of the ITS code. Multiple scattering step.
determinations.lengt hs w ere obtained using the logarithmic grid spacing op.

tion which results in energy loss by a factor of 2' "in the
ill. RESULTSpath increment. This path length was further subdivided by

the code into 1-10 step lengths, depending upon atomic A. mi sources
number and density of the medium. For solid water and ti' Measured values of the specifie dose rate constant,i.e., the
tanium, the number of steps m the path increment were 3 dose rate at I cm from a unit strength source along trans-
and 6, respectively. All the calculations were done on a Mi- erse axis in water, were 0.90 0.03 and 0.85 0.03
croVax 11 computer operating under the Micro VMS operat- cGy b._ i U .,for ,3I models 6702 and 6711, respectively.
ing system, version 4.3. Typical calculations employed 1-2 .T.hese are the averages of about 12 measurements for each
million photon histories which resulted in a statistical uncer- determinanon. In temW now oMete unk dapparent
tainty of up to + 3% activity these constants are 1.14 i 0.03 and 1.08 0.03

Depth doses m.-sohd water were calculated for an isot ropic
cGy h~ i mci _ i, respectively fl. ble 11).

'
a

point source emitting 1he photon spectrum for e'I sources Ikse rates in solid water at distances of I to 8 cm along the
encapsulated by a spherical titanium shell of 0.05 mm thick- transverse axis of the sources are shown, per unit air Lerma
ness. T.he effect of 0.2-mm-thick steel encapsulation on the strength, in Fig. 3. The agreement between our measured
photon spectrum emitted by '"Ir sources was found to be (data points) and calculated (solid line) dose rates is excel-
negligible, which is in agreement with the earlier observa- lent.
tions of I oyer and Cobb.' The phantom was divided into Measured dose rates in solid water were converted to radi-
concentric spherical shells of 2 mm thickness with the encap- al dose function, g(r), using Eq. (8), and the results are
sulated source at the center of a 30-cm-diam sphere. The ITS shown in Fig. 4. The g(r) for the '"1 model 6702 source is
code computes the average energy deposited to the spherical consistently larger than that fo. model 6711 (Table 111).
shells by the secondary electrons ihr each emitted photon in The ditTerence between the two models increases with in-
units of MeV photon ~ '. Dividing by the mass of the shell creasing distance, reaching a value of up to 15% at a distance
gives the dose to the medium in units of MeV g- ' photon ~ ' of 8 cm. The reason for this difference in g(r) is that model
The photon spectra used in these calculation fbr " I sources 6702 emits photons with an average energy of 28.5 kev

which is larger than the 27.4 kev average photon energy of
model 6711. This small difference in photon energy pro-

l ot t I specirum or photons emined by encapsulaird '"I sourcet duces a measurable change in g(r) for '"I because of steep

Photons / Disintegration

Model 6702' Model 67 t 1*
To i II Dose rates at I cm along the tranwerse aus of '"I model 6702,

0.0354 0 0666 0 0066 *l model 6711. and "ir 0 2-mm steel sources in terms of unit air Lerma
0 0318 0 0426 0.0426 strength (l U = 1 pGy m' h' ' = 1 cGy cm' h -') and umt apparent activ-
0.0309 0 2056 02056 ify [ mci (app)1

0.0274 0.7615 0.7615
0 0272 0 3906 0 N06 Dose rate constant, A
0.0252 0 085
0.0221 030n Source (cGy h ~ ' U ~ ') (cGy h-' mci- ')

TOTAL 1467 t 852 "I model 6702 0 4) + 0.03 1.1410.03
*1 moJel 6711 0 85 + 0 03 1.08 + 0 03

' Reference 45. "tr 0.2-mm steel 109 + 0.03 4 59 0.14

" Reference 46.
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Tou 111. Measured raJul dose functions. g(r). for "I matel 6702. '"I~

:;' :

f*
e. m. r - A ] rmdel 6711 and "ir sources|*.m.et

I * Ihstance Radial dose funct on,

' alag the -

. <
.

i ranss erse '"! "I
, ,

*

aus km ) "Ir hiel 6702 Model 67 I I*
..

, ,

'

0. 5 1.01 0 oh 0 54*-

*
*

1.0 1.00 1.00 1 00,

2O | 03 0 b6 0 b4
30 1 00 OM 0 63i

* ~ 40 0 97 0 53 0 47
0 47 0 38 0 34

I tu 3 the rate rmr unit Sr k errna strcr.pth as a funs tion of dstance along {'i o Q gy g3g
the transserse axes cf '' i nale! 6702 wur( e (left panel). '' l model 67 |1

7 gg
hour (C t!Inddle panel) and ''-1: O 2.rnm steel etiairsulation source (right ,, f g,, g;gg
pancl).'ihe measurer! Jo are show n by Mled circles and the Mon:e Carlo gg gg
calculated ulocs are illastrattd by the bar graphs

dependence of photoelectric attenuation at low energies.
To facilitate interpolation. we fitted the data for gf r) to a tween our measured (data points) and calculated (solid

fifth-order poly nomial function of r, as gis en by the follow. line) dose rates is excellent.

ing expression The radial dose function, g(r), was calculated from the
measured dose rates and the results are shown in Fig. 4.

g(r) - Y a, r'. (6) Because of the relatisely high photon energy, the g(r) at
I' large distances ( > 2 cm) for "2Ir is much larger than that

The values of the parameters a, for a fit to the data from for '2'l sources (Table 111). At 8 cm the g(r) for "2Ir drops
r = 1 to 8 cm are gis en in Table 1V. The fitted curs es. show n to only 0.94 in comparison to low values of 0.20 and 0.17 for
as the lines through the data points in Fig. 4, illustrate the oI models 6702 and 6711 sources, respectis cly. Also shown
good quality of the fit- in Fig. 4 is earlier data" for g(r) obtained using the high

actisity (nominally 370 Gilq) "2Ir source of a remote after-
loading system (GammaMed Ili). As shown in Fig. 4, the
radial dose function for the consentional "21r brachyther-B. *lr sources
apy source with 0.2-mm-thick steel encapsulation is the

Measured s alues of the specific dose rate constant for "2Ir same as for the hich-actisit) source (5.5 mm long x 0.5-mm
was 1 09 1 0.03 cGy b 'U which is equis alent to' '

diameter with steel encapsulation of 0.25 mm thickness).
4.59 -t O.14 cGy h ' mci ' Dose rates in solid water at For '"Ir, the data was fit by a third order polynomial, the
distances of 1 to 10 cm along the transs erse axis are show n. coeflicients of w hich are listed in Table IV. This fit is shown
per unit air Lerma strength, in Fig. 3. The agreement be- as the line t brough the data points in Fig. 4. The polynomial

fits to the "21r data presented here are valid for the range of
distances 1 to 10 cm from the source and should not be ex-
trapolated to other points outside this range.

IV. DISCUSSION AND CONCLUSION
,3

Specific gamma-ray constant and exposure rate constant
*,**'** for a point "21r source have been calculated by many investi-

. . my m ..

s ,
*

.
9 gators in the past. For a bare point source, Glasgow calcu-

lated salues of 4.62 and 4.69 R cm 3 -' mci ' for the spe-2

,

cide gamma ray constant and exposure rate constant,,

i * * Presert m respectively. In the same year, Boyer and Cobb' calculated

. % et e the exposure rate constant to be 4.64,4.60 and 4.39 R cm'4

h ' mci ~ ' for a bare source, 0.2-mm steel encapsulated; .

source and 0.1-mm Pt encapsulated source, respectisely. In. ,

1981 Glasgow * also reported similar values,4.4510.10 and
4.30 0.10 for exposure rate constant of 0.2-mm steel and

' ~

0.1-mm Pt encapsulated "21r source, respectively. Calculat-
ed values of the specific dose rate constant in water were

reported by Dale"',in 1982, which were corrected later byin 4 Radial duc funcnon fm "I nudel 6''02 and "I model 6711 ilcf t
Masles and I,urber' to be 4.4640.05 cGyh. mQ. ~ ~ i for

,

panell and '" Ir 0 2-mm sicci enapsutanon wurce ( richt pnel! I be hnes
through the data lunts are the pol nonnal fbs to the rucasureJ data "#lr. Except for the measurements by Ihe ICWG" which3
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T Anu t IV. Coefncients for the fifth-order polynornial fu to the radiat dose function, g( r), for "'I model 6702,
"'I model 6711 and coefhcients for the third-order polyomial fi for '''Ir 0 2-mm steel source. The polynomiah
are accurate from I to to em for "Ir and I to 8 cm for "'t, and should not be used outside this range.

"'I "'I "Ir

Coefticient Modet 6702 Model 67Ii 0.2.mm steel

a I.0815 x 10" 1.00 780 x 10" t JKu x 10"o

a,(cm-') - 3.258 30 x 10' 2 1.370 20 X 10 ~ ' 3.2336 x 10 ' *

a, (cm~2) - 5 840 30 x 10 ' ' - 1.84310 x 10 - ' - 9 0861 x 10 ~ '

a, (cm' ') 1.019 40 x 10 - 2 4 450 30 x 10 ' - 4 4500 x 10' '
'

a. (cm ' * ) - 5.94180 x 10 ~' - 4 574 20x 10 00

a, (cm ' ') 1000 60 x 10 ' ' !.772 40 x 10 ' * 0.0

are in the process of being reported, there are no measured NIST '"I exposure standardization experiments. Some of
data to verify these calculated dose rate constants for "21r, these Monte Carlo calculated valdes are up to 20% higher

In this paper, we report a measured value of 4.59 i 0.14 than the measured and Monte Carlo calculated values of this

cGy h-' mci" w hich is in good agreement with the mea- work.
sured values determined by the other participants in the For the '"I model 6702 source, our measured and calcu-

ICWG. lated values ofg(r) are in excellent agreement with the mea-

Considerable literature exists on measured and calculated sured values from Schell et al." and Monte Carlo values of
exposure rate constants for Ihe now obsolete '"1 model 6701 Iturns and Raeside" The agreement with Monte Carlo cal-

2source.*" These data, as well as the Monte Carlo calcula- culations of Williamson and Quintero "is not as good (Fig,
tion by Dale"'" for a bare point source of '"I, do not apply i). For example, calculated values for g(r) at 5 cm from

2

directly to the currently used '"I sources. It has been com- llurns and Raeside" and Williamson and Quintero " are
mon practice to use 1.30 cGy b ~ ' mci-' for th9 specific 0.43 and 0.46, respectively, which are about 10% and 18%

dose rate constant for both models 6702 and 6711 '"1 larger than our measured value of 0.39. Our Monte Carlo
sources.'2 This value is derived from the product of the expo- calculated values of g(r) for '"I model 6702 source are in

sure rate constant of 1.15 R cm h ~ ' mci- ' and thef factor good agreement with our measured data with a mean devi-2

of 0.90. This derivation assumes that the tissue attenuation ation of 4% for radial distance in the range of 1-8 cm.

correction at I em in water and the etTeets of source dist ribu. The reasons for the discrepancy among Ihe various Monte

tion of radioactivity in the sources, are negligible. The s alue Carlo calculations for both dose rate constant and g(r) are

of 1.30 cGy h' ' mci, however, is in good agreement with
Krishnaswamy's" measured value of 1.35 cGy h" mci''
and his calculated value of 1.32 cGy h- ' mci-' for the ob-
solete '"I model 6701. In this work, measured v.-dues of the 1 ec ,- .. - - - _ , _

specific dose rate constant are 1.14 and 1.08 cGy i ' mci- ' 125'

jfor "'I model 6702 and 6711 sources, respectively. These are I ', j
i uodei6702

!O"
in good agreement with the results from other participants of j,

ithe ICWG, indicating that the currently used specific dose g-
" -

rate constants need to be revised downward by 14% and ' -o 4

20% for '"I models 6702 and 6711 sources, respectively. i 'a
|

Recently, Williamson" has performed Monte Carlo simu. L, b |

lations of '"I models 6701, 6702 and 6711 sources, and j )
"

g

llurns and Raeside">' have done the'same for '"1 models L
' "

6702 and 671I sources. For model 6702, Iturns and Rae- 2 hg ,

'[ jside" reported a specific dose rate constant of 1.32 ;
~

jcGy h ~ ' mci ' ', for model 6711. Iturns and Raeside" re- 1
.

,g'',

ported a salue of 1.29 cGy h ~ ' mci". Ilurns and Raeside s ;
'

calculated dose rate per contained millicuric about model
I"

6711 seeds. Their reported salue of 1,29 was obtained by - - " - - - "'

normalizing with respeci to a bare point source in w. iter. The O 4 6 ?,

accuracy of this method for absolute dose determination is b : m "m)
somew hat questionable. Williamson" r eported specific dose
rate constants of 1.16,1.22 and 1.23 cGy h' ' mci- ' for '"I 1 is 5. Radna dose funcnon for the mi model 6702 sources measured t A >

""d '"l"d"''d M d """# "" P'''C "' " "4 "' ** P"'Cd " " h ' h' "'''models 6711,6701 and 6702, respectis ely. In his work Wil-
sured data by M hell CIdl. (O). calculated values by Iturm and Raeside ( Q),

liamson also demonstrated that much of th. discrepancy and winiamson wd wniero wt he ad hne n uis . w 3 nomta nnooura

may be due to inclusion of scry low-energy x rays in the. measured data.
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Do. 6. Radial dose function for the '"I model 67 I I sources measured ( A )
hc. 7. Companvm of radial dose function of 9r sources measured (9)

and calcul.ned (V) dunny the present work as unnpared with the mea- and calculated (O) during the present u ork with the measured data by Meh

sured data by 1.mg eial (O). calculated salues by Burns and Racside f Q L
eral (a ) and Meisberger et al. (0). and calculated data by Dale t A ). The
sohd ime is the polynonual fit to our measured data.

and Wdhamson and Quintero ( 0 ). The sohd ime is the poly nomial fit to our
meawred data

brachythercy seeds. However, they define the radial dose
unclear. One possible reason may be the use of a different function umg an equation different from the original defini-
defmition of apparent actisity. Burns and Raeside22' define tion of Dale's"' and then compare their radial dose function
the apparent activity to be that actis ity of a hypothetical bare to that given by Dale"' even though the latter author defmed
point source which would produce the same dose rate in it differently. A direct comparison of the two differently de-
water at I cm as the actual source. In contrast, the consen. fined radial dose functions is not valid as pointed out by Meli
tional definition of apparent activity is in terms of equal ex- et al." The connection between these two is,in the terminol-
posure rate in air. Further work is needed to resolve the ogy of Meisberger cial.," the tissuc attenuation factor at I cm
discrepancies in these Monte Carlo simulations. w hich is the ratio of the dose to water in a w ater medium to

For the '2'l model 671I source, our measured salues of the dose to water in air. Morcos er, Thomason and Higgins"
g(r) are in excellent agreement with our Monte Carlo calcu- say that they " looked at" the effect of the changing energy
lated values with mean deviation of 4%; calculated values spectrum of "2Ir with distance in phantom on the response
being consistently lower than measured values. Also, our of LiF and found it to be of negligible consequence. They do
measured g(r) is in execlient agreement with that measured not supply enough details to allow an analysis of their con-
by Ling et al." How es er, the Monte Carlo calculated g( r) by clusion. Ilowever, this conclusion is contrary to the one
Burns and Raeside ' and Williamson and Quintero" are drawn by Meigooni et al."w ho showed by measurement and2

about 18% larger than our measurements and Monte Carlo by Monte Carlo calculation that the sensitivity of LiF to "21r
calculations and also Ling's measurements. For example, increases with distance in phantom frorn the source. This is
the vaines ofg(r) at 5 cm are 0.34,0.33,0.34,0.41, and 0.39 due to the increase in the relative number oflow-energy pho-
from our rocasurements, our calculations, Ling's measure- tons with increasing distance. For these reasons, we con.
ments," Hurn and Raeside's calculations" and Williamson elude that the radial dose function reported by Thomason
and Quintero's calculation,'"respectively ( Fig. 6). As stated and Higgins" is erroneous, and cannot be compared directly
above, further work is needed to investigate the reasons for with our measurements or Dale's calculations.
this discrepancy. In conclusion, there is a need to revise the dosimetry data

For "21r 0.2-mm steel source. our measured values ofg( r) which is being used for the determination of dose rates pro-
are in good agreement u ith our Monte Carlo calculated s al. duced by "'I and "2Ir interstitial brachytherapy sources.
ues with a mean deviation of about 1%. Our measured val- Specifically, we conclude that (i) the values of specific dose
ues are also in execlient agreement with those measured by rate constants for "'I models 6702 and 671I sources need to
Meli et al" for a high-activity remote afterloading system; be revised downward by up to 20%, (ii) the value of the
and w ith t hose reported by Meisberger et al." ( Fig. 7). There specific dose rate consta nt f. , Ir 0.2-mm steel source does
is, how ever, a significant discrepancy between our values for not need a revision, a w values of the radial dose
g(r) and Dale's "' His values are Monte Carlo calculated functions do not necd am t eusion f rom the measured values
and are consistently higher than the other data by about of Ling et al.'2 for the '2'l model 671I source, the measured
10% at a distance of 10 cm. s aloes of Schell et al.32 for t he "'I model 6702 source and the

in a recent article Thomason and Higgins" present LiF- measured s alues of Meisberger ct al." for "21r sources. How.
TLD measurement of dose along the transverse axis of "21r ever, some recent calculations of radial dose function by
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Monte Carlo simulations'""22 24do not agree w ith measure- Along the t ransverse axis, the values of G(r,r/2 ) for a line
ment and therefore need further insestigation. source of active length 3.0 mm (approximately the active

length of '"I and '"2Ir seeds) are 3.885,0.993, and 0.250 at
ACKNOWLEDGMENTS distances of 0.5,1, and 2 cm, respectively. In comparison,

The authors gratefully acknowledge the assistance of De- these salues for a point source would be 4.00,1.00, and
R25& l ims, for distances equal to and greater than i em, t heanna Jacobs and Trudy Morrow for their awistance in pre.

paring this manuscript. Supported in part by USPI15 con. point source geometry factor is within 0.7Q of ti e value for
the 3-mm-long (active length) line sources of I or Ir

tract no. N01-CM-57777 and grant no. CA-49469 awarded
souwes Howem, for a distance of R5 cm, the point source

by the Disision of Cancer Treatment Research, National
approximation for G(r,0) can result in up to a 3% error.Cancer Instit ute

The radial dose function g( r) accounts for photon absorp-
tion and scatter in the medium along the transverse axisAPPENDIX
(0 = r/2) and. by defmition, is unity at I cm. g(r) can be

According to the ICWG " dose rate in a patient is best determined from a depth dose cur e along the transserse
calculated from quantities measured solel) in a tissue equis- axis, as follow s
alent phantom. Following the ICWG formahsm, the dose l)(r,r/2 )G( 1,r/2 )
rate at a point wah coordinates (r,#) f. rom the center of a 'g( r) =- ( A6)

Ul1 r/2 )G(r,r/2)source t Fig.1) can be expressed as
The angular anisot rop) factor F( r,9) accounts for absorp-

gg 7,g)

AS, G( l. /2) F( r,# ) e( r ), tA1) tion and seatter of1he photons in 1he medium and encapsula-D( r,#) -
tion at any polar angle relatise to that for # = r/2 and the

w here r is the radial datance from the source center in the same radial distance. This function is also obtained from
plane containing ihe source axis (cm ), #is Ihe polar angle, A relatis e dose measurements, using the followine expression

~

is the specsc dose rate constant (cGy b 'U ') and is de- .

'' ' (A7)scribed in more detad below, G(r,U) is the geometry factor F( r,0) =

(cm 2) that accounts for the distribution of the radioactise
D( r,r/2 ) G( r,0 )

mat erial and is described in t he follow mg paragra phs, F( r,u) I or points along the tranu erse asis, Eq. ( Al) reduces to

is the anisotropy factor that accounts for the angular de- . G( r, r/2 )
OI#) ' ^Spendence of photon absorption and scatter in the encapsula- G(1,r/2)

A

tion and the medium (dimensionicss ) and is described in t he w hich, for r greater than or equal to , cm, further simplib,esi
following paragraphs, g(r) is the radial dose function that

'"
accounts for radial dependence of photon absorption and
scatter in the medium (dimensionless) and has been de- Mr) - A S, # ( ' } ( A9)
scribed by Dale."' r

The quantity A, rcferred to as the specifie Jose rate con- For the point source approximation, the specific dose rate
stant, is the dose rate per unit air kctma strength at I cm constant, A,in Eq. ( A9) should be multiplied by anisotropy
along the tranuerse aus of the seed and has units of factors of the seed as follows:
cGyb 'U ; i e.,'

D " ' ( r ) = A S^ 6'' ( A 10)A = D( 1,r/2 )S, . (A2) r r'
Unlike t he exposure rate constant, the specific dose rate con- where 6, is the anisotropy factor which is defined as the
stant is defined for a real phy ucal source rather than a hy po- ratio of 4 r-aseraged dose rate at a given radial distance
thetical bare pomt source of the particular isotope. An> divided by the dose rate at ihe same distance along the trans-
chang in the distribution of the isotope or in thickness, s erse aus. s

length or material ofIhe encapsulation u di resuh m a differ- "

ent dose rate at I em for the same air kerma strength and 'R.1 Shairk ar J M 5tmah "!)munetr3 m implani Ihcrapy." m Radi-
'

hence a different s alue of A. om* Ih""m WI III "hted by i A lin and L Tranhn ( Academic
Prc*s. New Wrk,1%9 L pp 741- sn?.

l,or a point source and a uniforndy distributed hne source + G P (das ow and I.. T.1)d! main "specmc gamma ray constant and
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interseed effects on dose for 12sl brachytherapy implants
Ali S. Meigooni, Jerome A. Meli, and Ravinder Nath
Yale University School ofMedicine, Department of Therapeutic Radiologn 333 Cedar St.,
New Haven, Connecticut 06310

(Reccind 18 July 1990; accepted for publication 10 October 1991)

Dose calculations in multiseed brachytherapy implants are done by adding the contribution of
each individual seed and by assuming that radiation from each seed is unaffected by the presence
of the other seeds. To test the validity of this assumption, dose measurements with various
configurations of multisced implants of 1 model 6702 and mi model 6711 sources werei23

125performed. For a linear configuration of three 1 model 6702 seeds at 1-cm separation, with
their transverse axes coincident, doses at distances of 3.05 and 5.09 cm from the center along the

; transserse axis were found to be about 87c lower than the sum of doses from the three individual
seeds. Ilowever, for three seeds at 1-cm intervals with their longitudinal axes coincident, doses
at 3.05 and 5.09 cm distances from the center along the longitudinal axis were found to be about.

' equal to the dose sums from individual seeds. These initial experiments indicated that the
magnitude of the interseed effect depends upon the orientation of the seed relative to each other
in an implant. To evaluate the importance of this interseed effect for multiseed configurations of
'25 3251 model 6702 and 1 model 6711 seeds, dose rates at various distances from a two-plane
implant (each plane containing a 3X 3 array of sources in a 1-em spacing square grid) were
measured in a Solid Water phantom with LiF TLDs. These measurements were carried out in
two different planes at different orientations relative to the implant. The average values of the
interseed effect at distances ranging from 1 to 7 cm outside the implant were observed to be
about the same for '25I model 6702 and model 6711 sources. The mean value of the interseed
effect was 67c and the maximum was 127c. On the whole, the interseed effect reduces the dose
at the periphery of the iodine implant by 67c.

Key words: io<line-125, brachytherapy, source-to-source shielding, dosimetry, TLD

l. INTRODUCTION on the size and geometry of the implant. They estimated a
. maximum perturbation of 9.87c for two-plane implants ofInterstitial brachytherapy continues to play an important

mI seeds, with 0.5-cm separation between the planes.
role in the management of various sites of cancer, such as
head and neck, brain, and prostate. A quantitative evalu- M reover, they suggested that the perturbation effect for a

ation of the outcome ofinterstitial brachytherapy depends two-pl ne impt nt would be smaller for seed separations

on an accurate determination of the dose distribution gre ter than 0.5 cm. From these Monte Carlo calculations,
lBurns and Raeside conclude that, "The clinical signifi-throughout the irradiated volume. Presently, dose at any

point of a multiseed implant is calculated simply by adding cance of the perturbation efTect depends on the location of

the doses from each seed, assuming that the presence of the the dose calculation point and on the details of implant
other seeds does not affect the radiation field. However, in c nstruction. The largest dosimetry errors, both in terms

a typical multiseed implant there may be many seeds in f absolute dose and as a percentage of the reference dose,

close pmximity to each other which may cause seed-to_ occur within the seed array. It should be understood, how-

seed interference. Ilecause encapsulation materials (tita. ever, that the perturbation corrected dose at these centro9

nium, platinum, or stainless steel) in interstitial sources points exceeds the reference dose. Therefore, the interis

have a much higher atomic number and density than tis. regions of the implant are not underdosed. In fact, the
*

sue, a large number of seeds in tissue can theoretically shadowing effect may actually serve to reduce local hot
affect the dose by altering the radiation field. spots within the interior of the implant. Perturbation ef-

Using Monte Carlo simulations, Burns and Raeside fects may be clinically important at the periphery of thet

studied perturbations of the single seed dose distribution implant where shadowing will cause the peripheral isodose
created by the presence of one and three neighboring seeds lines to bow inward, so that the margin around the tumor
(models 6702 and 6711) for seed spacings of 0.5 and 0.75 volume will be less than that indicated by calculations
em. Their results are tabulated in terms of the ratio of dose based on simple superposition of single seed dosimetry
rate in the presence of the neighboring dummy seeds to the data." Thus Burns and Raeside base already shown that
dose rate without them. Also, they have calculated the the interior regions of the implants are not underdosed due
dose perturbation in single- and two. plane implants of m1 to interseed efTects, but there may be clinically significant
seeds with 16 seeds (array of 4x4) on each plane. Seeds effects near the periphery. Therefore, in this paper we con.
and planes were spaced by 0.5 and 0.75 cm. Their calcu. centrated on the region outside the implant volume to in-
lations indicate that dose perturbation is highly dependent vestigate the perturbation of dose at the periphery of the

385 Med. Phys.19 (2), Mar /Apr 1992 0094-2405/92/20385-06S01.20 41992 Am. Assoc. Phys. Med. 385
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implant and to adjacent normal tissues at risk. O)
In this paper we demonstrate experimentally the pres- e a o

ence of such an interseed effect, defined as the ratio of the
o o omeasured dose rate from the implant to the sum of dose

0rates from the individual seeds, for some simple source 0 e

configurations and for a selected multiseed implant.
---

o ao---oo o

ll. MATERIALS AND METHODS ~$~o
c o o

A. *l sources
0 0 CThe measurements reported here were performed us-

ing '"1 seeds (manufactured by 3M Medical Products Di-
vision, St. Paul, MN) which are available in two models. *

Low activity model 6711 seeds of up to 555 MBq (15 mci) ,

o o a
contain "I adsorbed onto a silver wire, while high activity3

*
model 6702 seeds of up to 1480 MBq (40.0 mci) contain '

o o o

'"1 absorbed on three or more ion exchange resin spheres. O o
0

Each type of seed emits a spectrum ranging from 27.4 to
35.5 kev. Model 6711 also emits characteristic x rays of g

0 Csilver between 22.1 and 25.2 lev. The average photon en-
ergies emitted by '"I models 6702 and 6711 seeds are 28.5 o o o

and 27.4 kev, respectively.
o o o

The strength of these seeds was measured by using a
2re-entrant, well-type ionization chamber calibrated by the

Radiological Physics Center (M.D. Anderson Tumor in-
stitute, lloustan, TX) for a multitude of brachytherapy rio 1. TLD and source arrangement for multiseed two-plane implant
sources, including '"1. The constancy of the well-type experiment The open circles are the position of TLD. carefully machined

chamber wss checked using a 10.4 mg "Ra source. The on slabs of Sohd Water phantom. The phantom stre is 20x 20x 20 cm'.2

overall r,recision of the brachytherapy source calibration
was aticut * 1%. The strengths of '"I models 6702 and .

* N"# * ##" ## *#'* """"E* *
671I sources employed in this were 3.68 and 1.09 Uwhich with their long$##itudinal axes parallel for experiment 1 (Fig.

'

are equivalent to 2.91 and 0.855 mci (apparent), respec- 2) and coincident for experiment 2 (Fig. 3). The seed
tively. Air kerma strength is the recommended method of f & i ra of 3 x'3
specifying the strength of brachytherapy sources in the seeds in each plane) is shown in Fig. 4, together with the
U.S., as described in AAPM Report 21 (l U = unit of air plan s (shaded) that contained the TLDs. Center-to-cen-
kerma strength = 1 pG m h~ ' = 1 cGy cm h"). For '"I,2 2

1 mci apparent is equivalent to 1.270 U.
THREE SEED IMPLANT

B. Phantom material Experiment #1
In comparison to a water phantom, the dosimetry of

brachytherapy implants can be performed more accurately
in solid phantoms because a precise positioning of detec-
tors and sources can be more easily accomplished. The " ", TLD

i
measurements presented in this work were performed m a +

Solid Water (model 420, manufactured by RMI, Middle-
ton, WI) phantom. Several 20 x 20-cm slabs of Solid Water
were carefully machined to accommodate up to nine '"I

*

d
seeds [ Fig.1(a)] with 1-cm separations (center-to-center)
and thermoluminescent dosimeter (TLD) chips [ Fig.1(a) , SOURCE

l '"and (b)] at distances of 1.02, 2.03, 3.05, 4.07, 5.09, and
7.13 from the center of the seed array. In the seed plane 2

[~shown in Fig.1(a), the smallest distance of the TLD chips ,

from the center of seed array was 2.03 cm. These phantom 1--. J
slabs holding the seeds and TLDs were surrounded with
other slabs of 0.5,1.0, or 2.0 cm thicknesses to construct a
cube of 20X20x20 cm with the seeds placed approxi-
mately in the middle of the cube. In 1 of TLD and three seeds located paranel to cach

The phantom sheet shown in Fig.1(a) was also used other for esperiment # 1. The transverse nes of the three heeds m this

in the experiments shown in Figs. 2 and 3. In these exper- experiment were coincident to each other.
_ _ _ . .
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THREE SEED IMPLANT Tant r 1. Measured dose rates for three seeds parallel to each other in

Experiment #2 three-seed implant experiment I as shown in Fig. 2.

Dose rate from

Seed # 1 Seed #2 Seed # 3 All 3 seeds
.

Da+3SOURCE TLD d D D D Di 2 3 i42+1 i
k (cm) (cGy h~i) (cGy h" ') (cGy h' ') (cGy h" ') D+A+Di 3

,

77~ "

5.09 0.009 0.0179 0.038 0.060 0 924
3.05 0.038 0.087 0.246 0.344 0.928

Ig - d

C. Thermoluminescent dosimetry methods
I T10. 3. Arrangement of TLD and three seed implant iocated along the h nts were performed using LiF thermolumi-

same longitudmal aus for experiment #2.
nescent dosimetry (TLD) chips with dimensions of 3.1
X 3.1 x 0.89 mm (Harshaw TLD-100 chips). The protocol,

ter seed separations of 1.0 cm were used in all experiments. used for the measurements has been described previously.'

The empty holes were filled with Solid Water plugs or Briefly, the TLDs were annealed in an aged aluminum tray

liquid water. For protection of personnel from the radia- at 400 *C for I h, then kept at room temperature for 45 min

tion field, the above phantom was placed in the center of a and then heated to 80 *C for 24 h. The TLDs were read 24

lead enclosure with outside dimensions of 70-cm width h after irradiation using liarshaw Company, Atlas 2000A

X 70-cm lengthX 50-cm height. The floor and vertical and 2000B model TLD readers. TLD response was con-

walls of the lead enclosure were made with 5-cm-thick lead verted to absorbed dose by calibrating the chips in a 4-MV
325

bricks and the top was covered by a clear leaded acrylic x-ray beam and correcting for energy dependence at 1

sheet (4-mm lead equivalent). The lead enclosure did not photon energies based upon previously published results."

affect the dose measurements inside the phantom by more Each experiment was repeated several times to im-

than 1 1 prove the statistical quality of the data. To ensure repro-
ducibility of the setup all phantom slabs were labeled and
assembled in a rigid positioning frame. The overall accu-
racy of dose measurement at a given point was estimated to,

I*I [ be 3E
- - y

- - Ill. RESULTS
/ y

,7
^'

The presence and magnitude of the interseed effect was
investigated by comparing measured and calculated dosesgi _ ,

f
125around a two-plane multiseed implants containing 1,

/ / models 6702 and 6711 sources, respectively. For a better}
j '/ understanding of the interseed effect we also measured'

125dose rates for two linear configurations of 1 model 6702 .
seeds, as discussed below.

A. Three seed implant #1
325(bl Figure 2 shows the arrangement of three 1 model,

6702 seeds with their transverse axes coincident. The seeds
,

were parallel to each other with 1-em spacing between
" y them in the Solid Water phantom described above. Dose

I rates were measured for one seed at a time and for all three
seeds together at two points along the common transverse

! axis. The sum of the dose rates obtained for the three in-
,

'

/ / dividual seeds were 7.8% and 8.2% greater thai the dose
rates of the three seeds together, at 3.05 and 5.09 cm rrm<----- - x r

_

,/ ~,/ the center seed, respectively. Ifit is assumed that shielaing

,- ,- one seed by another reduces the dose rates by a factor of a,
'-/ then the result may be expressed in the following form:

|
110. 4. Arrangement of seeds in two-plane isnplant and planes of interest i42+3* O I + Oh + b (I)2

(shaded area far dosimetry). Seeds were placed m a 3 x 3 array with 1-em
where d ; . 3 and h, for i == 1,2,3 are the dose rates fromseparation between the seeds in each plane. The two seed planes were i

separated by I em. all three seeds and ith seed, respectively. Using the mea-
I

- Medical Physics, Vol.19, No. 2, Mar /Apr 1992
--



388 Melgooni, Meli, and Nath: Interseed effects on dose for irst brachytherapy implants 388

I $81
TAlH1 II. Meawred d4e ratch for three heed % along 8 straight hne in

"
threc+eed implant expenment 2 an shown in rig 3. Mean Value = 092!O.04

cm
5Ibse rate from
* * *

Seed # 1 Seed c 2 Seed # 3 All 3 seeds
d D, D: D, D, , 2 , D,-2., 4 -

0 90 093
(cm) (cGy h ' ') (cGy h'') (cGy h ~ ') (cGy h~ ') D + D:4 Di ,0.89i

3 0$ 0.024 0 0444 0 153 0.226 1.0 3 _

0.965 09 n0%7 0 011's 0 0238 O N2 1.0 0 99 0.96
.

2 -

0.93 0.92 096
. .

sured salues of dose rates shown in Tab!e 1, Eq. (1) gises
'[

a = 0.83. | o.e5 086 ,

' ' ' ' ' x8.Three seed implant #2 0 1 2 3 4 5 cm
'

Figure 3 shows the arrangement of three '2'l model
- - -

6702 seeds with longitudinal axes coincident, and a 1-cm
center-to-center distance in the Solid Water phantom de-
scribed above. Dose rates were measured 3.05 and * 09 cm

ffrom the center of the middle seed, along the .on Mean Value = 0.92 004
longitudinal axis. The sum of do4e rates frorr _e em

individual seeds was about the same (within Iw . the 5 g,
dose rate for all three seeds (Table 11). Therefore, the . . .

value of a in Eq. (1) wou;d be 1.0 for this configuration. 4 _

0 89 0 89For an explanation of this surprising result, the reader is ,0 89

referred to the discussion section. |
3 r-

|O99 098 095
* * *

C. Two-plane implant
2

The abose experiments show the existem ninter- 0 93 0 90 0 98
* * *

seed effect and that its magnitude is dependen ae con-

figuration of the implant. The interseed effect was investi- i -

gated for two. plane implants using 6702 and 671I sources.
The planes were separated by I cm and each plane con- | . , , i i ,y

o i 2 3 4 5 cm
tained nine seeds [ Fig.1(a)] in a 3 X 3 array with a 1-cm * * *

center-to-center separation. Figure 4(a) and (b) show the .

schematic diagram of seed arrangement. The shaded areas rio. 5. Ratim of measured to calculated dose rates of "'I model 6702 in
in Fig. 4 represent the two planes in which dosimetry mea * the (a) v plane. (b) p plane, e shown in Fig. 4(a) and (b).

surements were performed. Dose rates were measured
around the two-plane implant by placing the TLD planes
[ Fig.1(b)] parallel to, and at distances of 0.5,1.5,2.5,3.5, sional dose distribution data recommended by the Intersti-

and 4.5 cm from a plane halfway between the two seed tial Collaborative Working Group' of the NCI, was en-

planes. Only one TLD plane was used in each measure- tered as input to the treatment planning system. The
ment to prevent any dose perturbation caused by the pres- accuracy of the algorithm was verified by comparing mea-

ence of the other TLD planes. Moreover, dose rates at the sured and calculated values to some selected points around

center of each plane [ Fig. 4(b)] were measured with Solid a single source. Good agreement was observed at all dis-

Water plugs replacing the surrounding TLD chips and a tances equal to or greater than 0.5 cm. At shorter dis-
negligible effect (less than 17c) was found. In the plane of tances, experimental error and accuracy of the calculated

the seeds the TLD chips were staggered around the im- values obtained from extrapolation of single seed data in-

plant to minimize dose perturbation by other chips. The troduces some discrepancies which need to be investigated

measured dose rates on each plane were averaged to one further. In this work, we restrict ourselves to distances

quadrant at distances of 0.0,1.02, and 3.05 cm along the x greater than or equal to 0.5 cm.

and y axes, as show n in Figs. 5 and 6. In the seed plane, the Figures 5 and 6 show the maps and average interseed

smallest distance was 2.03 cm for both x and y directions. effect, expressed as a ratio of measured dose rate from the
Measurements of the dose rates contributed by each whole implant to the calculated sum of the dose rates from

seed of the two-plane implant, without the presence of the individual seeds on the x: and y: planes, for two. plane

other seeds, would be very time consuming. They were implants of 22'I models 6702 and 6711 sources, respec-
instead calculated with a treatment planning system tively. These figures show average interseed effects of 0.92

(Theraplan VO4 A B, from Theratronix, Inc.). Two-dimen- * 0.04 and 0.95 * 0.04 around the 6702 and 671 I implants,
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z ( we concentrated our efforts on the points outside the im.
o Mean value $ 095 iO.04 (*) plant volume and its periphery. We observed that at the

cm periphery of the implant, the interseed effect lowers the
actual dose rate from that obtained by adding the contri-

,$90 bution from individual seeds by about 6E The magnitude
'

o ss oso
* * *

of the effect depends upon seed, number of seeds, and seed
4 - configuration, but is about the same within our measure-

093 0.91 0.94 ment uncertainly of i4%, for the two models of ' $ . Even1
* * *

for an implant with as few as 18 seeds, the interseed effect
3 |g % an amage mgnye M M nw 9 ud new Mggg g ,g g,g

2 -

mgs suggest that for implants using low energy photone = *

emitters such as '251 or '*Pd, the interseed effect should be

f98 0 98 {97 taken into account for an accurate determination of dose at
iF the periphery of the implanted volume. Also, we observe a*

| 0.99 0 98
larger interseed effect when the sources are parallel to each

I i - i ! t other with tleir transverse axes coincident (experimentx
*

o i 2 3 4 5cm #1) compared to a source configuration in which longi-
tudinal axes of sources are coincident (experiment #2).

Theoretical studies by Burns and Raeside indicate that,

| interseed effect should be larger for the 1 model 6711
* 125

| Mean Vclue = 0.95 I0 03 M source than for model 6702. Our data indicate an 8% * 4%
effect for model 6702 and a 5%*4% effect for modelcm
6711. The uncertainties for measurements at individual

5
$.90 0 91 093 points were * 3% and the uncertainty (the standard error
* * * of the mean) in the average value for all points of mea-

4r surements was *4E Considering the uncertainty of
1093 097

*4% in our measurement, we conclude that the m.terseed
0 94
.

3L effect in our measurements is about the same for both mod-

[096 ,096 [00 els 6702 and 6711, and has an average value of 6E Thus
our results are in qualitative agreement with the Burns and

2 Raeside Monte Carlo calculations which also indicate anlose o.ss o.96

y effect of about the same magnitude (their Table XI, crite-* *

i rion 1 about 4% for model 6702 and 7% for model 6711).
[88 Furthermore, Burns and Raeside's data show that the in-0 87

, , ,

! terseed efTect decreases as one moves away from the im-, , , ! t y
o i 2 3 4 5 cm plant. Using this information, we can conclude that our

* *- *

measured data outside the implant represents a lower limit
to the magnitude of the interseed effect near the peripheryFm. A Ratios of measured to cakulated dme rates of ",I model 671I in

the (a) u planc. (b) y plane, as shown in ng 4(a) and (b). f the implant,i.e., a minimum of 6% reduction in periph-
eral dose due to interseed effect.

We expressed the interseed effect as a fraction (or per-

respectisely. Thus simple superposition of single seed do_ centage), i.e., of the dose at a given point divided by the
simetry data oserestimates dose by an average of 8% and calculated dose at the same point, assuming simple super-
5% at these measurement points for the 6702 and 6711 position of single source data. It should be noted that clin-

,

seeds, respectively. ical significance of this effect can be appreciated more
readily if we express this difference as a percentage of a
reference dose, e.g., peripheral dose. As indicated above,

IV. DISCUSSION AND CONCLUSION our data indicates on average, a 6% effect at points 1 to 5
In this paper, experimental results are presented which em outside the implant. Within our measurement uncer-

demonstrate for the first time the existence of interseed tainty of 49, this effect is about the same at all the
effects in intersitital brachytherapy implants using '251 points in the range of distances studied in this work. Thus
modeh 6702 and 6711 seeds. The region of most interest in we conclude that at the peiiphery of the implant, one
interstitial brachytherapy is the implanted solume and its would expect an interseed effect of at least 6% * 4% Since
vicinity. Burns and Raeside' have already shown that doses for brachytherapy are usually prescribed at the pe-
points within the implant did not receive doses lower than riphery, this means an underdosage of about 6% of the
the prescribed dose (which was specified at the implant dose at the periphery.
periphery). However, they observed large differences be- The dose perturbation effect in a simple geometry was
tween dose estimates based on simple superposition and expressed using the parameter a and Eq, (1). In general,
perturbation corrected dose estimates. In the present work one would expect that a would depend upon seed separa-

. .
.
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tion, and the distance between the shadowing seed and the not along the sourle axis.

measurement point, since these factors will affect the rela- Further work is needed to extend these experiments to

tise importance of primary and scattered radiation. Also, a points inside the implant and to "Pd seeds. There is need

for seed # 1 (Fig. 2), which is shielded by two seeds, would to evaluate the interseed effect in implants of different sizes

not equal a for seed 22, which is shielded by one seed. To and seed densities as well as for multiseed implants with

investigate the validity of such a simplification, using our randomly distributed seed orientations. Also, further stud-

measured value of a ( = 0.83), we calculated the interseed ies of interseed effects using Monte Carlo simulations of

efTect for the pair of 6702 seeds in the llurns and Raeside brachytherapy implants'' are warranted. Only after a de-

study. The farthest distance studied by them is 2 cm and tailed analysis of the interseed effect in multiseed implants

the largest spacing is 0.75 cm, conditions closest to our is done, can the impact of this effect on clinical dosimetry

measurements in experiments #1 (spacing of I cm and and subsequent clinical outcome by adequately evaluated.

distance of 3 cm), We calculate an interseed effect of 0.83

while llurns and Raeside calculate a value of 0.85 (Table ACKNOWLEDGMENTS
VI in llurns and Raeside) Considering the approximate
nature of Eq. (1), the large measurement uncertainty and
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