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The dosimetry of sources used in interstitial brachytherapy
has been the subject of considerable research in recent years.
A number of articles have appeared (Appendix C) introduc-
ing revised calibration standards, source strength specifica-
tion quantities, and dose calculation formalisms. Some of
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these articles advocate revision of basic dosimetry data,  in-

cluding dose rate constants, radial dose functions, and anisot-
ropy  func t ions  fo r  1 9 2Ir ,  1 2 5I ,  and 1 0 3Pd  sou rce s .  I n  pa r t i cu -

lar ,  the Interst i t ial  Collaborat ive Working Group (ICWG),

which was sponsored by the National Cancer Insti tute,  has
completed i ts  f inal report .’  With all  these reports appearing

in  the  l i t e r a tu re ,  t he  med ica l  phys ic s  communi ty  i s  f aced
with a confusing situation regarding the selection of dosim-

etry data. Therefore, the Radiation Therapy Committee of the

American Association of Physicists in Medicine (AAPM) in
1988 formed Task Group No. 43 to review the recent publi-

cations on the dosimetry of interstitial brachytherapy sources
and recommend a dosimetry protocol which would include a

formalism for dose calculations and a data set for the values

o f  dos ime t ry  pa ramete r s .  In  th i s  f ina l  r epor t  o f  t he  t a sk
g roup ,  wh ich  has  been  approved  by  the  AAPM Rad ia t ion

Therapy  Commi t t ee  and  the  AAPM Sc ience  Counc i l ,  we

present a formalism that clearly defines the necessary physi-
cal quantities, some of which have been introduced recently,

for example, air kerma strength, radial dose function, anisot-
ropy function, dose rate constant,  etc.  All  the equations re-

quired for the calculation of dose from a single source using
these quantities are also presented. A detailed review of pre-

v i o u s  s t u d i e s  o n  t h e  d o s i m e t r y  o f  1 2 5I ,  1 9 2I r ,  a n d  1 0 3P d  i s

presented as an appendix to this report  (Appendix C).  Rela-
tionship of the recommended dose calculation formalism to

source strength quanti t ies other than air  kerma strength is
explained in Appendix A. Also, the relationships between the

recommended  fo rma l i sm and  o the r  fo rma l i sms  a re  b r i e f ly

described in Appendix B. A glossary of definitions and units

is presented in Appendix D. Many readers who may not be
experts in brachytherapy physics would find that reading the

appendices first  makes it  easier to follow the recommenda-
tions presented in the main body of the text.

Because  dose  e s t ima tes  a re  o f t en  made  on  the  bas i s  o f

exposure calculated from activity, the exposure rate constant

has continued to be a matter of interest, although it will be of

much less interest when source strengths are routinely speci-
fied as air kerma strength. Prior to 1978, exposure rate con-

s t a n t s  r e p o r t e d  f o r 1 9 2Ir ranged from 3.9 to 5.0

R c m2 m C i- 1h - 1, p rov id ing  a  good  example  o f  why  i t  i s

poor practice to specify source strength as activity, since the

ac t iv i ty  migh t  be  in fe r r ed  by  the  manufac tu re r  u s ing  one

value of the constant and the dose might be calculated by the
user from a different value. In part, because of these reasons,

the recommendations in this report include a new dose cal-
culation formalism for the dosimetry of intersti t ial  brachy-

the rapy  sou rces .  Seve ra l  new quan t i t i e s  have  been  in t ro -
d u c e d ,  w h i c h  d i f f e r  c o n c e p t u a l l y  f r o m  t h e  q u a n t i t i e s

currently in use. For example, gamma ray constant, exposure

rate constant, tissue attenuation factors, apparent activity, and

exposure - to -dose  convers ion  fac to r s  a re  no t  needed  in  the
new formalism. Instead, only quantities directly derived from
dose rates in water medium near the actual source are used.
Some of these quantit ies are dose rate constant,  radial  dose
function, anisotropy function, anisotropy factor,  and geom-
e t ry  f ac to r .  Recommended  va lues  o f  dos ime t ry  cons tan t s
would result  in changes of up to 17% in the dosimetry of
intersti t ial  brachytherapy sources.  A qualified brachytherapy
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TABLE I. Physical characteristics of 192Ir radionuclide.

Decay modes (Ref. 1):
β− decay to excited states of 192Pt (95.6%)
Electron capture to excited states of 192OS (4.4%)

Energy of major gamma rays-MeV (number of photons per decay) (Ref.
1):

0.29 (.291), 0.308 (.298), 0.317 (.831), 0.468 (.476), 0.608 (.133)

Average number of gamma rays per decay (Ref. 1): 2.2

Half life of ground state (Ref. 2):
73.83 days

Exposure rate and air kerma rate constants for ideal point source (Ref. 3):
( Γδ) χ=4 .69  R c m2 m C i- 1h - 1

( Γδ) κ=0 .111  µ G y m2M B q- 1h - 1

=4.11 cGy cm2 mCi-1 h -1

= 1.00 cGy cm2 U -1 h -l

physicist  should carefully assess the implications of this re-
port for clinical dose prescription, and review these findings

with the responsible radiation oncologist  before implement-
ing this protocol.  The recommended formalism can be ap-
plied to both high and low dose rate remotely afterloaded
brachytherapy as well  as the manually afterloading sources
covered by this report .  However,  no data is included in the

tex t  because  consensus  da ta  on  the  dos ime t ry  o f  r emote ly
afterloadable brachytherapy sources are not available yet .

I I .  D E S C R I P T I O N  O F  S O U R C E S

Traditionally,  intersti t ial  implants were performed with
2 2 6Ra needles.  Due to radiation safety considerations,  how-
ever, 2 2 6Ra  has  l a rge ly  been  r ep l aced  w i th  o the r  r ad ionu -
clides and will  not be discussed further.  Today the vast  ma-

j o r i t y  o f  i n t e r s t i t i a l  b r a c h y t h e r a p y  t r e a t m e n t s  i n  N o r t h
America are done using either 1 9 2Ir or 1 2 5I  sources .  Recen t ly
1 0 3Pd sources have also become available for permanent im-
p l a n t s .  A  d e s c r i p t i o n  o f  1 9 2I r , 1 2 5I ,  a n d  1 0 3P d  i n t e r s t i t i a l

sources is given in the following sections. Source strengths
are stated in units of air kerma strength, which is defined in

Sec. III A, and is denoted in this report by the symbol U.

A .  I r i d i u m - 1 9 2  s o u r c e s

1 9 2Ir  is  produced when stable 1 9 1I r  ( 3 7 %  a b u n d a n c e )  a b -
sorbs a neutron. It decays with a 73.83 day half life to several
exc i t ed  s t a tes  o f  1 9 2P t  a n d 1 9 2O s ,  w h i c h  e m i t  g a m m a  r a y s

with a range of energies (see Table I). The average energy of

the emitted photons from an unencapsulated source is  about
370 keV (Att ix and Goetch argue that  the appropriate mean
energy for ion chamber calibration factor interpolation and

other dosimetric purposes is the energy-fluence weighted av-
erage with suppression of the very low energy components
that are absorbed by the source and i ts  encapsulation; for
1 9 2Ir ,  they recommend a value of 400 keV).

In the United States 1 9 2 Ir used for interstitial radiotherapy
i s  u s u a l l y  i n  t h e  f o r m  o f  s m a l l  c y l i n d r i c a l  s o u r c e s  o r
“seeds.” These are 3 mm long and 0.5 mm in diameter. Two

seed styles are commercially available:  one (manufactured
by Best Industries,  Springfield,  VA) has a 0.1 mm diameter
core of  30%Ir-70%Pt surrounded by a 0.2 mm thick clad-
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TABLE II. Physical characteristics of  125I radionuclide.

Decay modes (Ref. 1):
Electron capture to first excited state of 125Te
De-excitation via gamma emission (7%) and internal conversion (93%)
Fluorescent x rays following electron capture and internal conversion

Energy of emitted photons-keV (number of photons per decay) (Ref. 1):
27.4 (1.15), 31.4 (0.25), 35.5 (0.067)

Average number of photons per decay (Ref. 1): 1.4

Half life (Ref. 4): 59.4 days

Exposure rate and air kerma rate constants for ideal point source:”
( Γδ) χ=1 .51  R c m2m C i- 1h - 1

(Γδ)χ= 0.0358 µGy m2M B q-1h-1

=1.32cGy cm2 mCi-1h-1

=1.00 cGy cm2U -1h-1

‘Derived from Ref. 5 using an updated value of ( W/e )=0.876 cGy R-1. in
interpreting vendor calibration certificates, the ( Γδ)χ value of 1.45
R cm2 mCi-1 h-1 is used by convention.

ding of stainless steel .  The other (manufactured by Alpha-
Omega, Bellflower, CA) has a 0.3 mm diameter core of 10%

Ir-90% Pt surrounded by a 0.1 mm thick cladding of Pt. The
seeds are supplied inside strands of nylon of 0.8 mm outside

diameter. While the normal center-to-center source spacing is
1 cm, custom spacings are also available.  The maximum ac-
tive strand length is about 18 cm. Air kerma strengths rang-
ing  f rom 1 .4 -7 .2  U  ( equ iva l en t  t o  an  Meq v a l u e  o f  0 . 2 - 1 . 0
mgRaEq; units of U are defined in Sec.  III  A 2) are com-
monly available,  and some suppliers can provide strengths

u p  t o  7 2  U  ( e q u i v a l e n t  t o  a n  Me q  v a l u e  o f  1 0  m g R a E q ) .
D o s i m e t r y  d a t a  p r e s e n t e d  i n  t h i s  r e p o r t  a p p l i e s  t o  t h e
stainless-steel-clad 1 9 2Ir  sources only,  because similar qual-
i t y  d a t a  a r e  n o t  c u r r e n t l y  a v a i l a b l e  f o r  t h e  p l a t i n u m -

encapsu la t ed  1 9 2I r  seeds .
In  Eu rope 1 9 2I r  i s  m o s t  c o m m o n l y  u s e d  i n  t h e  f o r m  o f

wire.  Typically the wires are made from a 25% Ir-75% Pt
co re  su r rounded  by  a  0 .1  mm th i ck  P t  c l add ing .  Ou t s ide
diameters of  0.3 mm and about 0.55 mm are available.  The
thicker wire can be inserted directly into t issue, while the

thinner wire,  encased in a plastic covering, is  afterloaded in
implanted catheters.  Also,  several  manufacturers market high

dose rate interst i t ial  afterloaders that  employ a single 192Ir
s o u r c e  o f  a i r  k e r m a  s t r e n g t h  2 9  0 0 0 - 4 1  0 0 0  U  ( 7 - 1 0  C i ) .
Dos ime t ry  o f  1 9 2Ir  wire and high activity sources for remote

afterloaders is beyond the scope of this report and recom-
mendations about this modality are not presented here.

B .  I o d i n e - 1 2 5  s o u r c e s

1 2 5I  i s  p roduced  when 1 2 4Xe  abso rbs  a  neu t ron ,  and  then

decays via electron capture. 1 2 5I  i tself decays with a half l ife

of 59.4 days, by electron capture to the first excited state of
1 2 5Te,  which undergoes internal conversion 93% of the t ime

and  o the rwi se  emi t s  a  35 .5  keV gamma  r ay .  The  e l ec t ron
capture and internal conversion processes give rise to char-
acteristic x rays, listed in Table II.

1 2 5I  for intersti t ial  implants is  available commercially in

the form of small  “seed” sources.  Three models are avail-
ab l e .  Two  o f  t hese  seed  types ,  manufac tu red  by  3M un t i l
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recen t ly ,  a re  now marke ted  by  the  Med i -Phys ic s  Div i s ion
(Ar l ing ton  He igh t s ,  IL)  o f  Amersham.  Bo th  o f  these  seeds

are 4.5 mm long,  0.8 mm in diameter ,  and have a 0.05 mm
th ick  t i t an ium wa l l ,  s ea l ed  by  end  we lds .  In t e rna l ly ,  one
model (6711) contains a si lver wire of about 3 mm length
with the active material  as si lver iodide on the surface.  This

model is available in air kerma strengths up to 6.3 U (equiva-
l en t  t o  an  appa ren t  ac t i v i t y  o f  5  mCi ) .  The  o the r  mode l
(6702) contains the radioisotope absorbed in 3-5 t iny resin
spheres,  and is  available with strengths up to 51 U (equiva-
lent to an apparent activity of 40 mCi). Model 6711 seed also

emits si lver characterist ic x rays with energies of 22.1 and
25.5 keV. For this seed the average photon energy is  about
27.4 keV, whereas model 6702 emits photons with an aver-
age energy of 28.5 keV. Both seed models are available as
loose seeds: additionally the low activity model is also avail-

able as strands of 10 seeds spaced 1 cm apart  in absorbable
suture.

In this report ,  no data are presented on the newly intro-

duced  doub le -wa l l ed 1 2 5I  mode l  2300  sou rce  now marke t ed

by Best Industries.

C .  P a l l a d i u m - 1 0 3  s o u r c e s

1 0 3Pd  i s  fo rmed  when  s t ab le  1 0 2Pd  abso rbs  a  neu t ron .  I t
decays via electron capture,  mostly to the first  and second
e x c i t e d  s t a t e s  o f  1 0 3R h ,  w i t h  a  1 7 . 0  d a y  h a l f  l i f e .  D e -

excitation is almost totally via internal conversion, leading to
the production of characteristic x rays.  Average photon en-
ergy is  about 21 keV. Table III  summarizes the decay prop-

erties.
1 0 3P d  s o u r c e s  a r e  s i m i l a r  i n  s i z e  a n d  e n c a p s u l a t i o n  t o

1 2 5I  sou rces ,  be ing  4 .5  mm long  and  0 .8  mm in  d i ame te r .

T h e  1 0 3Pd is  encapsulated in a 0.05 mm thick t i tanium tube
that is laser welded on the ends. The active material is coated
onto two graphite pellets  0.9 mm long and 0.6 mm in diam-

eter.  Between the active pellets is  a 1 mm long lead marker
tha t  p rov ides  good  source  v i s ib i l i t y  on  r ad iog raphs .  A i r
kerma strengths up to 2.6 U (equivalent  to an apparent ac-

t ivi ty of 2 mCi) are normally available.

I I I . R E C O M M E N D E D  D O S E  C A L C U L A T I O N

F O R M A L I S M

T h e  r e c o m m e n d e d  p r o t o c o l  i s  b a s e d  o n  m e a s u r e d  ( o r
measu rab le )  quan t i t i e s  and  decoup le s  a  number  o f  i n t e r r e -
l a t e d  q u a n t i t i e s .  I t  a l s o  a l l o w s  c a l c u l a t i o n s  o f  t w o -
d imens iona l  dose  d i s t r ibu t ions  a round  in t e r s t i t i a l  sou rces .

The dosimetry data endorsed by this report  results in abso-
lute dose rate changes as large as 17% relative to conven-
tionally used treatment planning data.1,6-10 The re fo re ,  c a r e fu l

attention should be paid to the clinical impact of these rec-

ommenda t ions .
The dose calculation formalism proposed here,  in contrast

to traditional methods using exposure rate constants and tis-

sue attenuation factors, requires input data consisting of dose
rates from an actual  source in a t issue equivalent phantom.

Traditionally, dose rate D(r) at a distance r from an intersti-
tial brachytherapy source is calculated using the point-source
app rox ima t ion

(1)
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TABLE III. Physical characteristics of l03Pd radionuclide.

212

Decay modes (Ref. 1):
Electron capture to excited states of 103Rh
De-excitation via gamma emission and internal conversion
Fluorescent x rays following electron capture and internal conversion

Energy of principal emitted photons-keV (number of photons per decay) (Ref. 1):
20.1 (.656), 23.0 (.125)

Average number of photons per decay (Ref. 1): 0.8

Half life (Ref. 11): 16.97 days

Exposure rate and air kerma rate constants for ideal point source (Ref. 12): 1.14 Rcm 2h-1U-1

( Γδ)χ= 1.48 R cm2 m C i -1h -1

( Γδ)χ= 0.0350 µ G y  m2M B q-1h -1

=  1.296  cGy cm2mCi-1h -1

=  1 . 0 0  c G y  c m 2 U- 1h - 1

where A app is  the apparent activity of the source;
ƒ med is the exposure-to-dose conversion factor;
( Γδ) χ is  the exposure rate constant for the radionuclide in

the source;
T(r) is the tissue attenuation factor as defined by Eq. (B5)

in Appendix B;

φ an is the anisotropy constant. The new approach follows
the  r ecommenda t ion  o f  t he  ICWG (Chap .  3 )1 In the recom-
mended protocol each of the quantities used to calculate ab-
sorbed dose rate is measured or calculated for the specific
type of source in question and therefore depends on source

construction and geometry in addition to the primary photon
spectrum and medium. In contrast, much of the input data to
the  o lde r  s emiana ly t i ca l  mode l s ,  i nc lud ing  exposu re  r a t e
constants and buildup factors,  are fundamental  properties of
the radionuclide.

One of the fundamental problems with the older protocols
is that they are based upon photon fluence around the source
in free space, whereas clinical applications require dose dis-
tributions in a scattering medium such as a patient. Determi-
nation of two-dimensional dose distributions in a scattering
medium from a knowledge of the two-dimensional distribu-

tion of photon fluence in free space is easily accomplished
only for a point isotropic source.  An actual brachytherapy
source exhibits considerable anisotropy and for such sources

it is all but impossible to determine accurately dose distribu-
t ions  in  a  sca t t e r ing  med ium f rom d i s t r ibu t ions  o f  pho ton
f luence  in  f r ee  space .  The  recommended  fo rmal i sm so lves
th i s  fundamen ta l  p rob lem by  a  d i r ec t  u se  o f  measu red  o r

measurable dose distributions produced by a source in a wa-
ter equivalent medium.

The recommended protocol introduces or uti l izes a num-
b e r  o f  n e w  q u a n t i t i e s  s u c h  a s  t h e  a n i s o t r o p y  f u n c t i o n ,
F(r ,  θ); dose rate constant,  A; geometry factor,  G(r,  θ); r a -

dial  dose function,  g(r);  and air  kerma strength,  Sk.  All  of
these quantities are properly defined in Section III A. These

quantit ies replace the following familiar quantit ies:
apparent activity,  Aapp → air  kerma strength,  Sk,
exposure rate constant,  ( Γδ) χ→ dose rate constant,  A,
inverse square distance, (1/r2) → geometry factor, G(r, θ )

[for 2-D calculations only],

t issue at tenuation factor,  T(r)  → r ad i a l  dose  func t ion ,

g ( r ) ,
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an i so t ropy  cons t an t ,  φ an → anisotropy function, F(r,  θ )
[for 2-D calculations only].

The  r ecommended  p ro toco l  a l lows  fo r  two-d imens iona l
dose  ca l cu la t ions  a round  cy l ind r i ca l ly  symmet r i c  sou rces
whereas  the  o ld  p ro toco l  cou ld  hand le  one -d imens iona l ,
po in t  i so t rop ic  sources  on ly .  In  o rde r  to  address  fu l l  2 -D

calculations,  two new functions of r a n d  θ a re  i n t roduced :
the geometry factor,  G ( r ,  θ),  accounts for the dependence of
photon fluence around a source in free space; and the anisot-

ropy  func t ion ,  F(r ,  θ) ,  accoun t s  fo r  an i so t ropy  o f  dose  d i s -
t r i bu t ion  p roduced  by  a  sou rce  i n  a  s ca t t e r ing  med ium.
Whereas  the  r ad ia l  dose  func t ion ,  g ( r ) ,  a ccoun t s  fo r  t he
depth dependence of dose in a scattering medium along the
t r a n s v e r s e  a x i s  o f  t h e  s o u r c e ,  t h e  a n i s o t r o p y  f u n c t i o n ,

F(r ,  θ) ,  accoun t s  fo r  an i so t ropy  o f  dose  r e l a t ive  to  dose  on
the transverse axis.  We chose to decouple various physical
factors by introducing radial  dose function g(r)  and anisot-
ropy  func t ion  F(r ,  θ) ;  both of which are relative quantit ies.
Because of their  relative nature,  the uncertainties in their

de t e rmina t ions  a r e  r educed .  The  on ly  quan t i t y  i n  t he  new
formalism retaining units of absolute dose rate is the dose
rate constant A. Another advantage of this decoupling is that

when more accurate values for anisotropy function F(r, θ) o r
radial  dose function g(r)  become available from better mea-
surements or future calculations,  they can be easily accom-

modated in a revision of the protocol.

A .  G e n e r a l  f o r m a l i s m  f o r  t w o - d i m e n s i o n a l  c a s e

W e  r e s t r i c t  c o n s i d e r a t i o n  t o  c y l i n d r i c a l l y  s y m m e t r i c
sources, such as that illustrated in Fig. 1. For such sources,
the  dose  d i s t r ibu t ion  i s  two-d imens iona l  and  can  be  de -
scribed in terms of a polar coordinate system with its origin

at the source center where r  is the distance to the point of
interest and θ is the angle with respect to the long axis of the
source (Fig.  1).  The dose rate,  D ( r ,  θ) ,  at  point  (r,  θ )  c a n  b e
writ ten as

(2)

w h e r e  Sk=air kerma strength of the source (defined in Sec.
III A 2);

^=dose rate constant (defined in Sec.  III  A 3 in units of
c G y h - 1U - 1) ;
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FIG. 1. Illustration of geometry assumed in the dose calculation formalism.
Angle β is that subtended by the active length at point P. The reference
p o i n t  i s  r e p r e s e n t e d  b y  P ( r0, θ 0 ) .

G(r,  θ) = geometry factor (defined in Sec. III A 4);

g(r)  = radial dose function (defined in Sec. III A 5);
F(r, θ) = anisotropy function (defined in Sec. III A 6); and

each of these quantit ies or functions and the reference point

( r0, θ , )  a re  desc r ibed  be low.

1 .  R e f e r e n c e  p o i n t  f o r  d o s e  c a l c u l a t i o n s

T h e  r e f e r e n c e  p o i n t  ( ro, θ 0) i s  chosen  in  th i s  r epor t  to  l i e
on the transverse bisector of the source at a distance of 1 cm
from its center,  i .e. ,  r o= 1  c m  a n d  θ 0 = π / 2 .  Th i s  cho ice  o f
reference point for dose calculation in a medium is consistent

with the traditional practice of using a distance of 1 cm from
the source as a reference point.

2 .  A i r  k e r m a  s t r e n g t h ,  Sk

Air kerma strength is  a measure of brachytherapy source

strength, which is specified in terms of air  kerma rate at  the
point along the transverse axis of the source in free space. It
is  defined” as the product of air  kerma rate at  a calibration
d i s t ance ,  d ,  in free space, k ( d ) ,  measured  a long  the  t r ans -

verse bisector of the source, and the square of the distance, d

(3)

The  ca l i b r a t i on  d i s t ance  d mus t  be  l a rge  enough  tha t  t he
sou rce  may  be  t r e a t ed  a s  a  ma thema t i ca l  po in t .  I n  ac tua l
p r ac t i c e ,  a i r  ke rma  r a t e  s t anda rd i za t i on  measu remen t s  a r e

performed in air  and corrections for air  at tenuation are ap-
p l i e d  i f  n e e d e d .  W h e r e a s  t h e  m e a s u r e m e n t s  f o r  s o u r c e

strength calibration may be performed at  any large distance,
d, i t  is  customary to specify the air  kerma strength in terms

of a reference calibration distance, d o, which is usually cho-
sen to be 1 m. It should be noted that the user typically does
no t  pe r fo rm the  in -a i r  ca l ib ra t ion ,  wh ich  i s  p r imar i ly  pe r -
formed by the standardization laboratories (National Insti tute
of Standards and Technology, NIST, and accredited dosime-

try calibration laboratories,  ADCLs in the USA and the Na-
tional Research Council  of Canada).  However,  i t  is  the re-
spons ib i l i t y  o f  the  use r  to  ve r i fy  the  accuracy  o f  source
strength provided by the vendor.  Typically,  the user has a
well-type ionization chamber that  has a calibration traceable
to  the  na t iona l  s t anda rds  fo r  each  type  o f  b rachy the rapy

source.
If kerma, time, and distance are assigned units of µGy, h,

a n d  m ,  r e s p e c t i v e l y ,  Sk w i l l  h a v e  u n i t s  µ G y  m2h -1 a s  r e c -
ommended  by  the  TG-32  r epo r t .13 In this report, this unit is

denoted by the symbol U, that is,

1  U = l  u n i t  o f  a i r  k e r m a  s t r e n g t h

(4)

The  conver s ion  f ac to r s  needed  to  r enorma l i ze  Eq .  (1 )  fo r
alternative source strength specifications are discussed in Ap-

pend ix  A  and  a re  summar i zed  in  Tab le  IV .  The  geome t r i c
relationship between the point of output determination and
an arbitrary fi l tered source and other details have been de-
scribed previously by Will iamson and Nath.1 4

3 .  D o s e  r a t e  c o n s t a n t ,  A

The dose rate constant is defined as the dose rate to water

at a distance of 1 cm on the tranverse axis of a unit air kerma
strength source in a water phantom. It should be noted that ^
is an absolute quantity, unlike others that follow in this sec-
tion, which are normalized (relative) quantit ies.  For specifi-

cation of the dose rate constant as well  as relative dose dis-
t r i bu t ion  pa rame te r s ,  t h i s  r epo r t  r ecommends  tha t  l i qu id
water be accepted as the reference medium. In determining
the  va lue  o f  ^ ,  t he  1  cm d i s t ance  i s  spec i f i ed  a long  the

transverse axis of the actual source (rather than an idealized
point source) relative to its geometric center. Mathematically,
the dose rate constant,  ^,  is

(5)

The  cons tan t  inc ludes  the  e f fec t s  o f  source  geomet ry ,  the
spatial distribution of radioactivity within the source, encap-
sulation, and self-filtration within the source and scattering in

water surrounding the source.  The numerical  value of this
quantity also depends on the standardization measurements

to which the air  kerma strength calibration of the source is
traceable;  in other words,  if  the air  kerma strength standard
for a given source provided by NIST is changed in the future,

the value of ^ wi l l  a l so  change .  The  r e l a t ionsh ip  o f  ^ t o
related quantities such as exposure rate constant is discussed

in Appendix B.

4 .  G e o m e t r y  f a c t o r ,  G ( r ,  q )

The geometry factor accounts for the variation of relative
dose due only to the spatial distribution of activity within the

source ,  i gnor ing  pho ton  abso rp t ion  and  sca t t e r ing  in  the
source structure. It is defined as

(6)

w h e r e  p ( r ’ )  r ep resen t s  the  dens i ty  o f  r ad ioac t iv i ty  a t  t he
p o i n t  p ( r ’ ) = p ( x ’ , y ’ , z ’ )  w i t h i n  t h e  s o u r c e  a n d  V d e n o t e s
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TABLE IV. Source strength conversion factors for interstitial brachytherapy sourcesa

Sources

All

Source strength
quantity

Equivalent mass of
Radium

Units

mgRaEq

Exposure rate
constant (Γδ)χ or

exposure rate
constant for

filtration (Γδ)χ,1

R  c m2m C i- 1h - 1

8.25

Air kerma strength
conversion factor

(Sk/quantity)

7.227 U mgRaEq-1

All Reference exposure
rate

m R  m2 h -1

n R  m2 s-1

C  k g -1 m 2 s - 1

. . .

. . .

. . .

8.760 U/mR m2 h-1

3.154x10-2
U/nR m2 s-1

1.222x1011

U / C  k g- 1m 2s- 1

192Ir seed Apparent activity mCi 4.60 4.030 U mci-1

t=0.2 mm Fe
192lr seed Apparent activity mCi 4.80b 4.205 U mCi-1

t=0.05 mm Pt-
Ir
125I seeds Apparent activity mCi 1.45 1.270 U mCi-1

103Pd seeds Apparent activity mCi 1.48 1.293 U mCi-1

3Data from Williamson and Nath (Ref. 14).
bSee the explanation for using 4.80 vs 4.60 in Ref. 14. Briefly. the manufacturer uses 4.80 in calibrating their
sources, therefore the user must also use the same number.
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integration over the source core.  d V ’  i s  a  vo lume  e l emen t
located at  r’  in the source.  Because the three-dimensional
distribution of p(r)  is  uncertain for many sources such as
1 2 5I  and because the choice of G ( r ,  θ )  i n f luences  on ly  the

a c c u r a c y  o f  i n t e r p o l a t i o n  ( a s  e x p l a i n e d  f u r t h e r  i n  S e c .
III  A6),  the l ine source approximation to G ( r ,  θ)  has  been
selected for use in this report.  When the distribution of ra-
dioactivity can be approximated by a point source or by a

line source of length, L, t hen  G ( r ,  θ) r educes  to

(7)

where  L is the active length of the source, and β is the angle
sub tended  by  the  ac t ive  source  wi th  r e spec t  to  the  po in t

(r, θ)  (see Fig. 1); i.e., β = θ2− θ1. G ( r ,  θ)  r ep resen t s  the  hy-
pothetical  relative dose distribution due only to the spatial

distribution of radioactivity and ignores the effects of absorp-
tion and scattering in the source or the surrounding medium.
Values of G(r,  θ) for a 3 mm line source are given in Table
V .

verse axis due to absorption and scattering in the medium. It
can also be influenced by filtration of photons by the encap-

sulation and source materials.
The function g(r)  is  similar to a normalized transverse-

axis t issue-attenuation factor or absorbed dose to kerma in
free space ratio,  as explained in Appendix B. It  should be
no ted  tha t  t he  above  de f in i t i on  o f  r ad ia l  dose  func t ion  i s
different from the older (Dale’s)15-17 definition, as explained

in  Append ix  B3 .

6 .  Ani so tropy  funct ion ,  F ( r ,  q )

The  an i so t ropy  func t ion  accoun t s  fo r  t he  an i so t ropy  o f
dose distribution around the source, including the effects of
absorption and scatter in the medium. It is defined as

(9 )

This two-dimensional function gives the angular variation of

dose  r a t e  abou t  t he  sou rce  a t  each  d i s t ance  due  to  se l f -
fi l tration,  oblique fi l tration of primary photons through the

TABLE V. Example of the geometry factor, G(r, θ) times r2, for a seed
approximated by 3.0 mm line source as calculated with Eq. (7).

5 .  R a d i a l  d o s e  f u n c t i o n ,  g ( r )

The radial dose function, g(r), accounts for the effects of
absorption and scatter in the medium along the transverse
axis of the source. It is defined as

(8)

The radial dose function applies only to transverse axis, i.e.,
only for points with an angle of θ 0, which is equal to π / 2 .

This function defines the falloff of dose rate along the trans-

θ (deg) r=0.5 cm r=1.0 cm r=2.0 cm r=5.0 cm

0 1.099 1.023 1.006 1.001
10 1.094 1.022 1.006 1.001
20 1.081 1.019 1.005 1.001
30 1.062 1.015 1.004 1.001
40 1.039 1.010 1.002 1.001
50 1.018 1.005 1.001 1.000
60 0.9160 0.9999 1.000 1.000
90 0.9715 0.9926 0.9980 1.000
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encapsulating material ,  and scattering of photons in the me-
dium. The role of the geometry factor in Eq. (8) is  to sup-
press the influence of inverse square law on the dose distri-
bution around the source.

Due to the large dose rate gradients encountered near in-
tersti t ial  sources,  i t  is  difficult  to measure dose rates accu-

rately at  distances less than 5 mm from the source.  In addi-
tion, the large dose rate variation arising from inverse square
law makes accurate interpolation of intermediate dose rate

va lues  d i f f i cu l t  w i thou t  an  excess ive ly  l a rge  t ab le  o f  mea-
su red  da ta .  By  suppress ing  inve r se  squa re  l aw e f fec t s ,  ex -
trapolation to small  distances from dose rate profiles mea-
sured at  distances of 5 and 10 mm as well  as interpolation

b e t w e e n  s p a r s e l y  d i s t r i b u t e d  m e a s u r e d  v a l u e s  i s  u s u a l l y
more accurate.

B .  P o i n t  i s o t r o p i c  s o u r c e  a p p r o x i m a t i o n

Some clinical treatment planning systems for intersti t ial
b rachy the rapy  u t i l i ze  the  one -d imens iona l  i so t rop ic  po in t -

sou rce  mode l  t o  compu te  in t e r s t i t i a l  sou rce  dose  d i s t r i bu -
tions.  In this approximation, dose depends only on the radial

d i s t ance  f rom the  source .  I f  a  l a rge  number  o f  s eeds  a re
randomly oriented, or the degree of dose anisotropy around
single sources is l imited, the dose rate contribution to t issue
f rom each  seed  can  be  we l l  approx ima ted  by  the  ave rage
radial  dose rate as estimated by integrating the single aniso-
tropic seed source with respect to solid angle.

(10)

where  d Ω = 2 π sin θ d θ for a cylindrically symmetric dose

distribution.

1 .  A n i s o t r o p y  f a c t o r ,  φ a n( r )

Substituting Eq. (2) into Eq. (10) and rearranging, leads to

w h e r e  φ a n(r)  is  the anisotropy factor

The  f ac to r  φ a n(r)  is  the ratio of the dose rate at  distance r ,
ave raged  wi th  r e spec t  t o  so l id  ang le ,  t o  dose  r a t e  on  the
transverse axis at  the same distance. For the sources consid-

ered in this report, φ (r) is  less than 1,  having values ranging
f rom 0 .91  to  0 .97  depend ing  upon  the  sou rce  ( fo r  de t a i l ed
da ta ,  s ee  the  nex t  s ec t ion ) .  Fo r  d i s t ances  g rea t e r  t han  the
source active length,  the equation for dose around a source

using point-source approximation can be simplified to

2 .  A n i s o t r o p y  c o n s t a n t ,  φ a n

For the sources considered in this report,  the anisotropy
factor, φ (r), may be approximated by a distance-

independen t  cons tan t ,  φ a n, which we call  the anisotropy con-
stant ,  which usually takes a value less than 1.00.  Thus,  the

an i so t ropy  f ac to r ,  φ a n(r) ,  i n  Eq .  (13 )  can  be  r ep l aced  by  a

aData from Williamson (Ref. 18).
bData from Meigooni, Sabnis, and Nath (Ref. 12) and Chiu-Tsao and Ander-
son (Ref. 19) were averaged and then multiplied by 1.048 (Ref. 18). a
correction factor for converting Solid Water data to water, as calculated by
Williamson using Monte Carlo simulation (Ref. 18).

cons tan t  φ an without a significant loss in accuracy. I t  should
be noted that  point  source approximation [i .e. ,  Eq.  (12) or
(13)] gives a dose rate at  the reference point in the medium

on  the  t r ansve r se  b i sec to r  a t  a  d i s t ance  o f  1  cm f rom the
s o u r c e ,  e q u a l  t o  ^ φ a n( r )  f o r  a  u n i t  a i r  k e r m a  s t r e n g t h
source. Thus, dose rate on the transverse axis in the medium

is  somewha t  lower  us ing  the  po in t - source  approx ima t ion
than the actual  dose rate by 3% to 9% for the sources con-
sidered in this report.
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FIG. 2. Radial dose functions in a Solid Water medium for 103Pd. 125I, and
192Ir sources.

FIG. 4. Anisotropy function, F(r, θ). in a Solid Water medium for 103Pd.
125I, and 192Ir sources [reprinted with permission (Ref. 20)].

I V .  R E C O M M E N D E D  D O S I M E T R Y  P A R A M E T E R S

A .  D o s e  r a t e  c o n s t a n t ,  ^

Recommended values of dose rate constants in the water

medium are given in Table VI.  Dose rate constants for 1 2 5I
a n d  1 9 2I r  we re  t aken  f rom a  r ecen t  s tudy  by  Wi l l i amson ,1 8

w h i c h  c o m p a r e s  t h e  I C W G  ( C h a p .  3 )1 m e a s u r e d  d a t a  t o
M o n t e  C a r l o  p h o t o n  t r a n s p o r t  c a l c u l a t i o n s .  F o r  1 0 3P d ,  a

s imi l a r  Mon te  Car lo  s tudy  has  no t  ye t  been  sa t i s f ac to r i l y
completed; the simulations have not been able to reproduce
the  measu red  So l id  Wate rT M  dose rate constant.  However,  a

relative correction factor for conversion from Solid Water to
liquid water has been calculated with good accuracy.  There-

fo re ,  t he  dose  r a t e  cons t an t s  measu red  in  So l id  Wate r  by
Meigoon i  e t  a l .12 a n d  C h i u - T s a o  e t  a l .19 we re  ave raged ,  and

this average value was then multiplied by 1.048, a correction
fac to r  ob ta ined  f rom Wi l l i amson’*  fo r  conve r t ing  da ta  in
Solid Water to data in water.

B .  R a d i a l  d o s e  f u n c t i o n ,  g ( r )

F o r 1 2 5I  a n d  1 9 2I r ,  t h e  r a d i a l  d o s e  f u n c t i o n s  i n  a  S o l i d

W a t e r  m e d i u m  w e r e  t a k e n  f r o m  t h e  I C W G  ( C h a p .  3 )1 F o r
1 0 3P d  t h e  r a d i a l  d o s e  f u n c t i o n  i n  a  S o l i d  W a t e r  m e d i u m

from Meigooni et  al .  l2 and Chiu-Tsao et  al .19 we re  ave raged .

The  r ad i a l  dose  func t ions  i n  a  So l id  Wate r  med ium were

fit ted to a polynomial series expansion

g ( r ) = a 0 + a1 r 2 + a2 r 2 + a3 r 3 + · · · (14)

TABLE VIII. Calculated anisotropy function, F(r, θ), for a 103Pd Model 200
source.

θ (deg)
r(cm) 0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0 90.0

1.0 0.523 0.575 0.700 0.741 0.843 0.939 1.00 1.03 1.02 1.00
2.0 0.526 0.544 0.590 0.615 0.748 0.876 0.962 1.08 1.06 1.00
3.0 0.533 0.575 0.520 0.572 0.791 0.658 0.838 1.04 0.948 1.00
4.0 0.544 0.442 0.463 0.646 0.773 0.848 0.887 0.94 0.963 1.00
5.0 0.624 0.574 0.627 0.758 0.777 0.901 0.939 1.04 0.992 1.00

FIG. 3. The isodose curves produced by 125I models 6711 and 6702, 103Pd
and 192Ir sources with air kerma strength of 100 U. The dose rates for the
isodose curves starting from the outside were 2, 5, 10, 20, 50, 100, and 200
cGy/h.
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TABLE IX. Calculated anisotropy function, F(r, θ). for a 125I Model 6711
source.

θ (deg)
r(cm) 0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0 90.0

1.0 0.350 0.423 0.628 0.826 0.953 1.00 1.03 1.04 1.02 1.00
2.0 0.439 0.549 0.690 0.816 0.903 0.954 1.00 1.06 1.04 1.00
3.0 0.452 0.529 0.612 0.754 0.888 0.795 0.877 1.07 1.07 1.00
4.0 0.521 0.582 0.688 0.798 0.842 0.866 0.935 0.969 0.998 1.00
5.0 0.573 0.600 0.681 0.793 0.888 0.903 0.922 0.915 0.985 1.00
6.0 0.581 0.621 0.718 0.803 0.826 0.891 0.912 0.953 0.962 1.00
7.0 0.603 0.660 0.758 0.829 0.861 0.922 0.932 0.978 0.972 1.00

Va lues  o f  f i t t ed  pa rame te r s  and  r ad i a l  dose  func t ions  a r e

shown in Table VII and the radial  dose functions are shown
in Fig.  2.  The overall  accuracy of the fi t  was excellent,  the
mean deviation from the average of measured data was less

than 2%.

C .  A n i s o t r o p y  p a r a m e t e r s ,  F ( r ,  q),  f a n( r ) ,  a n d  f  a n

The anisotropy function,  F(r,  θ). i n  a  S o l i d  W a t e r  m e d i u m
was calculated from measured two-dimensional dose distri-
bu t ions  i n  So l id  Wa te r  (F ig .  3 )  u s ing  ICWG me thodo logy

and are shown in Fig.  4.  Numerical  values of the anisotropy
func t ions  i n  po la r  coo rd ina t e s  a r e  g iven  in  Tab le s  VI I I  t o
X I .2 0  F rom th i s  da t a ,  t he  an i so t ropy  f ac to r s ,  φ a n( r ) ,  w e r e
calculated and are given in Table XII. As shown in Table XII,

the anisotropy factor,  φ a n(r) ,  hardly changes with radial  dis-
tance.  The anisotropy constants,  φ a n, are also given in Table
XII.

D .  P o i n t  s o u r c e  a p p r o x i m a t i o n  d a t a

The average dose rate t imes distance squared for a source
with an air  kerma strength of 1 U were calculated using the

point-source approximation [Eq. (13)] and the recommended
parameters are given in Table XIII for distances ranging from
1 to 8 cm. As previously noted the average dose rates at 1 cm

are less than the dose rate constants by 3% to 9% depending
upon the source.  This reduction is due to the anisotropy of

dose distributions around the source.

V .  S U M M A R Y  O F  R E C O M M E N D A T I O N S

We recommend  tha t
(1 )  The  ICWG dose  ca l cu l a t i on  fo rma l i sm embod ied  i n

TABLE X. Calculated anisotropy function, F(r, θ), for a 125I Model 6702
source.

θ (deg)
r(cm) 0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0 90.0

1.0 0.477 0.549 0.753 0.895 0.993 1.03 1.04 1.04 1.02 1.00
2.0 0.528 0.656 0.766 0.832 0.924 0.945 0.939 1.02 1.02 1.00
3.0 0.711 0.783 0.744 0.814 0.908 0.787 0.840 1.02 1.05 1.00
4.0 0.550 0.610 0.690 0.885 0.955 0.960 1.01 1.03 1.03 1.00
5.0 0.697 0.719 0.822 0.964 0.981 0.990 0.980 1.00 1.05 1.00
6.0 0.600 0.582 0.669 0.799 0.889 0.887 0.893 0.976 1.02 1.00
7.0 0.701 0.708 0.793 0.815 0.839 0.891 0.983 1.01 0.961 1.00
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TABLE XI. Calculated anisotropy function, F(r, θ). for an 192Ir source.

θ (deg)
r ( c m )  0 . 0 10.0 20.0 30.0  40 .0  50 .0 60.0 70.0 80.0 90.0

1.0 0.806 0.843 0.947 0.966 1.00 1.02 1.03 1.03 1.02 1.00
2 .0  0 .788 0.906 0.947 0.941 0.945 0.949 0.953 0.989 0.991 1.00
3 .0  0 .769 0.813 0.893 0.936 1.03 0.984 0.977 1.03 1.03 1.00
4 .0  0 .868 0.949 1.01 0.996 1.02 1.03 1.04 1.01 1.01 1.00
5.0 0.831 0.931 0.994 1.03 1.07 1.05 1.03 1.01 1.02 1.00
6 .0  0 .819 0.899 0.920 0.928 0.973 0.959 0.954 0.996 0.997 1.00
7 .0  0 .844 0.944 0.985 0.969 0.962 0.967 1.01 1.02 0.979 1.00
8 .0  0 .824 0.933 0.926 0.958 0.970 0.982 0.970 0.983 0.994 1.00
9 .0  0 .889 0.962 0.990 0.968 0.996 0.992 1.01 1.02 0.987 1.00

Eq. (2) and based on the use of air kerma strength should be

used for intersti t ial  brachytherapy dosimetry.
(2) Liquid water should be the reference medium for de-

s c r i b i n g  d o s e  r a t e  d i s t r i b u t i o n s  a r o u n d  b r a c h y t h e r a p y
sources.

(3) The data sets given by Tables IV to XII should be the
b a s i s  o f  t h e  d o s i m e t r y  f o r  1 2 5I ,  1 9 2I r ,  a n d  1 0 3P d  s o u r c e s .

(4 )  T rea tmen t  p l ann ing  so f tware  vendor s  shou ld  inc lude
a data entry option that  al lows single-source treatment plan-
ning data to be entered in tabular form consistent with the

methodology presented in this report.

V I .  D I S C U S S I O N

A .  C h o i c e  o f  d o s e  r a t e  c o n s t a n t s

F o r  1 2 5I  a n d  1 2 5I r  s o u r c e s ,  w e  h a d  t h e  c h o i c e  o f  u s i n g
m e a s u r e d  v a l u e s  o f  d o s e  r a t e  c o n s t a n t s  f r o m  I C W G1 o r

Monte Carlo simulation values from Will iamson.” We chose
t o  r e c o m m e n d  M o n t e  C a r l o  v a l u e s  b e c a u s e  t h e  m e a s u r e d
values are for dose to water in a Solid Water medium; this
requires a calculated correction factor to convert it to dose to

w a t e r  i n  a  w a t e r  m e d i u m .  T h e  M o n t e  C a r l o  a n a l y s i s  o f
W i l l i a m s o n18 h ad  made  a  de t a i l ed  compar i son  o f  measu red
and calculated values in a Solid Water medium to validate

TABLE XII. Anisotropy factors, φ an(r), and anisotropy constants, φ an, for
interstitial sources.

Anisotropy factors, φ an(r)

Distance, r
(cm)

1
2
3
4
5
6
7
8
9

Anisotropy
constants

φ an

1 2 5I 125I
1 0 3P d model 6711 model 6702 192I r

0.921 0.944 0.968 0.991
0.889 0.936 0.928 0.947
0.820 0.893 0.897 0.970
0.834 0.887 0.942 0.989
0.888 0.884 0.959 0.998

0.880 0.891 0.949
0.901 0.907 0.965

0.955
0.974

0.90 0.93 0.95 0.98
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TABLE XIII. Average dose rate times distance squared for a source with an
air kerma strength of 1 U using the point source approximation.

Distance
along

transverse
axis (cm)

0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0
5.5
6.0
6.5
7.0
7.5
8.0
8.5
9.0

103P d

0.857
0.666
0.510
0.383
0.283
0.206
0.150
0.110
0.0820
0.0595

Dose rate×r2

(cGy h-1c m2)

125I model 125I model
6711 6702

0.848 0.915
0.818 0.884
0.758 0.825
0.681 0.752
0.598 0.672
0.517 0.592
0.443 0.518
0.379 0.451
0.325 0.393
0.281 0.343
0.246 0.302
0.216 0.266
0.191 0.235
0.167 0.207

1 9 2I r

1.09
1.10
1.10
1.11
1.11
1.11
1.11
1.11
1.10
1.09
1.08
1.07
1.05
1.03
1.02
1.00
0.988
0.978

the accuracy of the simulations.  Therefore.  the task group
recommends the dose rate constants taken directly from the

Monte Carlo simulations of Will iamson.‘”
The  same  p rocedure  was  no t  poss ib le  fo r  1 0 3P d  s o u r c e s

because the Monte Carlo simulations of Williamson’” did not
accu ra t e ly  r ep roduce  the  measu red  dose  r a t e  cons t an t  fo r
1 0 3Pd  sou rces  i n  a  So l id  Wate r  med ium.  Fo r  1 0 3P d  s o u r c e s

we used data from measurements in a Solid Water medium
and  used  a  conve r s ion  f ac to r  ca l cu l a t ed  by  Mon te  Ca r lo
s imula t ions  o f  Wi l l i amson18 to obtain the dose rate constant
in a water medium.

B .  I m p a c t  o f  N I S T  s t a n d a r d s  f o r  s o u r c e  s t r e n g t h  o n
t h e  r e c o m m e n d e d  p r o t o c o l

Of the sources discussed, only 1 9 2I r  h a s  a  N I S T  p r i m a r y

source strength standard that rigorously agrees with the defi-
nition of air kerma strength. In the case of 1 2 5I seeds, there is
good  ev idence18 that  the NIST exposure standard established
in  1985  was  con tamina t ed  by  nonpene t r a t i ng  low ene rgy

photons.  Briefly,  the in-air  kerma measurements performed
by NIST along the transverse axis of sample 1 2 5I  seeds were
con tamina t ed  by  4 .5  keV t i t an ium cha rac t e r i s t i c  x  r ays ,
which have significant penetration in air  but penetrate only

≈0.1 mm in condensed matter.  The effect of this contamina-
tion is to increase the air  kerma strength per contained mil-

l icurie by 7%-10% without affecting the dose rate in con-
densed medium at 1 cm. Consequently, the dose rate constant
fo r  bo th  the  6702  and  6711  seed  mode l s  i s  dep res sed  by
7%-10%.  Th i s  conc lu s ion  i s  a ccep t ed  by  NIST  and  i t  i s
currently revising the 1 2 5I  source strength standard and plan
to suppress the contaminant low energy photons. No trace-

ab le  sou rce  s t r eng th  s t anda rd  o f  any  type  i s  ava i l ab l e  fo r
1 0 3Pd. The vendor calibrates the seeds in terms of activity:

however,  the accuracy with which the vendor’s calibration
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procedure realizes the definitions of contained or apparent
activity is  unknown. Similarly,  the accuracy with which the
conversion factor in Table IV yields air  kerma strength is
unknown. Because the physical status of the vendor’s cali-

bration is unknown, the average of the two published dose
rate measurements at  1 cm was normalized to the vendor’s
activity calibration to give the dose rate constant.

In the cases of 1 0 3Pd  and  1 2 51 ,  t h e  r e c o m m e n d e d  d o s i m -
e t ry  da t a  a r e  based  upon  a  c r i t i c a l  compar i son  o f  Mon te
Car lo  ca l cu l a t i ons  and  measu red  dose  r a t e  d i s t r i bu t ions .1 8

The measured and Monte Carlo dose rate data is  normalized
to the NIST source strength standard established in 1985.
The Monte Carlo calculations include corrections for the low

energy contaminant photons included in the standard as de-
scribed above. The absolute dose rate per unit  activity for
1 0 3Pd is based upon an average of the two experimental data

se t s  ava i l ab l e  a s  o f  1992  and  no rma l i zed  t o  t he  vendor -
maintained calibration standard in use at that time. The con-
tinued accuracy of both the measured and Monte Carlo data
require that the vendors consistently apply the calibration

procedures and standards current at  the t ime the measure-
men t s  and  ca l cu la t ions  were  made .  An  impor t an t  conse -
quence of this analysis is that when the 1 0 3Pd and 1 2 5I  sou rce

strength standards are revised, the data in this report  will
have  to  be  upda ted .  Th i s  l og ica l  r e l a t ionsh ip  be tween  the
source strength standards and accuracy of dose calculations

shou ld  be  kep t  i n  mind .  Shou ld  the  s t anda rds  unde r ly ing
vendor calibration of these sources change, the dose rate con-
stants recommended by this report must be corrected by the
ratio of air kerma strength defined by the old standard to air
kerma defined by the new standard for the same seed

The absolute dose rate measurements upon which this report
are based uti l ized LiF thermoluminescent dosimeter (TLD)

measurements.  As TLD detectors are secondary dosimeters,
the i r  s ens i t iv i ty  to  dose  i s  de te rmined  by  measur ing  the i r
response to a known dose delivered by a calibrated reference

beam.  S ince  r e fe rence  beam ca l ib ra t ions  a re  t r aceab le  t o
N I S T6 0Co and x-ray beam air  kerma standards,  the absolute

dose rate measurements endorsed by this report are subject to
change should the underlying air kerma standards be revised.

This qualification applies only to the 1 0 3Pd dose rate constant
value as the Monte Carlo dose rate constant values used for
1 2 5I  a n d  1 9 2I r  d o  n o t  d e p e n d  o n  p r i m a r y  d o s i m e t r i c  s t a n -

dards.  Any future revisions of the air  kerma standards are
expected to be small in relation to. the overall uncertainty of
the reported measurements.

C .  U n c e r t a i n t y  e s t i m a t e

The recommended formalism for the dosimetry of inter-

stitial brachytherapy sources requires a knowledge of the fol-
lowing quantit ies:  

air  kerma strength,  S k

dose rate constant,  ^
geometry factor,  G(r,  θ )
anisotropy function, F(r,  θ )
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radial  dose function,  g(r) .

Air kerma strength is  usually provided by the manufac-

turer for a batch of sources.  It  is  the responsibili ty of the
medical  physicist  to ensure that  actual  air  kerma strength is
in agreement with the manufacturer’s values.  Uncertainty in
the  de t e rmina t ion  o f  a i r  ke rma  s t r eng th  i s  e s t ima ted  to  be
5%. Dose rate constant,  A, also has a measurement uncer-

tainty of about 5%; about 3% in the dose determination and
about 3% in the determination of air  kerma strength of the
sources used in the determination of dose rate constant.  The

anisotropy function, F(r, θ) is a ratio of two dose rates each
having a measurement uncertainty of about 3%; therefore the
uncertainty in i ts  determination is  also about 5%. Similarly,
radial  dose function, g(r) ,  is  a ratio of two dose rates,  and

has a measurement uncertainty of 5%. The geometry factor is
a mathematical  quanti ty with minimal uncertainty.

Adding these uncertainties in quadrature,  the overall  un-

ce r t a in ty  in  de t e rmina t ion  o f  dose  r a t e  a t  a  po in t  ( r ,  θ )
a round  a  sou rce  us ing  the  r ecommended  p ro toco l  i s  e s t i -
mated to be about 10%.

D.  Implementa t ion  o f  r ecommended  dos imetry
p r o t o c o l

Since use of the dose rate distributions endorsed by this

protocol can result  in differences of up to 17% in the actual
dose  de l ive red  to  a  t a rge t  vo lume  fo r  some  o f  the  b rachy-
the rapy  sou rces ,  i t  i s  impor t an t  t ha t  a  qua l i f i ed  med ica l
physicist  develop a careful plan to implement these recom-
mendations for clinical use.  Different commercial  treatment

p lann ing  sys t ems  employ  d i f f e ren t  a lgo r i thms  and  r equ i re
different types of input data.  One should clearly understand
the  spec i f i c  dose  ca l cu la t ion  a lgo r i thm in  one ’ s  t r ea tmen t

p lann ing  sys t em and  then  de r ive  the  necessa ry  inpu t  da ta
from the basic dosimetry parameters provided in this report.

To check the validity of the correct implementation of the

recommended  p ro toco l ,  t he  phys ic i s t  shou ld  ca l cu la t e  the

dose rates at  various points along the transverse axis using
the point-source approximation and compare his/her results
with those given in Table XIII.

E.  C l in i ca l  impact  o f  recommendat ions

Appendix C of this report presents an historical review of

p rev ious  in t e r s t i t i a l  b rachy the rapy  dose  measu remen t s  and
dose calculation practices.  In the perspective of this histori-
cal  review a dosimetry calculation formalism and the associ-
ated numerical  data for the dosimetry parameters are recom-

mended. A reduction of the dose rate constants by up to 17%
i s  r e c o m m e n d e d  f o r  1 2 5I  sou rces .  No  numer i ca l  change  i s

necessa ry  fo r 1 9 2I r  sou rces .  The  dos ime t ry  a s sumed  by  p re -
viously published clinical studies using 1 2 5I sources needs to

be  r eeva lua ted  in  l i gh t  o f  r ecen t  dos ime t ry  advances  upon
which this report  is  based. The purpose of this evaluation is
to determine the value of 1 2 5I  dose rate constants upon which

one’s current dose prescriptions are based. For example,  if
dose to full  decay in a permanent implant using 1 2 5I  m o d e l
6711 had been prescribed to be 160 Gy using older dosime-
t r y  b a s e d  u p o n  L =  1 . 3 2  c G y  h- lm C i-1  ( e x c l u d i n g  a n i s o t -

ropy),  then the actual dose according to the new data would
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be 160×0.83=139 Gy. Thus,  to del iver  the same dose,  the
physician should prescribe 139 Gy if  the new dosimetry is
adopted. Adoption of these recommendations will  affect the

d o s i m e t r y  o f 1 2 5I  i m p l a n t s  b y  u p  t o  1 7 % ;  t h e r e f o r e ,  t h e
medical physicist  and radiation oncologist  should carefully
compare their current dose calculation practice to the recom-

mended protocol.  Additionally,  they should evaluate the dif-
ferences between the current protocol and older dosimetry

methods assumed by clinical studies cited in support of dose
prescription practice.

F.  Impac t  o f  r ecommendat ions  on  rad iob io log i ca l
s t u d i e s

The new dosimetry may also affect values used for the
re l a t ive  b io log ica l  e f f ec t iveness  (RBE)  o f  1 2 5I  r e l a t i ve  t o
o the r  r ad ionuc l ides  Changes  may  be  necessa ry  i f  t he  b io -

logical studies relied upon the old dosimetry parameters to
determine the dose to cells and tissues in experiments.  On
the other hand, if  the dosimetry was performed using inde-
penden t  means  such  a s  F r i cke  dos ime t ry ,  t he  RBE va lues

need not change.
I t  shou ld  be  no ted  tha t  t he  cu r ren t  va lues  o f  dose  r a t e

c o n s t a n t  f o r  m o d e l  6 7 0 2  a n d  6 7 1 1  1 2 5I seeds are the same

(for those who have not adopted the ICWG data presented in
C h a p .  3 )1 and  they  d i f f e r  f rom the  new va lues  by  va ry ing
amounts, i.e., 10% and 17%, respectively. Therefore, the do-
simetry in current use results in a larger dose to the tumor by

7% in  t he  ca se  o f  6702  compared  t o  6711  s eeds .  Th i s ,  i n
effect, can be misinterpreted as an RBE of 1.06. Clearly, it is
essential  to use the best available values for dosimetry in

radiation oncology and biology. Otherwise quantitat ive con-
clusions about the relative efficacy and RBEs of different

isotopes may not be valid.

A P P E N D I X  A :  R E L A T I O N S H I P  O F  R E C O M M E N D E D

D O S E  C A L C U L A T I O N  F O R M A L I S M  T O
SOURCE STRENGTH QUANTITIES  OTHER THAN
A I R  K E R M A  S T R E N G T H

Historically,  the strength of sealed brachytherapy sources
has been specified using a variety of physical quantit ies and
units.  Sources uti l izing 2 2 6Ra  subs t i t u t e s ,  such  a s  1 3 7C s  a n d
1 9 2I r ,  have  usua l ly  been  spec i f i ed  in  t e rms  o f  equ iva len t
mass  o f  r ad ium (Me q)  while the quanti ty “apparent” or “ef-

f ec t ive”  ac t iv i ty  ( Aa p p) has  been  used  in  1 2 5I  a n d  1 9 8A u  d o -
s ime t ry .  The  TG-43  fo rma l i sm has  been  deve loped  a round

the source strength quantity, air kerma strength, in agreement
wi th  the  wor ldwide  t r end  to  r ep lace  the  o f t en  bewi lde r ing
array of historical  quanti t ies with a single explici t  output

quan t i ty  de f ined  in  t e rms  o f  S I -compa t ib l e  quan t i t i e s  and
un i t s .13 Recognizing that the older quantit ies st i l l  retain wide

currency in clinical practice, equations relating the dose cal-
culation formalism to these quantit ies are developed. For a

more complete discussion of source strength quantit ies and
units,  and more extensive unit  conversion tables,  the reader

is directed to Will iamson and Nath.14 To reduce the length of
the equations,  the relative dose distribution, S(r,  θ),  i s  de-
fined as follows:
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( A l )

In terms of the distribution S(r, θ), the absorbed dose rate for

sources specified in terms of equivalent mass of radium, ap-
parent activity,  and reference exposure rate (R,)  are

(A2)

(A3)

(A4)

The conversion factors are given by

(A5)

(A6)

(A7)

where [W/e] is the average energy to produce an ion pair in
d r y  a i r  a n d  h a s  t h e  v a l u e  3 3 . 9 7  J / C = 0 . 8 7 6  c G y / R .2 1

( Γδ) χ ,  Ra,t  i s  t he  exposure  r a t e  cons tan t  fo r  2 2 6R a  f i l t e r e d  b y
the thickness, t, of platinum and has the value (Ref. 22) 8.25
R  c m2m g- 1h - 1  w h e n  t = 0 . 5  m m  P t .  ( Γδ ) χ i s  t h e  a s s u m e d

exposure rate for an unfiltered point source of the given ra-
d i o n u c l i d e  a n d  u s u a l l y  h a s  u n i t s  o f  R  c m2m C i- 1h - 1.  I n
evaluating Eq. (A6), care must be taken to assume the same
( Γδ) χ va lue  a s  a s sumed  by  the  vendor  i n  ca l cu l a t i ng  Aa p p

f rom the  measured  S k. Source - s t r eng th  conver s ion  f ac to r s

for the sources covered in this report are given in Table IV.
Alternatively,  the dose rate constants may be renormalized.

(A8)

w h e r e

(A9)

The corresponding equations for reference exposure rate and
equ iva l en t  mass  o f  r ad ium can  be  ea s i ly  de r ived . ‘ ”  When
equivalent mass of radium is used, the dose rate is given by

(A10)

w h e r e

A P P E N D I X  B :  R E L A T I O N S H I P  B E T W E E N

R E C O M M E N D E D  F O R M A L I S M  A N D  O T H E R
F O R M A L I S M S

An exhaustive review of the great variety of dosimetric
ratios used in the brachytherapy dosimetry l i terature is  be-

yond the scope of this report.  A few of the more influential
quanti t ies l ikely to be used by current treatment planning
software will  be discussed. The purpose of this review is to
(i)  aid physicists in converting published dose distribution
data to the formalism endorsed and (ii) facilitate entry of the
recommended data into commercial treatment planning sys-
tems not using the TG-43 formalism.

A .  R a d i a l  d o s e  d i s t r i b u t i o n  q u a n t i t i e s

Many quantities have been used to describe the dosimetric
i n t e r p l a y  b e t w e e n  a t t e n u a t i o n  o f  p r i m a r y  p h o t o n s  a n d
buildup of scattered photons in the medium. These quantities
have been used to describe both theoretical dose distributions

around point  sources and measurements and/or Monte Carlo
calculations around actual sources. In addition, these quanti-
ties are used to implement the point-source dose computation
model on clinical treatment systems. Radial dose functions
derived from the theoretical point-source dose model cannot

be related rigorously to the quanti t ies g(r)  and F(r, θ)  r e c -
ommended by this report because the latter are derived from
dose distributions around actual two-dimensional sources.

1 .  E n e r g y - a b s o r p t i o n  b u i l d u p  f a c t o r :  B ( µ r )

Thi s  quan t i t y  i s  gene ra l l y  u sed  t o  t abu l a t e  t heo re t i c a l
point-source dose distributions.  The build up factor is de-

fined as

where  µ is the total linear attenuation coefficient of the pri-

mary spectrum. The most commonly cited source of buildup

factors is the classic article by Berger 23 which is based upon

a semianalytic solution of the Boltzmann transport equation.

Burns  and  Raes ide24 u sed  th i s  fo rma l i sm to  p resen t  Monte

Carlo estimates of dose rate around 1 2 5I  sources. Meisberger

e t  a l .2 5 were the first  to suggest that these theoretical data

could be used to approximate the transverse axis dose distri-

bution around actual  interst i t ial  sources.  For an ideal  point
source,  dose rate b(r)  at  distance r ,  air  kerma strength,  and

B ( µ r )  a re  r e l a t ed  by

(B2)

For a real source, theoretical values of B(µr) are approxi-
mately related to the actual  radial  dose function,  g(r) ,  by
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(B3)

T h i s  a p p r o x i m a t i o n  i s  v a l i d  o n l y  i f  f i l t r a t i o n  a n d  s e l f -
absorption do not alter the primary photon spectrum or the
ba lance  be tween  bu i ldup  o f  s ca t t e r ed  pho tons  and  a t t enua - 2 .  T i s s u e  a t t e n u a t i o n  f a c t o r :  T ( r )
tion of primary photons in the transverse plane of the source.
That is, the only factor causing the actual dose distribution to
deviate from that of a theoretical  point source is  the spatial

distribution of radioactivity in the extended source.  This ap-
p rox ima t ion  has  been  conf i rmed  on ly  fo r  l i gh t ly  f i l t e red
sources with photon energies above 300 keV, e.g. ,  1 3 7C s  a n d
1 9 2I r  U s e  o f  E q .  ( B 3 )  f o r  l o w  e n e r g y  s o u r c e s  s u c h  a s  1 2 5I
a n d  1 0 3Pd  i s  no t  r ecommended .  Assuming  tha t  Eq .  (B3)  i s
valid,  dose rates very near the source can be estimated by

The t issue attenuation factor,  T(r) ,  is  the most frequently

used  da ta  fo rma t  fo r  r ep resen t ing  the  r ad ia l  dose  f a l lo f f
a round  b rachy the rapy  sou rces  i n  compu te r i zed  t r ea tmen t
p lann ing  sys t ems ,  wh ich  gene ra l ly  r eques t  t he  da ta  in  the

form of a polynomial f i t  or a table.  T(r)  has been used to
desc r ibe  bo th  measu red  dose  d i s t r i bu t ions”  a round  ac tua l
sources and theoretical point-source dose distributions.28 It is

defined as
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Experimental  determination of T(r) involves direct  measure-

ment of both dose in medium and kerma in free space along
the transverse axis of an extended source. To satisfy the defi-
nit ion in Eq. (B5),  the measured dose and kerma rates must

be corrected for finite source size. The most frequently cited
T( r )  da t a  i s  t ha t  o f  Me i sbe rge r  e t  a l . . ”  who  r ev i ewed  bo th
measured  and  t r ansve r se  ax i s  dose  d i s t r ibu t ions  fo r  1 9 2I r ,
1 3 7C s ,  2 2 6R a ,  6 0C o ,  a n d 1 9 8A u  a n d  r e c o m m e n d e d  a n  a v e r -

aged data set  for clinical  use.
Regard les s  o f  whe the r  ke rma- to -dose  convers ion  fac to r s

are derived from measured data corrected for source geom-
etry or theoretical  point-source calculations,  T(r)  is  related
to the radial  dose function, g(r) ,  endorsed in this report  by

(B6)

For  measu red  da t a ,  t he  accu racy  o f  t he  app rox ima t ion  de -
pends on the adequacy of the experimentalist’s source geom-

etry corrections to account for differences in source construc-
tion between the source used for measurement and the source
to  wh ich  the  da t a  i s  t o  be  app l i ed .  Fo r  T ( r )  da t a  de r ived

f rom po in t - source  theo re t i ca l  ca l cu la t ions ,  t he  cond i t ions
ou t l ined  above  mus t  be  me t .  Fo r  low ene rgy  sources ,  on ly
measu red  o r  Mon te  Car lo  da t a  de r ived  f rom sources  o f  t he
same design as the actual sources should be used clinically.

Subject to these conditions, the dose rate on the transverse
axis is given by.

(B7)

3 .  T h e  o l d e r  ( D a l e ’ s )  r a d i a l  d o s e  f u n c t i o n :  g ’ ( r )

The radial  dose function, g’(r) ,  is  widely used to describe
dose  d i s t r i bu t ions  measu red  a round  ac tua l  sou rces  (L ing ,6

S c h e l l ,7 M e i g o o n i2 6) ,  Monte Carlo estimates of dose around
t w o - d i m e n s i o n a l  s o u r c e s  ( W i l l i a m s o n2 7) ,  and  t heo re t i c a l

p o i n t - s o u r c e  d i s t r i b u t i o n s  ( D a l e1 5 - 1 7) .  The  symbo l  g ’ ( r )  i s

used to denote this quantity so as to distinguish i t  from the

iden t i ca l ly  named  quan t i t y ,  g ( r ) ,  endor sed  by  th i s  r epo r t .
g ’ ( r )  i s  de f ined  a s

(B8)

where  no rma l ly  r0 = 1 cm and θ 0= π/2. The function g’(r)  is
identical to the recommended g(r) except that a point-source
geomet ry  d i s t r ibu t ion  i s  a s sumed .  When  g ’ ( r )  i s  de r ived

f rom measu remen t s  o r  Mon te  Ca r lo  ca l cu l a t i ons  abou t  an
actual  source,  g’(r)  and g(r)  are related by

(B9)

g’(r)  very closely approximates g(r)  for distances r  greater
than the maximum dimension of the active source.  However,
at  distances less than 5 mm from intersti t ial  seeds, the two
quantit ies may differ significantly.

Absolute dose rates cannot be calculated from g’(r)  un-

less the relationship between dose rate at  1 cm and source
s t r eng th  i s  known .  For  r ad ium subs t i t u t e  i so topes  ( ene rgy
>300 keV),  the dose rate in medium at  1 cm can be closely

approximated by the water kerma rate in free space at  the
same  po in t .  Then ,  a s suming  g ’ ( r )  i s  ba sed  upon  measu red

data

(B10)

When  g ’ ( r )  i s  u sed  to  deno te  theo re t i ca l  po in t - source

dose distribution, then, subject to the conditions described
above  we  have

g ( r )  ≅ g ’ ( r ) . (B11)

Then dose rate in water medium can be estimated by

(B12)
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4 .  R e l a t i o n s h i p  b e t w e e n  d o s e  r a t e  c o n s t a n t  a n d
t r a d i t i o n a l  d o s i m e t r i c  q u a n t i t i e s

This section reviews the relationships between dose rate
cons t an t  (A) ,  bu i l dup  f ac to r  [B(µr0) ] ,  dose - to -ke rma  fac -
tors [T(r)] ,  exposure rate constants (Gd) c,  and exposure-to-

d o s e  c o n v e r s i o n s  ( ƒm e d) .  The  twofo ld  purpose  i s  to  a s s i s t
phys ic i s t s  i n  r e fo rma t t ing  pub l i shed  da ta  in to  the  r ecom-

mended  fo rmal i sm and  in  implement ing  the  r ecommended
dose  ca l cu la t ion  fo rma l i sm on  t r ea tmen t  p l ann ing  sys t ems
that use traditional quantities. The reader is warned that pub-
l i shed  va lues  o f  B ,T ,  G ,  and  ƒm e d  d e r i v e d  f r o m  i d e a l i z e d
point-source calculations ignore essential  properties of the

actual  source including source geometry,  encapsulation,  and
ca l ib ra t ion  p rocedures .  Fo r  l ow ene rgy  sou rces ,  such  a s
1 0 3P d  a n d 1 2 5I ,  this approach gives rise to significant errors
in dose administered to the patient.

Consider an extended source and assume the transverse
a x i s  T ( r )  a n d  B ( µ r0)  a r e  de r ived  f rom theo re t i ca l  po in t -

source calculations.  Then the dose rate constant,  ^,  is  given

b y

w h e r e  ^  h a s  u n i t s  o f  c G y h- 1U - 1  o r  e q u i v a l e n t l y ,  c m - ‘ ,

 is the ratio of mass energy absorption coeffi-

c i en t s  ave raged  ove r  the  p r imary  pho ton  spec t rum in  f r ee
space with respect to energy fluence. In terms of Γ a n d  ƒm e d,
t h e  d o s e  r a t e  c o n s t a n t s  A  a n d  A , ,  w i t h  u n i t s  o f
c G y h- 1U -1 and cGymCi- 1h - 1, respectively, are given by

a n d

5 .  I m p l e m e n t a t i o n  o f  p o i n t  s o u r c e  m o d e l  o n  a

c o m m e r c i a l  t r e a t m e n t  p l a n n i n g  c o m p u t e r

Treatment planning systems that  approximate interst i t ial
seed dose distributions by the isotropic point-source model
generally use one of the following equations, which express
dose  r a t e  a s  a  func t ion  o f  ( Γδ) χ , ƒ m e d,  a n d  T  o r  g ’ ( r ) :

Using the data and calculation formalism recommended by

this report

(B17)

Assuming  the  dose  ca l cu la t ion  fo rma l i sm o f  the  p l ann ing
computer is described by the first equation of (B16) and that
the recommended dosimetric data are entered according to
the following identifications,  Eq. (B17) can be implemented

by the following transformations:

(B18)

B .  T w o - d i m e n s i o n a l  d o s e  d i s t r i b u t i o n  a n d  t h e  S i e v e r t
i n t e g r a l  m o d e l

Since every commercial treatment planning system does
not permit tabular entry of two-dimensional brachytherapy
data,  incorporation of the two-dimensional dose distribution

data contained in this report  may be difficult  or impractical
for many users. Nearly all currently available treatment plan-
ning systems make use of the Sievert model to generate two-
d imens iona l  dose  r a t e  a r r ays  fo r  f i l t e r ed  l i ne  sources .  In
terms of air  kerma strength, the Sievert  model is given by2 8

(B19)

and the other variables are defined by Fig. 1.

The radial thickness of the filter is denoted by t a n d  µ´ i s
the effective attenuation coefficient of the filter material. No-
tice that the angle θ i s  measu red  r e l a t ive  to  the  t r ansve r se
b i sec to r  r a the r  t han  the  long i tud ina l  ax i s  o f  t he  sou rce .
Equating the general  expression (1) for 2-D dose rate distri-
but ion with Eq.  (B19)

(B21)

Dup l i ca t ion  o f  t he  two-d imens iona l  da t a  r ecommended  by
this report by the Sievert model requires that µ´ be treated as
a parameter of best fi t ,  chosen to minimize the deviations
f rom Eq .  (B21)  when  the  r ecommended  da t a  a r e  u sed  to
evaluate the left  side.  Diffey et  al29 a n d  W i l l i a m s o n28 h a v e

successfully used this approach to “fit” the Sievert  model to
measured and Monte Carlo-generated dose distributions for
1 3 7Cs intracavitary sources.  Because the effect of fi l tration is

assumed to be independent of distance (µ´ is a constant), the
Sievert  model as described probably cannot accurately model
sources for which the scatter-to-total-dose ratio varies sig-
n i f i can t ly  wi th  d i s t ance .  For 1 2 5I ,  L a r k e3 0  s h o w s  t h a t  t h e

one-parameter best-fit  model of Eq. (B19) gives rise to dose
calculation errors as large as 25%.

A P P E N D I X  C :  R E V I E W  O F  D O S I M E T R Y

C A L C U L A T I O N S  A N D  M E A S U R E M E N T S  F O R
I N T E R S T I T I A L  B R A C H Y T H E R A P Y  S O U R C E S

This  sec t ion  i s  an  h i s to r i ca l  r ev iew o f  the  dos ime t ry  o f
intersti t ial  brachytherapy sources of 1 9 2Ir (Sec. A), 1 2 5I  (Sec .
B),  and 1 2 5Pd (Sec. C).  Because of the extensive amount of
literature on this subject in the last two decades, this appen-
dix is rather lengthy. However, the reader is advised that the

material  presented in this appendix is not essential  for using
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the recommendations of the task group, but is  useful for a

better and deeper understanding of the associated issues.
We have decided to present an historical review using the

quantities and units that were in use at the time of writing of

the  spec i f i c  r epor t s ,  because  i t  i s  eas i e r  fo r  the  r eade r  to
relate to the earlier work in terms of i ts  own quantit ies and

units. Also, in this historical review, we have used terms like

exce l l en t  ag reemen t ,  good  ag reemen t ,  and  f a i r / r easonab le

agreement to be roughly equivalent to an agreement within
3%, 5%, and 10%, respectively.

A .  I r i d i u m - 1 9 2  s o u r c e s

2966 :  Among  the  ea r l i e s t  r epo r t ed  dos ime t ry  da t a  fo r
1 9 2I r  were  those  o f  Mered i th  et  al . ,31 who  had  used  a  cy l in -

d r i c a l  p e r s p e x  i o n  c h a m b e r  ( 6 m m X 6 m m  i n t e r n a l  d i m e n -

sions) to measure exposure in air and in water separately at 1
or 2 cm intervals in the range 2-10 cm from a 1.5 cm long
1 9 2Ir  source. At each distance they formed the ratio of expo-
sure in water to exposure in air  from measurement data un-

corrected for source size or detector size, acknowledging that

such corrections are not exactly the same in water as in air .
The  r e su l t i ng  r a t i o s  were  w i th in  expe r imen ta l  unce r t a in ty

(about  2.5%) equal  to 1.0 from 2-6 cm, dropping to 0.94 at
8 cm and 0.90 at 10 cm.

1 9 6 8 :  M e i s b e r g e r  e t  a l2 5  m e a s u r e d  t h e  w a t e r / a i r  r a t i o

(without moving the detector) at  distances from 1 to 10 cm

f r o m  a  c l u s t e r  o f  s e e d s  ( 3  m m  l e n g t h × 0 . 5  m m  d i a m e t e r
each,  steel  walls  0.2 mm) using a 3 mm×3 mm anthracene
scintillator with a Lucite light pipe to a photomultiplier. They

mention making source size corrections but did not say how

they were made. They also calculated the ratio of exposure in

water to exposure in air ,  using (as yet  unpublished) Berger
buildup coefficients. The calculated results diverged from the

measured for increasing distance and were about 7% larger

than measured data at  10 cm. They averaged their  data with
those of Meredith et  al .31 and then further averaged the com-

bined experimental  data with their  calculated data.  The re-
sulting curve was fi t ted with a third degree polynomial for

which the constant term was 1.01 (versus an expected value

of 1.00) and the value at  10 cm was about  0.93.  They rec-
ommended this curve for clinical calculations.

1979: Because dose estimates are often made on the basis

of exposure calculated from activity,  the exposure rate con-

stant has continued to be a matter of interest, although it will
be of much less interest when source strengths are routinely

specified as air  kerma strength.  Prior to 1978, exposure rate

c o n s t a n t s  r e p o r t e d  f o r 1 9 2I r  r a n g e d  f r o m  3 . 9  t o  5 . 0

R  c m2 m C i- 1h - 1, p rov id ing  a  good  example  o f  why  i t  i s

poor practice to specify source strength as activity, since the

ac t iv i ty  migh t  be  in fe r r ed  by  the  manufac tu re r  u s ing  one

value of the constant and the dose might be calculated by the
user from a different value.  Glasgow and Dillman3 a t t empted

to reconcile the disparate values of exposure rate constants

a n d  r e p o r t e d  t h e i r  o w n  c a l c u l a t e d  v a l u e ,  4 . 6 9 ± 0 . 0 5
R c m2 m C i- 1h - 1 , based on the then latest spectroscopy data

from the Evaluated Nuclear Structure Data File at Oak Ridge

National Laboratory.  Although, str ict ly speaking,  the expo-
sure rate constant is defined (except in the case of radium)

on ly  fo r  an  unencapsu la t ed  po in t  sou rce ,  G la sgow32 s u b s e -
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quently used the same nuclear data to calculate exposure rate
constants for two types of 1 9 2 Ir sources: one encapsulated in
stainless steel and the other in platinum. These results would
allow one to estimate the actual activity in a source from a
measurement of exposure rate but have no practical  applica-
tion in brachytherapy dosimetry.

1 9 7 9 :  Webb  and  Fox33 used Monte Carlo methods to cal-

culate the dose rate as a function of distance from an unen-
capsu la t ed  po in t  sou rce  o f 1 9 2I r  a t  t h e  c e n t e r  o f  a  2 5  c m
radius water sphere. Their value at 1 cm, 4.26
c G y h- 1m C i- 1, c a n n o t  c o n v e n i e n t l y  b e  r e f e r e n c e d  t o  a

source strength given in terms of exposure rate,  since they
did not report using the same code to calculate exposure rate.
However,  they did present results normalized at  1 cm and
noted that “if the data in Fig. 4 of Meisberger e t  a l25 can  be

interpreted as representing the radial falloff in dose rate with
the inverse square law removed,” their  results  duplicated al-
most exactly Meisberger’s “selected average” of experimen-

tal  and calculated data.  I t  is  not  clear  that ,  in making this
comparison, the authors have taken into account the fact that
Meisberger’s plot was inherently normalized at  zero distance
while Webb and Fox data were normalized at  1.0 cm; Meis-
berger’s polynomial, if normalized at 1.0 cm, gives 0.910 at
10  cm,  whe reas  Webb  and  Fox’ s  no rma l i zed  da t a  have  a
value of about 0.945 at 10 cm. In a short note two years later,

Korne l sen  and  Young34 suggested that the data of Webb and
F o x3 3  c o u l d  b e  r e p r e s e n t e d  b y  e - µ rB / r2 w h e r e  µ i s  a  l i nea r
attenuation coefficient and B is a buildup factor of the form

a n d  k a a n d  k b a re  cons t an t s .  Wi th  a  va lue  o f  0 . 113  cm -1 f o r

µ ,  l ea s t - squa res  f i t t i ng  r e su l t ed  in  k a= 1 . 5 9  a n d  k b= 1 . 3 6
for  the  1 9 2I r  d a t a .

1 9 8 1 :  B o y e r  e t  a l .35 have  measu red  exposu re  r a t e  con -
s t an t s  fo r  t he  0 .2  mm s t a in l e s s  s t ee l - c l ad  and  the  0 .1  mm
p l a t i n u m  c l a d  1 9 2I r  sou rce  t o  be  4 .6  R  cm2h - 1m C i-1  w i t h  a
4% unce r t a in ty .  By  o f f e r ing  ca l ib ra t ions  o f  b rachy the rapy

sources only in terms of exposure rate at  a given distance,
NIST has exerted a positive influence toward avoiding errors
associated with uncertainties in exposure rate constant.  Hav-

ing introduced a calibration procedure for 1 3 7Cs intracavitary
sources in 1969,  the National  Bureau of  Standards (NBS)
subsequently reported a similar methodology for the calibra-

t i on  o f 1 9 2I r  seeds .36 Sphe r i ca l  a i r  f i l l ed  g raph i t e  chamber s
were used to measure the exposure rate at  ei ther 50 or 100
cm from planar arrays of closely spaced seeds,  either plati-

num encapsulated or stainless-steel  encapsulated.  About 50
seeds of nominal activity 1.5 mCi each were required in an
array in order to produce a satisfactory ion current in the

(nominally 50 cc) chamber.  The seeds were then placed in-
dividually at the center of a re-entrant air filled spherical ion
chamber having aluminum walls of 20.3 cm diameter, and its

calibration factor for each seed type was determined as the
ra t io  o f  t he  p roduc t  o f  dose  and  d i s t ance  squa red  fo r  t he

array to the sum of the measured ion currents for the seeds.
Th i s  f ac to r  was  3% h ighe r  fo r  t he  p l a t i num encapsu la t ed
seed than for the stainless-steel-encapsulated seed.

It should be noted that Rogers pointed out at a symposium
at NIST that  for  1 9 2Ir ,  a  small  (<2%) discrepancy may exist
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between the free-air  chamber and cavity chamber standards
a t  i n t e rmed ia t e  ene rgy  pho tons .  A t t ix  made  s imi l a r  com-

ments.  The NRC and NIST are investigating the issue.
1982: The following year,  in an art icle describing Monte

Car lo  ca l cu la t ions  o f  dose  r a t e  ve r sus  d i s t ance  fo r  po in t
sources  o f  s eve ra l  r ad ionuc l ides ,  i nc lud ing  1 2 5I  as well  as
1 9 2Ir, in water and other body tissues, Dale” pointed out that
the sampling method used by Webb and Fox 33 did not  accu-

rately represent the actual distribution of scattering events on
scattering angle,  especially at  low energies.  1 9 2Ir  photon en-

ergies are sufficiently high so that only minor differences
among tissues were noted in the calculated dose rate constant

( S D C  i n  D a l e ’ s  t e r m i n o l o g y ) ,  w h i c h  r a n g e d  f r o m  3 . 9 6

c G y h- 1m C i- 1  i n rectum to 4.13 cGyh - 1m C i-1 in body
fat. Similarly, the radial dose functions show only a few per-
cent variation with t issue type. The radial  dose function re-

p o r t e d  b y  D a l e15 f o r 1 9 2Ir  in  water  is  about  0.98 at  10 cm,

significantly higher than the corresponding values of either
Webb  and  Fox33 or  Mei sbe rge r .25 The decay scheme used by

Dale in these calculations was challenged in a letter to the
ed i to r  f rom May le s  and  Turne r ,37 who sugges ted  tha t  t he

correct decay scheme would lead to SDC values higher by a
factor of 1.089. In a later publication dealing with the same

i s sues ,  Da le16 adjusted the SDC values by a factor of  1.09
but did not change the coefficients of the quadratic function

that had previously been the result of a least-squares tit to the
Monte Carlo calculated radial dose function. Presumably. an

increase in the dose rate constant would be accompanied by

a more rapid falloff in the radial dose function. which might
bring his results into better agreement with the Webb and
F o x3 3  da ta  and  the  Me i sbe rge r  da t a .  I n  t h i s  s ame  a r t i c l e ,

Da le  obse rved  tha t ,  fo r  med ium-ene rgy  nuc l ides  l i ke  1 9 2I r ,
the average spectral photon energy falls off significantly with

distance, to about 60% at 10 cm. He also shows the percent-

age of dose due to scattered photons, which is still increasing
at  15 cm, where i t  reaches a value in water  of  about 76%

(possibly sti l l  based on calculation with the incorrect decay
scheme, however).

1 9 8 3 :  F o r  1 9 2Ir  seeds or wire encapsulated in platinum,

oblique filtration has a significant effect on the dose near the
source. An example of how the Sievert  integral is used to

estimate this effect in clinical dose calculations for 1 9 2Ir  wire

is afforded in an article by Welsh et  al .38 dea l ing  wi th  how
their 1966 algorithm (at Churchill Hospital, Oxford) was re-

evaluated in 1981. Pertinent to the dosimetry of such sources

is their  decision to retain 4.3 cm-1 as the attenuation coeffi-
c ien t  fo r  1 9 2I r  pho tons  in  p l a t inum and  the i r  mode l  o f  t he

actual source as a l ine source on the axis of a cylinder of
platinum. For the two wire diameters in use, 0.3 and 0.6 mm,

the corresponding products of radius and attenuation coeffi-

cient are 0.0645 and 0.129. Of possible relevance, as well, is
their choice of attenuation coefficient;  for the most extreme
case shown, 8 cm distance on the transverse axis of a 10 cm
wire, the effect of the choice of attenuation coefficient was
less than 6%.

1 9 8 3 :  I t  w a s  p o i n t e d  o u t  b y  W i l l i a m s o n  e t  a l . 3 9  t h a t
Sievert  integral  calculations (such as the aforementioned)
implicit ly assume any photons scattered by the source cap-

sule are at tenuated by the same factor as the unattenuated
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primary photons.  He reports the results of Monte Carlo cal-
culations (of exposure rate in air)  to determine how much
error is  involved in these assumptions.  For a platinum fil-

tered 1 9 2Ir  seed (0.5 mm diameter and 3 mm long),  he found
that for angles greater than 50 deg relative to the source axis,

t he  ag reemen t  o f  Mon te  Ca r lo  w i th  S i eve r t  i n t eg ra l  was

within 2%; within a cone of less than 50 deg, the Sievert

integral overestimates the dose in air by up to 16.6% at 2 cm
on the seed axis. He used the same data to depict the (fluence
or exposure) anisotropy of the platinum seed, obtaining a

ratio between doses on the longitudinal axis and transverse

axis of 0.60 by Monte Carlo versus 0.70 by Sievert integral.
The Monte Carlo result shows that a point source calculation

would be in error by 5% at an angle of 50° from the source
axis. Integrated over 4π, the anisotropy produces a reduction

in “e f f ec t i ve  ac t i v i t y”  o f  4% by  Mon te  Ca r l a ,  2 .9% by

Sievert integral. The error made by using the Sievert integral

is reduced slightly for an 1 9 2Ir  seed if  exposure rate (rather

than activity) calibration is  used.  Finally,  Will iamson dem-

onstrates that the calculated anisotropy corrections are insen-

sit ive to uncertainties in the underlying spectroscopic data
when seed strength is specified by exposure rate rather than

activity.

1 9 8 3 :  L i n g  et  al .4 0 have  de te rmined  tha t  the re  i s  some
an i so t ropy  in  pho ton  emiss ion  as soc ia t ed  even  wi th  the

s ta in less - s tee l  1 9 2I r  s eed .  They  had  used  a  3  i n .  d i ame te r

sodium iodide crystal 90-150 cm from a seed (in lightweight
mounting) to measure,  for four seeds,  the relat ive 250-750

keV photon fluence as a function of angle in the plane of the

seed axis. Although the fluence on the axis was found to be
only 78% of that on the transverse axis, the value was greater

than 95% at  20° from the axis.  The average over 4 π  s o l i d

angle was only 1% different from unity,  and they concluded
that the observed anisotropy was not significant clinically.

1 9 8 5 :  Kneschaurek and Lindner41 used a small  ionization

chamber (0.3 cc PTW) to measure separately dose in air and
dose in polystyrene as a function of distance from 2-10 cm

a long  the  t r ansve r se  ax i s  o f  a  Gamma Med  r emote  a f t e r -

l oade r  1 9 2Ir  source 1 mm in diameter and 2 mm long. They
fitted Meisberger polynomial coefficients for the water/air

exposure ratio to the polystyrene/air dose ratio, obtaining an

attenuation curve that ,  relative to the Meisberger “selected”

water/air  rat io,  was 1% lower at  2.0 and 3.6% lower at  10

cm.

1988 :  A  s imi l a r ,  t hough  more  ex t ens ive ,  s t udy  o f  1 9 2I r
photon attenuation in phantom was undertaken by Meli, Mei-
gooni, and Nath et al.42 for Lucite, Solid Water, and water, in

addit ion to polystyrene.  They used a Gamma Med source of

ac t ive  d imens ions  0 .6  mm d iame te r  by  5 .5  mm long  and
made measurements on the transverse axis at  distances from

l-10 cm with a 0.1 cc (Physikalisch Technische Bundesan-

stalt ,  PTW) ion chamber.  They also performed Monte Carlo
calculations of dose versus distance from a point 1 9 2Ir  source
in these materials and of spectral  distribution on photon en-

e rgy  a t  va r ious  d i s t ances  f rom bo th  a  ba re  and  a  0 .1  mm
stainless-steel-encapsulated source, using the updated source
spectrum that  Mayles and Turner37 had earlier recommended
to Dale.‘” In the calculated spectral results, no effect of en-

capsulation was seen, and the expected shift  toward low en-
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ergies at  greater distances was observed, more so for Lucite,
which is denser.  For all  the materials,  the ƒ factor derived
from the calculated spectra decreased by 3% from 1 to 5 cm
and held constant at  10 cm. Relative depth versus distance

da ta  were  wi th in  unce r t a in ty  l imi t s  fo r  bo th  measu remen t s
and calculations for all materials, and the water/air dose ratio

agreed with Meisberger’s selected values within 1.5%. The

authors concluded that the solid phantom materials investi-
gated, including Lucite (for which increased absorption was

compensa ted  by  backsca t t e r ing  in  fu l l  phan tom) ,  were  a l l

suitable substi tutes for water in experimental measurements.
1988: In an article related to the above studies, Meigooni,

M e l i ,  a n d  N a t h  e t  a l .4 3  d e t e r m i n e d  t h e  e f f e c t  o f  s p e c t r a l
change with distance on the sensitivity (thermoluminescent

response per unit  dose) of LiF (TLD) chips.  Using the same
1 9 2I r  sou rce  and  the  po lys ty rene  phan tom,  they  p laced  f ive

ch ips  on  the  pe r ime te r  o f  a  1 .5  cm rad ius  c i r c l e  w i th in  a
phantom slab, together with a 0.3 cc PTW ion chamber at the

center of the circle.  The flat energy response of the chamber

was verif ied experimental ly with 60,  80,  100,  and 250 keV

and 4 MV x rays to be within 2% over the energy spectrum
of 1 9 2Ir  photons.  Other slabs were used to vary the phantom

th ickness  be tween  the  p l ane  o f  the  de tec to r  a r r ay  and  the
source, although the total intervening space included a 10 cm

air gap adjacent to the phantom surface in which the source

was  embedded .  The  a i r  gap  se rved  to  make  neg l ig ib l e  t he
difference in distance from the source between the TLD cen-

t e r s  and  the  chamber  cen te r .  I n t roduc ing  the  a i r  gap  was

found  to  change  the  r a t io  o f  TLD response  to  chamber  r e -
sponse at 10 cm depth in phantom by no more than the 1.7%

that would have been expected from the different geometry if
r e sponses  va r i ed  a s  the  inve r se  square  o f  d i s t ance  to  the

source, indicating no significant effect of the gap on photon

spectrum. The relative sensitivity of the TLD’s was measured
at five phantom depths (1.36, 3.34, 5.32, 7.27, and 10.27 cm)

and also calculated using Monte Carlo simulations at  three
(1 .0 ,  5 . 0 ,  and  10 .0  cm) .  Ca l cu l a t i ons  we re  pe r fo rmed  by

weigh ing  sens i t iv i t i e s  t aken  f rom an  expe r imen ta l ly  de te r -

mined response versus energy curve by the Monte Carlo cal-

culated spectra at  these depths.  Measurements and calcula-
tions taken together indicate that the LiF sensitivity increases

roughly l inearly with depth up to about 8% at  10 cm depth.

1988:  Gi l l in  et  al .44 have  r epo r t ed  TLD measu remen t s  i n

Solid Water phantom with LiF cubes 1 mm on an edge, in the
v i c i n i t y  o f  a  p l a t i n u m  e n c a p s u l a t e d  1 9 2I r  w i r e  0 . 3  m m  i n

d iame te r  and  5  cm away  f rom the  wi re  and  to  4  cm ( f rom
center) along the wire,  plus a few points on the source axis,

to 4.5 cm from center.  They compare their  results with cal-

cu l a t i ons  t ha t  employed  a  va r i a t i on  o f  t he  S i eve r t  i n t eg ra l

me thod  and  Mei sbe rge r  s ca t t e r ing  and  a t t enua t ion  co r rec -

t i ons .  Ca l cu l a t ed  da t a  a r e  subs t an t i a l l y  sma l l e r  t han  mea -
sured data at 0.25 and 0.5 cm away but there is good agree-
ment at  greater distances.  As expected, the Sievert  integral

severely underestimates observed doses along the axis,  since
it  does not account for dose from radiation scattered in the
phantom. The fact that the calculated values are smaller than
measured values at  0.25 and 0.5 cm is  probably at tr ibutable
to the same effect. The effect of scattering in the phantom on
the accuracy of the Sievert  integral method is thus opposite
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to  the  e f fec t  o f  sca t t e r ing  in  the  source  as  de te rmined  by
Williamson.“’ Since the Sievert  integral method starts from

actual rather than apparent activity, multiplication of the ex-
posure rate constant by the factor 1.07, in this instance, was

required to correct for self-absorption during the exposure

rate calibration of the source.
1988: In an investigation of the use of platinum encapsu-

lated 1 9 2I r  s eeds  (3  mm d iame te r  by  0 .5  mm long)  i n  eye
plaques,  Luxton et  al .45 pe r fo rmed  TLD measu remen t s  a t  22

locations in the region 1.9-10.2 mm from the axis and O-12

mm along the axis of a single seed in acrylic phantom, using
LiF cylindrical rods 1 mm in diameter and 3 mm long. Mea-

surements were found to agree (within 95% confidence lim-

its)  with calculations,  based upon the isotropic point-source
model modified by the line geometry function, everywhere

except for the point at  1.9 mm from and 12 mm along the

seed axis,  where the measured dose was 9.5% greater if  an-
gular anisotropy based on the Sievert integral was used in the

calculation and 22% greater if Monte Carlo-based anisotropy

was  a s sumed ,  u s ing  da t a  f rom Wi l l i amson  e t  a l .39 i n  b o t h
cases .  Ca lcu la t ion  and  measu remen t  were  a l so  compared

along the axis of a gold plaque incorporating four radially

p laced 1 9 2I r  s e e d s  a n d  m o u n t e d  o n  a n  e p o x y - r e s i n  h e m i -

s p h e r i c a l  e y e  p h a n t o m ,  w h i c h  w a s  i n  t u r n  a f f i x e d  t o  a n

acrylic block. These data also showed agreement within the
95% conf idence  l imi t s  o f  t he  measuremen t s  and  ind ica ted ,

further,  no significant difference between the axial dose dis-
tribution seen with or without the gold plaque in place.

1989: TLD measurements along the transverse axis were
performed for both platinum and stainless-steel encapsulated
1 9 2I r  s e e d s  b y  T h o m a s o n  a n d  H i g g i n s ,4 6  u s i n g  L i F  r o d s  1

mm×l  mm×6 mm.  Wi th  the  rods ’  l ong  d imens ion  pe rpen-
dicular to the transverse axis,  data were taken from 1 to 12

cm from the seed center in a Solid Water slab immersed in

wa te r .  Tabu la t ed  co r r ec t ion  f ac to r s  app l i ed  t o  nea r - sou rce
data are identified as the ratio of the average dose over the

de tec to r  vo lume  to  the  dose  a t  t he  cen te r  o f  the  de tec to r ,

although the factors given are greater than 1 (e.g., 1.028 at 1
cm) .  Resu l t s  a re  p resen ted  in  the  fo rm o f  a  r e l a t ive  dose

factor (RDF), defined as the product of distance squared and

the ratio of measured dose to dose in air at 1 cm, with dose
in air at 1 cm having been obtained from the effective expo-

su re  r a t e  cons t an t s  ca l cu l a t ed  by  Glasgow.“ ’  The  poss ib l e

need to correct for an increasing LiF sensitivity with distance

was evaluated by convolving Monte Carlo-calculated spectra
(Meli et al.4 7) at 1, 5, and 10 cm distances in a phantom with

LiF energy absorption coefficients and stopping power ratios

to water;  since the energy dependence found was less than
l%, no correction was made. The RDF’s were compared to

the water/air  exposure ratio of Meisberger et  al .25 and to the

R D F  o f  D a l e ,15 whose data were normalized at  1.0 cm. For

both seed types, the RDF’s from this work were 2%-3% less
than 1.0 at  1 cm, increased to 1.0 at  3-4 cm and gradually
decreased to 0.96-0.97 at  12 cm, a relat ive variat ion very

close to that of Dale’s Monte Carlo point-source data, which
had  been  ob ta ined  wi th  an  inco r rec t  spec t rum.  The  Mei s -
be rge r  s e l ec t ed  da t a ,  on  the  o the r  hand ,  he ld  cons t an t  a t

about  1.02 at  l -3 cm and then fel l  off  gradually to 0.925 at
10 cm. For both the Meisberger data and the data from this
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work, there is an implied normalization to 1.0 at the source
center, where point-source doses in water and in air approach
equa l i t y .  I f  such  no rma l i za t i on  i s  t aken  in to  accoun t ,  t he
RDF he re  wou ld  s eem to  have  an  un l ike ly  va r i a t i on  w i th

distance, first decreasing, then increasing and finally decreas-

ing again. The dose rate constants in water inferred from this
article are 4.0 cGyh- 1m C i-1 and 4.2 cGyh- 1m C i- 1, re-

spectively, for the platinum and stainless-steel seeds.
1989: The issues of comparing with Dale’s differently de-

fined RDF and LiF sensit ivity variation with depth in the
above article were raised in a letter to the editor from Meli

et  al .47 I n  a  j ux taposed  r e sponse ,  Thomason  and  Higg ins4 6

c i t e  a s  ye t  unpub l i shed  Monte  Car lo  dose  ve r sus  d i s t ance
data that do agree with their uncorrected measured data and

suggest that the air  gap in the measurements of Meigooni
e t  a1 .4 3 may have art if icially hardened the 1 9 2I r  spectrum at
shallow depths to produce the observed sensitivity variation

and that  Meigooni’s Monte Carlo calculations omitted pho-

tons below 200 keV, which make up 7.8% of the primary
spec t rum.  The  omiss ion  o f  these  pho tons  may  have  a l so

hardened the shallow-depth spectrum.
1989:  Weaver  et  a l .8 h ave  r epo r t ed  t r ansve r se -ax i s  TLD

measurements in Solid Water phantom at distances 0.5-8 cm
f r o m  a  s t a i n l e s s - s t e e l  e n c a p s u l a t e d  1 9 2I r  s eed ,  u s ing  L iF

powder calibrated in a 6 0C o  b e a m .  O n  t h e  b a s i s  o f  E G S 4
Monte Carlo calculations of photon spectrum at depth,  to-

gether with the mass absorption coefficient relative to water,
a correction factor was determined to account for increasing

sensitivity of LIF with depth; this factor was 0.95 at 8 cm. A

“dose factor” of 4.55±0.07 cGycm 2m C i- 1h -1 was found.
Since the dose factor as defined is equal to the dose rate

constant divided by the (3 mm line source) geometry factor
at 1 cm, the corresponding value of the dose rate constant is

( 0 . 9 9 2 6 )  ( 4 . 5 5 ) = 4 . 5 2  c G y m C i- 1h - 1.  T h e  a u t h o r s  c o m p a r e

their dose factor with the analogous value for a point source
in air, i.e., the product of the ƒ factor (0.973 cGy/R) and the

exposure rate constant (4.69 Rcm 2m C i- 1h - l), which is
4 . 5 6  c G y m C i- 1h - 1.  The  r ad i a l  dose  f ac to r ,  wh ich ,  because

it incorporates the line source geometry factor in the denomi-
nator [incorrectly shown in Eq. (6) of this art icle],  should

approx ima te  the  p roduc t  o f  no rma l i zed  dose  and  d i s t ance

squared for a point source. This factor was seen by these
authors to be 0.98 at 0.5 cm, 0.97 at 5 cm, and 0.86 at 8 cm

wi th  e s t ima ted  unce r t a in t i e s  o f  l%-2%.  In  con t ra s t ,  Me i s -

berger’s polynomial f i t  (normalized to 1.0 at  1 cm) gives
0.99 at 5 and 0.95 at 8 cm.

1990: Another set  of measurements of the transverse-axis
dose rate in Solid Water phantom for the stainless-steel en-
c a p s u l a t e d  1 9 2 Ir seed was that of Nath, Meigooni, and Meli,9

who used LiF chips calibrated in air ,  with an 1 9 2I r  sou rce ,
against an NBS-calibrated Spokas ion chamber. They applied
the  dep th  dependen t  L iF  sens i t iv i ty  co r rec t ion  de te rmined
earl ier  by Meigooni et  a1.4 3 obtained with the high-strength
remote afterloader source, and with the Integrated Tigers Se-
ries (ITS) Monte Carlo calculation results  also reported in
this art icle.  Their  radial  dose function for the 1 9 2Ir  source is
in good agreement (within 2%) with their  own Monte Carlo
calculated values,  and with both their  earl ier  data42 f o r  h igh

activity 1 9 2I r  sou rces  o f  a  r emote  a f t e r loade r  and  r ecom-
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mended values by Meisberger et  al .25 They ,  however ,  r epor t
a significant discrepancy between their  values for the radial
dose  func t ion  and  Da le ’ s , ” whose  Mon te  Ca r lo  ca l cu l a t ed
va lues  fo r  1 9 2I r  a r e  cons i s t en t ly  h ighe r  t han  o the r  da t a  by

about 10% at a distance of 10 cm.
1 9 9 0 :  S i m i l a r  t o  t h e 1 2 5I  d a t a ,  t h e  I C W G  a l s o  r e c o m -

mended a new set of values for the dose rate constant and
radial dose function for the stainless steel-class 1 9 2I r  sou rce
(Chap.  3) .1 This data set was an average of the data obtained

by  the  th ree  pa r t i c ipa t ing  in s t i t u t ions .  Un l ike  the  case  o f
1 9 2I data, the ICWG found that the dose rate constant of 4.55
c G y m C i - 1h -1 for 1 9 2I r was in agreement (within 2%) with
values in current use. The radial dose function was obtained

similarly by averaging the three data sets and was found to
be in reasonable agreement (within 2%) with Meisberger’s
d a t a .25 As  be fo re ,  t he  an i so t ropy  cons tan t  was  found  to  be
1.00 within experimental  uncertainty of 33%.

1 9 9 1 :  R e c e n t l y ,  T h o m a s o n  e t  a l .d8 h ave  r epo r t ed  a  mea -

surement of dose distributions in water using LiF thermolu-
minescen t  dos imete r s  fo r 1 9 2 I r  s eed  sources  wi th  s t a in les s
steel and with platinum encapsulation to determine the effect
of differing encapsulation. In addition, dose distributions sur-
rounding these sources have been calculated using the EGS4

Monte Carlo code and have been compared to the measured
data. The two methods are in good agreement (within 2.5%).
Tables are given which describe the dose distribution sur-
rounding each source as a function of distance and angle. In
addition, specific dose constants have been determined from
results of Monte Carlo simulation.  This work has confirmed

the uti l i ty of the EGS4 Monte Carlo code in modeling 1 9 2I r
seed sources to obtain brachytherapy dose distributions.  In
an  accompany ing  a r t i c l e ,  Thomason  e t  a l .49 a l so  p re sen t  an
inves t iga t ion  o f  the  e f fec t  o f  source  encapsu la t ion  on  the

energy spectra of 1 9 2Ir  sources,  both with stainless steel and
with plat inum encapsulation using Monte Carlo simulation.
The  f r ac t iona l  s ca t t e r  dose  a round  these  sou rces  has  a l so
b e e n  d e t e r m i n e d  f r o m  M o n t e  C a r l o  s i m u l a t i o n .  T h e
platinum-encapsulated 1 9 2Ir  source exhibited greater  at tenu-
a t i o n  o f  t h e  p r i m a r y  s p e c t r u m  a n d ,  c o n s i s t e n t  w i t h  t h i s
greater at tenuation,  exhibited more scattered radiation.

B .  I o d i n e - 1 2 5  s o u r c e s

Because of the relatively low energy of 1 9 2I  photons, sig-
nificant absorption occurs in the t i tanium encapsulation of
in te r s t i t i a l  s eeds ,  e spec ia l ly  in  the  end  we lds ,  and  in  any

x-ray marker contained in the capsule.  This absorption,  to-
gether with the unavoidable posit ion uncertainty associated
with markers and with the 1 2 5I-bearing resin beads,  has made
difficult both calculations and measurements of the dose dis-
tribution in water at distances closer than 1 cm to the seed. It
is  not surprising, therefore,  that earlier dose determinations

were  o f t en  no rma l i zed  to  the  va lue  o f  dose  r a t e  pe r  un i t
activity at 1 cm on the transverse axis. The “activity” refer-
enced in this quantity was the activity of an unencapsulated

point source that would result in the transverse-axis exposure
rate actually measured for the seed at a distance large enough
for the inverse square law to be valid.

1 9 6 0 s :  An h i s to r i ca l  r ev iew of  1 2 5I  dos ime t ry  ind ica te s
that dose rate data for this isotope has undergone a nearly
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factor-of-2 revision since i ts  introduction in the late 1960s.
Some of the early dose rate distributions were derived from

the simple dose calculation formalism that is  suitable only
fo r  h ighe r  ene rgy  pho ton  emi t t e r s .  Fo r  r ad ium and  r ad ium

subs t i t u t e s ,  abso rp t ion  o f  p r imary  pho tons  by  the  med ium

and buildup of scatter photons almost exactly compensate for

one another for distances up to about 10 cm, allowing dose

rate per mCi at  1 cm on the transverse axis to be approxi-
mated by the product of the exposure rate constant and the

exposure-to-dose conversion factor (the ƒ factor).  However,

it is now known that for 1 2 5I photons this model significantly

overestimates absorbed dose even at  1 cm, since buildup of

scatter photons fails  to compensate for photon attenuation at

1 cm. Secondly, 1 2 5I  calibration standards have been revised

several times and only in 1985 was a NIST primary standard
developed that was based upon exposure.’  Only when cali-

bration is based upon a well-defined quantity,  such as refer-

ence exposure rate or air  kerma strength,  can dose rates de-

r ived  f rom Monte  Ca r lo  ca l cu l a t i ons  and  o the r  t heo re t i ca l

methods be properly normalized. A third reason for the large

investigator-to-investigator variabili ty in measured dose rates
is the wide variety of phantom materials used in the experi-

ments,  including mix-D, Lucite,  l iquid water,  and Solid Wa-

ter. It is now known that because of dominance of photoelec-

tric effect at  low photon energies,  even small variations in
a tomic -number  o f  t he  measu remen t s  med ium can  l ead  to

significant changes in apparent penetration of 1 2 5I  pho tons .

1972:  The expectation of a buildup-related peak may have

been fostered by calculations performed by Loevinger of the

ra t io  o f  dose  in  wa te r  t o  exposu re  i n  a i r  a s  a  func t ion  o f
d i s t ance  f rom a  po in t  source  o f  monoenerge t i c  pho tons . “”

These calculations,  which were based on buildup factors cal-

cu l a t ed  by  Be rge r ,23 s h o w e d  i n c r e a s i n g l y  m o r e  p r o m i n e n t

and more distant buildup peaks as photon energy increased

from 30 to 80 keV The curve for 30 keV peaked at about 1
cm and an additional curve for 20 keV showed only expo-

nential  at tenuation (with no peak).  I t  was reasonable to sup-

pose that a comparable plot for 1 2 5I  photons,  with an average

energy of 28.5 keV, might peak at a distance less than 1 cm.
1975 :  The  ea r l i e s t  measu remen t s  o f  t he  1 2 5I  s e e d  d o s e

distribution were those conducted by Holt using lithium fluo-

ride (LiF) (Teflon) thermoluminescent dosimeters (TLD’s) in

mix-D phantom.” The TLD rods,  each parallel  to the source,

were  a r r anged ,  w i th  the i r  cen te r s  i n  the  cen t r a l  t r ansve r se

plane of the source, in two spirals extending from 0.2 to 4.0
cm from source center.  At that t ime, the source (now called

the model 6701) used the same encapsulation as current seed

m o d e l s ,  b u t  i n s i d e  t h e  c a p s u l e  t h e r e  w a s  a  c e n t r a l  g o l d

marker ball  that  separated two radioactive resin beads.  The

appa ren t  ac t i v i t y  ( i n  mCi )  was  deduced  f rom an  exposu re
rate constant  calculated to be 1.4 R cm 2m C i- 1h - 1.  The rela-

tive dose rate versus distance data, normalized to 1 cm, were
fitted by a sum of exponentials and integrated over all space.

The dose rate per unit  activity at  1 cm was then determined
as  the  f ac to r  by  wh ich  the  in t eg ra l  mus t  be  mul t ip l i ed  to
y i e l d  a  p r o d u c t  e q u a l  t o  a  t o t a l  p o w e r  o u t p u t  o f  8 6 4 0

e r g  m C i- 1h - 1,  co r r e spond ing  to  a  pho ton  ene rgy  ou tpu t  o f
40.47 keV per disintegration. The factor so determined, 1.68
r a d  m C i- lh - 1 ,  was  rounded  t o  1 . 7  r ad  mCi- 1h -1  a n d  i n c o r -

Medical Physics, Vol. 22, No. 2, February 1995

porated, multiplied by the relative data, in a computer lookup
table for use in clinical  dose calculations at  Memorial  Hos-
p i t a l .  A l though  the  r easons  why  th i s  de te rmina t ion  o f  the

dose  r a t e  cons t an t  p roduced  such  a  h igh  va lue  r ema in  ob -

scu re ,  one  may  no te  t ha t ,  t aken  toge the r  w i th  an  exposu re

rate constant of 1.4 R cm 2m C i- 1h - 1, this work implied a

very large buildup peak.
197.5:  I t  was soon recognized52 at  Memorial  Hospital  that

Holt’s  early data were unrealist ic,  and a point-source calcu-

lation based on absorbed fraction data by Berger produced a

curve of distance squared t imes dose rate with a maximum
value of only 1.3 rad cm 2m C i- 1h -1 at a distance of about

0 .7  cm.  Subsequen t 1 2 5I  s e e d  m e a s u r e m e n t s  u s i n g  a  h e m i -

spherical ion chamber of conductive t issue equivalent plastic

l e d  u l t i m a t e l y  t o  a  r e p o r t e d  v a l u e  a t  1  c m  o f  1 . 0 3
rad cm2 m C i- 1h -1 f o r d is tance squared t imes rinse rate av-

e r a g e d  ( i n h e r e n t l y ,  i n  t h e  m e a s u r e m e n t )  o v e r  4 π  s o l i d
ang le . 53 Also reported was a transverse axis value at 1 cm, as

a result  of TLD measurements in the same tissue equivalent

p l a s t i c ,  o f  1 . 1 8  r a d  c m2m C i- 1h - 1,  w i t h  a n  i m p l i e d  a n i s o t -

r o p y  f a c t o r  o f  0 . 8 7 .54 These  va lues  wou ld  have  been  abou t

4% lower had they been corrected to water.
1978: Dose measurements and calculations for the model

6701 seed were also performed by Krishnaswamy. 55 He used

1 mm by 6 mm li thium fluoride (Teflon) TLD’s to measure

dose at  1 cm intervals along the transverse axis and at  se-
lected other points within a distance of 5 cm in a polymeth-

y lme thac ry l a t e  (PMMA)  phan tom.  These  measu remen t s ,  t o -

ge the r  wi th  r e l a t ive  dose  measuremen t s  us ing  pho tograph ic

f i l m ,  w e r e  u s e d  t o  s u p p l e m e n t  p o i n t - s o u r c e  c a l c u l a t i o n s

based  on  bu i ldup  f ac to r s  by  Berge r2 3  a n d  c o m p o s e  a  t w o -

dimensional table of dose to muscle tissue, extending to 5 cm
in both axial  and transverse directions in one quadrant of a

plane through the seed axis.  The calculated value of distance

squared t imes dose at  1 cm on the transverse axis was 1.32
rad cm2m C i- 1h -1 and the measured value was only 2%

higher.  The author pointed out that  his relat ive (normalized

to 1 cm) dose values on the transverse axis agreed to within

10% with those by Holt .

1979 :  The  angu l a r  d i s t r i bu t i on  o f  pho ton  f l uence  i n  a i r
f r o m  m o d e l  6 7 0 1  1 2 5I  s eeds  was  measured  by  L ing  e t  a l .5 6

fo r  each  o f  t he  t h ree  mos t  abundan t  spec t r a l  l i ne s ,  u s ing  a

l i t h ium-dr i f t ed  s i l i con  de t ec to r  5  mm th i ck .57 F o r  t h e  2 7 . 4

keV pho ton  ene rgy  ( the  mos t  abundan t  l i ne ) ,  t he  f luence

along the seed axis was only 15% of the fluence along the

transverse axis.  The fluence averaged over 4 π  was  found  to
be 14% less than on the transverse axis.  A worst  case analy-

s i s  o f  the  e f fec t  o f  th i s  an i so t ropy  on  dose  d i s t r ibu t ion  in

idea l i zed  imp lan t s ,  u s ing  a  two-d imens iona l  l ookup  t ab l e

tha t  a s sumed  the  s ame  an i so t ropy  in  t i s sue  a s  i n  a i r ,  sug -

ges t ed  us ing  t r ea tmen t  marg ins  t i gh te r  by  2 -3  mm in  the

direction of seed axes.
1980: A further assessment of the effect of 1 2 5I  seed  pho-

ton emission anisotropy was found in another determination

a t  Y a l e .5 8  U s i n g  a  s o d i u m  i o d i n e  s c i n t i l l a t i o n  d e t e c t o r  t o

measu re  t he  pho ton  emis s ion  r a t e  f rom the  (mode l  6701)
seed, these investigators found a 4 π  ave rage  exposu re  r a t e
constant of 1.089 Rcm 2m C i- 1h -1 on the transverse axis.

T h e y  c o m p a r e d  t h e  l a t t e r  v a l u e  t o  a  c a l c u l a t e d  1 . 2 8 4
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R  c m2m C i- 1h -1  t r ansve r se  ax i s  va lue  o f  t he  exposu re  r a t e

constant with respect to the contained activity in the seed. An
anisotropy factor of 0.83 is implied by the measured values.

1982436: Early Monte Carlo dose calculat ions involving
1 2 5I  were  those  r epor t ed  by  Da le .15 He eva lua t ed  dose  a s  a
function of distance (1 to 15 cm data shown) from a point

source in water and various body t issues.  In part icular,  he
found the dose rate per-  unit  activity at  1 cm in water (a

quantity called the “specific dose constant” or SDC) to be
1.35 rad cm2m C i- 1h -1 and he mentions that this result

ag rees  c lose ly  wi th  the  va lue  ob ta ined  expe r imen ta l ly  by
K r i s h n a s w a m y55 for an actual  seed.  Monte Carlo values of

the  spec i f i c  dose  cons tan t  fo r  ad ipose  t i s sue  and  body  fa t

were 66% and 54%, respectively,  of the value of SDC for
water. In his data for water, the relative dose rate normalized

to the value at  1.0 cm (a quanti ty cal led the “radial  dose
func t ion” o r  RDF)  d rops  t o  0 .32  a t  6 . 0  cm,  whe rea s  t he
comparable f igure from Ling’s data is  0.28.  In a subsequent
communication in 1983, Dale’” emphasizes the dependence

on tissue effective atomic number of both the SDC and the
RDF, i.e., lower-Z tissues have lower SDC’s but their RDF’s

decrease less rapidly with distance. He points out that the
1 2 5I  i n t eg ra l  dose  wi th in  a  spec i f i ed  r ad ius  inc reases  l i t t l e

beyond 10 cm for water but continues i ts  r ise (proportional
to distance) to about 15 cm for adipose t issue.  His Monte

Car lo -de r ived  spec t r a l  h i s tog rams  show min ima l  change
with distance for 1 2 5I, with a maximum decrease (at 5 cm) in

mean spectral  energy of only about 2%: the mean spectral

ene rgy  o f 1 9 8Au, for comparison, has decreased at  10 cm to
less than 60% of its original value. Further. the dose contri-

bution of scattered radiation becomes important much closer
to the source for 1 2 5I  t han  fo r  h ighe r  ene rgv  r ad ionuc l ides ,

e.g. ,  contributing 50% at  1.8 cm for 1 2 5I  as opposed to 6.4
cm for  1 9 8A u .  I n  a  f u r t h e r  c o m m u n i c a t i o n  1 9 8 6 ,  D a l e17 o f -

fers revised coefficients for the polynomial t i t  to his data:
with the revised coefficients, the RDF at 6 cm in water is still

higher,  about 0.37.  Other early Monte Carlo studies of 1 2 5I

were those of Burns and Raeside,” who calculated specific
abso rbed  f r ac t ions  a s  a  func t ion  o f  d i s t ance  f rom a  po in t

source in water for individual photon energies. Their values.
were 2% and 1% higher,  respectively,  for 27.4 keV and for

a l l  o t h e r  e n e r g i e s  t h a n  v a l u e s  c a l c u l a t e d  f r o m  d a t a  b y

B e r g e r . 23 Burns  and  Raes ide  l a t e r  expanded59 t h i s  s tudy  to

calculat ions for  not  only point  sources but  6701 and 6702
seeds,  as well ,  evaluating dose at  56 points extending from

0.5 to 5 cm radially from the seed axis and from the O-5 cm
in the axial direction. Their point-source dose data in relation

to those of Dale1 5-17 were 3% lower at  1 cm and 10% lower

at 5 cm. They found that the relative dose distribution de-
creases more rapidly with distance for model 6711 compared

to the model 6702 source.  To make the lat ter  comparison,
they  mu l t i p l i ed  Kr i shnaswamy’s  r e su l t s  by  1 .19 ,  t he  r a t i o
(from their work) of the dose at 1 cm on the transverse axis
of a model 6701 seed having the same contained activity.

Defined this way, “apparent activity” would appear to differ
from the conventionally defined apparent activity by the ra-
tio, at 1 cm on the transverse axis, of dose to the product of
exposure and the ƒ factor; it would have the effect of making

their results larger by that ratio.
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1983: Short ly after  the introduction of the model 6711
seed in 1983, i ts  dose distribution characterist ics were com-
pared with those of model 6701 by Ling et  al . 60 The  pho ton
spectrum from the newer seeds, observed with an intrinsic

germanium detector, was found to contain a significant com-

ponent of silver fluorescence x ray (22.1 and 25.2 keV). Cal-
cu la t ions  by  the  Berge r  me thod  were  pe r fo rmed  us ing  the

newly  measured  spec t rum fo r  a  l i ne  source  mode l  o f  the
model 6711 and the previously measured spectrum for a two

point model of the model 6701. Also, a silicon diode detector

was  used  to  measu re  r e l a t ive  dose  d i s t r i bu t ion  a long  the
transverse axis for each type of seed at distances from 0.3 to

6.0 cm. Both calculated and measured data were normalized,

at a distance of 1.0 cm, to 1.14 rad cm 2m C i- 1h - 1, a value
obtained as the product of the exposure rate constant (1.45

Rcm2mCi-1h-1), the ƒ factor (0.9 rad R - 1), and the anisot-
ropy factor (0.87). Normalized in rhis fashion, the dose rate

for model 6711 at 6.0 cm was about 17% lower than that for
model  6701.

1983: Another TLD study of the model 6701 dose distr i-

bu t ion ,  t h i s  t ime  in  Mix  D ,  was  t ha t  o f  Ha r tmann  e t  a l . 6 1

They  u sed  l i t h ium f l uo r ide  TLD’s  t o  measu re  t he  angu l a r

distribution of dose at  various distances,  both in Mix D and
in air.  Since they observed no systematic differences among

the results at  different distances,  they averaged the Mix D

data at  each angle over distances from 0.5 cm to 5 cm and
determined a best-fit quadratic function of angle, normalized

a t  t he  t r ansve r se  ax i s :  t hey  fo rmula t ed  a  two-d imens iona l
expression for dose by multiplying this angular distribution

by the results  of their  transverse-axis TLD data in Mix D,

which they multiplied by distance squared and least-squares
fit ted with a version of Berger’s buildup equation. using the

dose  va lue  a t  t he  o r ig in  a s  t he  sca l ing  f ac to r .  F rom the i r

art icle,  i t  appears that  the experimental  data used in the fi t
were taken at  distances from about 1.1 to 5.5 cm. Thus,  the

variation of dose with distance in the region less than 1 cm
from the seed is determined entirely by the calculation, and

the good agreement (differences of l%-2%) they report with

Krishnaswamy’s results is not surprising. For the TLD’s used

(type not specifically identified),  the response per unit  dose
in tissue relative to the 6 0Co response was determined (simu-

lat ing 1 2 5I  r a d i a t i o n  b y  4 0 k V  x  r a y s  w i t h  2  m m  a l u m i n u m

added f i l t rat ion) to be 1.40 (±2.8%).

1983:  Late in 1983,  at  about  the same t ime as the intro-
duction of the model 6711 1 2 5I  seed by the 3M Company, the

National  Bureau of  Standards (NBS),  now the National  In-

stitute for Standards and Technology (NIST), made available
a standard for seed strength calibrationing terms of exposure

rate at  1 m on the transverse axis.” For all  three seed types

( m o d e l s  6 7 0 1 ,  6 7 0 2 ,  a n d  6 7 1 1 ) ,  t h e  e x p o s u r e  r a t e  a t  d i s -

tances of 25 and 50 cm from an array of four to six closely
spaced seeds was measured with a standard free-air chamber
and  the  seeds  were  then  in t roduced ,  one  a t  a  t ime ,  i n to  a

standard position in the center of a 20.3 cm diameter spheri-
ca l  a luminum re -en t r an t  i on  chamber .  I n  t h i s  way ,  an  i on
chamber calibration factor was determined for each type of
seed, by dividing the total  measured ionization current from

seeds  i n  an  a r r ay  by  the  measu red  exposu re  r a t e  a t  1  m .
Overall uncertainty in the calibration (95% confidence inter-
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val) was estimated at 5%, 3%, and 4% for model 6701, 6702,

and  6711  seeds ,  r e spec t ive ly .  A  use r  o f  t he  se rv ice  wou ld

typically measure the response of a local re-entrant chamber

to a selected seed before and after sending it  to NBS (now

NIST) for calibration in their  spherical  re-entrant chamber.

1984: For TLD’s of lithium fluoride powder in throwaway

capsu le s ,  Weaver62 has used radiation from multiple model

6 7 0 2  s e e d s  t o  m e a s u r e  t h e  r e s p o n s e  r e l a t i v e  t o  t h a t  f o r
6 0C o  a t  1 . 3 9 ± 0 . 0 3  ( f o r  d o s e  t o  w a t e r )  a n d  1 . 3 2 ± 0 . 0 3  ( f o r

dose to muscle).

1985 :  Fo l lowing  the  in t roduc t ion  o f  s eed - s t r eng th  s t an -

d a r d i z a t i o n  b y  N B S ,  L i n g  e t  a l .1 6  u n d e r t o o k  a  t w o -

dimensional dosimetric study of the model 6711 seed similar,

in some respects,  to that by Hartmann et  al . 61 fo r  the  mode l

6701. They measured the relative dose distribution as a func-

t ion  o f  ang le  be tween  0°  and 9 0° f rom the  seed  ax i s  and

d i s t ances  be tween  1  and  6  cm,  bo th  wi th  a  s i l i con  d iode

de t ec to r  i n  a  wa te r  phan tom and  wi th  1  mm cube  l i t h ium

f luo r ide  TLD’s  i n  a  Luc i t e  phan tom.  When  t he  TLD da t a

were corrected for density and radiation absorption differ-

ences,  using the Berger formalism, good agreement with the

diode data was obtained. In contrast  to the finding of Hart-

mann  e t  a l .61 fo r  t he  mode l  6701  seed ,  L ing  e t  a l .6 f o u n d  a

variation in the radial  distance dependence as a function of

angle,  with less angular dependence at  greater distances.  To

accommodate this variation, they developed a “matrix fit” to

their data,  consisting of the product of a distance-dependent

exponen t i a l  wi th  an  ang le -dependen t  ex t inc t ion  coe f f i c i en t

and a distance-dependent quadratic having angle-dependent

coefficients, all divided by the square of the distance. A ma-

trix of values tabulated for the four angle-dependent param-

eters includes data for angles of 0°,  60°,  70°,  80°,  and 90°

from the seed axis.

1 9 8 5 :  K u b o63 has called attention to the fact that 4.5 keV

titanium K x rays emitted as fluorescent radiation from the

capsu l e  o f 1 2 5I  seeds can introduce error in strength (appar-

en t  ac t iv i ty )  measu remen t s  u s ing  th in -window mammogra -

phy ion chambers.  Although these photons make no signifi-

cant contribution to dose in water beyond about 1 mm from

the seed, they are shown to contribute to exposure in air at 30

cm from the seed by about 4%. However,  comparison per-

fo rmed  a t  NBS resu l t ed  in  d i f f e rences  o f  on ly  0 .2% fo r  a

model  6711 seed and of  5% for  a  model  6702.  Equatorial

asymmetry (variation in exposure at  different viewing angles

in  t he  t r ansve r se  p l ane )  was  checked  a t  90°  i n t e rva l s  and

found to exhibit  maximum differences of 8% for the model

6711 and 3% for the model  6702 seed.

1986: In a s tudy that  compared Monte Carlo calculated
1 2 5I with 6 0Co dose distributions in eye phantoms, Chiu-Tsao

et  al .64 found a specific dose constant (Dale’s definition1 5)  in

water of 1.33 cGy cm2m C i- 1h -1 at a point 1 cm toward the

surface from a point source 2.5 cm inside a cylindrical head

phan tom.  Howeve r ,  a  subsequen t  r eca l cu l a t i on  us ing  im-

proved coherent scattering cross sections resulted in a lower

v a l u e  o f  1 . 1 9  c G y  c m2m C i- lh - 1  ( p r i v a t e  c o m m u n i c a t i o n

f rom Chiu -Tsao) .  Re la t ive  t r ansve r se -ax i s  dose  t imes  the

s q u a r e  o f  t h e  d i s t a n c e  a l o n g  a  p h a n t o m  r a d i u s  b e t w e e n

source  and  su r f ace  d i sp l ayed  a  peak  a t  0 .8  cm f rom the
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sou rce  a t  a  va lue  abou t  5% h ighe r  t han  t he  va lue  a t  z e ro
distance.

1987 :  A  s tudy  ve ry  s imi l a r  t o  t he  above  work  by  L ing
et al.6 was reported by Schell et al.7 for the model 6702 seed.

Their measurements were made only in water with a si l icon

diode, extending to a 9 cm distance instead of 6 cm, as in the
previous study, but the angles used and the method of data

analysis were the same. In their discussion of the transverse

axis data (normalized to 1.0 at  1 cm),  they call  at tention to

the agreement of their  data with buildup factor calculations

by the method of Berger and the fact  that  Monte Carlo data
b y  D a l e15-17 a re  inc reas ing ly  g rea t e r  a s  a  func t ion  o f  d i s -

tance, i.e., about 60% greater at 9 cm.
1 9 8 7 :  B u m s  a n d  R a e s i d e65 i n  1 9 8 7 ,  u s i n g  t h e i r  M o n t e

Car lo  code  to  s tudy  the  mode l  6711  seed ,  ob t a ined  two-

dimensional relative dose rate data very similar to that  ob-

t a i n e d  b y  W i l l i a m s o n  a n d  Q u i n t e r o .2 7  As in  the i r  ea r l i e r

study of the model 6702 seed, they calculated the dose rate
in water per unit  contained activity and suggested that  the

reader convert to dose rate per unit apparent activity by mul-

tiplying their data by the ratio of the dose rate at 1 cm from
an encapsulated point source in water to the dose rate at 1 cm

on the transverse axis of the seed; in this case, their value for

that  rat io was 2.0.  Following their  suggestion,  and adjusting

to earlier units for comparison, their value of the specific
dose constant in water for this seed is 1.288

cGy cm2m C i- 1h - 1, 11.6% higher than the value recom-

m e n d e d  b y  W i l l i a m s o n  i n  1 9 8 8 ,66 who had  re fe renced  h i s

va lue  t o  h i s  own  e s t ima te  o f  t he  NIST  eva lua t ion  o f  a i r
kerma strength, which explains 7% of the difference.

1 9 8 8 :  A  s p e c i f i c  d o s e  c o n s t a n t  i n  w a t e r  o f  1 . 2 4

cGy cm2m C i- 1h -1 for a point source in a large, homoge-

neous water phantom resulted from Monte Carlo calculations
by  Wi l l i amson .66 This work also included specific dose con-

stants and relative dose factors along the transverse axis for

real is t ic  models  of  models  6701,  6702,  and 6711 1 2 5I seeds.
The  compu te r  code  pe rmi t t ed  ca l cu l a t i on ,  a l so ,  o f  t he  a i r

kerma strength per unit contained activity for each seed type

which, in turn,  al lowed the calculation of dose per unit  air

kerma strength rather than per unit  contained activity.  Spe-

c i f i c  dose  cons t an t s  de t e rmined  were  1 .21 ,  1 .22 ,  and  1 .15

c G y  c m2m C i- 1h - 1,  f o r  t h e  6 7 0 1 ,  6 7 0 2 ,  a n d  6 7 1 1  s e e d s ,  r e -

spectively,  where the dose rate per unit  air  kerma strength
has been multiplied by 1.27 cGy cm 2m C i- 1h -1 to permit

compar i son  wi th  va lues  g iven  p rev ious ly  in  those  un i t s .

These values include the influence of titanium K-shell x rays

on the air  kerma strength in Loftus’ free-air  chamber mea-

su remen t s  o f  exposure  r a t e , ’  wh ich  a re  s imula t ed  in  these
calculations; the effect is to reduce the calculated dose per

unit  air  kerma strength by about 7%. Relative to the com-

monly assumed value53 of 1.32 cGy cm2m C i- 1h -1 f o r
m u s c l e  ( 1 . 2 8  c G y  c m2m C i- 1h -1  fo r  wa te r ) ,  t he  above  va l -

ues are lower by 5.8%, 4.9%, and 11.3%, respectively,  for
the 6701, 6702, and 6711 seeds. In a subsequent report,27 t h i s

s tudy  was  expanded  to  p roduce  comple te  two-d imens iona l
dose distr ibutions for seed models 6711 and 6702. Compari-
son  wi th  the  expe r imen ta l  va lues  o f  L ing  e t  a l . 6 f o r  m o d e l

6711 and of  Schell  et  al7 for model 6702 shows fairly good

agreement (within 5%) except for very close to the source
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and in the direction of the longitudinal axis,  where differ-
ences of 10%-30% were observed. As for other Monte Carlo
c a l c u l a t i o n s  ( f o r  e x a m p l e ,  b y  D a l e ,1 5  B u r n s ,5 9  a n d

C h i u - T s a o6 4) ,  the relative dose increasingly exceeds mea-
sured results as the distance from the source is increased, a

fact which the authors recognize but were unable to explain

completely. Williamson’s has shown that the explanation is a
combination of replying on inaccurate photon cross-section

libraries and the fact  that Solid Water has significantly dif-

ferent radiological properties than liquid water.
1988:  Herbol t  e t  a l67 reported results of Monte Carlo cal-

culations of buildup factors in water in the photon energy
range of 15 to 100 keV with special  reference to 1 2 5I  seed

dosimetry.

1 9 8 8 :  P i e r m a t t e i  e t  a l .6 8  h a v e  r e p o r t e d  t h e i r  t w o -
dimensional measurements in water,  perspex, and three t is-

sue substitute materials (muscle, adipose, and breast) for the
model 6711 seed, using Harshaw lithium fluoride TLD chips

(3.1 X3.1 X0.89 mm) and Kodak X-Omat V film. The TLD’s
were calibrated with x-ray beams of 27 and 34 keV effective

energy and a response per unit exposure 1.27 times that for a
6 0Co beam was  obse rved  a t  each  ene rgy .  T ransve r se  ax i s
data were acquired with TLD’s placed parallel  to the seed

axis with their centers in two spirals extending from 1 to 8
cm out from the seed in the central transverse plane of the
seed. The fi lm was used to get off-axis dose rate data.  The

authors found their  relative dose rate data.  both on and off

the transverse axis. to not be significantly different from the
data of Ling et al.6 The specific dose constant found for both

wa te r  and  musc l e  subs t i t u t e  was  1 .19  cGy  cm2m C i- 1h - 1.

1988: Recently,  Hashemi et  al .69 have determined an ex-
posure rate constant for the model 6711 seed. The photon
f luence  r a t e  on  the  t r ansve r se  ax i s  was  eva lua t ed  us ing  a

collimated sodium iodide scintillation counter for a source of

measu red  sou rce  s t r eng th ,  and  pho ton  ene rg ie s  and  abun-
dances were assigned using the data of Ling.60 They  de t e r -
mined an anisotropy factor in air  of 0.88 and an effective

exposu re  r a t e  cons t an t  o f  1 .361  R  cm 2m C i- 1h - 1.
1988 :  An  inves t i ga t i on  by  Me igoon i  e t  a l .26 of the suit-

abili ty of three solid phantom materials for 1 2 5I  dose distri-

bution measurements has shown that Solid Water results in a

depth dose curve that is  much closer to that calculated for

pure l iquid water medium than dose to water measured in
PMMA or  po lys ty rene  phan toms .  Po lymethy lme thac ry la t e

(PMMA) results in a significantly slower dose falloff with
distance and polystyrene produces a still slower falloff. They
have shown that differences in dose falloff are not propor-

tional to the density of the material and that the atomic com-

pos i t i on  o f  t he  phan tom ma te r i a l  i s  impor t an t .  L iF  TLD’s
(Harshaw li thium fluoride chips) were used for depth dose

determinations in solid phantom materials,  and the compari-
son was made on the basis of measurements in solid phan-
toms only and Monte Carlo calculations (using ITS code7 0)

in solid phantoms as well as in water. Slower falloff is asso-
ciated with greater photon energy degradation, as shown by
Monte Carlo-generated energy histograms at 1, 5, and 10 cm
depth. The conclusion is that Solid Water is a more suitable
solid phantom material  for dosimetry of 1 2 5I  than the other

two materials.
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1989: A combined TLD measurement and Monte Carlo

calculat ion program has been carried out  by Weaver et  al 8

with respect to model 6702 1 2 5I  s eeds ,  w i th  measuremen t s

having been made, as well, for the model 6711 seed. In Solid

Water phantom, a 5 mm×2.2mm capsule of l i thium fluoride

powder was placed at  the center of a semicircular array of

seeds having, in six successive measurements,  radii  ranging

from 0.5 to 8.0 cm. The TLD material was calibrated against

a thin-walled ion chamber of NIST-traceable calibration by

i r r ad i a t i ng  each  a t  t he  cen t e r  o f  a  5  cm d i ame te r  r i ng  o f
1 2 5I  seeds.  The Monte Carlo calculations (for water)  of rela-

t i ve  dose  r a t e  ve r sus  d i s t ance  a r e  abou t  15% h ighe r  t han

measu red  r e su l t s  by  Meigoon i  e t  a l .2 6  O n e  m i g h t  e x p e c t

nea r -pe r fec t  ag reemen t  i f  t he  ca l cu la t ion  had  a s sumed  a

Solid Water phantom. Relative measured data (normalized to

1.0 at 1 cm) for the model 6711 seed appear to show a value

about 25% less at  8 cm than for the model 6702.  Measured

“dose  f ac to r s”  in  So l id  Wate r  phan tom ( same  as  spec i f i c

d o s e  c o n s t a n t )  w e r e  1 . 1 8  a n d  1 . 0 6  c G y  c m2m C i- 1h - 1,  r e -

spectively, for the 6702 and 6711 model seeds.

1990: Luxton et al.7 1 elected to use a PMMA phantom for

the i r  t r ansve r se -ax i s  TLD measuremen t s  t o  de t e rmine  the

specific dose constant in water of a model 6711 seed; they

corrected the data to what would have been obtained in water

by an adaptation of Berger’s formalism. Measurements with

3mm×1mm TLD-100  rods  we re  pe r fo rmed  a t  d i s t ances  o f

0.3,  0.5,  and 1.0 cm from the seed. The specific dose con-

stant was found to be 1.184 cGy cm 2m C i- 1h -1 in water,

4.6% less than that found in PMMA. A “scatter-attenuation”

factor was defined to represent transverse axis dose rate with

the effect of geometrical attenuation removed (a l ine source

geometry factor was used with a 3 mm line length, which

was not explicitly specified in their article). To the extent that

the geometry factor was realistic, the variation with distance

of this scatter-attenuation factor should be comparable to that

of a water/air dose ratio for a point source. The value of the

factor at 0.3 cm was 1.075 times the value at 1.0 cm.

1990: Transverse axis dose rates from 1.0 to 8.0 cm were

measu red  by  Na th  e t  a l .9 i n  a  So l id  Wa te r  phan tom,  u s ing

lithium fluoride TLD chips, for both the model 6711 and the

m o d e l  6 7 0 2  s e e d s .  M o n t e  C a r l o  c a l c u l a t i o n s  u s i n g  I T S

c o d e70 were performed, as well ,  in Solid Water.  The “dose

rate constant,” numerically equal to the specific dose con-

stant but omitt ing the intrinsic distance squared factor,  is

de f ined  a s  the  dose  r a t e  pe r  un i t  sou rce  s t r eng th  a t  1  cm

distance on the transverse axis of the seed. Results obtained

fo r  t he  dose  r a t e  cons t an t s  i n  a  So l id  Wate r  phan tom a re

1 . 0 8 ± 0 . 0 3  a n d  1 . 1 4 ± 0 . 0 3  c G y  m C i- 1h -1  f o r  t h e  6 7 1 1  a n d

6702 seeds, respectively, again using the older “apparent ac-

tivity” mCi units for source strength to facilitate comparison

with earl ier  results .  In this work,  the Monte Carlo calcula-

tions do agree with the measured dose rates throughout the

range of distances considered.

1 9 9 0 :  M e a s u r e m e n t s  u s i n g  b o t h  s i l i c o n  d i o d e s  a n d

li thium fluoride TLD’s and calculat ions by the Monte Carlo

method have been performed by Chiu-Tsao et  al . 10 to deter-

mine dose rate distributions around 1 2 5I  sources.  The diode



231 Nath et al.: Dosimetry of interstitial brachytherapy sources 231

measurements were of water/air  dose ratios as a function of pa r i son  o f  t he  ICWG-measu red  dos ime t ry  da t a  fo r  1 2 5I  i n
distance on the transverse axis;  they were made by lift ing a Solid Water with his Monte Carlo simulations in water as
wa te r  env i ronmen t  i n to  p l ace  a round  the  o the rwi se  unpe r -
turbed detector and source in between two in-air  readings.

well  as in Solid Water.  This photon transport  code allows

The  r a t io s ,  i nhe ren t ly  f r ee  o f  t he  geomet ry  f ac to r ,  c l ea r ly
realistic geometric simulation of the complex internal seed

extrapolate to 1.0 at the seed center, where the dose rate (per
structure, NIST air kerma strength standardization geometry,

unit  source strength) divided by the geometry factor is ex-
and ICWG dose measurement setups.  When the appropriate

pected to approach the product of the exposure rate constant
measuremen t  med ium and  geomet ry  were  a s sumed ,  ag ree -

and the ƒ factor, i.e., 1.28 cGy cm 2m C i- 1h - 1. At 1 cm,
ment between theory and measurement was excellent,  within

however,  the ratios were 0.87 and 0.91, respectively,  for the
3% at  1 cm and averaging 3% at  larger distances.  However,

6711 and 6702 seeds,  indicating that  the dose rate constants the data do not support the water equivalence of Solid Water

were approximately equal to the zero distance value multi- a t 1 2 5I  ene rg i e s ,  i nd i ca t ing  tha t  So l id  Wate r  measu remen t s

plied by these factors. TLD’s, in the form of 1 mm cubes for u n d e r e s t i m a t e  1 2 5I specific dose rate constants in water by

small distances and 3.1×3.1×0.89mm 3 chips for larger dis- 4.3%. Because of i ts  higher ratio of absorption to scatter,

tances, were calibrated in air with radiation from an array of
1 2 5I  dose distributions measured in Solid Water are less pen-

ca l i b r a t ed  mode l  6702  s eeds  7 -20  cm d i s t an t .  TLD da t a etrat ing (by 35% at  10 cm) than those measured in l iquid

were acquired in two dimensions,  at  10° intervals as a func- water .  For model 6711 and model 6702 seeds,  Monte Carlo

tion of angle with respect to the source axis and at distances calculations yielded specific dose rate constants (assuming

up to 10 cm. Transverse axis relative dose measurements in l i q u i d  w a t e r  m e d i u m )  o f  0 . 8 7 7  a n d  0 . 9 3 2  c G y  c m2h -1  p e r
the range 2-8 cm had a maximum dispari ty of  about  17% at unit  air  kerma strength,  respectively.  For 1 2 5I  cu r r en t ly  ac -
6  cm d i s t ance  fo r  t he  6711  seed  compared  to  t he  Monte cepted values are 18% and 11% larger than values reported
Car lo  ca l cu l a t i ons  fo r  wa te r .  The re  was  good  ag reemen t by Williamson’s for the two seed models.  We recommend the
( w i t h i n  - 5 % )  b e t w e e n  c a l c u l a t i o n s  a n d  m e a s u r e m e n t s  a t

distances less than 2 cm. A two-dimensional table based on
adoption of these values from Williamson” in this document.

calculated data for distances less than 2 cm were given for
1 9 9 3 :  R e c e n t l y ,  t h e  a n i s o t r o p y  o f  d o s e  d i s t r i b u t i o n s

each of the two models of seed.
a r o u n d  1 2 5I  has been reexamined by Nath et  al . 20 D o s e  r a t e s

1990:  In  1990,  the  ICWG (Chap.  3)1 considered in detail
a r o u n d  1 2 5I  m o d e l  6 7 0 2  a n d  6 7 3 1  s o u r c e s  w e r e  m e a s u r e d

the  1 2 5I  dos ime t ry  da t a  gene ra t ed  by  the  th ree  pa r t i c ipa t ing
us ing  L iF  TLD’s  i n  a  So l id  Wa te r  phan tom.”  F rom these

ins t i t u t ions ,  name ly , M e m o r i a l  S l o a n - K e t t e r i n g  C a n c e r
measured data,  isodose rate contours were determined using

Center,” the University of California at San Francisco,* and
a  b iva r i a t e  i n t e rpo la t i on  and  smoo th  su r f ace  f i t t i ng  a lgo -

Yale University.’  I t  found Excellent agreement (within 3%)
rithm. Also, 4 π  -  averaged anisotropy factors,  φ a n(r), for use

among the three and recommended an average of the three in a point-source approximation were calculated at radial dis-

da t a  s e t s  fo r  c l i n i ca l  u se . ’  The  ICWG recommended  dose t a n c e s  v a r y i n g  f r o m  1  t o  1 0  c m  f o r  1 0 3P d ,  1 2 5I ,  a n d  1 9 2I r

rate constants in Solid Water for 1 2 5I  models  6702 and 6711 sources.  The anisotropy factors increased slightly (less than

s o u r c e s  w e r e  1 . 1 6  a n d  1 . 0 7  c G y  m C i- 1h - 1,  r e s p e c t i v e l y . 2 % )  w i t h  r a d i a l  d i s t a n c e  a n d  h a d  a v e r a g e  v a l u e s  o f  0 . 9 0 ,

T h e  I C W G  a l s o  n o t e d  t h a t  t h e  v a l u e  o f  1 . 3 0  c G y  m C i - 1h - 1 0 . 9 4 ,  0 . 9 6 ,  a n d  0 . 9 8  f o r  1 0 3P d ,  1 2 5I  m o d e l  6 7 1 1 ,  1 2 5I  m o d e l

in current use for both models of 1 2 5I  sources is too high and 6 7 0 2 ,  a n d  1 9 2Ir ,  respectively.  The anisotropy factors deter-

needs  to  be  r ev i sed .  The  ICWG no ted  tha t  t he  r ad ia l  dose mined from dose measurements in phantom are observed to

function for the model 6711 source falls off sl ightly more be  c lose r  to  un i ty  than  f rom those  de te rmined  p rev ious ly

rapidly than that  for the model 6702 source,  because of the f rom in -a i r  measurement s .57,58,69 This can be attr ibuted to the
presence  o f  low-energy  s i lve r  cha rac te r i s t i c  x  r ays  in  the smoothing of two-dimensional dose distributions due to the
spectrum of the model 6711 source. The anisotropy constants presence of more scattered photons in the phantom measure-
r e c o m m e n d e d  f o r  m o d e l s  6 7 0 2  a n d  6 7 1 1  w e r e  0 . 9 6 1  a n d m e n t s  c o m p a r e d  t o  i n - a i r  m e a s u r e m e n t s .  B e c a u s e  i n -
0.937, respectively.  The radial  dose function and anisotropy

constants were also obtained by averaging the data from the
phan tom measuremen t s  s imula t e  more  c lose ly  the  b rachy-

three participating insti tutions.
t h e r a p y  p a t i e n t ,  d a t a  f r o m  t h e s e  e x p e r i m e n t s  a r e

1990:  Cygler  et  a l .72 demons t ra t ed  us ing  d iode  dos ime t ry
recommended for a more accurate determination of dose dis-

and Monte Carlo simulations using the EGS4 code73 that  the
tributions around clinical  brachytherapy implants.

presence of gold or silver backing near an 1 2 5I seed modifies
1994 :  Ve ry  r ecen t l y ,  Lux ton80 r epo r t ed  ca l cu l a t i ons  o f

the  dose  r a t e  on  the  s ide  away  f rom the  back ing  ma te r i a l .
dose  r a t e s  a round  po in t  sou rces  o f  1 2 5I  a n d  1 0 3P d  i n  w a t e r

There is a small increase close to the gold, but a decrease of
and several  water equivalent media using the EGS4 Monte

about 10% further away. Prior to this  study several  contra-
C a r l o  c o d e .73 Cor rec t ion  f ac to r s  t o  ca l cu la t e  dose  in  wa te r

d i c t o r y  s t u d i e s  h a v e  b e e n  p u b l i s h e d .7 4 - 7 8  M o r e  r e c e n t l y , medium were obtained for PMMA, Solid Water,  and a ma-

M e l i  a n d  M o t a k a b b i r79 have investigated whether the L-shell terial  optimized for low-energy dosimetry (RW-1).  For Solid

characteristic x rays from the gold contribute to the increase Water,  these correction factors are in good agreement with

in dose close to the gold backing material .  Their  results in- t h o s e  r e p o r t e d  e a r l i e r  b y  W i l l i a m s o n .1 8  For  the  1 2 5I  m o d e l

dicate that these soft x rays do not contribute significantly to 6711 source,  the dose rate constant  calculated by Luxton is

the  dose . 0 . 8 8  c G y  h- 1U - 1,  w h i c h  i s  i n  e x a c t  a g r e e m e n t  w i t h  t h e ’

1 9 9 1 :  R e c e n t l y ,  W i l l i a m s o n18 has reported a detailed com- value recommended by this task group.
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C .  P a l l a d i u m - 1 0 3  s o u r c e s

1990: Meigooni,  Sabnis,  and Nath12 measured dose distri-
b u t i o n s  a r o u n d  1 0 3P d  s o u r c e s  u s i n g  LiF TLD’s  in  a  So l id
Wate r  phan tom.  Measuremen t s  were  pe r fo rmed  fo r  bo th
m o d e l  1 0 0  a n d  2 0 0  s o u r c e s .  F o r  t h e  e a r l i e r  1 0 3P d  s o u r c e

design (model 100) about 30% of the dose at a distance of 5
cm was from high-energy and longer-lived radioisotopes cre-
ated by activation of trace elements in the source materials
and the encapsulation when the source assembly was irradi-
ated in a nuclear reactor. To address this problem, the manu-
facturer developed the model 200 source, which is fabricated
b y  i r r a d i a t i n g  1 0 3P d  w i t h  t h e r m a l  n e u t r o n s ,  f o l l o w e d  b y
chemica l  pu r i f i ca t ion  and  coa t ing  o f  t he  1 0 3Pd  on  g raph i t e
cylinders,  which are then hot loaded into t i tanium capsules.

Meigooni et  al .12 showed that the new design source (model
200) does not suffer from the problems of trace elements.
T h e  d o s i m e t r y  m e a s u r e m e n t s  w e r e  m a d e  i n  a  t w o -
dimensional Cartesian grid with a spacing of 0.5 cm for dis-
tances less than 3 cm and 1 cm for distances greater than 3
cm. The sensitivity of LiF TLD for 1 0 3Pd was assumed to be
the same as that for 1 2 5I  pho tons .  The  measu red  dose  r a t e
d a t a  w e r e  f i t t e d  t o  a n a l y t i c a l  e x p r e s s i o n s ,  a n d  t w o -
dimensional tables in both Cartesian and polar coordinates
were generated. Dose rate constant in a Solid Water phantom
for the 1 0 3Pd model 200 source was determined to be 0.735

± 0 . 0 3  c G y  h- 1U - 1, w h i c h  i s  e q u i v a l e n t  t o  0 . 9 5 ± 0 . 0 4
cGy h- 1m C i- 1. The anisotropy constant in Solid Water was

observed to have a value of 0.90.  Radial  dose function was
also extracted from the measured data and fi t ted to an ana-
lytical expression.

1 9 9 1 :  D o s e  m e a s u r e m e n t s  u s i n g  LiF TLD’s  have  a l so

b e e n  p e r f o r m e d  b y  C h i u - T s a o  a n d  A n d e r s o n ”  f o r  s i n g l e
1 0 3Pd seeds (model 200) at the center of a Solid Water phan-

tom. They used TLD cubes 1 mm on an edge for measure-

ments from 1 mm to 1 cm at 1 mm intervals. The cubes were

centered along transverse and longitudinal axes and along

radial lines from seed center at 10° increments. TLD chips of

3.1×3.1× 0.89 mm3 dimension were used at distances of 2,

2.5, 3, and 4 cm at 15° angular intervals. They presented the

p roduc t  o f  d i s t ance  squa red  and  dose  r a t e  pe r  un i t  sou rce

s t r eng th ,  p lo t t ed  ve r sus  d i s t ance  and  ang le .  A t  1  cm f rom

seed center along the transverse axis this product was found

to be 0.88 cGy c m2m C i- 1h - 1,  wh ich  i s  8% sma l l e r  t han  the

da ta  p re sen ted  by  Meigoon i  e t  a l .12 One  o f  the  r easons  fo r

this discrepancy may he that  Chiu-Tsao and Anderson” used

homemade Solid Water,  which may have had a sl ightly dif-

f e ren t  compos i t ion  than  the  commerc ia l  ma te r i a l  u sed  in

Meigooni et  al . 's  work.12 So far, the exact composition of the

phantom material  has not been specified.

1 9 9 1 :  R e s u l t s  f r o m  t h e  w o r k  o f  C h i u - T s a o  a n d

Anderson” were in good agreement (within 5%) with previ-

ous data of Meigooni et al.12 for distances greater than 2 cm.

The dose rate constant reported, however,  was 7% smaller

than that by Meigooni et al. Therefore, the task group chose

to average these two data sets.  Since both of these experi-

ments used Solid Water,  a correction for conversion of these

data to liquid water was calculated using Monte Carlo simu-

lat ion by Will iamson.‘” He determined that the Solid Water

needed to be multiplied by a factor of 1.048.

Medical Physics, Vol. 22, No. 2, February 1995
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