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THE DEVELOPNENT AND USE OF A FIFTEEN YEAR-OLD 

EQUIVALENT KATHEVATICAL PHANTOM FOR INTERNAL 

DOSE CALCULATIONS 

Abs t rac t  

The ex is tence o f  a  phantom based on anatomical data f o r  t he  

average f i f t e e n  year -o ld  prov ides f o r  a  p r o f i c i e n t  means o f  o b t a i n i n g  

est imates o f  absorbed dose f o r  c h i l d r e n  o f  t h a t  age. Dimensions 

rep resen ta t i ve  o f  an average f i f t e e n  yea r -o ld  human, ob ta ined from 

var ious  b i o l o g i c a l  and medical  research, were transformed i n t o  a 

mathematical c o n s t r u c t  o f  i d e a l i z e d  shapes o f  t he  e x t e r i o r ,  s k e l e t a l  

system, and i n t e r n a l  organs o f  a  human. The i d e a l i z a t i o n  f o r  an 

average a d u l t  p r e s e n t l y  i n  use by t h e  I n t e r n a t i o n a l  Commission on 

Rad io log ica l  P r o t e c t i o n  was used as a  bas is  f o r  design. 

The mathematical equqt ions d e s c r i b i n g  the  phantom were developed 

t o  be r e a d i l y  adaptable t o  present-day methods o f  dose es t imat ion .  

Typ ica l  exposure s i t u a t i o n s  i n  ~ u c l e a r  Medicine have p r e v i o u s l y  been 

modeled f o r  e x i s t i n g  phantoms. With no f u r t h e r  development o f  t h e  

exposure model necessary, adapta t ion  t o  t he  f i f t e e n  yea r -o ld  phantom 

demonstrated the  u t i l i t y  o f  t he  design. Est imates o f  absorbed dose 

were ob ta ined f o r  t h e  a d m i n i s t r a t i o n  of two radiopharmaceut ica ls ,  

99mTc-Sulfur Col l o i d  and 99mTc-DMSA. 
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CHAPTER I 

HISTORY AND PURPOSE 

The research described he re in  spans several  d i  s c i  p l  i nes and i s  

impor tan t  t o  a l l  o f  them. The research r e s u l t s  a re  impor tan t  t o . t h e  

f i e l d  o f  h e a l t h  physics because the  heal ' th p h y s i c i s t  i s  charged w i t h  

the  r e s p o n s i b i l i t y  o f  p r o t e c t i n g  man and h i s  environment from the 

harmful e f f e c t s  o f  i o n i z i n g  r a d i a t i o n .  The research i s  impor tan t  i n  

nuclear  engineer ing because o f  t he  h igh  importance o f  popu la t ion  

exposure c a l c u l a t i o n s  t o  the  s i t i n g  o f  nuc lear  power reac to rs  and f u e l  
/.' 

processing f a c i l i t i e s .  F i n a l l y ,  t h i s  research has d i ' r ec t  a p p l i c a t i o n  

i n  nuc lear  medicine and d iagnos t i c  rad io logy .  It i s  w e l l  known the  

exposure t o  medical d iagnos t i c  x-rays represents the  major source o f  

exposure t o  the  popu la t ion  from man-made sources o f  r a d i a t i o n .  52 

Thus, a h i s t o r i c a l  foundat ion.  f o r  t h i s  research would l i e  probably 

w i t h  Roentgen's d iscovery o f  x-rays i n  1895. Many date  t h e  beginning 

o f .  d i a ~ n o s t i c  rad io logy  and r a d i a t i o n  p r o t e c t i o n  t o  t h i s  d iscovery.  

Not l ong  a f t e r .  h i s  d icovery,  t he  b i o l o g i c a l  e f f e c t s  o f  i o n i z i n g  

r a d i a t i o n  became apparent. The French p h y s i c i s t  Henr i  Becquerel had 

done much work i n  l i n k i n g  the  phenomenon o f  phosphorescence t o  x-rays 

making use o f  photographic p la tes .  I n  1901, a f t e r  t r a v e l i n g  t o  London 

t o  l e c t u r e  there, he discovered a reddened area on h i s  abdomen. The 

cause he l i n k e d  t o  a sample of radium tha t ,  he had w i t h  him i n  the 

pncket d i r e c t l y  over t he  spot; This  was one o f  the f i r s t 8  noted signs 

t h a t  these x-rays might  have some harmful e f f e c t  on t i ssue .  I t  was i n  

1903 t h a t  t he  American i n v e n t o r  Alexander Graham B e l l  made the 

suggestion t h a t  sources con ta in ing  radium might  be p laced near or i n  



tumors, f o r  i t  had been hypothesized t h a t  t h i s  d e s t r u c t i v e  e f f e c t  might  

be more p o t e n t  i n t e r a c t i n g  w i t h  cancerous t i ssues  than w i t h  normal 

t i s s u e s . 1  The f i r s t  ideas t h a t  t h i s  new d iscovery  o f  x-rays might  be 

a  new t ype  o f  m i r a c l e  cure  sparked many d i f f e r e n t  forms o f  

sere-ndip i tous exper imentat ion.  A t  t h i s  t ime i t  was h a r d l y  thought t h a t  

t h e  smal l  amounts o f  radium being used on humans would have any harmful 

e f fec ts  b i o l o g i c a l l y .  A statement dea l i ng  w i t h  the  b i o l o g i c a l  e . f f ~ c t s  

o f  radium appearinq i n  t h e  1916 . journal R.aCi.um, s ta ted  t h a t  radium has 

a b s o l u t e l y  no t o x i c  e f f e c t s ,  i t  being accepted as harmoniously by the  

human system as i s  s u n l i g h t  by the  p lan t .2  

Dur ina t h i s  " c l a s s i c a l  " per iod,  t he  p h y s i c i s t s  attempted t o  l e a r n  

more about t h e  atom and i t s  r a d i a t i o n s .  I n  add i t i on ,  ' t he  

i ns t rumen ta t i on  f o r  d e t e c t i o n  and measurement o f  these r a d i a t i o n s  was 

being developed. Ruther fo rd  u t i l i z e d  a  photographic p l a t e  and i n  1903, 

Crookes' i n v e n t i o n  o f  t he  sp in thar iscope marked the  opening of the  

development o f  t h e  s c i n t i l l a t i o n  de tec to r .  The i n v e n t i o n  o f  the  c loud 

chamber and gold l e a f  de tec to rs  a l s o  p layed major ro les .  A cu lminat ion  

o f  much o f  t h e  knowledge gained i n  t h i s  pe r iod  can be found i n  the  

p e r f e c t i o n  o f  t h e  Geiger counter  i n  1428.1 

The improvement i n  i ns t rumen ta t i on  opened the  door f o r  the  use o f  

rad io i so topes  as t r a c e r s .  The f i r s t  of these experiments was performed 

by the  kungarian chemist Hevesy i n  1923. He u t i l i z e d  an iso tope o f  

l e a d  t o  i n v e s t i g a t e  the  metabolism o f  l ead  i n  p l a n t s  us ing  a  very 

s e n s i t i v e  go ld  l e a f  de tec to r .  He was a  p ioneer i n  t h i s  f i e l d ,  d e f i n i n g  

many of t he  bas ic  p r i n c i p l e s  of t r a c e r  technology i n  use today.3 By 

the  l a t e  twent ies,  c l i n i c a l  s tud ies  us ing  r a d i o a c t i v e  i n j e c t i o n s ,  such 



as t h e  de te rm ina t i on  o f  t h e  mean arm-to-arm c i r c u l a t i o n  t ime,  were w e l l  

underway. l 

The t r a n s i t i o n  f rom t h e  " c l a s s i c a l "  p e r i o d  i n t o  t h e  "modern e ra"  

was seeded e a r l y  i n  1919 by Ru the r fo rd ' s  d i scove ry  t h a t  t h e  s t r u c t u r e  

o f  m a t t e r  cou ld  be changed by bombardment w i t h  a lpha p a r t i c l e s  f rom 

radium. It was t h e  ingen ious  work o f  Ernes t  0. Lawrence i n  t h e  

development o f  t h e  c y c l o t r o n  i n  19314 and t he  exper imenta t ion  o f  I r e n e  

Cu r i e  and F rede r i c  J o l i o t  i n  1934, showing t h e  mu ta t i on  o f  some l i g h t  

elements t o  r a d i o a c t i v e  forms o f  o t h e r  elements by neu t ron  bombarding,5 

t h a t  c l e a r l y  marked the  end o f  t h e  " c l a s s i c a l "  pe r i od .  A r t i f i c i a l l y  

produced r a d i o i s o t o p e s  began t o  emerge s l o w l y  from a l l  p a r t s  o f  t h e  

wor ld .  Lawrence and h i s  b r o t h e r  John produced a  l a r g e  c y c l o t r o n  t h a t  

they  c a l l e d  "The Medical  Cyc lo t ron "  . k  Wevesy and h i s  c o l  legues w i t h  

t h e  use of a  Geiger coun te r  and 32P as sodium phosphate, determined 

t h a t  bone f o rma t i on  i n  the  r a t  i s  a  dynamic process.6 I n  1936, John 

Lawrence used t h e  same r a d i o n u c l i d e  as a  phosphate i n  t h e  t r ea tmen t  o f  

leukemia.1 Therefore,  two o f  t h e  most impo r tan t  s t u d i e s  i n  nuc lea r  

medic ine were underway i n  1936; t h e  s tudy  o f  t h e  dynamic s t a t e  o f  b0d.y 

c o n s t i t u e n t s  and t h e r a p e u t i c  uses of r ad io i so topes .  

Du r i ng  t h i s  same t r a n s i t i o n a l  p e r i o d  t h e r e  were recommendations 

f o r  p r o t e c t i o n  a g a i n s t  t h e  hazards assoc ia ted  w i t h  t h e  r a d i a t i o n  and 

t he  use of r a d i o i s o t p e s .  It was 1916 be fo re  o rgan ized  e f f o r t s  f o r  

methods o f  r a d i a t i o n  p r o t e c t i o n  came i n t o  ex is tence .  However, good 

recommendations from i n d i v i d u a l s  came as  e a r l y  as 1902 when R o l l  i n s  

suggested t h e  use of  x - ray  f i l m  as a  means of m o n i t o r i n g  exposure. 

The recommendations were e x a c t l y  t h a t  and n o t  en fo r ceab le  laws. They 



were based on q u a l i t a t i v e  measures which made any es t imat ion  o f  dose 

f a r   fro^ precise.  For example, i n  1925, Mutsche l le r  made 

recommendations t h a t  t h e  l i m i t  o f  p r o t e c t i o n  should be 1/100 o f  an 

erythema dose i n  30 days. * The reddening o f  the  s k i n  was used as an 

i n d i c a t o r  o f  .dose and the  theory  was t h a t  there  was a  th resho ld  l e v e l  

of exposure below which one could rece ive  r a d i a t i o n  and t o l e r a t e  i t  

w i t h o u t  u l t i m a t e l y  s u f f e r i n q  in,jur.y. Thus, the term " to le rance dose" 

was used w ide ly  i n  t h e  f i e l d .  The es t imat ion  o f  dose t o  t i ssues  from 

ex te rna l  sources i n  t h i s  e a r l y  per iod,  was more 'an a r t i s t i c  eva luat ion  

than a science. It i s  impor tant  t o  no te  a l so  t h a t  t he  es t imat ion  o f  

dose from i n t e r n a l  sources was non-existent .  The adoption o f  the  

Roentgen as t h e  standard u n i t  o f  exposure by the  I n t e r n a t i o n a l  

Commission on Rad io log ica l  Un i t s  (ICRU) i n  1928 marked the  beginning of 

e f f o r t s  t o  q u a n t i f y  dose es t imat ions  as measures o f  exposure. The 

ICRU, 1925, and t h e  I n t e r n a t i o n a l  Commission on Radio1 og ica l  P ro tec t i on  

( ICRP) , 1928, were es tab l  1 shed by t he  l n t e r n a t i o n a l  Congress o f  

Radiology. I n  1929, t h e  Nat ional  Committee on Radiat ion P ro tec t i on  and 

Measurements (NCRP) was formed i n  a  c lose r e l a t i o n s h i p  w i t h  t h e  ICRP 

and has maintained t h a t  closeness t o  the  present.  For t h e  f i r s t  two 

decades of t h e i r  existence, both the  ICRP and t h e  NCRP were concerned 

p r i m a r i l y  w i t h  recommendations of maximum permiss ib le  exposures from x- 

rays and radium. 9 

The i n t r o d u c t i o n  of t he  f i r s t  nuc lear  r e a c t o r  on December 2, 1942, 

marked t h e  beginning o f  t h e  "modern" e ra  fo r  a l l  f i e l d s  associated w i t h  

r a d i o a c t i v i t y .  The change was exempli f ied i n  the  f i r s t  use o f  t h e  word 

"Heal th Physics" fo r  t he  whole of r a d i a t i o n  p r o t e c t i o n  and a l l  i t s  



associated a c t i v i t i e s .  10 The d iscover ies  made i n  t h e  " c l a s s i c a l  " 

per iod  became dynamic i n  t h e i r  growth. The change i s  due l a r g e l y  t o  

the  e f f o r t s  o f  Enr ico Fermi and h i s  col leagues. I n  1946 a r t i f i c a l l y  

produced rad io iso topes were made a v a i l a b l e  t o  the  p u b l i c  and as a  

r e s u l t  o f  the  advances i n  technology and physics, were soon ta i lor-made 

for  use i n  medicine. Some o f  t h e  isotopes produced i n  the  e a r l y  pe r iod  

were n o t  p u t  t o  s p e c i f i c  use u n t i l  advances i n  ins t rumenta t ion  and 

pharmacology made t h e i r  use feas ib le .  The f i e l d  o f  nuclear  medicine 

has become so advanced w i t h  soph is t i ca ted  scanning inst rumentat ion,  

advances i n  and methods o f  t race rs  i n  d iagnosis and treatment, t h a t  

today subspec ia l t ies  are appearing such as cardiovascular ,  

endocr inologic pulmonary and p e d i a t r i c  nuclear  medicines. 1 

I n  1946 the  NCRP r e a l i z e d  a  need f o r  reo rgan iza t i on  and growth t o  

meet t h e  needs o f  t he  problems associated w i t h  the  progress i n  a l l  

f i e l d s  o f  r a d i o a c t i v i t y . 4  Four years l a t e r ,  t h e  I C R P  underwent a  

s i m i l a r  change. Since 1944 the  use o f  maximum permiss ib le  dose (MPD) 

as a  standard f o r  recommendations o f  exposure 1  i m i t  l a r g e l y  replaced 

the  use o f  to le rence '  dose. From more recent  ana lys is  i t  appears t h a t  

c e r t a i n  types o f  damage such as the  shortening o f  t h e  1  i fe-span, 

leukemic incidence, and genet ic  changes increase monotonical ly  w i t h  

dose, thus con t ras t i ng  the  theory  o f  a  threshold. 1 2  This  would suggest 

t h a t  any amount o f  r a d i a t i o n  exposure, no mat ter  how smal3, i s  

p o t e n t i a l l y  harmful. Whether o r  n o t  there  e x i s t s  a  th resho ld  ' f o r  

r a d i a t i o n  exposure below which no harmful e f f e c t s  would be encountered 

s t i l l  remains i n  debate. However, a t  t h i s  p o i n t  one f i n d s  a  change i n  

the  a t t i t u d e  of the  recommended a l lowab le  exposures i n  t h a t  the 
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a t t i t u d e  i s  now one o f  r i s k  versus b e n e f i t .  The Federal  Aae ia t i on  

Counc i l  (FRC) was formed i n  1959 i n  t h e  U n i t e d  S ta tes  t o  p rov ide  p o l i c y  

on human exposure t o  i o n i z i n g  r a d i a t i o n .  T h e i r  a t t i t u d e  toward the  

s e t t i n g  o f  a l l o w a b l e  s tandards was expressed f o r m a l l y  i n  1961. 

" , . . t he  es tab l i shmen t  o f  r a d i a t i o n  p r o t e c t i o n  
s tandards i n v o l v e s  a  ba lanc ing  o f  t h e  b e n e f i t s  
t o  be d e r i v e d  f rom t h e  c o n t r o l l e d  use o f  r a d i a -  
t i o n  exposure. The p r i n c i p l e  i s  based upon t h e  
p o s i t i o n  adopted by t h e  Federal  Rad ia t i on  Counci'l 
t h a t  any r a d i a t i o n  exposure o f  t he  p o p u l a t i o n  
i n v o l v e s  so re  r i s k ;  t h e  magnitude a t  which i n -  
creases w i t h  t h e  exposure." l3 

T h i s  a t t i t u d e  i s  ve ry  nuch t h e  same as t h a t  o f  bo th  t h e  I\ICF?P and t h e  

ICRP. I n  p r a c t i c e ,  t h e  FRC bas c l o s e l y  f o l l o w e d  t he  .adv ice  o f  bo th  o f  

t h e  Commissions i n  s e t t i n g  s tandards o f  exposure. 

I n  t h e  e s t i m a t i o n  of  r i s k ,  one must depend on a  c o r r e l a t i c n  o f  t h e  

a m o u ~ t  o f  exposure w i t h  t h e  p o t e n t i a l  damage. Usua l l y  these 

c o r r e l a t i o n s  a r e  i n  terms o f  a response versus absorbed dose. 

There a r e  many problems assoc ia ted  w i t h  an a t tempt  t o  f o r n u l a t e  such a  

r e l a t i o n .  Casual r e l a t i o n s  between r a d i a t i o n  exposure and d e l e t e r i o u s  

e f f e c t s ,  except  f o r  massive acu te  exposures, can o n l y  be e s t a b l i s h e d  

s t a t i s t i c a l l y .  The induced b i o l o g i c a l  e f f e c t s  o f  r a d i a t i o n  do n o t  

appear t o  be unique. Secondly, t h e r e  a r e  sometimes l o n g  pe r i ods  o f  

t i m e  b e f o r e  e f f e c t s  a r e  n o t i c i b l e .  I n  a d d i t i o n ,  t h e r e  a r e  o n l y  

approx imate ways t o  c a l c u l a t e  t h e  absorbed dose t c  t i s sues ,  f o r  t h e  

c a l  c u i a t i o n s  depend on numerous v a r i a b l e s .  As a  r e s u l t ,  t h e r e  a r e  

seve ra l  c o r r e l a t i o n  curves t h a t  may rep resen t  t h e  t r u e  response versus 

absorbed dose r e l a t i o n .  The most conse rva t i ve  p o s i t i o n  t o  take  would 

be t o  assune, a  l i n e a r  r e l a t i o ~  w i t h o u t  a  t h r e s h o l d  a t  low exposures. 

Th is ,  t he re fo re ,  i s  t h e  p o s i t i o n  t h a t  has been taken by t h e  I C R P  and 

NCRP .12 



The basis of sound estimation of r isk involves a precise 

estimation of absorbed dose. The absorbed dose, however, i s  dependent 

on such parameters as the nature of the exposure, whether internal or 

external,  the energies of the emitted part ic les  and the physiologic 

factors of the system encountered. In 1949 a group of concerned health 

physicists from the United Kingdom, Canada, and the United States 

agreed to  gather the necessary information to  formulate a "Standard 

?4anH as a typical radiation worker.11 From tha t  time there have been 

various mathematical and experimental e f for t s  to  estimate absorbed dose 

to various t issues of an "average" adult .  The most sophisticated 

methods are those associated with the e f fo r t s  of the ICRP, NCRP,  and 

the Medical Internal Radiation Dose Committee (MIRD) of the Society of 

Nuclear Medicine. Organized ef for t s  to  formulate the "Standard Ran" 

are culminated in the ICRP Publication, Report of the Task Group on --- A 

Reference - Van.14 This report represents a detailed analysis of 

anatomical data, elemental composition of various t issues and organs, 

intake of a i r ,  water, and other elements, and data on excretion. 

In nuclear medicine the administration of radionuclides to various 

age groups has increased. The diagnostic use of x-rays has broadened 

to include a l l  age groups and accounts for a major portion of the 

increase in external exposure to  the general population. These 

increases In exposure to  radiqtion d ic ta te  the need for  precise 

estimates of absvrbed dose. An e f fo r t  to  do so came in 1967 when 

Fisher and Snyder completed the design of a detailed mathematical 

phantom based on the anatomical values outlined by the Task Groups of 

the ICRP as bcinq representative o f  drl "average adult ."15 Since that  



time, r e v i s i o n s  i n  t h e  model have been made and publ ished by Snyder e t  

a1 . i n  1974.16 Though o the r  phantoms have been used i n  t h i s  country and 

o t h e r  count r ies ,  t h e  MIRE Committee and t h e  I C R P  have chosen t h i s  

p a r t i c u l a r  i d e a l i z a t i o n  o f  the  "average a d u l t "  f o r  use i n  dose 

est imates f o r  var ious  age groups. F ive  smal ler  phantoms have been 

formed by " s c a l i n g  down" t h e  a d u l t  by proper constants.17 The use o f  

these small a d u l t s  i n  dose es t imat ions  has been recognized t o  be a  

f i r s t  o rde r  approximation. Recently, anatomical data has been used t o  

develop mathematical phantoms t h a t  b e t t e r  represent  the  "average" one 

year-01 d  and f i v e  yea r -o ld  humans .18 Though organ shapes remain 

s i m i l a r  t o  the  a d u l t  phantom, phys io log i ca l  geometries o f  t he  c h i l d r e n  

phantoms d i f f e r  from the  "scaled down" phantoms. Pre l im inary  r e s u l t s  

i n d i c a t e  t h a t  t h e  dose est imates obta ined i n  these more advanced 

phantoms are d i f f e r e n t  from those obta ined i n  the  "scaled down" 

phantoms. 

I n  order  t o  improve present  est imates o f  dose t o  var ious age 

groups, the  purpose o f  t h i s  research was t o  develop a  f i f t e e n  year -o ld  

equ iva len t  mathematical phantom based on anatomical data. The phantom 

was t o  be designed so t h a t  i t  was cons is ten t  w i t h  the  a d u l t  and 

c h i 1  dren phantoms i n  ex is tence.  Therefore, t he  i d e a l  i z a t i o n  o f  most 

organ shapes were s i m i l a r  t o  t h a t  o f  the  adu l t .  I n  a d d i t i o n  the  

equations desc r ib ing  t h e  two phantoms were s i m i l a r .  I n  order  f o r  t he  

design of t he  f i f t e e n  yea r -o ld  phantom t o  be one o f  u t i l i t y ,  i t  was 

necessary t h a t  i t  be r e a d i l y  adaptable t o  present-day methods o f  

es t ima t ing  dose. To demonstrate t h i s  u t i l i t y ,  the  phantom was used i n  

a  computer s imu la t i on  of a  t y p i c a l  s i t u a t i o n  i n  p e d i a t r i c  nuclear  



medicine f rom which, est imates o f  dose . t o  c e r t a i n  organs were 

ca lcu la ted .  The mode,ls and techniques used i n  t h e  es t ima t i on  o f  dose 

have been adopted i n  t h e i r  e n t i r e t y .  I t . h a s  n o t  been t h e  purpose o f  

t h i s  research t o  improve upon o r  j u s t i f y  t he  repo r ted  accuracy o f  these 

methods, b u t  r a t h e r  t o  demonstrate . the. a d a p t a b i l i t y .  o f  t h e  f i f t e e n  

yea r -o ld  phantom design t o  these ,methods. Therefore, t h e  major  

c o n t r i b u t i o n  o f  t h i s  research has been t h e  des-ign o f  t h e  f i f t e e n  year-  

01 d  mathematical phantom, f o r  no o t h e r  anatomical l y  based. i d e a l  i z a t i o n  

of a  f i f t e e n  year -o ld  human i s  i n  ex is tence f o r  purposes o f  es t imat ions  

o f  absorbed dose. 



CHAPTER I 1  

P!ATHEMATICAL PHANTOM 

I n t r o d u c t i o n  

A f t e r  o b t a i n i n g  the  necessary a n a t o ~ i c a l  dimecsions, these data 

must be transformed i n t o  a s e t  of mathematical equat ions which, 

c o n s i s t e n t  w i t h i n  themselves, form a phantom s i m i l a r  i n  shape t o  an 

"average" human being o f  a c e r t a i n  age. This  mathematical cons t ruc t  

must have organs s i m i l a r  i n  shape t o  those organs o f  a human. The 

organs must n o t  i n t e r s e c t  a t  any p o i n t  and must remain w i t h i n  the  

c o n s t r a i n t s  o f  t h e  e x t e r i o r  equat ions. I n  a d d i t i o n  these organs must 

be p laced w i t h i n  the  boundaries i n  such a manner as t o  resemble t h e i r  

p ~ s i t i o n i n g  w i t h i n  the  human body. The Snyder and F isher  phantom 

accomplishes these tasks success fu l l y  f o r  t he  a d u l t .  l 6  This phantom i s  

t h e  most d e t a i l e d  mathematical design o f  the human a d u l t  f o r  purposes 

o f  dose es t imat ions  i n  use a t  the  present  t ime. Fcr  t h ~ s  reason i t  was 

decided t o  employ anatomical data f o r  the  f l f t e e n  year-old i n  a manner 

s i m i l a r  t o  t h a t  used by F isher  and Snyder t o  cons t ruc t  the  average 

adul t. 

I n  Chapter I ,  i t  was s ta ted  t h a t  the Snyder-Fisher phantom, 

(p rev ious  reference t o  t h i s  phantom has been as the  a d u l t  phantom), has 

been shrunk by c o n s t a f i  fac tors  t o  form a f i f t e e n  year -o ld  phantom. 

One should be aware of t he  d i f ferences r e s u l t i n g  i n  t h i s  type o f  

format ion of a f i f t e e n  yea r -o ld  phantom and the  format ion us ing  

anatomical data. For instance,  the  thymus i s  l a r g e r  i n  a f i f t e e n  year- 

o l d  human than i n  an a d u l t .  I f  the  a d u l t  phantom i s  shrunk t o  c rea te  

a younger phantom, the  thymus w i l l  be smal le r  than the a d u l t  and would 



n o t  correspond t o  t h a t  o f  a  f i f t e e n  year -o ld .  Though t h e  o v e r a l l  

we igh t  and h e i g h t  o f  t h e  f i f t e e n  y e a r - o l d  w i l l  be l ess ,  t h e  r e l a t i v e  

s i z e  o f  t h e  organs may d i f f e r  and can be determined o n l y  by r e f e r r i n g  

t o  a c t u a l  anatomical  data.  

To desc r i be  t h e  phantom i n  F igu re  1 r e q u i r e s  a  l a r g e  number o f  

equat ions.  A l though these mathematical  d e s c r i p t i o n s  rep resen t  t he  

major  c o n t r i b u t i o n  o f  t h e  research,  t hey  have been p laced  i n  e x p l i c i t  

form i n  Appendix A. The phantom i s  p laced  i n  a  r e c t a n g u l a r  coo rd ina te  

system w i t h  t h e  o r i g i n  a t  t h e  c e n t e r  o f  t h e  base o f  t h e  t r u n k .  The 

p o s i t i v e  Z-ax is  p o i n t s  upward toward t h e  head, t h e  p o s i t i v e  X-axis i s  

d i r e c t e d  toward t h e  r e a d e r ' s  r i g h t  and t h e  phantom's l e f t ,  and the  

p o s i t i v e  Y-axis i s  d i r e c t e d  o u t  t h e  r e a r  o f  t h e  phantom. The equat ions 

were p l o t t e d  on a  calcomp p l o t t e r  t o  check f o r  e r r o r s ,  i n t e r s e c t i o n s  o f  

organs, shape and l o c a t i o n .  The r e s u l t s  a r e  i n  F igu re  2 through F igu re  

7. Both X - Y  and X-Z c ross  s e c t i o n a l  p l o t s  a r e  shown and, combined w i t h  

t h e  o t h e r  f i g u r e s ,  g i v e  a  p i c t o r i a l  image o f  t h e  mathematical  

c o n s t r u c t .  

Composit ion of  t h e  Phantom 

To t r ans fo rm  t h e  da ta  on body and organ masses i n t o  mathematical  

equat ions,  one must o b t a i n  a  va lue  f o r  t h e  d e n s i t y  o f  t h e  medium. The 

t o t a l  volume of t h e  phantom was determined us ing  a  s p e c i f i c  g r a v i t y  

s p e c i f i e d  f o r  f i f t e e n  yea r -o l d  humans. However, t h e  d e n s i t y  a lone  i s  

n o t  s u f f i c i e n t  t o  c a r r y  o u t  t h e  c a l c u l a t i o n s  o f  absorbed dose. The 

elemental  composi t ion of t h e  phantom must be determined. Photon 

i n t e r a c t i o n  c ross-sec t ions  a r e  an i n t e g r a l  p a r t  o f  t h e  photon t r a n s p o r t  

code. These c ross-sec t ions  a r e  determined based on t h e  e lementa l  
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compos i t ion  of t he  medium th rough which t he  photons a r e  assumed t o  

pass. I n  196E, T i p t o n  e t  a l .  pub l i shed  va lues f o r  composi t ion based on 

t he  a n a l y s i s  o f  t i s s u e  samples f rom au tops ies  o f  150 g r o s s l y  normal 

U.S. a d u l t s .  l9 F i s h e r  and Snyder used t h e  r e s u l t s  o f  t h i s  s tudy  t o  

d i v i d e  t h e  a d u l t  phantom i n t o  t h r e e  reg ions  w i t h  d i f f e r e n t  d e n s i t i e s :  

( 1 )  t h e  ske le ton ;  ( 2 )  the  lungs;  and ( 3 )  t h e  remainder o f  t h e  phantom 

which was cons idered t o  be s o f t  t i s s u e s .  Data o f  t h i s  n a t u r e  was 

sparse f o r  age groups o.ther than  t h e  a d u l t .  Therefore,  t he  

composi t ion f o r  t h e  reg ions  of bone, lungs, and t i s s u e  i n  t h e  a d u l t  

phantom, have been used f o r  t h e  f i f t e e n  y e a r - o l d  phantom. The 

d e n s i t i e s  o f  these reg ions  a r e  1.4826 g/cm3, 0.3 g/cm3, and 0.9869 

g/cm 3 f o r  t h e  ske le ton,  lungs  and t i s s u e  r e s p e c t i v e l y .  

E x t e r i o r  o f  t h e  Phantom 

The we igh t  o f  an average f i f t e e n  y e a r - o l d  has been r e p o r t e d  by 

severa l  au t ko rs  and ranges between 52 t o  61  kg. A t o t a l  body we igh t  o f  

58 kg was chosen as a  des ign bas i s  f o r  t h e  phantom. T h i s  was an 

average va lue  of t h e  data,  which i n c l u d e d  a  s tudy  o f  300 h e a l t h y  

C a l i f o r n i a n  S i m i l a r l y ,  f o r  t h e  t o t a l  body he igh t ,  one 

f i n d s  a  range f rom 161 cm t o  173 cm. The phantom des ign  h e i g h t  was 

chosen t o  be 167 cm. T h i s  va lue  was 96% o f  t h e  a d u l t  phantom h e i g h t  

and was a  r e p r e s e n t a t i v e  percentage o f  a d u l t  h e i g h t  f o r  f i f t e e n  yea r -  

o l ds .  Formulae g iven  by B O Y C ! , ~ ~  f o r  d i f f e r e n t  age groups and d i f f e r e n t  

s t a t u r e s ,  were used t o  determine t h e  s p e c i f i c  g r a v i t y .  An average 

s p e c i f i c  g r a v i t y  of about 1.03 was se lec ted .  Though t h i s  appears t o  be 

much h ighe r  than t h e  o v e r a l l  d e n s i t y  o f  t h e  a d u l t  phantom o f  1.004 

g/cm3, t h i s  va lue i s  comparable t o  t h e  va lues ass igned t o  t h e  male and 



female a d u i t s  o f  1.07 and 1.04 r e s p e c t i v e l y  i n  - The Report o f  - - -  t h e  Task 

Group - on Reference - Man.14 It i s  important  t h a t  the  t o t a l  volume o f  t he  

phantom be based on anatomical data. Therefore the  determinat ion o f  

t h i s  paramater was made assum.ing a t o t a l  body weight o f  58 kg and a 

s p e c i f i c  g r a v i t y  o f  about 1.03. The use o f  an average t o t a l  body 

we ight  t h a t  i s  p o s s i b l y  more than "normal" i s  a r e s u l t  of the  

r e a l  i z a t i o n  t h a t  upon adopt ion o f  t he  th ree  reg iona l  composi t i o n s  , the  

f i n a l  phantom mass woul'd be l e s s  than the  design basis. I t  was 

d e s i r a b l e  t h a t  a phantom t o t a l  body weight be obta ined t h a t  i s  

reasonable wh i l e  ho ld ing  t h e  t o t a l  volume constant.  

While 1 i nea r  measurements o f  the  body change r a p i d l y  from one 

i n d i v i d u a l  t o  t h e  next,  t h e  r e l a t i v e  volume a sec t ion  occupies i s  a 

more s low ly  vary ing  func t ion .  The r e l a t i v e  volume of var ious sec t ions  

o f  t h e  body as a f u n c t i o n  o f  age can be obta ined from a study o f  

Bardeen .'2 The phantom has th ree p r i n c i p a l  regions:  (1) t he  head, ( 2 )  

t h e  trunk,. and (3)  t h e  legs  region.  These regions do n o t  correspond 

e x a c t l y  t o  an anatomical counterpar t .  For example, t he  head .region 

conta ins  both  t h e  head and the  neck, and t h e  ears and nose are  

considered negl i g i b l e .  The t runk  conta ins n o t  o n l y '  the  t runk,  b u t  the  

arms as we1 1, w i t h  t h e  hands and f i n g e r s  inc luded i n  t h e  a m  mass. The 

fee t  and toes a re  t r e a t e d  s i m i l a r l y  and are  inc luded ' i n  the  legs  

reg ion.  The g e n i t a l i a  reg ion  .has no r e a l  anatomical counterpar t ,  bu t  

i s  const ruc ted t o  house the  t e s t i c l e s  i n  t i s s u e  and a l l o w  f o r  proper 

p o s i t i o n i n g .  In most cases t he  t e s t i c l e s  are  considered t o  be a p a r t  

of t h e  l egs  region.  Using t h e  data from Bardeen22 f o r '  a  f i f t e e n  year-  



old,. t h e  r e l a t i v e  volumes f o r  t he  phantom head, t runk,  and legs  reg ion  

are 8%, 62%, and 30% respec t i ve l y .  

To be cons i s ten t  w i t h  both the  anatomical data and the  e x i s t i n g  

a d u l t  and c h i l d r e n  phantoms, t h e  head volume o f  t he  f i  teen year -o ld  was 

chosen t o  be the  same as the  head volume o f  t he  a d u l t .  Thus, the 

a n t e r i o r  t o  p o s t e r i o r  diameter o f  the  t runk  sec t i on  was s e t  a t  20 cm. 

Anatomical data from Pryor23 supports t he  choice o f  20 cm as dose data 

from - The Report --- o f  the  Task Group - on Reference - Man14 ( s a g i t t a l  diameter 

a t  t he  thorax o f  about 19 cm) . 

A t  t h i s  po in t ,  the  remain ing ex te rna l  dimensions were adjusted 

, w i t h i n  geometr ical  and anatomical c o n s t r a i n t s  t o  achieve's cons i s ten t  

phantom design. The r e s u l t i n g  dimensions a re  given i n  Table I. The 

equations f o r  t he  e x t e r i o r  o f  t he  phantom a r e  expl  i c i  t y l y  g iven i n  

Appendix A. Note t h a t  t he  l e g  reg ion  o f  t he  phantom d i f f e r s  s l i g h t l y  

i n  general d e s c r i p t i o n  f rom t h a t  o f  t h e  a d u l t  phantom. The upper 

c ross-sec t iona l  areas o f  the  l e g s  a r e  e l l i p t i c a l  i n  t h i s  design w i t h  

the  major a x i s  i n  t he  a n t e r i o r  t o  p o s t e r i o r  d i r e c t i o n ,  whereas the 

a d u l t  design e x h i b i t s  c i r c u l a r  cross sect ions.  Both designs have 

c i r c u l a r  cross sec t iona l  areas a t  t h e  bottom o f  t h e  legs: 

Ske le ta l  System 

The model f o r  t he  s k e l e t a l  system, shown i n  F igure  8, assumes a  

homogeneous m ix tu re  o f  .bone and bone marrow. Though i t  appears t o  be 

a  s imple model, t h e  i n d i v i d u a l  masses requ i red  f o r  t he  design are 

scarce. Data g i v i n g  the  mass o f  t he  e n t i r e  ske le ton  as a  f u n c t i o n  o f  

age a re  ava i l ab le .  The nature  o f  these data depends on a  number o f  

th ings,  such as the  manner i n  which the  ske le ton  was prepared fo r  



TABLE I 

EXTERNAL DIMENSIONS OF THE FIFTEEN YEAR-OLD HUMAN PHANTOM 

T o t a l  Mass 

T o t a l  Volume 

T o t a l  He igh t  

Circumference o f  Head 

Length o f  Head 

Major  Ax is  o f  t h e  Head 
( Y - d i r e c t i o n )  

Minor  Ax is  o f  t h e  Head 
(X-d i  r e c t i o n )  

Circumference o f  Trunk 

Length o f  Trunk 

Major  Ax is  of t h e  Trunk 
( X - d i r e c t i o n )  

Minor  Ax is  o f  t h e  Trunk 
( Y - d i r e c t i o n )  

Length o f  Legs 

Major  Axis  o f  t he  Upper Legs 
( Y - d i r e c t i o n )  

Minor  Axis  o f  t h e  Upper Legs 
( X - d i r e c t i o n )  

Radius o f  t h e  Lower Legs 
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PERCENTAGES OF RED MARROW FOUND I N  THE SHADED PORTIONS OF 
THE BONES. CLAVICLES AND SCAPULAE NOT SHOWN I N  PICTURE. 



measuring, the s tate o f  hydration, the sex, the race, and the or ig ina l  

height and weight of the body. These factors are d i f f i c u l t  t o  

determine i n  most studies. However, these data cannot be ignored 

en t i re ly ,  for t h i s  i s  usual ly  the only information available. The data 

on ind iv idual  bone weights f o r  a par t i cu la r  age, other than the adult, 

are even more scarce. However, Jackson24 provides a foundation f o r  a 

gancral r e l a t i o n  which i s  useful i n  f ind ing  the ind iv idual  bone 

weights. He states t h a t  the r e l a t i v e  weight o f  the skeleton as a whole 

remains near1 y constant throughout postnatal growth. Ingal s25 states 

t h a t  even though the r e l a t i o n  of the t o t a l  skeletal  system weight and 

the t o t a l  body weight i s  constant, the ind iv idual  bone growth i s  not 

constant w i th  r e l a t i o n  t o  t o t a l  body weight. 

Assuming t h a t  the weight of the skeletal  system i n  a section o f  

the phantom i n  r e l a t i o n  t o  the weight of the pr inc ipal  section i n  which 

i t  l i e s  remains constant throughout postnatal growth, the simple r a t i o  

derived i s  

Mass o f  Chi ld Bone - - Mass o f  Adult Bone 
Mass o f  Chi ld Body Section Mass o f  Adult Section 

Precise values o f  section weights were not known a t  t h i s  point; 

however, estimates were used based on section volumes and the assumed 

speci f ic gravity. The resu l t i ng  ind iv idual  masses represent the t o t a l  

of the bone and bone marrow i n  t h a t  pa r t i cu la r  bone. These values can 

be obtained for each bone by adding the values given i n  Table I 1  f o r  

bone, ye1 low marrow, and red marrow f o r  each bone. 

The bone marrow i n  the model i s  divided i n t o  two types: (1) red 

marrow, which i s  the act ive marrow; and (2) yellow marrow, which i s  the 



TABLE I1 

Masses of Red and Yellow Marrow and Bone in the Phantom 

Bone Region Red Marrow ( g )  Bone (g)  Ye1 1 ow Marrow (g  ) 

Arms 

Upper* 28.5 

Lower 140.3 

Clavicles 

Legs 

Upper* 

Lower 

Pelvis 

Ribs 

Scapulae 

Sku1 1 

Cranium*** 

Mandi bl e 

Spine 

Middl e 

~ower'+ 

Total 



remaining bone marrow. Informat ion on the d i s t r i b u t i o n  o f  marrow i n  

terms o f  absolute masses f o r  ind iv idua l  bones as a funct ion o f  age i s  

n o t  ava i lab le .  The Report o f  the Task Group on Reference Man contains --- - - 
data on the mass o f  the t o t a l  marrow and the t o t a l  red marrow as a 

func t ion  o f  age.14 Shleien26 discusses the resu l t s  of Atkinson's work 

i n  1962. Atkinson,26 i n  der i v ing  an ac t i ve  marrow d i s t r i b u t i o n  i n  

various age groups, assumed that :  (1) the adu l t  d i i t r i b u t i o n  o f  bone 

marrow could be used for  chi ldren;  and (b) whi le  ac t i ve  bone marrow 

d i s t r i b u t i o n  var led wf th  age, the d i s t r i b u t i o n  o f  the t o t a l  marrow 

remained constant. The red marrow i n  the f i f t e e n  year-old phantom has 

been d i s t r i b u t e d  from data on the ac t i ve  marrow d i s t r i b u t i o n  as a 

func t ion  o f  age found i n  ~h le i en .26  The t o t a l  marrow, both red and 

yel low, 2.45 kg, was d i s t r i b u t e d  i n  the same manner as the adu l t  

phantom i n  a l l  regions excepting the  legs region. The marrow a lo t t ed  

t o  the  l e g  region was no t  d i s t r f bu ted  as i n  the adu l t  f o r  the upper and 

lower l e g  regions. I n  the adu l t  phantom, 2.594 sf the t o t a l  marrow i s  

located i n  the femora, thus 62.5 grams o f  t o t a l  marrow would be 

assumed t o  be i n  the f i f t e e n  year-old femora. According t o  Shleien, 

there should be 11.3% of the ac t i ve  marrow i n  these bones; a t o t a l  o f  

107 grams o f  red marrow. the  cont rad ic t ion i s  obvious. I n  l i g h t  o f  

the  data from Mechanik,27 the d i s t r i b u t i o n  o f  on ly  2.5% o f  the marrow 

seems toolow. Mechanik repor ts  t h a t  of the 38.76% o f  the bone marrow 

spaces i n  the body are i n  the l e g  region, 17.9% o f  the spaces are 

located i n  the femora. Of the marrow i n  the  \legs region, the adu l t  

phantom contains 14.2% i n  the femora and 85.8% i n  the remaining lower 

port ions.  Mechani k concludes t h a t  f o r  the bone marrow spaces i n  the 



l e g  region,  44% a r e  i n  t he  femora and 56% are  i n  t he  lower por t ions .  

There a re  no conc lus ive  s tud ies  as t o  the  a c t i v e  marrow and t o t a l  

marrow d i s t r i b u t i o n s  i n  t h e  skeleton, e s p e c i a l l y  f o r  t h e  age group o f  

concern. To r e l i e v e  t h i s  con t rad i c t i on ,  t he  a d u l t  phantom d i s t r i b u t i o n  

o f  t o t a l  marrow remains constant  i n  t he  legs  region,  b u t  t h i s  marrow i s  

d i v ided  according t o  the  percentages o f  bone marrow spaces i n  t he  upper 

and lower regions determined by Mechanik. The r e s u l t i n g  d i s t r i b u t i o n  

o f  a c t i v e  marrow i s  g iven i n  F igure  8 and t h e  absolute values o f  red  

marrow, y e l l o w  marrow and t h a t  which remains as bone a re  tabu la ted  i n  

Table 11. 

I n t e r n a l  Orsans 

Anatomical data were more r e a d i l y  a v a i l a b l e  f o r  t he  i n t e r n a l  organ 

masses shown i n  F igure 9. I n  f o rmu la t i ng  the  design masses g iven i n  

Table I11 o n l y  one assumption was made. Though an anatouiical va lue was 

obta ined f o r  t h e  t o t a l  mass of t he  i n t e s t i n e s  as a  whole the re  have 

been no s tud ies  concerned w i t h  the  i n d i v i d u a l  weights o f  t he  i n t e s t i n e s  

as a  f u n c t i o n  o f  age. A study by Underhi l12* shows t h e  weight o f  t he  

i n t e s t i n e s  t o  be a  f u n c t i o n  o f  body s i z e  r a t h e r  than age. I f  t h i s  i s  

t h e  case, a  simple weight  r a t i o  can be formed as i n  t he  d e r i v a t i o n  o f  

t he  s k e l e t a l  system. Again the  d i s t r i b u t i o n  o f  t he  t o t a l  mass remains 

the  same as i n  t he  a d u l t  phantom. 

I n  the  design of the  f i f t e e n  year -o ld  the  general shape o f  each 

organ rcmclincd t h c  same as i n  t he  a d u l t .  tlowever, a  spec ia l  

mod i f i ca t ion  was made i n  the  head region.  The b r a i n  o f  t he  a d u l t  

phantom was def ined as the  volume o f  an e l l i p s o i d .  The f i f t e e n  year-  

o l d  phantom's b r a i n  i s  a l s o  de f ined by an e l l i p s o i d ,  b u t  i s  c u t  by a  



BRAIN 

SKULL 

- SPINE 

L JNES 

H EdPT 

UPPER LII\?GE 

ORNL-OWG 66-8212 ARE 

ORGANS NOT SHOWN 

ADRENALS 

STOMACH 

MARROW 

WNCREAS 

SKIN 

SPLEEN 

TESTES 

THYMUS 

THYROID 

LEG BONES 

! 

KCMUS 

SMALL INTESTINE 

LOWER LA?GE INTESTINE 

5 40 PELVIS y , , 
CENTIMETERS 

FIGURE 9. THE INTERNAL ORGANS OF THE PHANTOM PLOTTED FROM THE 
EQUATIONS (LEFT) AND CONCEPTUALLY DRAWN (R t W T  ) . 



TABLE I11  

Masses of the Internal Organs o f  the Phantom 

Organ Mass ( g )  Reference 

Adrenal s 9.1 14, 41, 22 

Bl adder (wall ) 

Brain 

G.I. Tract 

Stomach (wall ) 116.3 

S. I .  (wall and contents) 742.7 

U.L.I. (wall) 146.3 

L.L.1 (wall) 111.1 

Heart 

Kidneys 233.1 

Liver 1267.5 

Lungs 650.2 

Nasal Region 23.7 

Ovaries 5.2 14, 41, 49 

Pancreas 56.4 14, 42 

Spl een 141.5 41, 42, 50 

Thymus 27.0 14, 41, 42, 46 

Thyroid 13.2 14, 42, 46, 51 

Testes 15.6 14, 41, 42, 49 

Uterus 28.8 14 



plane on the  bottom. This shape was chosen as a be t t e r  approximation 

o f  the r e a l  b ra in  (seen i n  Figure 10). A nasal reg ion has a1 so been 

included. This special region was not  included i n  the published 

version of the a d u l t  phantom, l6 but  was added t o  the adu l t  construct  i n  

t he  computer codes as a source region only. The nasal region was 

i n c l  uded here t o  f a c i l  i t a t e  f u tu re  calculat ions.  Expl i c i  t equations 

descr ib ing these two regions can be found i n  Appendix A and i n  Figure 

2 and Tigurc 7. 
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CHAPTER 111 

DOS IMETRIC MODEL 

Int roduct ion 

Another purpose o f  t h i s  research was t o  demonstrate the u t i l i t y  o f  

the phantom design i n  present day calculat ions o f  dose estimates. To 

do so, one must have a method f o r  simulating the "real world1' s i tua t ion  

o f  human exposure t o  radiat ion, There are two general approaches t o  

t h i s  problem: (1) t o  model the s i t ua t i on  experimentally i n  the 

laboratory using a physical construct o f  the mathematical phantom; o r  

(2) t o  incorporate the mathematical model i n t o  sophisticated 

ca lcu lat ions using high-speed computer techniques. The phantom model 

i s  eas i l y  adaptable t o  the f i r s t  method, f o r  such experiments have been 

performed using the adu l t  geometry.29 However, it i s  more expedient t o  

approach the problem i n  the l a t t e r  manner. Mathematical models using 

the adu l t  mathematical phantom have been formulated f o r  a var ie ty  o f  

exposures both external and in ternal  . Though the f i f t e e n  year-01 d 

mathematlca l phantom lends i t s e l f  t o  s imi la r  applications, the "real  

world" exposure s i t ua t i on  chosen i s  one o f  the administration o f  a 

radiophamaceutical t o  an I1averagen f i f t e e n  year-01 d human. The method 

used has been t h a t  followed i n  the MIRD calculat ions for absorbed dose 

estimates t o  the "average" adul t  from b io log i ca l l y  d is t r ibu ted  

radionucl ides. 30 Because of i t s  widespread use i n  Nuclear Medicine, 

technetium-99m has been chosen as a representative radionuclide.31 The 

administrat ion of 9 m ~ c  i s  studied i n  the form o f  two d i f f e r e n t  

radiopharmaceutical s, sul  fur-col 1 o i d  and DMSA (2, 3-dimercaptoruccuno 

acid). 9 9 m ~ c  su l fu r -co l lo id  Ss used pr imar i l y  i n  scans o f  the l i ve r ,  



whereas DMSA i s  used f o r  rena l  s tudies.  The d e t a i l s  o f  the  modeling 

w i l l  be discussed f o r  99mTc s u l f u r - c o l  l o i d .  Any assumptions o r  methods 

used t o  ob ta in  the  r e s u l t s  f o r  DMSA which a r e  d i f f e r e n t  from those f o r  

s u l f u r - c o l l o i d  a re  presented i n  Appendix B. 

Absorbed Dose 

The purpose o f  the  modeling process i s  t o  c a l c u l a t e  the  absorbed 

dose t o  c e r t a i n  organs r e s u l t i n g  f rom the  exposure s i tua t ion , .  The 

c a l c u l a t i o n  o f  absorbed dose used here i s  based on the  approach 

o u t l i n e d  by Loevinger and Berman i n  MIRD Pamphlet Number 1.32 The 

bas ic  equat ion i s  

where 

- 
D(v t r )  = t he  mean dose t o  a t a r g e t  organ r 

f rom a source reg ion  v ( rads) ,  
A 

A, = t he  cumulated a c t i v i t y  i n  t he  source 
reg ion  r (pCi - h) , 

M = the  mass o f  t he  t a r g e t  organ v 
(grams), 

A, = t h  e q u i l i b r i u m  dnse cnnstant f o r  the  
i tR type of r a d i a t i o n  (g-rad/&i  -h) , 

and 

(i(v t r )  = the  absorbed f r a c t i o n  o f  energy i n  
t h e  t a r g e t  organ fr m t he  source 
reg ion  v f o r  the  itR type o f  r a d i a t i o n .  

The mass o f  t he  t a r g e t  organ i s  merely  the  mass o f  the  f i f t e e n  year -o ld  

organ i n  quest ion as p rev ious l y  g iven i n  Chapter I. The methods used 

t o  c a l c u l a t e  the  o the r  values needed i n  equat ion (2)  a re  discussed 

l a t e r  i n  t h i s  chapter.  Once the  values o f  D(v t r )  a re  c a l c u l a t e d  f o r  



each source organ i n  t h e  b i o l o g i c a l  d i s t r i b u t i o n ,  t he  mean dose t o  a  

t a r g e t  organ can be obta ined by summicg the  values o f  D(v + r )  over  the  

source organs. 

Decay Scheme Gata 

The decay scheme data f o r  99n'~c a re  taken from the  most recent  

c a l c u l a t i o n s  performed i n  connect ion w i t h  the  RIRD Committee. The data 

i n  F igure  11 are  pub1 i shed  i n  the. MIRD Pamphlet Number 10.53 The data 

have a l s o  been presented i n  c a l c u l a t i o n s  us ing  the  one year -o ld  and 

f i v e  .year-old phantoms. l 8  As discussed i n  the  I D  Pamphlet Number 

9,33 t h e  approach used i n  the  blonte Car lo  c a l c u l a t i o n s  leads t o  the 

c a l c u l a t i o n  o f  t h e  absorbed f r a c t i o n  f o r  t he  complete S y m ~ c  spectrum 

ins tead  o f  each i t h  t ype  o f  r a d i a t i o n .  3 3  Therefore, computing 

" e f f e c t i v e  absorbed f r a c t i o n s , "  mi, changes the  term 

.Z.A~ (i t o  t h e  equ iva len t  form b 
1 

( 3  

I t  i s  ev iden t  t h a t  a  summation o f  t he  Ai t e rms  of Figure  11 y i e l d s  a 

va l  ue 

B i o l o g i c a l  Modelz 

The b i o l o g i c a l  model f o r  t he  radiopharmaceut ica ls  i s  a  r e s u l t  o f  

unpubl ished work of Dr. E. M. Smith and has been used i n  c a l c u l a t i o n s  

f o r  t h e  one yea r -o ld  and f i v e  yea r -o ld  phantoms. 1 8 .  Numerical values 

f o r  t he  model a re  presented i n  Table I 1 1  f o r  bo th  99mTc s u l f u r - c o l l o i d  

and 9gmTc DMSA. The assumptions i nvo l ved  i n  d e r i v i n g  the  values f o r  

t h e  s u l f u r - c o l l o i d  a r e  as fo l l ows :  



TECHNETIUM-99~ 
ISOMERIC LEVEL OECAY HALF LIFE = 6.03 HOURS 
994,- 

MEAN MEAN EQUI -  
NUMBER/ ENERGY/ L  I BR I UM 

DOSE CONSTANT 

D I S I N T E -  PAR- DO SE 
FOR PENETRATING 

R A D I A T I O N  GRAT I O N  T I C L E  CONSTANT 
RADIATION 

------------------ 
GAHMA 

M I N T  CON ELECT 
GAMMA 

K I N T  CON ELECT 
L I N T  CON ELECT 
M  I N T  CON ELECT 

GAMMA 

K I N T  CON ELECT 
L I N T  CON ELECT 
M  IMT CON LLCCT 
K ALPHA-1 X-RAY 
K ALPHA-2 X-RAY 

K BETA-1  X-RAY 
K L L  AUGER ELECT 
K L X  AUGER ELECT 
LMM AUGER ELECT 
MXY AUGER ELECT 

N ( I 1  E (  I )  
(MEV/  
PAR- 
T I C L E )  

..................... 
1 0.0000 0.0021 

0.9860 0.0016 
2 0.8787 0.1405 

0.0913 0.1194 
0.0118 0.1377 

'0.0039 0.1400 
3 0.0003 0.1426 

0.0088 0.1215 
0.0035 0.1398 
0.001 1 0.1422 
0.0441 0.0183 
0.0221 0.0182 
0.0105 0.0206 
0.0152 0.0154 
0.0055 0.0178 
0.1093 0.0019 
1.2359 0.0004 

A (  I )  ~ ( j )  
(G-RAD/  (G-RAD/ 
M I C R o C I -  MICROCI- 
HOUR HOUR) 

, - - - - - -  --------- ---- 
0.0000 0.0000 
0.0035 
0.2630 0.2630 
0.0232 
0.0034 
0.001 1 
0.0001 0.0001 
0.0022 
0.0010 
0.0003 
0.0017 0.0017 
0.0008 0.0008 
0.0004 0.0004 
0.0005 
0.0002 
0.0004 
0.0011 

FIGURE 11. ISOMERIC LEVEL  DECAY OF 9 9 m ~ c ,  DECAY DATA AND 
E Q U I L I B R I U M  DOSE CONSTANTS. 



1) t h e  admin is te red a c t i v i t y  i s  ins tan taneous ly  taken 
up by t h e  organs and u n i f o r m l y  d i s t r i b u t e d  i n  the  
organs, 

2) t h e  b i o l o g i c a l  c learance o f  the  m a t e r i a l  i s  much 
l onger  than the  phys i ca l  h a l f - l i f e  o f  99mTc, i . e .  
Teff = T1/2 phy, 

3 )  t h e  f r a c t i o n  o f  adminis tered a c t i v i t y  i n  t he  t o t a l  
body i s  assumed t o  be u n i f o r m l y  d i s t . r i b u t e d  i n  a l l  
t i ssues .  Th i s  assumption w i l l  i n t roduce  an e r r o r  
o f  l e s s  than 5% i n  t he  t o t a l  body dose.18 

A more d e t a i l e d  p resen ta t i on  o f  t he  d e r i v a t i o n  o f  the  f o l l o w i n g  

equat ions i s  presented i n  Appendix C. The bas ic  equat ion f o r  t he  

cumulated a c t i v i t y  i s  

where 

zr ( )  = the  cumulated a c t i v i t y  i n  the  source 
h  reg ion  r.11 over an i n f i n i t e  p e r i o d  

(pC1-11) 

A o = t h e  adminis tered a c t i v i t y  ( \ i C i )  

q r h j  = t h e  i n i t i a l  value o f  t he  jth exponen- 
t i a l  component o f  t he  f r a c t i o n  o f  t h e  
adminis tered substance as the  l abe led  
radiopharmaceutical  t h a t  appears i n  
t h e  source reg ion  r 

h 

- t h c  b i o l o  i c a l  disappcarancc constant  
A of t he  jt2 exponent ia l  component ( l / h )  . 
1 = t h e  phys ica l  decs const-ant. of the  

rad ionuc l i de  ( l / h  J . 
Assuming A. equals 1 uC1 and d i v i d i n g  both s ides o f  equat ion (5) 

by A. one ohta ins  t h e  mean dose i n  u n i t s  o f  rads per  pCi adminis tered 

a c t i v i t y ,  which i s  a  more use fu l  es t ima t ion  o f  dose. Wi th the  above 

assumptions, t he  equat ion f o r  a  cumulated a c t i v i t y  i s  



- qr 
A '  = - ;pCi-h/pCi adminis tered 

where 

= the  i n i t i a l  f r a c t i o n  o f  adminis tered 
qr radiopharmaceutical  i n  t h e  source 

reg ion  r 

x = the  phys ica l  decay constant  f o r  99mTc. 

Values f o r  a re  given i n  Table I V  f o r  both radiopharmaceuticals.  

S u b s t i t u t i n g  these r e s u l t s  and t h e .  resu l  t s  from the  decay scheme data 

i n t o  equat ion ( 2 )  gives the  equat ion f o r  dose 
N 

- A; - 
D1(v  +- r )  = ( ( v  +- r )  r a d ~ / ~ C i  adminis tered 

v 
i 

Monte Car lo  Simulat ion 

The o n l y  values i n  equat ion (7 )  t h a t  remain unassigned a re  the  
- 

" e f f e c t i v e  absorbed f r a c i t o n s " ,  D ' ( v  + r ) .  A t  the  h e a r t  o f  the  

c a l c u l a t i o n  o f  such values must l i e  a model f o r  s i m u l a t i n g  the  

t r a n s p o r t  o f  photons through the  phantom. I n  1966, "OGRE, A General- 

Purpose Monte Car lo  Gamma-Ray Transport  Code System" was developed a t  

the  Oak Ridge Nat ional  Laboratory. Th is  code has been used i n  s tud ies  

o f  t h e  t r a n s p o r t  o f  photons through d i f f e r e n t  medium and geometries34. 

Since t h a t  t ime, t he  code has been adapted t o  the  geometry o f  t he  a d u l t  

phantom t o  form a new code "ALGAM" which i s  used t o  c a l c u l a t e  est imates 

o f  i n t e r n a l  dose from gamma-ray s0urces.3~ A s i m i l a r  code us ing  t h e  

geometry o f  t he  one year -o ld  and f i v e  yea r -o ld  phantoms has been used 

i n  est imates o f  dose f rom p e d i a t r i c  exposures w i t h  99mTc. l 8  A d e t a i l e d  

d e s c r i p t i o n  o f  the OGRE code has been publlshed.34 However, a summary 



TABLE I V  

CUMULATED ACTIVITY FOR 99mT~-SULFU~ COLLOID AND 9 9 m ~ c - ~ ~ S A  

h. 

Source A; (pCi-h/pCi Admin. ) 
Organ S u l f u r  C o l l o i d  DMS A 

Bladder  - 0.220 

L i v e r  7.360 

Spl een 0.606 0, s43 

Red Marrow 0.433 - 

T o t a l  Body 0.260 2.860 



of those d e t a i l s  which apply to' a phantom geovetry i s  found i n  Appendix 

D. 

A Monte Carlo code, GAY-15, was developed using OGRE and the 

geometry of the f i f t e en  year-old mathematical phantom in the  same 

manner in which ALGAM was developed for  the adul t .  The code i s  

designed so t ha t  an operator fami l ia r  w i t h  the use of ALGAM can work 

ea s i l y  with GAR-1'5. GAN-15 was designed t o  r u n  on the Virginia 

Polytechnic I n s t i t u t e  and S t a t e  'University'  s IBFl 370/155 computers 

usinq a Fortran-H compiler. 

The main purpose of GAN-15 i s  t o  ca lcu la te  the  f rac t ion  of photon 

energy from a par t i cu la r  source region t h a t  i s  deposited in a 

par t i cu la r  t a rge t  region f o r  any number of source photons. The e n t i r e  

code can be broken in to  three basic packages: (1 )  the source rout ines ,  

( 2 )  the  geometry of the medium, and ( 3 )  the t ranspor t  code. The 

t ranspor t  code has been adopted in i t s  en t i r e ty  from O G R E .  3 4  The 

source routines and the geometry, however, a re  spec i f ic  f o r  the f i f t e en  

year-old and the exposure s i t ua t i on  being modeled. 

The purpose of the source rout ine  package i s  t o  model a par t i cu la r  

organ i n  the  body which contains a radioactive source. Witkin the 

geometrical const ra ints  of t h a t  pa r t i cu la r  organ, the  program chooses 

randomly an i n i t i a l  X, Y, and Z coordinate f o r  the location ( s t a r t i n g  

cuordinates) of the f f r s t  photon his tory .  Then the prograni chooses 

randomly three staral;ing di rect ion cosines fo r  the photon. In 

accordance.with the decay data fo r  a par t i cu la r  radionuclide, the 

source routine assigns to  the  photon an i n i t i a l  energy cha rac t e r i s t i c  

of the  energy spectrum for  t h a t  radionuclide. In t h i s  exainple, the 



eneray spectrum used s imulated t h e  spectrum o f  99mTc. The f i n a l  task 

of t h e  source r o u t i n e  i s  t o  assign t o  the  source photon a  s t a t i s t i c a l  

weight  of 1.0 which i s  i t s  p r o b a b i l i t y  o f  existence. 

Th is  i n fo rma t ion  i s  passed i n t o  the  t r a n s p o r t  p a r t  o f  the  code. 

The t r a n s p o r t  sec t i on  assigns t o  the  photon a  p a r t i c u l a r  f i l g h t  

d is tance.  Combining t h i s  d is tance w i t h  the  above in format ion ,  the  

coord inate  p o s i t i o n  f o r  a  p o t e n t i a l  photon i n t e r a c t i o n  i s  determined i n  

terms o f  X i ,  Y '  , and 7 ' .  A t  t h i s  p o i n t  t he  geometry package i s  I J S P ~  t o  

determine t h e  organ o r  req ion  i n  which the  photon l i e s .  Once t h i s  

medium i s  known, t h e  t o t a l  mass a t tenua t ion  c o e f f i c i e n t  i s  used i n  a  

game o f  chance. I f  t he  r e s u l t  i s  n o t  favorable,  there  i s  no 

' i n t e r a c t i o n ,  and t h e  photon cont inues i n  t h e  same d i rec , t ion  w i t h  the  

same energy. However, i f  t h e  r e s u l t  i s  favorab le  the  s i t e  i s  chosen as 

an i n t e r a c t i o n  s i t e .  I n  t h i s  case, the .  program considers several 

poss ib le  i n t e r a c t i o n s ;  (1) Compton scatter ing,,  ( 2 )  p h o t o e l e c t r i c  

e f f e c t ,  and (3)  p a i r  product ion.  The energy depos i t ion  f o r  t h i s  

i n t e r a c t i o n  i s  ca l cu la ted  and recorded i n  a  bookkeeping system t h a t  

keeps t r a c k  o f  t h e  energy deposited i n  each organ. I f  by chance the  

i n t e r a c t i o n  s i t e  i s  i n  a  reg ion  of bone, a  spec ia l  subrout ine i s  used 

t o  ca lcuate  the  amount of energy deposi ted t o  t h e  red  marrow, the  

y e l l o w  marrow, and t h e  remaining p o r t i o n  o f  t he  bone. 

I n  a d d i t i o n  t o  exper iencing a  reduct ion  i n  energy, t he  photon 

experiences a  reduc t ion  i n  s t a t i s t i c a l  weight. The h i s t o r y  might  be 

terminated here i f  i t  escapes from t h e  phantom geometry, i f  i t s  energy 

f a l l s  below 5 keV, o r  if i t s  weight f a l l s  below 10-5. I f  t he  h i s t o r y  

i s  n o t  terminated, a  new p o t e n t i a l  i n t e r a c t i o n  s i t e  i s  determined, t h e  



l o c a t i o n  i n  t he  phantom i s  determined, and the  game begins again. This  

process i s  repeated u n t i l  t he  photon i s  terminated f o r  one o f  t he  th ree  

poss ib le  reasons. The path  t h a t  the photon has t rave led ,  the  

i n t e r a c t i o n s  encountered and the  energy t h a t  i t  has deposi ted u n t i l  i t s  

death i s  considered t o  be i t s  h i s t o r y .  When the  f i r s t  photon i s  

terminated, t he  bookkeeping system has recorded i t s  h i s t o r y  and the 

program r e i n i t i a l i z e s  parameters and a new source photon i s  born. GAM- 

15 repeats t h i s  process u n t i l  t he  h i s t o r i e s  o f  60,000 source photons 

are  recorded. 

A f t e r  t he  requ i red  number o f  h i s t o r i e s  a re  recorded, GAM-15 

est imates the  average energy deposi ted i n  'each organ per  source photon 

emit ted.  Thus the  value o f  absorbed f r a c t i o n  f o r  each organ i s  

ca lcu la ted .  I n  a d d i t i o n  t o  the  absorbed f r a c t i o n s ,  o the r  values f o r  

each organ a re  ca l cu la ted  by the  code. t he c o e f f i c i e n t  o f  v a r i a t i o n ,  

t he  standard d e v i a t i o n  and the  number o f  photons t h a t  have an 

i n t e r a c t i o n  are a1 1 used t o  determine the  accuracy o f  t he  absorbed 

f r a c t i o n  f p r  each organ. Th is  i s  discussed i n  mow d e t a i l  i n  Appendix 

D. A sample ou tput  f o r  CAM-15 i s  shown i n  Figure 12.. 

Tables V and V I  g ive  t h e  values f o r  (p(v + r )  necessary f o r  both 

99mTc s u l f u r - c o l l o i d  and 99mTc DMSA as c a l c u l a t e d  by GAM-15. Using the  

same computer and the  same i n i t i a l  random number, t he  r e s u l t s ' s h o u l d  be 

i d e n t i c a l .  Using a d i f f e r e n t  random number generator t he  values f o r  

T ( v  + r) should be nea r l y  t he  same. It i s  impor tan t  t o  note t h a t  when 

the  value o f  t he  c o e f f i c i e n t  o f  v a r i a t i o n  exceeds 50%, the  est imate may 

be i n  e r r o r  by a f a c t o r  of 2 t o  15.16 



UNlFORM SOURCE I N  THF F l A n 9 3  FOP 99C-TC 50 ,000  PPI!TCN H l S T O R l F S  

NO.OF PHOTONS . I N I T 1 1 1  FNE3C.Y CUT-(IFF FHFRGY T?TAL NO. CIC C f ~ L L I S I C V S  

6 0 3 0 0  0.L40 HE'/ 0.*3C4 MEV 

ENERGY 0:STP !PUT It?" 
EZERO PQOd COUNT 

TERMIXAT I O N  

1. ENERGY 3. 2. l iC lCHT 91.36. 
3. ESCAPE 5 0 8 6 4 .  4. h3SnRRED 0. 

;TAVOA9.7 I?'-FW..FbCF Y A K  C P C A Y S  

ORGAN PA@S/>H(IT& STD. OFV. CYFF. VAC. C C L L l S l 3 h ' S  PAS5 F ( T i ? A P S I  VFS.?F E EPZ!'. F P A C  

1 LEFT ADRENAL 
2 R I G H T  AORENPL 
3 AORENALS 
O BLAODER 

5 CONTENUS 
5 R R A I N  
J G.1. STOMACA 
3 CONTE.\IrS 
.3 G . I .  U.L.I. 

10 CONTENTS 
1 1  G.I. L.L.1. 
1 2  CONTENTS 
13 Skl.lNT.+COYTS 
14 G E N l T a L I A  
I 5  HEART 
16 LEFT K IONFY 
17 RIGHT K IDNEY 
18 KIDNEYS 
1s L I V E R  
20 L F F T  LUNG 
2 1  RIGHT KUNG 
22  LUNGS 

0 . " ? 7 5 r - n (  
0.47776-OF 
0.51 1 s r - 0 5  
0. !Cr,hF-OI 
O . P Z ~ ~ F - ~ I  

0.37 1 5 F - 0 5  
0.17 1 5 F - 0 3  
0.2552F-r)3 
9 .1?7hr - r )2  
0 .1473F-02  
O . ~ ' R 2 € - 0 7  
'1 .2J04r -02  
0 .7247F-02  
O.FO69F-07 
0.22P 1 F - 0 4  
O. lP57F-03  
r). 1 4 5 7 r - 0 3  
O . ? C ~ O T - ~ :  
9.8560C-P2 

O. le67F-04  
0.72P.ZF-04 
0.O14RF-04 

FIGURE 12. SAMPLE OUTPUT OF GAM-15. 



2 3  RM UP.L.ARnY 
2 4  RM LO.L.bPM 
25  RM UP.R.ARf4 
2 6  RM LLI.3.AR9 
27 RM C L A V I C L E S  
2 8  RM UP.L.LFG 
2 9  RM LO.L.LEG 
30 RM UP.R.LEG 
3 1  R H  LO.R.LFG 
3 2  RM P F L V I S  
3 3  RM R I B S  
3 4  RM SCAPULAE 
3 5  RM C R A N I U M  
36 R H  M A N Q I B L F  
37 RM LCW.SPINF  
3 8  RM M I 0 . S P I N F  
3 9  RM U P P . S P I N E  
40 RM WI0 .REGION 
41  RM LOW.REGIClb! 
4 2  RM H E A D  
4 3  R E 0  MARROW 
4 4  VM VP.L.ARH 
4 5  ,VM LO.L.ARY 
4 6  VM UP.R. bRY  
4 7  VM LO.R.ARH 
48 VM C L A V I C L E S  
4 9  VM UP.L.LEG 
5 0  VM LO.L.LEC 
51  YM UP.R.LEG 
52 V M  LD.K.LEG 
53  VM P E L V I S  
5 4  VM R l 8 S  
55 VM S C I P U L A E  
5 6  V M  C R A N I U M  
5 7  VM M A N n l B L E  
58 VM LCW.SPINE  
5 9  VM M l 0 . S P I K F  

60 VM UPP.SP INE  
6 1  VM N I D . R F G I O N  
62  VM LOW.REG10N 
6 3  YM H E 4 7  
6 4  YELLOW MARROW 
6 5  SEPTUM 
6 6  N A R F S  
6 7  N A S A L  R E G I O N  
6 8  L E F T  OVARY 
6 9  R I G H T  !lVARY 
7 0  O V A R I E S  
7 1  P A N C R E 4 S  
7 2  L E F T  ARM BONF 
73 RT. ARM RDNE 
7 4  C L A V I C L E S  
7 5  L E F T  L E G  8ONF 
7 6  RT. L E G  ROh!E 
7 7  P E L V I S  

7 8  R I B S  
7 9  SCAPULAE 
80 S K U L L  

FIGURE A SAMPLE OUTPUT 



81 S P I N E  
82 SKELETON 
8 3  TRUNK S K I N  
e i  L E G  SKIN 
85 HEAD S K I N  
8 6  TOTAL SKIN ,  
8 7  SPLEEN 
8 8  L E F T  TESTE 
89 R I G H T  TES'F 
90 TESTES 
91 THYMUS 
92 THYROID 
93 TRUNK T I S ' X I F  
94 L E G  T I S S U F  
95 HEAD T I S S I E  
96 TOTAL T I S ' j l l E  
97 UTERUS 
98 TRUNK 
99 LEGS 
LOO HEAD 
101 TOTAL 80CW 

A SAMPLE OUTPUT OF GAM-15. 



TABLE V 

ABSORBED FRACTIONS FOR THE PHOTON SPECTRUM OF 9 9 m T ~  FOR THE FIFTEEN YEAR-OLD HUMAN PHANTOM 

Target 
Organs 

Source Organs 
Bladder Contents Kidneys L i v e r  Spleen Red Marrow Tota l  Body 

Adrenal s' 5.115E-36* 4.768E-04 1.30'5~-04 5.369E-04 7.754E-05 5.643E-05 
Bladder Wa 11 1.066E-92 4.314E-04 3.505E-05 2.648E-05 1.226E-04 2.919E-04 
Bra in  3.715E-96*' 1.584E-05 4.132E-05 6.930E-05 6.966E-03 6.229E-03 
Stomach 1.715E-.34 '1.610E-03 - 1.293E-03 4.419E-03 4.648E-04 9.099E-04 
S.I. (wa l l  & contents) 7.242E-33 1.085E-02 1.022E-02 6.426E-03 6.327E-03 7.042E-03 

1.376E-33 1.679E-03 2.269E-03 9.665E-04 8.969E-04 1.276E-03 
L.L.I. w a l l  
U.L.l. lWa1l 

3.382E-03 . 3.389E-04 1.125E-04 3.240E-04 1.079E-03 1.009E-03 
Heart 2.281E-135 8.656E-03 . 2.387E-03 ' 1.767E-03 1.007E-03 1.811E-03 
Kidneys' 2.690E-34 6.534E-02 3.386E-03 1.133E-02 1.690E-03 1.549E-03 
L i v e r  ' 8.560E-34 1.866E-02 1 ;393E-01 9.188E-03 4.552E-03 9.238E-03 
Lungs. 9.148E-35 2.586E-03 , 5.887E-03 6.366E-03 3.509E-03 3.367E-03 
Ovar l es 1.170E-04 2.601E-05 2.577E-05 I.478E-05 4.922E-05 4.514E-05 
Pancreas 7.505E-35 .l. 374E-03 1.210E-03 5.401E-02 3.963E-03 5.724E-04 
Skeleton 3.469E-91 4.795E-02 3.898E-02 4.679E-02 1.366E-01 6.919E-02 

Red Mar* 8.795E-i33' 1.039E-02 - 7.852E-03 9.077E-03 3.044E-02 1.277E-02 
Ye1 low Marrow 1.269E-92 1.536E-02 1.149E-02 1.335E-02 4.102E-01 1.786E-01 

Skin 5.726E-~33 5.588E-03 5.146E-03 4.820E-03 6.341E-03 9.224E-03 
Spleen 1.206E-04 7.522E-03 7.982E-04 7.493E-02 7.175E-04 1.043E-03 
Testes 4.332E-04 4.068E-07* 5.647E-06* 1.445E-07* 1.801E-05 9.978E-04 
Thflus 5.373E-137* 1.042E-05 6.295E-05 3.809E-05- 1.091E-04 1.339E-04 
Thyroid 0.0 5.136E-06* 0.0 1.897E-05 3.857E-05 1.055E-04 
Uterus .2.128E-03 9.498E-05 5.636E-05 6'. 153E-05 . 1.745E-04 2.330E-04 
To ta l  Body 4.644E-01 3.968E-01 4.155E-01 4.302E-01 3.658E-01 3.459E-01 

* 
The c o e f f i c i e n t  of v a r i a t i o n  f o r  these values i s  greater than 50%. 



TABLE V I  

ABS.3RBED DOSi TO SELECTED ORGANS FROM 99mT~-SULFUR COL-O!D 

Target 
Orgsn 

Dose f o r  Source Organs: a I ( ,  4 r )  r a d ~ / ~ C i  Admin. 
L i v e r  Spleen R2d Marrow Total  Body 

Total  Dose t o  Target: 
6, rads/uCi Admin. 

- - - - -- - - -- - -- - 

Bladder 1.9907E-06 1.2383E-0; 4.0966E-07 5.9566E-07 3.109BE-06 

Hea -t 1.9643E-05 . 1.1973E-06 4.8753E-07 5.2648E-07 2.1854E-05 

Kidneys 2.8433E-05 7.8350~-06 8.3505E-07 4.5958E-07 3.7568E-05 

L i v e r  9.152,1E-04 1.1690E-Of- 4.1380E-07 5.0426E-07 2.1733E-04 

Lungs 1.77213E-05 1.5782E-Of 6.2159E-07 3.5814E-07 

Ovaries 9.7228E-06 4.5914E-07 1.0925E-06 6.0163E-07 1.1876E-05 

Red Marrow 1.618:lE-05 . 1.5402E-07 3.6905E-06 9.2966E-07 2.0955E-05 

Spleen 1.0919E-05 8.5360E-05 5.8403E-07 . 5.0978E-07 

Uterus . 3.8299E-06 3.4427E-07 6.9762E-07 5.5933E-07 5.4311E-06 

Tots1 Body 1.4276E-05 1.2170E-06 . 7.3942E-07 4.1984E-07 1.6652E-05 



Est imates o f  Absorbed Dose 

Wi th  t h e  r e s u l t s  f rom t h e  Monte Ca r l o  c a l c u l a t i o n s ,  t h e  necessary 

va lues have been ob ta ined  t o  c a l c u l a t e  n'(v t r )  f o r  each t a r g e t  organ 

and each source organ. Targe t  organs chosen were those  wi.th a 

c o e f f i c i e n t  o f  v a r i a t i o n  l e s s  than  50% f o r  a l l  o f  t h e  source organs i n  

t h e  b i o l o g i c a l  d i s t r i b u t i o n  f o r  t h e  rad iopharmaceut i ca l .  The f i n a l  

es t ima te  of dose f o r  a  p a r t i c u l a r  organ i s  ob ta ined  by summing t h e  

r e s u l t s  f o r  each source organ. 

= ED' ( v  -+ r )  r ads lpC i  a d m i n i s t e r e d .  
v  (8 

r 

Table V I I  g i ves  t h e  es t imates  f o r  t h e  absorbed dose es t ima tes  r e s u l t i n g  

f rom bo th  c a l c u l a t i o n s ;  t h e  adm im is t ra t i on  o f  9 9 T c  s u l f u r - c o l  l o i d  and 

t h e  a d m i n i s t r a t i o n  o f  9 9 T c  DMSA. 



TABLE V I I  

P.BSORBED DOSE '0 SELECTED ORGANS FROM 99mT~-DMSA 

Target 
Organ 

:lose from Source Organs: B ' ( v  + r )  rads/pCi Admin. Total  Dose t o  Target: 
El add~.r Kidneys L i v e r  Spleen Total  Bod3 Dv rads/vCi Admin. 

-- 

Bladder 1.8098E-05 1.7278E-06 1.0467E-07 8.7867E-09 6.4423E-06 

Heart 5.6109E-09 5.0231E-05 1.0329E-06 8.4956E-08 5.7912E-06 

Kidneys 6.7533'E-08 3.8698E-04 1.4953E-06 5 . 5 5 9 5 ~ ~ 0 7  5: 0554E-06 

L i v e r  

Lungs 

Ovaries 1.3195E-06 6.9200E-06 5.1124E-07 3.2579E-08 6.6180E-'16 P.5401E-05 

Red Marrow 5.4177E-07 1.5099E-05 8.5034E-07 1. C929E-08 1.0226E- 35 2.6728E-05 

Spleen 4.. 9876E-08 7.3388E-05 5.7415E-07 6. C1569E-06 5.6076E-36 8.5676E-05 

Uterus 4.3225E-06 4.5513E-06 2.0138E-07 2.4428E-08 6.1526E-06 1.5252E-05 

Tota l  Body 4.7695:-07' 9.6139E-06 7.4(166E-07 8.6357E-08 4.6182E-06 1.5546E-05 



CHAPTER I V  

CONCLUSIONS AND,RECOMMENDATIONS 

I t  i s  normal when drawing conclusions, t o  approach them from a 

comparative ana lys is .  E i t h e r  one compares the  r e s u l t s  o f  t he  research 

.w i th  the  ac tua l  " r e a l  wor ld"  s i t u a t i o n  o r  w i t h  previous work t h a t  has 

relevance. Comparisons o f  t h i s  na ture  a r e  n o t  us ing  the  

r e s u l t s  o f  t h i s  research. A t  present  there  are no means t o  measure 

d i r e c t l y  the  r a d i a t i o n  absorbed i n  l i v i n g  human t i ssue .  Thus, i t  i s  

impossible t o  cons t ruc t  a t a b l e  o f  absorbed doses desc r ib ing  the  r e a l  

s i t u a t i o n .  Results o f  a s i m i l a r  experiment f o r  an average f i f t e e n  

year -o ld  human are a l so  . ' n o t  ava i lab le .  Most '  s tud ies  o f  r a d i a t i o n  

exposure have been performed w i t h  the  concern o f  dose t o  the  average 

adul t . .  

The "re1 i a b i l  ity''' of the  values i n  Tables V a n d ' ~ 1  i s  determined 

n o t  by a comparison, bu t  by the  re1  i a b i l i t y  o f  t he  methods and models 

used i n  t h e i r  determinat ion. The b i o l o g i c a l  model, the  decay scheme, 

and the  Monte Car lo c a l c u l a t i o n  were a1 1 adopted i n  t o t a l .  The 

physical  decay scheme i s  we1 1 estab l  i shed and int roduces 1 i t t l e  
. * , . 

uncer ta in ty  i n t o  . the r e s u l t s .  The assumptions used i n  t h e  b i o l o g i c a l  

model a re  n o t  as w e l l  es tab l ished and must be taken i n t o  cons idera t ion  

when app ly ing  the  r e s u l t s  i n  r e a l  s i t u a t i o n s .  However, t he  b i o l o g i c a l  

model i s  based on ca re fu l  cons idera t ion  o f  t he  a v a i l a b l e  data by a 

panel o f  experts; i .e .  t he  MIRD Committee, The Monte Car lo 

c a l c u l a t i o n s  have inherent  s t a t i s t i c a l  unce r ta in t i es .  The c o e f f i c i e n t s  

o f  v a r i a t i o n  are  designed t o  be a measure o f  t h i s  unce r ta in t y  and w i t h  

proper use one can ob ta in  re1 i a b l e  data from t h i s  method. The term 



" re1  i a b l  e" i s  indeed qua1 i t a t i  ve, b u t  1 ack o f  experimental  data 

d i c t a t e s  t h e  s u b j e c t i v e  r a t h e r  than the  o b j e c t i v e  na ture  o f  absorbed 

dose est imates.  

The purpose o f  t he  research was n o t  t o  improve the  re1  i a b i l  i t y  of 

t h e  methods and models above, b u t  t o  develop the  model of the f i f t e e n  

year -o ld .  The l i m i t a t i o n s  o f  the i d e a l i z a t i o n  are  obvious. The most 

se r i ous  o f  these a r e  the  model o f  t he  s k e l e t a l  system and the  s t a t i c  

n a t u r e  o f  some o f  t he  organ designs. A b e t t e r  model f o r  the  bone and 

marrow i s  needed b u t  l a c k  o f  anatomical data f o r  younger age groups 

prevents t h e  design o f  such a model. A dynamic design f o r  organs l i k e  

t h e  b ladder  cou ld  i n t roduce  s i g n i f i c a n t  d i f f e r e n c e s  i n  dose est imates. 

S tud ies  concerned w i t h  the  dose t o  a dynamic b ladder a re  being 

performed f o r  t h e  a d u l t  and some adaptat ions are  needed f o r  the f i f t e e n  

yea r -o ld  design. 3 6 

As new s tud ies  a l l o w  more conc lus ive  anatomical data t o  be 

obtained, the  phantom should be updated. B e t t e r  mathematical 

representa t ions  f o r  t h e  organs a re  being developed a t  ORNL as w e l l  as 

a t  o t h e r  l a b o r a t o r i e s .  As these new i d e a l i z a t i o n s  evolve, they should 

be incorpora ted  i n t o  the  design of  the  mather~~at ica l  phantom. As a 

conf i rmat ion  f o r  t h e  ex is tence o f  a phantom based on anatomical data, 

s i m i l a r  est imates should be c a l c u l a t e d  us ing  the  s i m i l i t u d e  phantom 

rep resen t i ng  the average f i f t e e n  year-o ld.  Althouqh one would expect 

t h e r e  t o  be l a r g e  di f ferences, there  i s  much t o  be gained by a 

comparison of absorbed doses. To prov ide  a check on the  computational 

methods us ing  t h e  phantom const ruc t ,  i t  would be use fu l  t o  design a 

phys i ca l  phantom t h a t  corresponds t o  the  mathematical phantom and 

generate s i m i l a r  da ta  ob ta ined exper imenta l ly .  
r 



No o t h e r  anatomica l l y  based i d e a l i z a t i o n  o f  an "average" f i f t e e n  

year-01 d  human i s  i n  ex is tence f o r  purposes o f  e s t i m a t i n g  absorbed 

dose. The phantom i s  a  marked improvement over  t h e  use o f  a  "smal l  

a d u l t "  f o r  s e t t i n g  standards o f  exposure t o  r a d i a t i o n .  There i s  m e r i t  

a l s o  i n  t h e  f a c t  t h a t  t h i s  development b r i ngs  est imates o f  dose f o r  t he  

f i f t e e n  yea r -o ld  t o  t he  same l e v e l  o f  s o p h i s t i c a t i o n  accepted by the  

ICRP f o r  p resent  est imates o f  dose f o r  t h e  average a d u l t .  Therefore 

the  f i f t e e n  yea r -o ld  equ i va len t  mathematical phantom should s tand n o t  

as a  f i n a l  model, b u t  as a  foundat ion  on which t o  improve est imates o f  

absorbed dose f o r  groups o t h e r  than the  a d u l t .  
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APPENDIX A 

THE EQUATIONS DESCRIBING THE FIFTEEN YEAR-OLD 

EQUIVALENT hfATHEVATICAL PHANTOR 

The fo1 l ow ing  s e t  o f  equat ions fo rmula te  t h e  mathematical 

c o n s t r u c t  used t o  represent  an "average" f i f t e e n  yea r -o ld  human. These 

equat ions have been coded i n t o  a f o r t r a n  p l o t t i n g  r o u t i n e  used t o  

d i s p l a y  t h e  boundary p o i n t s  of the  organs descr ibed by the  equat ions. 

Thc resulting p l o t s  a re  crocs ~ e s t i o n a l  views o f  t he  phantom and are  

presented as Figures 2 through 7 i n  Chapter 11. The equat ions a re  cas t  

i n  an X, Y,  and Z coo rd ina te  system w i t h  the  o r i g i n  a t  t he  center  o f  

t h e  base o f  the  t runk  sec t i on .  Many o f  t he  organ p a i r s  are symmetrical 

w i t h  respect  t o  t h e  Y a x i s .  I n  t h i s  case one equat ion w i l l  be w r i t t e n  

us ing  t h e  convent ional  2 sign, where the  "p lus "  descr ibes the  organ t o  

t h e  reader ' s  l e f t  o f  t he  Y a x i s  and the  "minus" descr ibes the  one t o  

t h e  r e a d e r ' s  r i g h t .  

Both the mass and t h e  volume o f  the p r i n c i p a l  sec t ions  a rc  given. 

However, o n l y  t h e  volume i s  given f o r  those organs w i t h i n  each sec t ion .  

The mass of these organs i s  obta ined e a s i l y  by m u l t i p l y i n g  the  given 

volume by the  proper  dens i t y ;  1.4862 g/cm3, 0.3 g/cm3 o r  0.9889 g/cm3 

f o r  bone, lungs, o r  s o f t  t l s s u e  respec t i ve l y .  The s k i n  o f  the  phantom 

i s  considered t o  be a l a y e r  of s o f t  t3ssue 0.2 cm t h i c k  on a l l  e x t e r i o r  

sur faces o f  t h e  phantom. The phantom,has a mass of  57 kg and a t o t a l  

volume o f  56,300 cm3. The equat ions w i l l  be g iven according t o  t h e i r  

l o c a t i o n  i n  one o f  t h e  t h r e e  p r ' i nc ipa l  sect ions.  The axes a re  g iven i n  

cent imeters.  



The head section i s  a r i g h t  e l l i p t i c a l  cy l inder  topped by a 

hemisphere (Figure 1, page 12) wi th  a mass of 5042 g and a volume of 

4655 cm3. The def ining equations are 

and 

The sku l l  (Figure 8, page 23) i s  the space between two e l l ipso ids  

and has a volume o f  796 cm3. The def in ing equations are 

and 

The brain - .  (Figure A-1) i s  an e l l i p s o i d  cu t  by a plane on the 

bottom side having a t o t a l  volume o f  1367 cm3 as defined by 

and 



H E A R T  

L I V E R  

BRAIN LUNG 

FIGURE A-1. MATHEMATICAL MODELS FOR THE HEART, LIVER,  BRAIN AND LUNGS. 



The nasal region (Figure 10, page 31) i s  composed o f  three 

sections; two nares d iv ided by a septum. The t o t a l  volume i s  24 cm3 

defined by 

and 

w i t h  the nares defined by 

k.25 5 X 5 k.375 

and the septum is defined by 

0.375 < X < .375. 

The lobes o f  the thy ro id  (Figure A-2) l i e  i n  the volume between 

two concentr ic cy l  inders w i t h  a t o t a l  organ volume o f  13 cm3 as defined 

by 

X2 + (Y + 6)2 5 (1.927)2, 



w . TOP VIEW 

FRONT VIEW 

THYROID TESTIS 

FIGURE A-2. MATHEMATICAL MODELS FOR THE THYROID, TESTIS,  OVARIES 
AND THYMUS. 



and 

i n  which 

The upper spine (Figure 2, page 13) i s  an elliptical cylinder w i t h  

a volume of 102 cm3 defined by 

The t r u n k  section (Figure 1, page 12 ) i s  described as a right 

elliptical cylinder w i t h  a total mass of 34.3 kg and a volume of 34,834 

cm3. I t  i s  the principal section i n  which most internal organs l i e  and 

i s  defined by 

The miaale spine (Figure 2, page 13) connecrs co the upper ana 

lower spine a l l  described by the same elliptical cylinder. The middle - 
and lower portions have volumes of 469 cm3 and 173 cm3 respectively. 

The defining equations are 



where 

33.07 5 Z < 67.2 f o r  the middle spine 

and 

20.53 - c Z - < 33.07 f o r  the Tower spine. 

The -I arm bones (Figure 8, page 23 ) are frustrums o f  e l  l i p t i c a l  

cones having a combined volume o f  801 cm3 defined by 

and 

The - r i b s  (Figure A-3) are represented as a series o f  bands between 

two concentric, r l g h t  e l  1 i p t i c a l  cyl inders. They arc equispaced and 

have a t o t a l  vol ume of 581 cm3 defined by 

and 

33.7 - < Z - < 64.81, 

where the in tegra l  p a r t  of (-#,) must be even. 
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FIGURE A-3.  DETAILED VIEW OF SCAPULAE AND CLAVICLES.  



The clavicles (Figure A-3) are represented as two portions of a 

focus which l i e  along the circular arc - 

and has a smaller radius of 0.7568 cm. The volume of both clavicles i s  

46 cm3 as defined by 

and 

The scapulae (Figure A-3) are two portions of the volume between 

two nonconcentric el 1 f ptical cyl i nders . They have a combined volume of 

170 cm3 as defined by 

and 

The pelvis (Figure 8, page 23) is a portion of the volume between 

two nonconcentric circular cylinders w i t h  a total organ volume of 508 

an3 defined by 



and 

The ideal i za t i on  used t o  represent the gastro intest ina l  t r a c t  i s  

shown i n  Figure A-4. The stomach i s  the volume between two e l l ipsoids.  

The stomach wall i s  0.56 cm t h i c k  and has a volume o f  118 c d  . The 

contents w i th in  the stomach occupy a volume o f  193 cm3. The def ining 

equations are 

and 

The small in tes t ine  i s  regarded as occupying a volume w i th in  which 

i t  i s  f ree  t o  move. No attempt has been made t o  d is t inguish between 

the w a l l  and contents within the volume. The total volume o f  both 

wal l  and contents i s  752 cma arid I s  located w l th in  the section o f  a 

c i  r cu l  a r  cy l  i nder defined by 

x2 + (Y  + 3.8)2 - < (10.6)2, 
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FIGURE A-4. GASTROINTESTINAL TRACT. 



and 

The upper la rge  i n t e s t i n e  has two sections, an ascending colon and 

a transverse colon. The ascending - colon wal l  i s  the volume between two 

c i r c u l a r  c y l  inders. The wa l l  volume i s  64 cm3 and the content volume 

i s  67 cm3. The wal l  i s  defined by 

(X + 7)2 + '(Y + 2.36)2 - < (2.13)2, 

and 

The wal l  of the transverse colon i s  the space between two 

e l  1 i p t i c a l  c y l  inders and has a vol ume o f  85 cm 3. The volume o f  the 

contents i s  89 cm 3. The wal l  i s  defined by 

and 

The lower la rge  i n t e s t i n e  consists o f  a descending colon and a 

sigmoid colon. The contents o f  the descending colon has a volume o f  71 

cm3. The volume of the wal l  i s  63 cm3 as defined by 



and 

where 

and 

The contents o f  the sigmoid colon has a volume o f  25 cm3. The - 
wall  consists of port ions of two t o r i i  and has a volume of 49 cm3 as 

defined by 

X - 2.86 and Z < 8.72, - 

and 

X < 2 . 8 6  - and Z > 0 .  - 

The ur inary bladder (Figure A-5) i s  an e l l ipso id .  The volume of  

the contents i s  155 cm3 and the volume o f  the  wal l  is 35 cm3 as defined 

by 



BLADDER KIDNEY 

PANCREAS UTERUS 

SPLEEN ADRENAL 

FIGURE A-5. MATHEMATICAL MODELS FOR BLADDER, KIDNEYS PANCREAS 
UTERUS, SPLEEN AND ADRENALS . 



and 

The uterus (Figure A-5) i s  an e l l i p s o i d  c u t  by a plane w i t h  a 

t o t a l  volume of 29 cm3 defined by 

The ovar ies (Figure A-2, page 60) are e l l i p s o i d s  w i t h  a combined 

volume of about 5 cm3 def ined by 

The - 1 i v e r  (Figure A-1, page 58)  i s  described as an e l l i p t i c a l  

c y l i nde r  c u t  by a plane w i t h  a t o t a l  volume o f  1284 cm3 defined by 

(&)2 + (i)2 5 1, 

+ Y z 
32.31 41.54 - T T Z  -' 

and 

The pancreas (Figure A-5) i s  h a l f  an e l l i p s o i d  w i t h  a sect ion 

removed w i t h  a t o t a l  volume o f  57 cm3 def ined by 



and 

The spleen ( F i g u r e  A-5)  i s  an e l  1  i p s o i d  w i t h  a  volume o f  145 cm3 

de f i ned  by 

The k idneys ( F i g u r e  A-5) a r e  each descr ibed  as an e l  l i p s o i d  c u t  by 

a  p lane  w i t h  t h e  combined volume of 236 cm3 as d e f i n e d  by 

and 

X - > 2.69. 

,The adrena ls  ( F i g u r e  A-5)  a r e  ha1 f e l  1  i p s o i d s  l o c a t e d  one on top  

o f  each k idney.  The volume of b o t h  adrena ls  i s  about  9 cn3, d e f i n e d  by 

and 

Z - > 36.6. 

Each l u n g  ( F i g u r e  A-1, page 5 8 )  i s  h a l f  an e l l i p s o i d  w i t h  an 

a n t e r i o r  s e c t i o n  removed. The volume . o f  bo th  lungs  i s  21k7 cm3 and t h e  

d e f i n i n g  equat ions a re  

and 



The hea r t  (F igu re  A-1, page 58 ) i s  ha1 f an e l  1  i p s o i d  capped by a  

hemisphere which i s  c u t  by a  plane. The volume o f  the  hea r t  i s  241 

cm3. The axes o f  t h e  e l l i p s o i d s  desc r ib ing  the  h e a r t  a r e  n o t  p a r a l l e l  

t o  t h e  X, Y, and Z  axes: The equat ions d e f i n i n g  t h e  r o t a t i o n  and 

t r a n s l a t i o n ,  as w e l l  as the  h e a r t  volume, a re  

X1 = 0 . 6 9 4 3 ( ~  + 0.825) - 0.3237(Y + 2.59) - 0.6428(Z - 49), 

Y1 = C.4226(X + 0,825) + 0.9063(Y + 2.59), 

Z, = 0.5826(X + 0.025) - 0'.2717(Y + 2.59) + 0.766(Z - 19), 

and 

The thymus (F igu re  A-2, page 60) i s  an e l l i p s o i d  w i t h  a  volume of 

27 cm3 as de f i ned  by 

The IqgS_ s e c t i o n  (F igu re  1, page 12') has two major regions which 
- . 

are  t h e  l e g s  reg ion  and the  qeni t a l  i a  region.  The g e n i t a l  l a  reg ion  t ~ d s  

a t o t a l  volume of 154 cm3 a r ~ d  i s  considered t o  bc s o f t  t i ssue .  The 

reg ion  i s  de f ined by 

-4.55 - c z 2 0, 



and 

The t e s t i c l e s  (F igure  A-2, page 60) a re  .el 1  ip-soids w i t h  a  comb.ined 

volume o f  about 16 cm3 as de f ined by . . 

The legs  reg ion  cons i s t s  o f  t h e  f rust rums o f  two e l l i p t i c a l  cones 

w i t h  a  t o t a l  volume o f  16,630 cm3 and a  t o t a l  mass o f  about 17.5, kg. 

The de f i n ing  equat ions f o r  t h e  l e g  reg ion  a re  

and . . 

-75.8 - < Z - < 0. 

The -3 bones (F igure  8, page 23, ) a r e  f rust rums o f  , e l  1  i p t i c a l  

cones w i t h  acombined volume o f  2,231 m 3 a s  def ined by 

and 
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ASSUYPTIOPIS FCR gg'"TC-D!!S/\ 

(2, 2-DIVERCAPTORUCCU?iG ACID) 

C e r t a i n  assumptions had t o  be made i n  f c r n l u l a t i n g  t h e  b i o l o g i c a l  

T model f o r  t h e  a d n i i n i s t r a t i o n  o f  9 g m ~ c - ~ ! ! ~ ~ .  ,he assumpticns and 

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

rad iopharmaceut i  c a l  were as f o l  lcws : 

1: 69% o f  t he  admin i s te red  a c t i v i t y  l o c a l i z e d  i r s t a n t a n e o u s l y  i n  

t h e  r e n a l  c o r t i c e s  w i t h  T  much l a r g e r  than  Tb 
%B 

i .e . ,  Teff = i 
$hy ?hy' 

The r a t i o  o f  t he  c o r t i c a l  t i s s u e  i n  t k ~ e  a d u l t  t o  t o t a l  r e n a l  t i s s u e  i s  

i86/3CC = 0.62 and remains t h e  same f o r  t h e  f i f t e e n  yea r -o l d .  

2. 33% of  t h e  admin is te red  a c t i v i t y  d i s t r i b u t e d  i t s e l f  

i n s t a n t a n e o u s l y  and u n i f o r m l y  th roughout  t he  t o t a l  body w i t h  a T i B  7. 

- 
Tphyi i .e . ,  Teff - Tphy' 

3. 5% o f  t h e  adm in i s te red  a c t i v i t y  l o c a l i z e d  i ns tan taneous l y  i n  

the l i v e r  and sp leen ( p r o p o r t i o n a l  t o  organ mass) w i t h  a TkB >> T  
P ~ Y ;  

i . e . ,  Teff = 
Tphy' 

4. 2% of t h e  adm in i s te red  a c t i v i t y , w a s  c l ea red  by t he  k idneys and 

t h e  e f f e c t i v e  res idence  t i n e  o f  t he  a c t i v i t y  i n  t h e  b ladder  i s  one 

hour .  Phys ica l  decay was n o t  cuns iuered.  (The va luc  of 22 e x c r e t i c n  

was taken  t o  e r r  on t h e  low s ide ,  thus  i n c r e a s i n g  t h e  es t ima te  o f  

t i s s u e  r a d i a t i o n  dose has r e t a i n e d  a c t i v i t y ) .  

5. There was no f r e e  99mTc and a1 1  o f  t he  99"lTc a c t i v i t y  f o l l o w e d  

t h e  k i n e t i c s  c f  t h e  r e n a l  agef i t .  

These assumptions have been taken i r  t h e i r  e n t i r e t y  f rom the  work 

o f  Dr. E. F1. Smith as used i n  wcrk w i t h  t h e  c h i l d r e n  phantoms. l8 



APPENDIX C 

GERIVATION OF A ' 
. r 

The cumula t i ve  a c t i v i t y ,  a ( & i - h ) ,  i s  t h e  t ime  i n t e g r a l  of t he  

t o t a l  a c t i v i t y  A ( t ) .  There a r e  processes de te rm in ing  t h e  a c t i v i t y .  i n  

t he  'body a t  any t ime;  t h e  phys i ca l  decay o f  t h e  rad ionuc l . ide ,  t he  

b i o l o g i c a l  e l  im ina t i ' on  o f  t h e  rad ionuc l  i d e .  Therefore,  

where 

A(0)  = t h e  i n i t i a l  a c t i v i t y  o f  t h e  r a d i o n u c l i d e  (uC i ) .  

A = t h e  phys i ca l  decay cons tan t .  

q ( t )  = t h e  f r a c t i o n a l  amount o f  t h e  admin is te red  r a d i o n u c l i d e  

i n  a  r e g i o n  a t  any t i m e  t. 

The assumption was made t h a t  f o r  absorbed dose c a l c u l a t i o n s ,  q ( t )  

can be expressed as t h e  sum o f  a  number o f  exponent ia l   component^,^^ 

such t h a t ,  

where t h e  . A  . ' s  a r e  t h e  b i o l o g i c a l  decay cons tan ts .  T h i s  y i e l d s  
J 

and 



then 

Taking the 1 irnit of equation (5) as, t approaches w gives 

The assumption was made in fcrmulating the biological model, that 

the .:t'ime for biological clearance of the radionucl ide is much larger 

than the physical half-life. This means that 

X >> X 
j ' 

The summation of q. over all jl,.s is equal to the total fraction of 
J 

the ad~inistered radionuclide in that region. Let this fraction for 

any region r be qr and the cumulated a~tivity,~assumed to be uniformly 

distributed in any region. r, is then 

It is convenient to cast the cumulated activity in units of uCi-h 

per uCi of administered activity. This is obtained by assuming that 

A ( O )  has a value of 1 vCi of adnlinistered activity and dividing both 

<ides nf equation (7) by A(0) to obtain the final equation for the 

c~urnulated activity 

-.. qr 
A '  r - 
r~ 

uCi-t~/uCi administered. 



APPENDIX D 

THE MONTE CARL0 TECHNIQUE 

The computer code GAM-15 inccrpora tes  the  goemetry o f  the  . f i f t e e n  

year -o ld  i n  a' Monte Car lo gamma-ray t r a n s p o r t  code. The o r i g i n a l  code, 

 OGRE^^, has been used w i t h  the  geometry o f  t he  a d u l t  phantom t o  form a  

new code, ALGA!! 35, which i s  used t o  est imate absorbed doses. GAF-15 

was developed i n  t h i s  same ' manner.  heref fore, the  Yonte Car lo 

technique employed remains unchanged. The descr ip t i 'on  be1 ow can be 

found i n  Snyder e t  a1 .I6 and a s i m i l a r  d e s c r i p t i o n  i s  i n  MIRD Pamphlet 

Number 5. 30 

' "Photon h i s o t o r i e s  are  de tern ined us ing  the  mass-attenuat ion 

c o e f f i c i e n t s  r (E), rc ( E )  and pPp (E) f o r  the  pho toe lec t r i c ,  Compton 
P e  

and p a i r  p roduct ion  i n t e r a c t i o n s ,  respec t i ve l y .  Because these were 

ca l cu la ted  from atomic a t tenua t i on  c o e f f i c i e n t s  t a b u l t e d  i n  NBS 

C i r c u l a r  583 (Grodstein, 1957; McGi n n i  s, 1959)* and composit ions 1  i sted 

i n  Table A-l,** they have d i f f e r e n t ' v a l u e s  f o r  regions . w i t h  d i f f e r i n g  

'compositions. The procedure f o r  us ing  these c o e f f i c i e n t s  was n o t  the 

s t ra igh t fo rward  .one o f  o b t a i n i n g  an i n t e r a c t i o n  s i t e  and then t r a c i n g  

back ' along the pa th  t o  f i n d  the  f i r s t  sur face  where the  photon entered 

a  medium whose a t tenua t i on  c o e f f i c i e n t  d i f f e r e d  from t h a t  o f  t h e  reg ion  

where i t  began t h e  f l i g h t .  Th i s  method would have . ' e ' n ta i l ed  a  

considerable in'crease i n  computer t ime. Instead, f o r  t h e  f l r s t  s tep of 

- * . ~ -- 

See references 38 and 39. 
** 

The elemental composit ion of t he  f i f t e e n  yea r -o ld  was assumed the . 

same. as t h a t  of the  adul t. For t h i s  tab le ,  see reference 16, page 
26. 



t h e  procedure, 'an a t t e n u a t i o n  c o e f f i c i e n t  p was used t h a t  was greater  
0 

than o r  'equal t o  t h a t  o f  any of t he  regions,  i .e. , ske le ta l ,  l ung  and 

t h e  remainder o f  t h e  phantom. The p o t e n t i a l  s i t e  o f  an i n t e r a c t i o n  was 

chosen by the  usual procedure o f  t a k i n g  the d is tance t raversed as 

d i s tance  = ( - l n  r ) / v O  

i n  which r i s  a  number d i s t r i b u t e d  randomly between O and 1. The p o i n t  

on t he  l i n e  a t  t h i s  d is tance from the  s t a r t i n g  p o i n t  i n  the  d i r e c t i o n  

o f  t h e  photon 's  pa th  was then tes ted  t o  determine the  reg ion  o f  the  

phantom con ta in ing  i t .  Denoting t h i s  reg ion  by i, one then p lays  a  

game o f  chance w i t h  p robab i l  i t y  pi /pO of acceptance wehre pi i s  the  

t o t a l  mass-attenuat ion c o e f f i c i e n t  f o r  the region.  I f  the  outcome o f  

t h e  game i s  favorab le ,  t he  i n t e r a c t i o n  s i t e  i s  accepted; i f  i t  i s  

unfavorable,  t he  photon i s  a l lowed another f l i g h t  beginning a t  the 

p o i n t  reached and con t i nu ing  w i t h  the  same d i r e c t i o n  and energy. I t  i s  

n o t  d i f f i c u l t  t o  prove t h a t  t h i s  procedure g ives a  photon the  c o r r e c t  

expec ta t i on  of reach ing  any p o i n t  on the  l i n e  regardless o f  how many 

boundaries i t  Crosses. 

" I n  a d d i t i o n  t o  sca t te r i ng ,  the  photons have a  f i n i t e  p r o b a b i l i t y  

o f  absorp t ion  which predominates a t  low energies. Thus very few 

photons w i l l  penet ra te  t o  1 arge d is tances,  and the re fo re  the s t a t i s t i c s  

o f  t he  es t imate  w i l l  be poor. To compensate p a r t i a l l y  fo r  t h i s ,  each 

.pRoton was giver? e weight  t h a t  i n i t i a l l y  war; t;eL aL url l ty. W i t 1 1  each 
. . 

i n t e r a c t i o n ,  t h i s  weight  was reduced t o  a l l o w  f o r  the p r o b a b i l i t y  o f  

s u r v i v a l ,  and t h e  photon was a l lowed t o  cont inue undergoing o n l y  

Compton s c a t t e r i n g  i n t e r a c t i o n s .  The reduc t i on  of  weight i s  expressed 

by 



i n  which Wn i s  t h e  we igh t  c a r r i e d  by t h e  photon a f t e r  t h e  nth c o l l  i s i o n  

and and u(En - a r e  t h e  c o e f f i c i e n t s  f o r  Compton s c a t t e r i n g  

and t h e  t o t a l  c o e f f i c i e n t  b e f o r e  t h e  n th  c o l l  i s i o n ,  r e s p e c t i v e l y .  T h i s  

r e d u c t i o n  o f  t h e  we igh t  c a r r i e d  by  t h e  photons i s  equal t o  t h e  

expec ta t i on  o f  a Compton s c a t t e r i n g  which t h e  photon would have i n  t h e  

a c t u a l  phys i ca l  processes. The t o t a l  f l i g h t  h i s t o r y  o f  a photon i s  

te rmina ted  ( 1 )  i f  It escapes f rom t h e  phantom, ( 2 )  i f  i t s  energy f a l l s  

below 4. keV o r  (3.) i f  i t s  we igh t  f a l l s  below lc-'; i n  t h e  l a t t e r  two 

cases, t h e  energy was cons idered  as l o c a l l y  absorbed. 

"The energy depos i t i on ,  f o r  t h e  nth interaction,E;, i s  

i n  which 11 (E ), P ( E  ) and 11 .(E ) a r e  t h e  mass-at tenuat ion 
p e n - 1  c n - 1  PP n-1 

c o e f f i c i e n t s  f o r  t h e  p h o t o e l e c t r i c ,  Compton and p a i r - p r o d u c t i o n  

processes before t h e  c o l l  i s i o n  a t  t h e  s i t e  considered, r e s p e c t i v e l y ,  

and mOc2 i s  t h e  r e s t  mass energy of an e l e c t r o n .  I t  w i l l  be no ted  t h a t  

t h e  t o t a l  energy of t h e  photon i s  absorbed l o c a l  1.y when a p h o t o e l e c t r i c  

process occurs,  and t h i s  i s  a l s o  t h e  case f o r  t h e  k i n e t i c  energy o f  t he  

e l e c t r o n  and p o s i t r o n  produced by p a i r  p roduc t ion .  The p o s i t r o n  w i l l  

be a n n i h i l a t e d ,  and two photons o f  energy mOC (*.0.51 MeV) w i l l  be - 
emi t ted .  The computer code i s  designed t o  t ake  account o f  these 

photons .s ince a new photon energy o f  0.51 MeV w i t h  we igh t  

2 ~ ~ - ~  vPp ( . E ~ - ~ ) / P ( E ~ - ~  1 9 

and a random o r i e n t a t i o n  i s  s t a r t e d  'at  t h e  s i t e  o f  t h e  p a i r  p roduc t i on  
. . 

and f n l  lowed independent l y  a f t e rwd rd .  



"No procedure has been used t o  take account o f  t h e  f i n i t e  range of 

t h e  e l e c t r o n s  and p o s i t r o n s  t h a t  a re  produced. General ly,  these ranges 

a r e  smal l  compared w i t h  t h e  diameters o f  most organs, and the  absorbed 

dose w i l l  n o t  change a b r u p t l y  w i t h  d is tance except a t  a boundary where 

composi t ion and d e n s i t y  change o r  a t  ' the  boundary o f  the source organ. 

A t  such a boundary the  d e n s i t y  o f  photon i n t e r a c t i o n s  may change 

a b r u p t l y .  The change i n  absorbed dose would be somewhat l e s s  abrupt  a t  

t i ~ c h  a boundary due ' t o  t h e  f i n i t e  range o f  the  secondary p a r t i c l e s .  

Thus neg lec t  o f  t h i s  f u r t h e r  d i spe rs ion  o f  t he  energy d i s t r i b u t i o n  i n  

t h i s  c a l c u l a t i o n  accentuates the  change o f  absorbed dose a t  such a 

boundary. However the re  i s  no at tempt here t o  est imate boundary 

e f f e c t s .  We est imated o n l y  an absorbed f r a c t i o n  f o r  each organ 

considered as a whole. 

" F i n a l . 1 ~  bremmstrahl ung might  be considered as a f u r t h e r  example 

o f  a secondary form o f  r a d i a t i o n  which might  have a r a t h e r  extended 

range, and so these photons might  be fo l lowed by the  Monte Car lo 

method. Th is  h a i  n o t  been done, f i r s t ,  because the p r o b a b i l i t y  o f  

producing a photon w i t h  an energy approaching the  k i n e t i c  energy o f  the  

e l e c t r o n  i s  r a t h e r  smal l - -a l though g rea te r  than zero--and, second, 

because ' t he  t o t a l  energy accounted f o r  by bremsstrahlung i s  very small 

f o r  t he  energies and m a t e r i a l  s considered here (FIAS-NRC, 1964). ' 
S t a t i s t i c s  

"A standard d e v i a t i o n  of each est imate has-been ca lcu la ted .  The 

f o l l o w i n g  d iscuss ion  w i l l  descr ibe  the  procedure used fo r  each region. 

L e t  E :i be the  energy deposi ted i n  t he  reg ion  under consi d e r a t i  on on 

t h e  nth i n t e r a c t i o n  of t he  ith source photon. This  energy may be zero, 

+see re ference 40. 



cis i t  w i l l  be i n  the  f requen t l y  occu r r i ng  case when the nth i n t e r a c t i o n  

does' n o t  occur w i t h i n  the  region.  The t o t a l  energy deposi ted by the 

i th photon, o r  by the i th h i s t o r y ,  t o  the  reg ion  w i l l  be 

i n  which mi i s  the  number o f  i n t e r a c t i o n s  occu r r i ng  i n . t h e  ith h i s t o r y  

be fore  terminat ion.  The est imate o f  the  average energy deposi ted per 

photon i n  the reg ion  i s  the  
M 

i n  which M source photons were fo l lowed.  . 

"For the  standard dev ia t ion ,  u, o f  t he  es t imate  one -has 

Since the  absorbed f r a c t i o n  and s p e c i f i c  absorbed f r a c i t o n  w i l l  d i f f e r  

from E by constant  f ac to rs ,  they w i l l  have a  c o e f f i c i e n t  o f  var ia t ion. ,  

CV, which i s  t h e  same as t h a t  f o r  r. Thus CV = 100cr/E i n  percent,  and 

i n  t h i s  f o rmu la t i on  i t  i s  a l so  the  c o e f f i c i e n t  o f  v a r i a t i o n  o f  the  

absorbed f r a c t i o n  and t h e  s p e c i f i c  absorbed f r a c t i o n .  

"When the .  d i s t r i b u t i o n  o f  i s  known t o  be approximately normal, 

one can determine a  conf idence i n t e r v a l  by us ing  the  standard 

dev ia t i on .  However, there  are  several i n d i c a t i o n s  t h a t  r i s  n o t  

normal ly  d i s t r i b u t e d  i n  cases where the  c o e f f i c i e n t  o f  v a r i a t i o n  i s  

g rea ter  than 50%. This genera l l y  occurs when the re  a re  fewer than 100 

i n t e r a c t i o n s  c o n t r i b u t i n g  t o  the  est imated absorbed f rac t i on .  Under 

these circumstances cannot be used t o  est imate confidence i n t e r v a l s  



as i s  customary when t h e  sample i s  normal ly  d i s t r i b u t e d .  A small 

number o f  i n t e r a c t i o n s  may occur  i n  a reg ion  t h a t  has a  smal l  vclume o r  

t h a t  i s  many mean-free f l i g h t  paths from the  source. Sometimes both 

c o n d i t i o n s  may app ly .  The computer records the  number o f  photons t h a t  

have an i n t e r a c t i o n  i n  each region,  and t h i s  has been examined a1 so t o  

e s t i r a t e  s u b j e c t i v e l y  t he  accuracy o f  the  est imate. 

"Examination o f  r e s u l t s  i n  cases where I c o e f f i c i e n t  s f  

v a r i a t i o n  exceeds 50%, o f t e n  compared w i t h  r e s u l t s  o f  independent 

r e c a l c u l a t i o n  o f  such est imates,  leads us t o  be l i eve  t h a t  the est imate 

may o f ten  be i n  e r r o r  by a  f a c t o r  of 2 t o  5. . .Values obta ined by the  

Monte-Carl o-type c a l c u l a t i o n  a re  est'imates based on the sample s i z e  o f  

00,000 photons. " 
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