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HIGHLIGHTS 

I n  the rrlid-l960's, Fisher and Snyder developed a mathematical phantom 
of an adul t  human f o r  use i n  in te rna l  dose estimations in conjunction 
with a Monte Carlo t ranspor t  code f o r  photons. 
the boundaries o f  the  body and the principal organs were given f o r  t h i s  
phantom. 
phantoms t h a t  were transformations of the adul t  phantom. Equations f o r  
major body sec t ions  were given e x p l i c i t l y ,  w i t h  the in te rna l  organs 
defined impl i c i t l y  through s imi l i tude  transformation equations.  
major shortcoming o f  these der iva t ive  phantoms was t h a t  the organ  s i zes  
and bone marrow d i s t r i b u t i o n s  were not always r e a l i s t i c .  

representing chi ldren of ages 0, 1 ,  5, 10, and 15 years has been developed. 
All equations f o r  boundaries of organs a re  e x p l i c i t l y  defined with 
r e a l i s t i c  s i zes .  In addi t ion ,  the regional d i s t r ibu t ions  of hematopoieti- 
c a l l y  ac t ive  bone marrow and inac t ive  f a t t y  marrow have been assigned 
f a r  each phantom, using the method of Cris ty .  

n o t  ava i lab le  f o r  chi ldren,  the "Simili tude Rule" was used t o  determine 
the shape and the locat ion of most of the organs.  
with drawings depicting developmental trends of organs i n  the t r u n k .  
Known exceptions t o  the ru l e  were adjusted appropriately.  The organ  
volumes were assigned such t h a t  organ masses a t  the various ages conform 
c lose ly  with the data presented i n  Internat ional  Commission on  Radiological 
Protection Publication 23. 

Simple equations defining 

To est imate  dose i n  ch i ldren ,  Snyder and co-workers eniployed 

The 

To overcome t h i s  shortcoming, a s e r i e s  o f  d i s t i n c t  phantoms 

Because de t a i l ed  anatomical d a t a  f o r  organ shapes and locat ions a re  

This ru l e  i s  cons is ten t  

V 





INTRODUCTION 

Fisher-Snyder A d u l t  Phantom and i t s  S i m i l i t u d e s  

I n  t h e  mid-1960's F i s h e r  and Snyder developed a mathematical  phantom 
rep resen t ing  an a d u l t  human, which was used i n  c o n j u n c t i o n  w i t h  a Monte 
Car lo  t r a n s p o r t  code t o  es t imate  dose f rom i n t e r n a l  sources o f  photons 
( F i s h e r  and Snyder 1967; 1968).  
major  body sec t i ons  and t h e  p r i n c i p a l  organs. I n t o  the  Monte Car lo  code 
a r e  programmed t h r e e  t i s s u e  d e n s i t i e s  - a low d e n s i t y  f o r  l ung  t i s s u e ,  a 
h i g h  d e n s i t y  f o r  s k e l e t a l  t i s s u e ,  and a near u n i t  d e n s i t y  f o r  a l l  o t h e r  
t i ssues .  
(1 974). 

s o - c a l l e d  " s i m i l i t u d e  phantoms" (Snyder and Cook 1971; H i l y e r ,  Snyder, 
and Warner 1972; Snyder and Ford 1973; Warner, Poston, and Snyder 1974; 
Poston, Snyder, and Warner 1975; Snyder e t  a l .  1976). 
were ob ta ined  by t rans fo rm ing  t h e  a d u l t  phantom. 
s c a l i n g  f a c t o r s  were chosen f o r  each body s e c t i o n  so t h a t  t h e  s i z e  and 
shape o f  each s e c t i o n  c o u l d  be designed t o  approximate the  dimensions o f  
a c h i l d  o f  a g i ven  age. The dimensions chosen f o r  ages 0-, 1- ,  5-, l o - ,  
and 15-year -o ld  c h i l d r e n  i n  one of these s tud ies  (Snyder e t  a l .  1976) 
a r e  g i ven  i n  F i g .  1. (Age 0 years i s  t h e  newborn.) The s c a l i n g  f a c t o r s  
f o r  t h e  t r u n k  a r e  thus  seen t o  be AT ( g i v e n  age)/AT ( a d u l t ) ,  BT (g iven  
age)/BT ( a d u l t ) ,  and C T  (g i ven  age)/CT ( a d u l t ) .  The head dimension B,, 
i s  s e t  equal t o  BT; and i n  t h e  l e g s  reg ion ,  the  r a d i u s  of each l e g  i s  
s e t  equal  t o  0.5 A.,. a t  t h e  t o p  and 0.1 AT a t  t h e  bottom. 
mean t h a t  o n l y  two dimensions f o r  t h e  head and one dimension f o r  t h e  
l e g s  r e g i o n  a r e  chosen independent ly .  Thus, a l though t h e r e  a re  n i n e  
s c a l i n g  f a c t o r s ,  o n l y  s i x  a re  independent. 

The Monte Car lo  t r a n s p o r t  code can be used i n  con junc t i on  w i t h  a 
" s i m i l i t u d e  phantom" (ice., a phantom whose major  body sec t i ons  a r e  each 
a s i m i l i t u d e  of t h e  corresponding body s e c t i o n  i n  t h e  a d u l t  phantom), 
even though t h e r e  a r e  no e x p l i c i t  equat ions f o r  t he  i n d i v i d u a l  body 
organs b u t  o n l y  e x p l i c i t  equat ions d e s c r i b i n g  t h e  t h r e e  major  body 

Simple equat ions a re  g iven f o r  t he  

The l a t e s t  ve rs ion  o f  t h i s  phantom can be found i n  Snyder e t  a l .  

To es t imate  dose i n  c h i l d r e n ,  Snyder and co-workers employed 

These phantoms 
Three or thogonal  

These c o n s t r a i n t s  
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ORNL-DWG 79-19953 

0 3.148 23 13 16 5.5 5 4.5 
1 9.112 33 16 28.8 8 7 6.5 
5 18.12 45 28 46 11 7.5 6.5 

10 30.57 54 22 64 14 8 6.5 
15 53.95 65 23 78 18 9 7  
ADULT 69.88 70 24 80 20 10 7 

THE ADULT HUMAN PHANTOM 

Fig. 1 .  Dimensions o f  adult  phantom a n d  o f  simil i tude phantoms 
used by Snyder e t  a l ,  (1976) .  
trunk, and legs ,  respectively. 

The subscr ipts  H ,  T, and  L r e f e r  t o  head, 
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sect ions.  
l i e s  in  a pa r t i cu la r  organ, one uses the adul t  organ equation and the 
scal ing f ac to r s  f o r  the appropriate body sect ion.  The advantage of t h i s  
procedure i s  t h a t  one has t o  p r o v i d e  only the dimensions of the body 
sec t ions  t o  spawn a phantom with a l l  of the internal  organs of the adul t  
phantom. The disadvantage, of course, i s  t h a t  the volumes, shapesz and 
posi t ions o f  the in te rna l  organs a re  a l l  determined by the scal ing 
f ac to r s  and may n o t  be r e a l i s t i c  f o r  a pa r t i cu la r  organ. 
the  t r e a t i s e  on developmental anatomy by Scamon (1953) revealed t h a t ,  
f o r  most organs, the  shapes and posi t ions a r e  n o t  se r ious ly  d i f f e ren t  
from the shapes and posi t ions i n  a s imil i tude phantom; t h i s  can be seen 
by studying Scammon's Figs. 26-28 and 30-34. 
development, the shapes o f  the  organs of ten follow body shape, and the 
r e l a t i v e  posi t ions of organs a re  generally the same. This observation 
i s  embodied formally i n  the Simili tude Rule: 
transformation o f - t h e  adul t  phantom in to  a chi ld  phantom gives a good 
f i r s t  approximation t o  the shapes and the locat ions of the organs. 

matter.  
volumes with mean value organ volumes in the  newborn ch i ld ;  agreement 
was f a i r  t o  good f o r  some organs and poor f o r  others .  These data a re  
summarized in Table 1. Another problem with the s imi l i tude  technique i s  
t h a t  the d i s t r ibu t ion  of ac t ive  bone marrow i s  not accurately portrayed. 

To deterniine whether a point in a phantom for a given age 

A review of 

In  o ther  words, during 

fo r  many organs, a s imil i tude 

The accuracy of the organ volumes in s imil i tude phantoms i s  another 
Cr is ty  and Warner (unpublished da ta )  compared s imil i tude organ 

Pedia t r ic  Phantoms of Hwang and Co-workers 

Hwang and co-workers developed a se r i e s  of pedia t r ic  phantoms. 
Descriptions of mathematical phantoms representing ages 0,  1 ,  5, and 15 
years  were reported (Hwang e t  a1 . 1976; Hwang, Shoup, and Poston 1976a,b; 
Jones e t  a l .  1976). 
developed, the descr ipt ion was not pub1 ished (Hwang, personal comuni- 
ca t ion )  a 
in t h a t  the basic types of equations f o r  the body sect ions and organs 
a re  the same (e.g. ,  the  l i v e r  is represented by an e l l i p t i c a l  cylinder 
cu t  by an oblique plane in a l l  phantoms). 

Although a phantom representing age 10 was a l so  

These phantoms a re  s imi la r  t o  the  Fisher-Snyder adul t  phantom 

These phantoms purport t o  
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Table 1 .  Ratio o f  newborn simi 1 i t u d e  phantom vol unies 
t o  corresgoiiciiiig nean value newborn 

vol utilesa f o r  selected nrgans 
.............. ........ - ......... - ... __ -. .... 

Sitxil i tude volume: 
................. O2an  ....... . - Mean value  val i imt. ..___ 

Adrenal s 
Urinary b1 adder wall 
Stomach wall 
Heart 
Kidneys 
Liver 
Lungs  
Ovaries 
Pancreas 
Spl  een 
Thymus 
Thyroid 
U t e r u s  
Skeleton a s  whole 

0.13 
0.81 
1.18 
0.55 
0.64 
0.66 
0.95 
1.30 
1.09 
0.96 
0.10 
2.98 
0.86 
lL  

In t e s t ines  a s  whole 0.66-1' 

Given by ICRP Publication 23 (1975). a 

bReliable data  f o r  the individual pa r t s  of the  skeleton were not 
ava i lab le .  
(1953, p. 37) t h a t  pastilatal g rok i th  o f  the  skeleton proceeds with t h a t  
o f  the  body as  a whole. 

liie lower value i s  based on Scammon (1953, p. 43);  the higher 
value i s  based on I C R P  Publication 23 (1975, p .  135).  

The value o f  1 given here i s  based on a statement by Scammon 

e- 
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have organ s i z e ,  shape, and posi t ion determined from anatomical references 
and thus t o  be an improvement over the s imi l i tude  phantoms (Hwang e t  a l .  
1976, pp. 3, 1 9 ,  and 23; Poston 1976, p. 105) .  A careful analysis  of 
the  phantom descr ip t ions  revealed, however, that  f o r  most organs, such 
a s  the lungs, the  shape in a given ped ia t r i c  phantom i s  the same as  in 
the adul t  phantom, even though  the t r u n k  shapes a r e  d i f f e r e n t  i n  the two 
cases (by "same shape" i s  meant, f a r  example, t h a t  two e l l i p s o i d s  have 
the same shape i f  one e l l i p s o i d  can be transformed in to  the other  by 
multiplying a l l  three a x i s  lengths by the same f a c t o r ) .  
t h e i r  descr ip t ions ,  such as the l i v e r  and the r i b s ,  conform t o  the 
Simi 1 i tude Rule. 

Some organs in 

Having been designed with the same shape as in the adu l t ,  the lungs 
took u p  a disproport ionate  length of the t r u n k  in the younger age 
phantoms. 
co r rec t  lung volumes. 
adu l t  organ shapes were retained while adu l t  t r u n k  shape was not ,  severe 
f i t t i n g  problems were encountered in the lower t r u n k .  
t h a t  organs i n  the lower t r u n k  had t o  be sh i f t ed  around and crowded 
together ,  b u t  not i n  a manner which re f lec ted  actual anatomical t rends.  

This e r r o r  resu l ted  apparently from an e f f o r t  t o  a t t a i n  
Because the lungs were too  long and because most 

The r e s u l t  was 

Pedia t r ic  Phantoms of This Report 

I n  designing the adul t  phantom, Fisher r e l i ed  heavily upon the 
exce l len t  cross-sect ion anatomy o f  adul t s  by Eycleshymer and Schoemaker 
(1911). 
permit the design of ped ia t r i c  phantoms i n  the same way. What i s  known 
a r e  s i z e s  of organs ( I C R P  1975) and general developmental trends, discussed 
by Scammon (1953). 
the ped ia t r i c  phantoms f o r  ages 0, 1 ,  5, 10, and 15 years given i n  t h i s  
repor t .  

s t ra ightforward:  (1) the dimensions of the t r u n k ,  the head, and the 
1 egs were determined from anthropological d a t a  ( references a re  given 
l a t e r ) ;  ( 2 )  organ shapes and loca t ions  were determined by the Simili tude 
Rule; (3 )  organ volumes were determined using masses and s p e c i f i c  

Too few cross-sect ional  s tud ie s  have been done w i t h  chi ldren t o  

The Simili tude Rule was used extensively in designing 

W i t h  the Simil i tude Rule, the design procedure became simple and 
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g r a v i t i e s  from ICRP Publication 23 (1975); ( 4 )  overlapping of organs was 
eliminated by changing shape, locat ion,  or s i z e ,  depending upon in t e r -  
p re ta t ions  o f  drawings and  texl, in Morris' Human Ana tomy  (Schaeffer 1953) 
o r  upon cons t ra in ls  imposed by the s impl ic i ty  o f  the  phantom design; 
( 5 )  exceptions t o  the Simili tude Rule were handled individual ly  (e.g,, 
the  thymus); and  ( 6 )  the ac t ive  marrow d i s t r i b u t i o n s  were determined- 
The use of an improved method f o r  estimating the d i s t r ibu t ion  of the 
ac t ive  bone marrow f o r  each age (Cr is ty  1980) i s  a new fea tu re  in these 
ped ia t r i c  phantoms. 
organ i s  important i n  t h e  assessment of radiological risk. 

W i t h  the exception of the newborn, d i r e c t  information on the 
d i s t r ibu t ion  of ac t ive  marrow or t o t a l  iiiarrow (hematopoietically ac t ive  
marrow plus f a t t y ,  inac t ive  marrow) is not  known f o r  chi ldren.  In 
response t o  t h i s  lack o f  data ,  Atkinson (1962)  derived an approximate 
method t o  estimate the d i s t r ibu t ion  of ac t ive  marrow is? chi ldren.  He 
assumed t h a t  t h e  d i s t r ibu t ion  of the t o l a l  marrow spaces in the adul t  
(Mechanik 1926) could be used as  an approximation t o  the d i s t r ibu t ion  of 
t o t a l  marrow spaces i n  chi ldren.  
fac tors  t o  the Mechani k data t o  obtain age-dependent d i s t r ibu t ions  o f  
ac t ive  marrow ( c e l l u l a r i t y  i s  defined as t h e  f r ac t ion  o f  marrow in a 
given bone t h a t  i s  a c t i v e ) .  

niethod t h a t  i s  simple, ye t  has numerically la rge  e f f e c t s  a t  ear ly  ages. 
Factors have been added which take in to  account t h a t  i n  children the 
head i s  proportionately la rger  and the legs are proportionately siiialler 
than i n  adu l t s .  This method predic t s  t h a t ,  in the newborn, 27.8% o f  the 
ac t ive  marrow res ides  i n  the  skul l  and 20.7% res ides  in the lower limbs. 
By con t r a s t ,  Atkinson's method predic t s  7.0% i n  the skull  and 38.9% i n  
the  lower limbs. 
of 1 6  late-term fe tuses  and newborns, 29.5% (24.2%) of the ac t ive  marrow 
res ides  i n  the s k u l l ,  and 23.7% ( Q s 2 % )  resides  i n  the lower limbs. The 
newer method i s  c l e a r l y  an improvement. 

marrow i n  the newborn and l-ycar-old,  the doses given for the totaZ 

marpow comparhent i n  the s imi l i tude  phantoms f o r  these ages could be 

This change i s  noteworthy because the blood-forming 

He then applied age-dependent c e l l u l a r i t y  

The newer method of Cris ty  (1980) i s  a modification o f  Atkinson's 

According t o  the data o f  Hudson (1965) on the skeletons 

Snyder (1977) pointed out t h a t  i n  considering doses t o  the ac t ive  
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used, s ince essent ia  
regard t o  the marrow 
includes the f ac to r s  

l y  a l l  of the marrow i n  in fan ts  i s  a c t  
d i s t r i b u t i o n ,  the simil t u d e  technique 
f o r  the r e l a t i v e  s i zes  of the body sec 

ve. With 
automat i c a l l  y 
ions,  b u t  

Following the example of Atkinson, does n o t  include c e l l u l a r i t y  f ac to r s .  
Hwang and co-workers f a i l e d  t o  include correct ion f ac to r s  f o r  r e l a t i v e  
body sect ion s i ze .  T h u s ,  i r o n i c a l l y ,  the procedure suggested by Snyder 
employing s imi l i tude  phantoms would give more meaningful estimates of 
dose t o  the ac t ive  marrow f o r  ages 0-1 year than would using values 
yenerated employing Hwang's phantoms. 

Another important change i n  the phantoms presented here is  the 
addi t ion of female breast  t i s s u e ,  a t i s s u e  known t o  be rad iosens i t ive  
(ICRP 7977). Female breas t  t i s s u e  appears to  be a t  g rea t e s t  r i s k  from 
ionizing rad ia t ion  during adolescence and ea r ly  adul t  l i f e ;  the breast  
t i s s u e  in female in fan t s  and children appears t o  be a t  r i s k  a l s o ,  b u t  
the magnitude of t h i s  r i s k  i s  uncertain (UNSCEAR 1977, pp .  385-394). 
For  prudence' sake, female breas t  t i s s u e  has been included f o r  a17 ages. 

During the development of these ped ia t r i c  phantoms, several changes 
were made in the adul t  phantom. 
t r u n k ,  and  the improved hear t  model o f  Coffey (1978) was f i t t e d  i n t o  
the t r u n k .  The lungs had t o  be redesigned t o  accommodate the new hear t ;  
the  d i f fe rence  in  s i z e  between right and l e f t  lungs n o t  represented in 
the Fisher-Snyder phantom -was incorporated in to  the new design. The 
head was redesigned t o  incorporate the ideas o f  Hwang, Shoup ,  and Poston 
(1976b) ,  including a change in posit ion o f  the thyroid.  A modification 
of the descending colon was made t o  e l iminate  a small overlap with the 
pelvic  skeleton and t o  make the wall thickness uniform. Other minor 
changes were made so t h a t  the  adul t  phantom would be cons is ten t  with the 
manner in which cer ta in  organs were f i t t e d  i n t o  the ped ia t r i c  phantoms: 
the posit ion of the adrenals ,  the posit ion o f  the gal l  bladder, the s i z e  
of the  pancreas, and the shape and posit ion o f  the thymus were a l l  changed 
f o r  t h i s  reason. The gal l  bladder design was a l so  s implif ied s l i g h t l y .  
The modified adul t  phantom i s  included in the descr ipt ion tha t  follows. 

Female breas t  t i s s u e  was added t o  the 
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DESCRIPTION OF THE MATHEMATICAL PHANTOMS 

The phantom descr ip t ions  wil l  follow the format of Snyder e t  a l .  
(1974)  a n d  even include language and diagrams used therein (without 
formal a t t r i b u t i o n  in  many cases)  so t h a t  the reader wil l  not have t o  
r e f e r  t o  t h a t  publication constant ly  t o  f i l l  i n  missing information. 

cy1 i nder representing the t r u n k  and arms J ( 2  ) two truncated c i  rcul a r  
cones representing the legs  and f e e t ;  and (3)  an e l l i p t i c a l  cyl inder  
capped by half an e l l i p s o i d  representing the head and neck. Attached t o  
the  legs sect ion is  a small region w i t h  a plain f ron t  surface t o  contain 
the t e s t e s .  
representing the female breasts .  

The arms 
a r e  not separated from the t r u n k ,  and minor appendages such as  f inge r s ,  
f e e t ,  chin,  and nose a re  omitted, The dimensions of the ped ia t r i c  
phantoms and the dimensions o f  the adul t  head, which was revised,  were 
chosen a f t e r  considering data on body and body sect ion dimensions and 
volumes and r a t i o s  of dimensions. 
sources: F i g s .  6 and 10 of  ICRP Publication 23 (ICRP 1975), Tables 10A-1OD 
of Watson and Lowrey (1967) ,  Charts I and K a n d  Table K o f  Bardeen 
(1920), F i g s .  13 and 14 of Scammon (1953),  and F i g s .  26 and 27  o f  Krogman 
(1941, p .  101).  
( s ide  t o  s i d e )  and the d e p t h  ( f r o n t  to  back) o f  the t r u n k  and o f  the 
head d i r e c t l y  because of disagreement within the 1 i t e r a tu re .  
these dimensions were calculated using the r a t i o  of w i d t h  to  d e p t h  ( f o r  
which there  was agreement), the  volume, and the h e i g h t .  
a f t e r  l-layes (1960, p .  l a ) ,  ensures proper shape of the t r u n k  and the 
head e 

fea tures  of a l l  the phantoms are  shown i n  Figs, 3 and 4. 

Each phantom consis.l;s of th ree  major sec t ions :  ( 1 )  an e l l i p t i c a l  

Attached t o  the t r u n k  a r e  portions o f  two e l l i p s o i d s  

The ex te r io r  of the adul t  phantom is  depicted in Fig. 2 .  

The data used were from the following 

I t  was impossible t o  assign diniensions f o r  the w i d t h  

Values f o r  

T h i s  procedure, 

Three-dimensional perspective drawings depict.ing the external 

Cornpasition of the Phantoms 

Each phantom cons is t s  of  s k e l e t a l ,  l u n g ,  and other  s o f t  t i s sue .  The 

coniposition and dens i ty  o f  each type used by Snyder e t  a l .  (1974) fo r  
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I ORNL-DWG 72 -I 2864 A5 

F i g .  2. The a d u l t  human phantom. Breasts are not shown. 



4-YR 5-YR 40-YR W Y R  
Fl'g. 3. 

showing external views crf the phafitoms, 
the head i s  relatively larger, .the legs are relatively smaller, and  the 
t r u n k  7's relatively th-icker. The view i s  from above and t o  one side o f  
each phantom. 

Computer-drawn three-dimensional perspective drawings 
I n  the younger-age p h a n t o m ,  

Breasts are n o t  shown. 
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the a d u l t  a r e  used f o r  the ped ia t r i c  phantoms; these compositions a n d  
dens i t i e s  a r e  given i n  Table 2.  The ske le ta l  system represents the 
t o t a l  content of the i n t a c t  skeleton and thus includes both bone and 
bone marrow. This material  i s  considered t o  be homogeneously d i s t r ibu ted  
in the skeleton. 
t o  represent more accurately the bone and marrow spaces. 
composition shown in Table 2 can only be regarded as  an average and is  
n o t  representat ive o f  the  d i f f e r e n t  portions of the skeleton b u t  only of 
the t o t a l .  

T h i s  i s  c l e a r l y  a compromise due t o  our present i n a b i l i t y  
The t i s s u e  

The three  t i s s u e  types used a r e  composed pr inc ipa l ly  of hydrogen, 
carbon, nitrogen, and oxygen. In the skeleton,  addi t ional  elements 
amount t o  about 18% of the t o t a l  mass, w i t h  calcium and phosphorus 
accounting f o r  most o f  t h i s .  In the lungs, the composition i s  somewhat 
d i f f e r e n t  from t h a t  of other  s o f t  t i s sues  i n  the phantom, probably because 
the lungs contain almost no f a t  and 3. l a rger  f r ac t ion  o f  blood than most 
organs. The dens i t i e s  of the ske le ta l  region (bone  plus marrow), lungs, 
and the  remainder of the phantom a re  approximately 1.5,  0.30, and  
0.99 g/cm3, respect ively.  The values f o r  the composition were obtained 
from Tipton, Snyder, and Cook (1966) ,  who have analyzed t i s s u e  speciniens 
obtained from autopsies  of 150 grossly normal U.S. adul t s .  They analyzed 
these specimens f o r  a wide var ie ty  o f  t r ace  elements and selected values 
f o r  the major chemical elements from the l i t e r a t u r e  t o  be cons is ten t  
with physiological data on content of f a t ,  water, a n d  o ther  cons t i tuents  
o f  these organs. 

Description of the Phantoms and Organs 

The ped ia t r i c  phantoms have been designed t o  form a developmentally 
cons is ten t  family w i t h  the ex is t ing  Fisher-Snyder adul t  phantom. The 
e x t e r i o r  o f  each phantom has approximately the form OF the human body; 
b u t ,  a s  i n  the adu l t  phantom, there  has been no attempt t o  introduce 
small var ia t ions  which would be presumed t o  have only a small e f f e c t  on 
the sca t t e r ing  of photons. Similar ly ,  the descr ipt ion o f  the i n t e r i o r  
organs, while approximately cor rec t  as  t o  s i z e ,  shape, posi t ion,  compo- 
s i t i o n  and dens i ty ,  a r e  s implif ied t o  provide formulas which a re  readi ly  
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Table 2. Elemental composi t ion o f  d i f f e r e n t  
t i s s u e s  o f  t h e  phantom ( %  by we iqh t )  

- 
Tota l  body minus 

ske le ton  and  lungs b El emen t S k e l e t a l  t i s s u e a  Lung t i s s u e  

H 

c 

N 

7.0 

23 

3.9 

0 49 

Na 0.32 

Mg 

P 

S 

c1 

K 

10 

10 

2.8 

76 

0.19 

0.11 7.4 

6.9 0.081 

0.17 0.23 

0.14 

0.15 

0.27 

0.20 

10 

23 

2.3 

63 

0.13 

0.01 5 

0.24 

0.22 

0.14 

0.21 

Ca 9.9 7.0 0 

Fe 8.0 x 0.037 6.3 

Zn 4.8 x 1.1 3.2 

Rb 0 3.7 i o +  5.7 

S r  3.2 x i o c 3  5.9 x 3.4 

Zr 0 0 8.0 i o - "  
Pb 1.1 x 4.1 1.6 x io-'  

Dens i t y  1.5 g/cm3 . a 

bl )ens i ty  0.30 g/cm3 . 

Dens i t y  0.99 g/cm3 . e 

Source: Snyder e t  a l .  (1974). 
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c a l c u l a t e d  on a d i g i t a l  computer. The exac t  s p e c i f i c a t i o n s  o f  t he  
phantom and t h e  i n t e r n a l  organs are  g i ven  below. See F ig .  5 f o r  a 
schematic view o f  t h e  p r i n c i p a l  organs. 

5-23. For each phantom, these f i g u r e s  show superimposed c ross -sec t i ons  
w i t h i n  t h e  upper t runk ,  t h e  m idd le  t runk ,  o r  t h e  lower  t r u n k .  
i n f o r m a t i o n  on organ shapes, p o s i t i o n s ,  and s i zes  ( r e l a t i v e  t o  the  
t r u n k )  can be gleaned f rom these views, 

Another pe rspec t i ve  o f  t h e  organs i n  t h e  t r u n k  i s  g i ven  i n  F i g s .  

Some 

E x t e r i o r  o f  each phanto1n. 

The body i s  represented  as e r e c t  w i t h  t h e  p o s i t i v e  z - a x i s  d i r e c t e d  
upward toward t h e  head. The x -ax i s  i s  d i r e c t e d  t o  t h e  phantom's l e f t  
( t h e  r e a d e r ' s  r i g h t  i n  F i g .  2 ) ,  and the  y - a x i s  i s  d i r e c t e d  toward t h e  
p o s t e r i o r  s i d e  o f  t h e  phantom. The o r i g i n  i s  taken a t  t he  cen te r  o f  t h e  
base o f  t h e  t r u n k  s e c t i o n  o f  t h e  phantom. 

I n  genera l ,  t h e  dimensions ( i n  cen t ime te rs )  a re  g iven t o  two decimal 
The use o f  two decimal p laces  does n o t  imp ly  t h a t  t h e  average 

Th is  
p laces .  
dimensions i n  some human p o p u l a t i o n  a r e  known t o  such p r e c i s i o n .  
use i s  f o r  convenience i n  des ign ing  t h e  organs w i t h  c o r r e c t  volumes and 
spa t  i a1 r e 1  a t i  ons h i  ps. 

Trunk. The t runk ,  e x c l u s i v e  o f  t h e  female breas ts ,  i s  represented  by a 
s o l i d  e l l i p t i c a l  c y l i n d e r  s p e c i f i e d  by 

The va lues o f  A T '  B T 9  and C T  f o r  each phantom a re  g i ven  i n  t h e  
The equat ion  used .to c a l c u l a t e  t h e  volume fo l l ows  the  t a b l e  below, 

t a b l e .  
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R1GH 
ARM 

SPl NE 
ORNL-DWG 79-43269R 

LEFT 

O-YR RIGHT ’ 
BREAST 

THYMUS 

F i g .  6. Superimposed cross-sections w i t h i n  the upper t r u n k  o f  the newborn phantom. 
t r u n k  o f  each phantom, defined here as the space from the bottom o f  the lungs t o  the t o p  of the t r u n k .  
( F i g .  111, cross-sections o f  the organs are drawn a t  l-cm intervals. 
a t  intervals designed t o  give the same number of superimposed cross-sections as i n  the  adult. 
of individual organs are drawn as necessary t o  incorporate the largest cross-section o f  t h a t  organ. 

Figs. 6-71 depict the upper 
For the adult 

For the other phantom, cross-sections are drawn 
Additional cross-sections 



RlGH 
ARM 

ORNL-DWG 79-13268R 

SPINE LEFT 

1-YR RIGHT I T H ~ M U S  \ 
BREAST HEART 

F i g .  7. Superimposed cross-sections within the upper trunk region 
o f  t h e  phantom representing the 1-year old. See Fig. 6 .  
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RIGH 
ARM 

RIGH' 
CLAV 

ORNL-DWG 79-(3266R 

SPINE LEFT 

10-YR 

F i g .  9. S u p e r i m p o s e d  cross-sections w i t h i n  t h e  u p p e r  t r u n k  region 
o f  t h e  p h a n t o m  representing the 10-year old. See F i g .  6 .  
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RlSS SPINE 

ORNL-DWG 79-t3263f? 
LEFT 

RIGHT 
BREAST 

\ 

HEART 

Fig. 11. Superimposed cross-sect ions within the upper t r u n k  region 
o f  the  phantom representing the adul t .  See. F i g .  6. 



SPINE LEFT 
ORNL-DWG 79-4327 

0-VR 
F i g .  12 .  Superimposed cross-sections w i t h i n  t h e  middle t r u n k  o f  t h e  

newborn phantom. 
defined; here as the space from the bottom o f  the l i v e r  t u  the  t o p  o f  the  
liver. 
a t  7 - C M  in te rva ls .  
in te rva ls  designed t o  give the same number o f  superimposed cross-sect ions 
as i n  the adul t .  Additional cross-sections o f  individual organs a re  
drawn as necessary t o  incorporate the l a rges t  cross-section o f  t h a t  organ.  

F igs .  12-77 depict  the middle t r u n k  cf  each phantom, 

For the a d u l t  ( F i g .  i 7 ) ,  cross-sections o f  the organs a re  drawn 
For the other phantoms, cross-sections a r e  drawn a t  
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ORNL-DWG 79-13272 

10-YR GALL BLADDER 
Fig. 15. Superimposed cross-sections within the middle trunk region 

of the phantom representing the 10-year old. See F i g .  72. 
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ADULT GALL’ BLADDER 

F i g .  17.  Superimposed cross-sections within t h e  middle t r u n k  region 
o f  the  phantom representing the adul t .  See Fig. 12. 
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RlGH 
ARM 

AS CE N DING 
O-YR COLON 

Fig. 18. Superimposed cross-sect ions within the lower t r u n k  of the 
newborn phantom. 
defined here as  the space f rom the  bottom o f  the t r u n k  t o  the bottom o f  
the l i v e r .  
drawn a t  l-cm in t e rva l s .  For the other phantoms, cross-sect ions a r e  drawn 
a t  i n t e rva l s  designed t o  give the same tiurnber o f  superimposed cross-sect ions 
as in the adul t .  Additional cross-sect ions o f  individual organs a re  
drawn as necessary t o  incorporate the l a rges t  cross-sect ion o f  t h a t  organ. 

Figs. 18-23 depict  t h e  lower t r u n k  o f  each phantom, 

For the adul t  ( F i g .  2 3 ) ,  cross-sect ions o f  the  organs a re  
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ORNL-DWG 79-43280 

TRANSVERSE SPINE 

ASCENDING BLADDER 
1-YR COLON 

Fig .  19. Superimposed cross-sect ions w i t h i n  the lower t r u n k  region 
o f  the phantom representing the l-year o ld .  See Fig .  18. 
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ORML-QWG 79-43279 

TRANSVERSE SPINE 
SIGMOID COLON 

5-YR COLON 

Fig. 20. Superimposed cross-sect ions within t h e  lower trunk region 
o f  the  phant'om representing t h e  5-year o l d .  See F i g ,  18. 
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ORNL-DWG 79-13276 
TRANSVERSE 

10-YR COLON 

Fig. 21. Superimposed cross-sections within the lower trunk region 
o f  the phantom representing the 10-year old. See Fig. 18. 



45-YR COLON 

F i g .  22. Superimposed cross-sections w i t h i n  the  lower t r u n k  region 
o f  the  phantom representing the 15-year o l d .  See F i g .  18. 



ORNL-DWG 79-13276 
UTERUS 

ADULT COLON 
Fig. 23. Superimposed cross-sections within t h e  lower trunk region 

of the phantom representing the adult. See Fig. 18. 
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Leng.th (4 vo 1 umea 
(cm2 1 Mass ( 9 )  

1 8.80 6.50 30.70 5,520 5 y 320 
40.80 11,000 10,600 

_____- BT .___I-.- --T- ____m___-..I__- 
-AT- 

Age 
(years)  
cI___ 

0 6.35 4.90 21.60 2,110 2 040 

5 11.45 7.50 
10 13.90 8.40 50.80 18,600 18,000 
15 17.25 9.80 63.10 33,500 32,800 

Adbl t 20.00 10.00 70.00 44 000 42 700 

a Volume .rrATBTCT . 

The t r u n k  sect ion includes the arms and the pelvic  region t o  the  
crotch.  
sect ion.  
the breasts .  

The female breas t s  a r e  appended t o  the outside o f  the t r u n k  
The volutnes and masses for the t r u n k  given above do not include 

Head. 
e l l i p s o i d .  

The head sect ion i s  a r i g h t  e l l i p t i c a l  cyl inder  topped by half an 
The locus i s  specified by 

0 4.52 5.78 9.10 3.99 965 987 
1 6.13 7.84 12.35 5.41 241 0 2470 
5 7.13 9.05 13.91 6.31 3670 3880 

10 7.43 9.40 15.19 6.59 4300 4580 
15 7.77 9.76 15.97 6.92 4900 5280 

Adu l t  8.00 10.00 16.85 7.15 5430 591 0 

a Volume = nAHBH(CH, 1- 3-CW2) 2 . 
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The values o f  CT have been given previously in the t ab le  of t r u n k  

The shape o f  the  adul t  head has been modified from t h a t  given by 
Val ues. 

Snyder e t  a1 . (1974) in order t o  f i t  the data on head shape (Krogman 
1941) more c lose ly  and t o  accommodate the new skul l  design. 

Legs. 
c i r c u l a r  cones specif ied by 

The legs region of each phantoni cons is t s  o f  the frustrums o f  two 

A, 

where the "? "  sign i s  taken as  plus f o r  the l e f t  leg and minus fo r  the 
r i g h t  leg. 

Age Length (cm) 
(years 1 cL 

0 16.8 21.6 
1 26.5 37.1 
5 48.0 65.0 

10 66.0 90.0 
15 78.0 100.0 

Adult 80.0 100.0 

451 476 
1,470 1,550 
4,380 4,630 
8,930 9,440 

15,400 16,300 
20,800 21,900 

The values o f  AT have been given previously in the tab le  of t r u n k  
Val ues. 

Male g e n i t a l i a .  
o f  the region specif ied by 

The male gen i t a l i a  region of each phantom cons is t s  



and 
( x  t r )2  i- y2 - > r2 . 

The l a s t  inequal i ty  must hold f a r  e i t h e r  choice of sign ( i . e . ,  the 
g e n i t a l i a  region l i e s  outs ide both l e g s ) .  
expression ?IAT(l + -), where A i s  the t r u n k  dimension and C {  i s  the 
legs  dimension defined previously. The value of z1  i s  given by the  
expressian - (2c  +- S ) ,  where c i s  the value defined f o r  the t e s t e s  and 
S i s  the skin thickness ,  Thus, a l l  of the parametric values are defined 
elsewhere, and only the volumes a re  given here. 

The value of r i s  given by the 
Z 
cc T 

Age vo1 umea 

0 5.48 
1 1 2 . 1  
5 2 3 - 2  

10 36.2 
15 109 

A d u l t  196 

(years ) (cm3 1 

a Volume = c / z l l A f ( l  1 - 

- Mass of t o t a l  __I_._ ...... .... b&. The t o t a l  body mass cjf each phantom i s  given 
i n  the following tab le .  The male gen i t a l i a  and the female breas t s  a r e  
included, and the d i f f e r e n t  dens i t i e s  o f  lung, skeletan,  and remaining 
t i s s u e s  have been taken in to  account. For comparison, the mass o f  a 
hunian of corresponding age i s  a l so  tabulated (from Watson and Lowrey, 
1967). 
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Age ~- Mass ( 9 )  
(years )  Phantom t o t a l  body Human t o t a l  body 

0 
1 
5 

10 
15 

Adult 

3,510 
9,360 

19,100 
32,100 
54,500 
71,100 

3 , 400 
9,900 

18,600 
32,400 
55,600 
71,700 

Note: In the equations of the organs, which follow, the body 
sect ion parameters A T ,  BT, CT9 A H y  B,,, CH, CH,, CH2, C L ,  and C i  and the 
s k i n  thickness  S w i l l  be used without f u r t h e r  explanation o r  denotation. 
Symbols f o r  o ther  parameters, usually lower case l e t t e r s ,  wil l  have 
meaning only f o r  the organ being defined. The symbol "a ,"  f o r  example, 
i s  used i n  defining many d i f f e r e n t  organs. 

Organs 

In the text below, each organ i s  e x p l i c i t l y  defined and the volume 
i s  g iven .  
i s  given i n  the Appendix. 

The mass determined by this volume and the appropriate  densi ty  

Skeletal  system. T h e  ske l e t a l  system cons is t s  of the 13 pa r t s  described 
below. A view of the t o t a l  skeleton i s  shown i n  Fig. 24. 

Except f o r  the s k u l l ,  l i t t l e  information was ava i lab le  on weights 
o f  individual bones as a function o f  age d u r i n g  childhood. However, f o r  
the skeleton a s  a whole, Scammon (1953, p .  37) does make this statement:  
" I t s  postnatal  growth apparently proceeds w i t h  t h a t  of the body a s  a 
whole, the t o t a l  increase i n  weight  between b i r t h  and maturity b e i n g  
about twenty-fold." Consequently, f o r  the bones i n  the t r u n k  and legs ,  
t he  Simil i tude Rule was used f o r  determining volumes as well as shape 
and posi t ion.  
(1976).  
sect ion below. 

This i s  s imi l a r  t o  the procedure used by Hwang e t  a l .  
T h e  data  used f o r  the skul l  d e s i g n  a r e  documented i n  the re levant  



SKELETAL RE 

SKULL 
SPINE 

13.1% 

4 0.2 

4. 
1. 

1. 
3.8 

.2 

49.2 
2. 
2. 

.8 

3.4 

F i g .  24. For the adult o f  Snyder e t  a l .  (1974) ,  the ideaiized 
model o f  the skeletor: for computer calcklations i s  shown on the l e f t  and 
a more real-istic representation .is shown o n  the righz. The shaded areas 
indicate where the active bone marrow i s  located i r :  t h e  adult (from 
Hashimto ,  1960) .  The amount o f  active marrow i n  given bones, expressed 
as  the percentage o f  the active marrow in the body, i s  also given for 
the adult. 
Scyder e t  a1 . (19741, and b o t h  sets o f  values are given above for 
comparison. 
sku71 has been changed from t h a t  shown here t o  include a separate fac.ial 
s kel eton. 

The values given in this  report differ f r o m  those g i v e n  by 

Clavicies and  scapulae are n o t  show i n  the phantom. She 
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Leg bones. Each leg bone i s  the frustrurn o f  a c i r c u l a r  cone. I n  
the  defining inequa l i t i e s  below, the 'I+" sign i s  taken as m i n u s  for  the 
l e f t  leg bone and p l u s  for the r i g h t :  

and - ( C L  - S )  5 z 5 0 , i n  which 

R, = 0.175 A T  , 

and R, = k(c'c[ 4 cL) . 

Age Volume (both)" 
(years  ) ( em3) 

0 61.4 
1 207 
5 61 0 

10 1250 
15 21 00 

Adult 2800 

a 2 Volume (both)  = ?(CL - S)(Rf + R$ .t R , R 2 )  . 

A r m  bones. Each arm bone i s  the frustrum o f  an e l l i p t i c a l  cone, 
and i s  defined by 
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In the t a b l e  below, positive values o f  xo  are used f o r  the left 
arm bone, and negative f o r  the right. 

0 0.44 1.32 ? 5.84 21.29 45.3 
1 0.62 1.76 t 8.10 30.26 121 
5 0.80 2.03 +lo. 53 40.22 239 
10 0.97 2.27 21 2.79 50.07 404 
15 1.21 2.65 k15.87 62.20 731 

Adult 1.40 2.70 k18.40 69.00 956 

a 7 Valume (both) = -c-zz,rrab ” a 

Pelvis. The pelvis is a portion af the volume between two 
noticoncentric elliptical cylinders. The inequalities defining t h e  
pelvis are 
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0 3.59 5.54 3.81 5.88 -1.86 -1.47 2.45 4.32 6.79 28.9 
1 4.97 7.35 5.28 7.80 -2.47 -1.95 3.25 6.14 9.65 76.0 
5 6.47 8.48 6.87 9.00 -2.85 -2.25 3.75 8.16 12.82 151 

10 7.85 9.49 8.34 10-08 -3.19 -2.52 4.20 10.16 15.97 258 
15 9.75 11.07 10.35 11.76 -3.72 -2.94 4.90 12.62 19.83 460 

Adult 11.30 11.30 12.00 12.00 -3.80 -3.00 5.00 14.00 22.00 606 

- z2 { (Yo2 .. Y 0 l ) J b l  - ( Y o 2  - Y o 1 7  

Spine. The spine i s  an e l l i p t i c a l  cyl inder  given by 

(zr +( '  by')' I 4 1 and z1 j z  zz4 . 

I t  i s  divided i n t o  3 port ions - an upper, middle ,  and lower - such t h a t  
dose and absorbed f r a c t i o n s  can be estimated separa te ly  f o r  each portion. 
These d iv is ions  a r e  formed by the planes z = z2 and z = z3.  

0 0.64 1 .23  2.70 6.79 10.83 21.60 27.02 50.0 
1 0.88 1.63 3.58 9.65 15.39 30.70 38.01 128 
5 1.15 1.88 4.13 12.82 20.46 40.80 48.83 245 

10 1.39 2.10 4.62 15.97 25.47 50.80 59.89 403 
15 1.73 2.45 5.39 19.83 31.64 63.10 72.91 707 

Adult  2.00 2.50 5.50 22.00 35.10 70.00 80.54 920 

Volume = nab(zLI  - zl). a 
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The value of z4 i s  determined by skull  posi t ion.  All others  a re  
simi 1 i tude val ues. 

Skull .  The skul l  has been redesigned t o  include separate  cranium 
and f a c i a l  skeleton,  following the ideas o f  Hwang, Shoup, and Poston 
(1 976b) .  

In designing the cranium and f ac i a l  skeleton,  the designs of the 
head, bra in ,  and ske le ta l  pa r t s  had t o  be considered together .  The 
following in.formation was used a s  a guidel ine:  the s i z e  of the head as 
a function of  age (Bardeen 1920), the cephalic index  a s  a function o f  
age (Krogman 1941), skull  weight f o r  newborn and adul t  (ICRP 1975), 
general statements on growth of the skul l  (Scammon 1953, p .  54; Watson 
and Lowrey 1967, pp. 375-381), r e l a t i v e  skul l  dimensions and r a t i o  of 
cranium volume t o  f ac i a l  skeleton volume as  a func t ion  of age (Watson 
and Lowrey 1967, p.  380), skull  thickness a t  lambda as  a function o f  age 
(Hansman 1966), and brain size as a function of aye ( I C R P  1975). 

The cranium i s  represented by the volume between two concentric 
e l l i p s o i d s  defined by 

The values a ,  b ,  and c a r e  the same as  the values a ,  b ,  and c given 
i n  the statements and t ab le  f o r  the b r a i n .  

Age vo 1 utilea 
(years )  -.. d ..._. -SF% 

0 0.20 49.8 
1 0.30 139 
5 0.56 339 

10 0.67 434 
15 0.76 5 08 

Adu’ t 0.90 61 8 

avolume :. ~ [ ( a  4 + d ) ( b  + d ) ( c  -t- d )  - abc] . 
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The f a c i a l  s k e l e t o n  i s  represented  by a p o r t i o n  o f  t h e  volume 
between two c o n c e n t r i c  e l l i p t i c a l  c y l i n d e r s  ( F i g .  25) .  The p o r t i o n  o f  
t h e  volume t h a t  i n t e r s e c t s  t h e  cranium and b r a i n  i s  excluded. The 
i n e q u a l i t i e s  a r e  

Y 
(al’- d)2 + (bl - d>2 ? ’  ’ 

The v a r i a b l e s  a2, b2, and c 2  correspo 

> 1  I 

d i n  num 
v a r i a b l e  express ions (a + b) ,  ( b  + d) ,  and (c .t d ) ,  

r i c a l  v a l u e  w i t h  t h e  
r e s p e c t i v e l y ,  i n  t h e  

statements d e f i n i n g  t h e  cranium and hence a r e  n o t  g i v e n  below. 

Age vo 1 umea 
(Years 1 a 1  b l  d Z 1  25 (cm3 1 

0 4.17 5.43 0.07 2.16 8.18 6.13 
1 5.73 7.44 0.14 2.93 11.18 22.8 
5 6.68 8.60 0.58 3.30 12.57 114 

10 6.93 8.90 0.74 3.61 13.73 161 
15 6.92 8.91 1.10 3.79 14.05 234 

A d u l t  7.00 9.00 1.40 4.00 14.73 305 

Volume = :(z2 - zl)[albl - (al - d)(b, - d ) ]  a 



44 

\ 
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I 
I 
I 
I n I  

I / 

F i g .  25. 
and Poston (1976a).  

Model o f  t h e  f a c i a l  skeleton,  m o d i f i e d  from Hwang, Shoup, 
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where z o  = C,. + CH, , 

z4  = ZO - c2 JT 1 
a2 ’ 
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a n d  y 3  = 

The in tegra t ions  in the vol u m  formula were performed numerical l y  

Rib c g e - .  
w i t h  the  Gaussian quadrature method. 

r i g h t - v e r t i c a l ,  e l l i p t i c a l  cyl inders .  This region i s  s l i ced  by a ser ies  
o f  equispaced horizontal planes in to  s l abs ,  every other  s l i c e  be ing  a 
r ib .  The statements t h a t  must be s a t i s f i e d  a re  

The r i b  volume i s  a ser ies  of bands between two concentr ic ,  

and Integer (' ___1--- - C L 1 ) i s  even. 
The function Integer ( u )  i s  the integral  p a r t  of u [ e .g . ,  Integer 

( 3 . 6 7 )  = 31. T h u s ,  the statement "Integer  (' __-- - c z l )  i s  even" amounts t o  
requir ing t h a t  
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Age vo 1 umea 
(years )  a b d Z 1  z2 C (cm3) 
___  __ 

0 5.40 4.80 0.21 10.86 20.75 0.43 34.0 
1 7.48 6.37 0.28 15.44 29.47 0.61 87.4 
5 9.73 7.35 0.34 20.53 39.16 0.81 174 

10 11.82 8.23 0.39 25.43 48.89 1.02 295 
15 14.66 9.60 0.47 31.67 60.65 1.26 531 

A d u l t  17.00 9.80 0.50 35.10 67.30 1.40 694 

Volume = l 2 ~ c [ a b  - (a  - d ) ( b  - d ) ]  . (z 

Clavicles .  The c l a v i c l e s  a r e  represented a s  two port ions o f  a 
to rus  w h i c h  l i es  along the c i r c u l a r  a r c  x2 + (y - y o ) 2  = R 2  a t  z = z1 
and has a smaller  radius  o f  r. The c l av ic l e s  include only the portion 
of the torus  between the planes yo - y = 1x1 c o t  o 1  and y o  - y = 1x1 
c o t  e 2 .  ( T h e  absolute  value s i g n  on x allows f o r  both a r i g h t  and a 
l e f t  c l a v i c l e . )  These equations can be reduced t o  the form 

( z  - z ~ ) ~  -t ( R  - Jx7'r-ToT)2 r2 

Y o -  Y 
c o t  e 2  - < c o t  81, and y < 0 . 

(years )  Yo z1  R r cot 0 1  c o t  02. ( c d  ) 

< -m- 
Age Vol utne (both)" 

0 0.73 21.06 5.07 0.2833 5.5868 0.38510 2.62 
1 1.38 29.93 7.14 0.3930 5.6814 0.43161 6.85 
5 3.14 39.78 9.80 0.4991 5.9977 0.56391 13.7 

10 4.93 49.53 12.40 0.5981 6.2581 0.65708 23,2 
15 7.22 61.52 15.93 0.7274 6.4852 0.73137 41.6 

Adult 11.10 68.25 20.00 0.7883 7.0342 0.89415 54.7 

Volume (both)  = 2 w 2 ( e 2  - e , )  R . cz 

The c l a v i c l e s  l i e  s l i g h t l y  inside the cy l inder  defining the r i b  
cage and jus t  above the top  r i b  ( F i g .  26) .  
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Scapulae. The scapulae a r e  defined a s  p a r t  of the volume between 
two concentr ic  e l l i p t i c a l  cylinders.  For each scapula,  the volume i s  
bounded by the planes z = z I ,  z = z2,  y = m l l x i ,  and y = rn,lxl. (The 
absolute  value s i g n  on x allows for both a r i g h t  and a l e f t  scapula.)  
The defining i n e q u a l i t i e s  a r e  

and m,  fi < in2 . 

0 5.40 6.04 4.80 15.71 20.77 0.39 1.23 9.64 
1 7.48 8.36 6.37 22.32 29.52 0.37 1.18 25.3 
5 9.73 10.88 7.35 29.67 39.23 0.33 1.05 50.4 

10 11.82 13.20 8.23 36.94 48.84 0.30 0.97 85.7 
15  14.66 16.36 9.60 45.88 60.67 0.28 0.91 154 

A d u l t  17.00 19.00 9.80 50.90 67.30 0.25 0.80 202 

Bone marrow. On the r i g h t  i n  F i g .  24 i s  shown an a d u l t  skeleton,  
On the l e f t  i s  w i t h  the areas  containing ac t ive  marrow cross-hatched. 

shown the ideal ized skeleton used f o r  the a d u l t  phantom w i t h  the 
corresponding areas  cross-hatched. 
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The regional d i s t r ibu t ions  of the ac t ive  (hematopoietic) bone 
marrow and the inac t ive  ( f a t t y )  marrow vary grea t ly  w i t h  age. 'The 
regional d i s t r ibu t ions  were calculated by the method of Cris ty  (1980). 
The approxiniate weights o f  the t o t a l  ( ac t ive  plus inac t ive )  marrowg the 
ac t ive  niarrow, a n d  the inac t ive  marrow as a function of age a r e  given i n  
Table 3 .  Data from Hudson (19651, Custer (1974) ,  ICKP (1975),  and 
Woodard and Holodny (1960) were used t o  estimate the weight of the to t a l  
marrow. The weights of ac t ive  and inac t ive  marrow i n  Table 3 were 
calculated from the t o t a l  marrow values u s i n g  the method of Cris ty  
(1  980). 

The ac t ive  marrow i n  individual bones,  par t s  o f  bones, or  bone 
groups o f  the  phantoms, expressed as the percentage of ac t ive  marrow i n  
the  body, a r e  g i v e n  i n  Table 4. The weight o f  ac t ive  marrow i n  a given 
bone o r  bone group may be found by using Tables 3 and 4 together.  
Similar ly ,  i n  Table 5 a r e  given the inac t ive  ( f a t t y )  marrow percentages, 
and the  weights of inac t ive  marrow may be found by u s i n g  Tables 3 and 5 
together .  The weights o f  ac t ive  and inac t ive  marrow i n  individual bones 
a r e  given in the Appendix .  

uniformly in the bone regions defined. 
f r ac t ion  f o r  ac t ive  and f o r  inac t ive  marrow in these regions,  i t  i s  
assumed t h a t  the marrow absorbs energy per gram as e f . f ic ien t ly  a s  does 
bone, This assumption i s  not grossly i n  e r r o r  a t  energies of 200 keV o r  
more; b u t  i t  i s  increasingly inaccurate a t  energies below 100 keV, where 
the photoelectr ic  e f f e c t  dominates the photon in te rac t ion  process, The 
e f f e c t  i s  t o  overestimate the  dose t o  marrow and t o  underestimate the 
dose t o  the bone mineral component of the mixture. 
program the i n t r i c a t e  microscopic intermixture of bone and marrow spaces 
i n  a more r e a l i s t i c  fashion i n  the macroscopic charac te r iza t ion  used i n  
photon t ranspor t .  T h e  composition of the  skeleton ('Table 2 )  has a 
densi ty  of approximately 1 .5  g/cm3 and thus i s  t o  be regarded as  a 
homogeneous mixture o f  t rue  bone and inarrow and o ther  organic cons t i tuents  
of the  skeleton. 

The marrow, ac t ive  or  inac t ive ,  i s  assumed t o  be d i s t r ibu ted  
In ca lcu la t ing  an absorbed 

I t  i s  d i f f i c u l t  t o  

The marrow from the lumbar vertebra L, and 50% o f  the  upper half o f  

the  femora were assigned t o  the  pe lv is  of each phantom (Tables 4 and 5 ) .  
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Table 3 .  Weights of t o t a l  marrow, ac t ive  marrow, and 
inac t ive  marrow i n  the body a s  a function of age 

_- _l_ll-l 

Age Total Active Inact ive 
(years )  marrow ( 4 )  marrow - ( 9 )  marrow ( 9 )  

0 47 47 0 

1 170 

5 460 

10 1200 

15 2600 

Adult 3500 

150 

320 

61 0 

1050 

1120 

20 

140 

590 

1550 

2380 
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Table 5. Inact ive marrow i n  individual bones, pa r t s  of bones, or bone groups expressed a s  
the percentage of inactive marrow i n  the body (derived from Cr is ty ,  1980) 

Corresponding ske le ta l  Percentage a t  various ages 
Phantom ske le ta l  region reg ion(s )  0 1  5 10 15 Adult" 

Skull (cranium + f a c i a l  

Scapulae 
Clavicles 
Ribs 
Spine (upper portion") 
Spine (middle portionc) 

S p i n e  (lower portionc) 
Pelvis 

s kel eton)b 

d Leg bones (upper p o r t i o n  ) 
Leg bones (middle  por t io  d )  

Arm bones (upper portion') 
Arm bones (middle portion") 
Arm bones (lower portione) 

Leg bones (lower p o r t i o n  a ) 

b Skull (cranium -t mandible) 
Scapulae 
C 1  avic les  
Ribs + sternum 
Cervical vertebrae C1-C5 
Cervical ver tebrae C,-C7 + 

a l l  thoracic  vertebrae 
Lumbar vertebrae L1-L, 
Sacrum + os coxae + lumbar 

vertebra L 5  + 50% of 
upper 1 / 2  femora 

50% o f  upper 1/2 femora 
Lower 1 /2  femora 
Tibiae,  f ibu lae ,  pa t e l l ae  + 

ankle and foot  bones 
Upper 1/2 humeri 
Lower 1 / 2  humeri 
Radii and ulnae + wri s t  and 

hand bones 

11.33 10.17 7.16 5.63 
1.06 1.60 1.64 1.82 
0.35 0.53 0.53 0.61 
3.90 4.32 3.42 3.70 
0.78 0.61 0.47 0.51 

3.82 3.95 3.10 3.34 
1.40 2.21 1.74 1.90 

6.79 13.28 11.87 13.28 
0.84 2.36 3.31 3.83 
3.72 5.95 10.08 12.53 

45.35 39.29 40.05 36.66 
0.97 1.63 1.74 2.62 
2.21 2.06 2.64 4.29 

17.45 12.04 12.25 9.28 

6.35 
2.17 
0.75 
3.86 
0.53 

3.50 
1.97 

16.07 
4.70 

12.53 

32.05 
3.21 
4.29 

8.02 

cn w 

Age 40 values from Cr i s ty  (1980) were used f o r  the adu l t  phantom. a 

'In column 1 ,  cranium does not  include the f a c i a l  skeleton,  b u t  i n  column 2, cranitim 
includes a l l  the f ac i a l  skeleton except the mandible. 

cThe upper, middle, and lower port ions of the spine are defined i n  the sect ion on the spine. 
dThe upper portion of the leg bones i s  defined as  the upper 145 o f  the  l e n g t h  of the bones; 

t h e  lower port ion is  defined a s  the lower 57%; and the middle portion is  the rest .  
of these numbers r e s u l t s  from the assignment of pa r t  of the marrow i n  the  upper femora t o  the pelvis. 

@The upper portion o f  the arm bones i s  defined a s  the upper 25% o f  the l e n g t h  o f  the  bones; the 
lower portion i s  defined a s  the 'lower 50%; and the middle portion i s  the rest. 

The unevenness 
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This assignment occurs because o f  t h e  s impl ic i ty  o f  t h e  skeleton i n  the 
phantoms. For example, approximately the upper quarter  of the femora i s  
adjacent  t o  the  os coxae o f  the pelvis  i n  humans, b u t  i n  the phantom the 
leg bones begin below t h e  pelv is .  

Pol 1 owing t a b 1  e. 
The t o t a l  mass o f  t h e  skeleton i n  each phantom i s  given i n  the 

Age 
Learwj Mass of  ~ e n t i r e  .. . . . . skeleton ( 9 )  

0 4 28 
1 1,210 
5 2,880 

10 4,928 
15 8,120 

Adult 10,600 

-- Adrenals. Each adrenal i s  half  an e l l i p so id  a t o p  a kidney, defined by 

where the  (x , ,y l  ,z,)-coordinate system i s  r e l a t ed  t o  the phantom's 
( x  ,y ,z )-coordi nate system by the fo l  lowi ng rotat ion-trans1 a t  i o n  equations , 
given i n  matrix form: 

In the following t ab le  of parametric values,  xo  and 0 a r e  b o t h  
taken as  pos i t ive  f o r  the l e f t  adrenal,  and both negative f o r  the  r i g h t ,  
The posit ion of the adrenals i n  the a d u l t  has been changed f o r  consistency 
with the ped ia t r i c  phantom design. Drawings of the  mathematical models 
for- the  adrenals and o ther  se lec ted  organs are shown in F i g .  27. 
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ORNL-DWG 79-20294 

ADRENAL 

LIVER 

PANCREAS 

Fig. 27.  Mathematical models for the adrenals ,  kidneys, liver, 
ovaries ,  and pancreas, a s  drawn f o r  the adu l t  (from Snyder e t  a l . ,  
1974). 



b c xo Y o  ZO 0 
Age 

(yea rs )  a 

Vol ume, 
( b o t h )  

(cm3 1 
Targeted 

VOI umeb 
(cm3 ) 

0 1.51 0.54 1.54 +1.41 2,45 11.73 263.3" 
1 1.05 0.35 2.20 t1.54 3.25 16,SS t62 .2  
5 1.12 0.37 2.92 t2.00 3.75 22.14 k59.3 

10 1.17 0.39 3.63 i 2 . 4 3  4.20 27.55 157.2 
15 1.30 0.43 4.30 +3.02 4.90 34.26 +55.6 

A d u l t  1.50 0.50 5.00 13.50 5.00 38.00 ktS2.0 

5.61 
3.39 
5.07 
6.94 

10.1 
15.7 

5.59 
3.40 
5.08 
6.93 

10.1 
13.4 

4 Volume ( b o t h )  = y a b c  . a 

bDerived f rom I C R P  P u b l i c a t i o n  23 (1975). 

-_I_ B r a i n .  The b r a i n  i s  an e l l i p s o i d  g i v e n  by 

Age k c ? r  s ) a 
0 4.14 
1 5.63 
5 6.34 

10 6.51 
15 6.58 

A d u l t  6.60 

b vo I umea Targeted volume 
b C (cm3 (cm3 

5.40 3.61 338 338 
7.34 4.91 850 850 
8.26 5.52 1210 1210 
8.48 5.67 1310 1310 
8.57 5.73 1350 1350 
8.60 5.75 1370 1370 

4 Volume = y a b c  . a 

bDerived f rom I C R P  Pub1 i c a t i o n  23 (1975).  

The a d u l t  b r a i n  has been m o d i f i e d  t o  f i t  i n t o  t h e  new s k u l l .  

Breasts .  
a t t a c h e d  t o  t h e  t r u n k ,  g i v e n  by 

The female b r e a s t s  a r e  rep resen ted  by p o r t i o n s  o f  two e l l i p s o i d s  
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and ( $--2 +( kr > 1 , 

where yo = -B$W . 
The pos i t ive  values of xo in the t ab le  below a re  taken f o r  the l e f t  

Since the outer thickness S i s  counted as  skin, the breast  t i s sue  
breas t ;  and the  negative values,  f o r  the r i g h t  breast .  

i s  represented by 

The r i s k  t o  females a f t e r  puberty associated with radiat ion absorbed 
i n  the breas t s  before puberty i s  uncertain (UNSCEAR 1977, pp.  385-394). 
For prudence' sake, female breas t  t i s s u e  has been included f o r  a l l  ages. 

23 ( I C R P  1475, p .  195) were used. For the a d u l t ,  the dimensions o f  the  
breas t  and the weight of the breas t  given therein do not correspond. 
Consequently, the dimensions were reduced by a constant f ac to r  t o  y ie ld  
the targeted size. 
adu l t  dimensions were reduced by ha l f ,  following the example o f  Boice, 
Rosenstein, and Trout  (1978). 
form was adopted and the size was estimated by scal ing down the adul t  
mal e breast .  

In the designing of the  female breasts ,  the data i n  ICRP Publication 

For the adolescent breas t  (15-year-old phantom), the  

For the e a r l i e r  ages, a hemispherical 

e Volume ( b o t h ) "  ( cm3) 
(years )  a b C XO z o  Including skin Excluding s k i n  

0 0.36 0.36 0.36 3.18 16.05 0.197 0.103 
1 0.63 0.63 0.63 4.40 22.81 1.06 0.704 
5 0.79 0.79 0.79 5.73 30.31 2.09 1.45 

10 0.94 0.94 0.94 6.95 37.73 3.51 2.50  

15 2.42 2.13 2.03 8.63 46.87 44.8 35.1 
Adult 4.83 4.26 4.06 10.00 52.00 362 31 4 

Volume ( b o t h  breas t s ,  including s k i n )  = a 
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y ( 2 )  i s  the zero o f  the furictinn t ( y , z )  in the in te rva l  (yo  - b,y ) ,  
and y21z) i s  the  zero of the function u(y ,z )  in the interval  (y0,yo + by. 
The in tegra t ions  were performed numerically u s i n g  the Gaussian quadrature 
method, 

u s i n g  the  same formula, b u t  subs t i tu t ing  a - S, b - S, and c - S f o r  a ,  
b y  and c ,  respec t ive ly ,  throughout. 

The volume o f  the breas t  t i s sue  (excluding the skin) can be found 

Gall  bladder a n d  contents .  For the adu l t  and ages 1 ,  5, 10, and 15 
years ,  the ga l l  bladder i s  represented by the frustrurn o f  a cone capped 
w i t h  a hemisphere. For the newborn phantom, the ga l l  bladder i s  
cy l ind r i ca l .  The ga l l  bladder i s  defined a s  a walled organ. 

re la ted  t o  the (x,y,z)-coordinate  system by t h e  following ro ta t ion-  
trans1 a t ion  equations: 

The equations a r e  given below i n  (xl,yl , r l ) -coard ina tes  which a r e  
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The walls a re  specified a s  f o l l o w s :  

(hemi spherical part) 

x l  + Y I  + zf 2 r5: Y 

x2 + Y I  + Z f  1. r l  Y 

and 0 - < z1 5 h . 

The contents a r e  specified as follows: 

(hemispherical part) 

xf -t Yf + zf < rf 

and zl < 0 ; 

and (conical p a r t )  

X I  + YI < ( r l  - =112 

and 0 - < z1 5 h . 
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To obtain the equations f o r  the  newborn g a l l  bladder wall and 

The newborn and a d u l t  g a l l  bladders are those designed by Hwang, 
contents ,  se t  s = 0 and ignore the hemispherical p a r t .  

Shoup, and Poston (1976a,b), w i t h  s l i g h t  modifications. 

0 0.9292 0.0000 -0,3695 -0.1018 0.9613 -0.2559 0.3553 0.2754 0.8933 
1 0.9770 0.0000 -0.2132 -0.0348 0.9866 -0.1594 0.2105 0.1632 0.9639 
5 0.9814 0.0000 -0,1921 -0.0291 0.9884 -0.1490 0,1898 0.1518 0.9700 

10 0.9722 0.0000 -0.2342 -0,0400 0.9853 -0.1661 0.2307 0.1709 0.9579 
15 0.9550 0,0000 -0.2964 -0.0606 0.9789 -0,1952 0.2903 0.2044 0.9349 

A d u l t  0.9615 0.0000 -0.2348 -0.0574 0.9779 -0.2008 0.2687 0.2090 0.9403 

Age 
(years )  r l  r2 S h XO YO ZO 

0 0.458 0.500 0 3.10 -0.69 -1.75 8.68 
1 0.884 0.937 0.2275 3.54 -0.91 -2.08 13.16 
5 1.414 1.499 0.2275 5.66 -0.59 -2.40 17.49 

10 1.768 1.874 0.2275 7.07 -1.69 -2,69 21-77 
15 1.916 2.031 0.2275 7.66 -4.48 -3.14 27.04 

A d u l t  2.000 2.120 0.2275 8.00 -4.50 -3.20 30.00 

Age 
(yea r s )  

0 
1 
5 

10 
15 

Adult 

a Volume ( c m 3 )  Targeted volume- -~ ._ 
Wall _- Contents Wall + Contents -. ._.. . . . .. . wall I- cor i tents  (cm3) .- 

0 392 2.04 2.43 2.5-3 
0.875 4.62 5.50 5.5 
3.59 18-9  22.5 22.5 
7.00 37.0 44.0 44 
8.92 47.1 56.0 56 

10.1 53.6 63.7 58-65 

Derived frotii ICRP Publication 23 (1975). a 
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For newborn, 

and Volume (conten ts )  = m-fh  . 

For a l l  other  ages, 

1 and Volume (conten ts )  = $r? + Fh[rf + ( r l  - sh)2 + r l ( r l  - sh ) ]  . 

W i t h  lack o f  data on separate  wall and contents volumes, the r a t i o  
o f  wall t o  contents  volumes i n  the adul t  was assumed f o r  the other  ages. 

Gas t ro in tes t ina l  t r a c t  and  contents.  Stomach. The stomach wall i s  
represented by the volume between two concentric e l l i p s o i d s .  The 
contents  a r e  represented by the  volume w i t h i n  the inner e l l i p s o i d .  
wall i s  defined by 

The 

The contents  a r e  defined by 



Age 
(years )  a b c d XO Y o  TO 

0 1.20 1.39 2.34 0.22 2.54 -1.36 10.80 
1 1.85 2.05 3.51 0.33 3.52 - 2 - 7 0  15.35 
5 2.55 2.40 4.66 0.45 4.58 -3.15 20.40 

10 3.14. 2-74 5.81 0.53 5.56 -3.51 25.40 
15 3.43 2 .92  7.16 0.56 6.90 -3,92 31.55 

Adult 4.00 3.00 8.00 0,613 3.00 -4.00 35.00 

Age Volume- 
(years )  walla- (cm3) 

0 6.17 
1 20.9 
5 47.2 

10 81 - 8  
15 113 

A d u l t  152 

.. 

Targeted volume- 
.._._I_. w m 3  ( C m 3 )  

6.18 
21 . o  
47.1 
81.9 

113 
143 

Volume- 
contentsc ( C ~ J )  

10.2 
34.8 
72 .2  

128 
187 
250 

0: Volume (wal l )  = !jir[abc - ( a  - d ) ( b  - d ) ( c  - d ) ]  . 
bilerived from ICRP Publication 23 (1975). 
e 4 Volume (conten ts )  = 3w(a - d ) ( b  - d ) ( c  - d )  . 

The stomach represented here i s  a " f u l l "  stomach, and the average 
dose r a t e ,  even f o r  the same a c t i v i t y  present ,  probably var ies  g rea t ly  
depending on the degree o f  extension o f  the stomach, presence o f  a i r  
spaces, e t c .  

Small i n t e s t i n e .  .._.. .. _.. - The small i n t e s t i n e  does not seem t o  remain i n  
any "standard posi t iont1 except the ends, which a r e  r e l a t i v e l y  f ixed.  
T h u s ,  the  small i n t e s t i n e  i s  t o  be regarded as  occupying a volume w i t h i n  
which i t  i s  f r e e  t o  move. No attempt t o  determine a s p e c i f i c  canfigu- 
ra t ion  i s  made here,  and thus t h e  wall and contents are na t  d i s t i n g u i s h e d  
f o r  estimation of photon dose. 
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The small intestine and contents are represented by a section of an 
e l l i p t i c a l  cyl inder ,  defined by 

Y1 L Y  (Y2 5 

and z1 5 z - < z2 . 

The portion of the la rge  intestine within this  region i s  excluded. 

Age 
(years)  a 

0 3.59 
1 4.97 
5 6.47 

10 7.85 
15 9.75 

A d u l t  11.30 

a Volume 
b YO Y 1  Y 2  Z 1  22 (cm3) 

5.54 -1.86 -2.38 1.08 5.25 8.33 50.9 
-. 

7.35 -2.47 -3.16 1.43 7.46 11.84 132 
8.43 -2.85 -3.65 1.65 9.91 15.74 265 
9.49 -3.19 -4.08 1.85 12.34 19.59 447 

11.07 -3.72 -4.76 2.16 15.32 24.34 806 
11.30 -3.80 -4.86 2.20 17.00 27.00 1060 

- ascending colon contr ibut ion 
- t ransverse colon contribution 
- descending colon contr ibut ion,  

i n  which the expression w i t h i n  the brackets i s  evaluated between the 
limits y=yl and  y=y2; and 

ascending colon contr ibut ion = [ z 2  - z 

where z2, a ,  and b a r e  the var iables  defined f o r  
z l (sm.int . )  i s  the z1 value f o r  the small in tes t  

(sm.int. ) ]nab  , 

the ascending colon and 
ne; and 
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t ransverse colon contribution = 2irbcx1 , 

where b ,  c y  and x1 a re  the var iables  defined fo r  the t ransverse colon; 
and  

descending colon contribution = [z2 - z,(sm.int.)]Trab , 

where z2., a ,  and b a re  the var iables  defined f o r  the descending colan 
and z , (srn. int . )  i s  the z, value f o r  the small i n t e s t ine .  

Upper la rge  i n t e s t i n e .  

The ascending colon wall i s  defined by the space between two coaxial 

The upper la rge  i n t e s t i n e  cons is t s  of an 
ascending colon and  a t ransverse colon. 

e l l i p t i c a l  cyl inders:  

and  z 1  - < z z2  . 

The contents a r e  defined by the space within the inner cyl inder ,  

and  z1 5 z .I_ z 2  . 
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Age Volume (cm3) 
(years )  a b d XO Yo Z 1  z2 Walls: Contentsb 

0 0.79 1.23 0.27 -2.70 -1.16 4.46 7.41 4.38 4.63 
1 1.10 1.63 0.37 -3.74 -1.53 6.34 10.53 11.5 1 2 . 1  
5 1.43 1.88 0.46 -4.87 - 1 . 7 7  8.42 13.99 22.9 24.1 

10 1.74 2.10 0.54 -5.91 -1.98 10.49 17.42 38.8 40.8 
15 2.16 2.45 0.65 -7.33 -2.31 13.03 21.63 69.5 73.4 

Adult 2.50 2.50 0.7085 -8.50 -2.36 14.45 24.00 91.2 96.3 

Volume (wa l l )  = n(z2 - z l ) [ab  - (a  - d ) ( b  - d ) ]  . a 

%olurne (conten ts )  = I T ( Z ~  - z l ) ( a  - d ) ( b  - d )  . 

The t ransverse  colon wall i s  a l so  defined by the space between two 
coaxial  e l l i p t i c a l  cyl inders:  

and - x1 5 x 5 x1 . 

The contents  are defined by the space w i t h i n  the inner cy l inder ,  

and - x l  5 x 5 x1 . 
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Age 
(years)  b C d 

Vol m e  (cm3) I__.._.. 

Yo ZO X 1  \Jalla Contentsb 

0 1.23 0.46 0.18 -1.16 7 .87  3.33 
1 1.63 0.65 0.26 -1.53 11.18 4 .62  
5 1.88 0.87 0.33 -1.77 14.86 6.01 

10 2.10 1.08 0.40 -1.98 18.59 7.30 
15 2.45 1.35 0.49 -2.31 22.99 9.06 

Adult 2.50 1.50 0.527 -2.36 25.50 10,50 

5.69 
15.2 
30.2 
51 .O  

92.3 
21 

6.15 
15.5 
31.6 
53.0 
96.0 
27 

Volume (wa l l )  = 2Txl[bc - ( b  - d ) ( c  - c l ) ]  . 
Volume (contents)  = 2rrxl(b - d ) ( c  - d )  . 

a 

b 

Lower la rge  i n t e s t i n e .  The lower l a rge  i n t e s t i n e  cons is t s  of a 

The descending colon wall i s  defined by the space between two 
descending colon and a sigmoid colon. 

coaxial e l l i p t i c a l  cyl inders .  The ax i s  o f  the  cyl inders  i s  a t  a s l i g h t  
angle w i t h  the z-axis of the phantom, b u t  the ends o f  the descending 
colon a r e  defined by horizontal planes ( z  = z1 and z = z 2 ) .  The wall i s  
spec i f ied  by 

mx(z - z2)  
where x o  = x1 + ------_l____ 

22 - z1 

The contents of the descending colon a r e  defined by the space 
within the inner cyl inder ,  i .e.,  
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and z1  5 z 5 z2 . 

0 0.60 
1 0.83 
5 1.08 

10 1.31 
15 1.62 

A d u l t  1.88 

Vol llille (cm3) 
m m Z 1  z2 Walls Contentsb d x1 X 

b 

1.04 0.20 2.94 0.2477 1.225 2.69 7.41 4.27 4.98 
1.38 0.27 4.07 0.3432 1.625 3.82 10.53 11.0 13.1 
1,60 0.34 5.30 0.4466 1.875 5.08 13.99 22.3 26.1 
1.79 0.40 6.43 0.5421 2.100 6 . 3 3  17.42 37.6 44.1 
2.09 0.49 7.98 0.6728 2.450 7.86 21.63 68.3 78.2 
2.13 0.54 9.25 0.7800 2.500 8 .72  24.00 89.9 102 

Volume (wa l l )  = Ir[ab - ( a  - d ) ( b  - d ) ] ( z 2  - z l )  . a 

'Volume (contents)  = T(a - d ) ( b  - d ) ( z 2  - zl) . 

The sigmoid colon p l u s  contents i s  represented by portions o f  two 
f l a t t e n e d  t o r i ;  t ha t  i s ,  the a x i s  o f  each torus  i s  c i r c u l a r  b u t  the 
cross-section is  e l l i p t i c a l .  T h e  wall i s  defined a s  follows: 

(portion o f  upper t o r u s )  

/ r  \ 

x 2 xo and z I < z o  ; 

and (por t ion  o f  lower torus) 
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x - < x o  , and z 1 0  . 

The contents of the sigmoid colon are defined a s  follows: 

(port ion o f  upper t o r u s )  

X - X O ) ~  + a - d  ( Z  - ~ 0 ) ~  ..... _l.l_ - R, ) 2 + j h ) i ) 2 < 1  Y 

x > x o  and z 5 z0 ; - 

and (port ion o f  lower to rus )  

x ( x o  and z - > 0 .  

Volume (crn3) Age ......... ._. .. .- .- 
(years)  a b d x o  z o  R1 R2 blalla Contentsh 

0 0.50 0.77 0.25 0.95 2.69 1 . 7 7  0.92 3.39 1.73 
1 0.69 1.02 0.34 1.32 3.82 2.51 1.31 8.78 4.49 
5 0.88 1 . 2 1  0.42 1 . 7 2  5.08 3.33 1.75 17.6 9.11 

10 0.96 1.50 0.48 2.09 6.33 4.15 2.18 29.7 15.3 
15 1.18 1.76 0.59 2.59 7.86 5.16 2.70 53.8 26.8 

Adult  1.57 1.57 0.66 3.00 8 .72  5.72 3.00 70.4 35.6 

1 aVolurne (wa l l )  = F z [ a b  - ( a  - d ) ( b  - d ) ] ( R 1  + R 2 )  . 
'Volume (conten ts )  = ~ ~ ( a  1 - d ) ( b  - d ) ( R ,  + R 2 )  . 

The mathematical model of the ent i re  gas t ro in tes t ina l  t r a c t  i s  
sketched i n  F i g .  28. 
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F i g .  28. Mathematical model for the gastrointestinal tract, as 
drawn for the adult by Snyder et al. (1974). 



~ Heart I..I.--. and contents.  
adu l t  phantam has been employed (see Figs. 29-31). 
t he  hear t  i s  repr-.esc?nted by four  quar te r -e l l ipso ids .  
space, the hear t  i s  divided i n t o  regions representing the muscular walls 
and the four chambers. 
coordinates ,  which a r e  re la ted  t o  the (x,y,z)-coordinate  system by the 
following ro ta t ion- t rans la t ion  equations: 

The hear t  model developed by Coffey (1978) f o r  the 
T h e  outer surface of 

Within this  

The equations are given below in ( x l , y l , z l ) -  

I n  the  equations below, the var iab le  names V X ,  A V Y ,  LAVZ, R A V Z ,  A X ,  
TlVlrl, TRVW, and TAW a re  acronyms i n  which the l e t t e r s  L and R r e f e r  
t o  l e f t  and r i g h t ,  A and V t o  atrium and v e n t r i c l e ,  T t o  th. ickness, W Lo 
wal l ,  a n d  X, Y,  and Z t o  dimensions i n  the xl, y l ,  and z l  d i rec t ions .  
T h u s ,  A V Y  i s  a dimension common t o  the a t r i a  and ven t r i c l e s  i n  the  y l  
di r e c t i  on. 

The l e f t  ven t r i c l e  (wall f contents)  i s  represented by half an 
e l l i p s o i d .  The wall i s  defined by the  inequa l i t i e s  

v x  A V Y  

( V X  - T L V W  - T L V W  

and x1 2 0 . 

The contents o f  the  l e f t  ven t r i c l e  a r e  defined by the  volume w i t h i n  
t he  inner o f  the  two ha l f -e l l ipso ids  given above, i . e . ,  

___..........I.. ( v x  - T L V W  

and x1 0 . 



ATRIAL WALLS 

1-7 ... . t.,' LEFT VENTRICLE WALL 

F i g .  29. Artist's drawing of a d u l t  hear t  model. Source: Coffey, 
Cristy, and Narner (1980). 
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F i g .  30. Frontal sect ion of t h e  adu l t  heart  model t h r o u g h  t h e  
cen ter  of the model. Source: Coffey (1 97G), modified. 
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-y  1 

F i g .  31. Cross-section through the t o p  of the ven t r i c l e s  of the 
adu l t  hear t  model. Source: Coffey (1978), modified. 



The right ventricle (wall  f contents) is represented by a quarter- 
ellipsoid that wraps around h a l f  of the left ventricle. The wall i s  
defined by t he  i nequal i ties 

v x  AY Y 

(VX - TRVW A V Y  - TRVW 

x1 2 0 , and z 1  < 0 . 

The volume common to the left and right ventricle walls is considered 

The contents of the right ventricle are defined by the inequalities 
part of the left ventricle wall and i s  excluded here, 

2 z1 
( V X  - TRVW A V Y  - TRVN )’ +- ( m Z  - TRVa-) < ’ Y1 

The portion o f  the left ventricle within this space i s  excluded, 
i . e . ,  the inequality 

must also hold. 
The left atrium (wall + contents) i s  represented by two adjacent 

quarter-ellipsoids, The l e f t  a t r i a l  wall is defined as follows: 

X 1  +(AVY 
( A X  - TAW - TAW 
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and (part  2 )  

X 1  Y 1  Z 1  2 

(AX - TAW )2 + (AVY - TAW )2 i- (LAVZ - TLVW) ’ ’ 
x1 < 0 , and z1  < 0 . 

The contents o f  the l e f t  atrium are represented by the volume within 
these walls, i.e., by 

X 1  Y 1  z1 
(AX - TAW )2 + (AVY - TAW )2 (LAVZ - TAW 

x1 < 0 , and z1  0 ; 

and (part  2 )  

x1 < 0 , and z1 < 0 . 

The right a t r ium (wall + contents) i s  represented by a quarter- 
ellipsoid t h a t  wraps around p a r t  o f  the l e f t  atrium. 
by the inequalities 

T h e  wall i s  defined 

X 1  Z1 2 

(Fmy ’ (AVY - TAW RAVZ - TAW) ’ 

x1 < 0 , and z1 < 0 . 
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The volume common t o  t h e  l e f t  and r i g h t  a t r i a l  w a l l s  i s  cons idered 

The conten ts  o f  t h e  r i g h t  atrii-rm are  d e f i n e d  by t h e  i n e q u a l i t i e s  
p a r t  o f  t h e  l e f t  a t r i a l  w a l l  and i s  exc luded here. 

x1 < 0 , and z1 < 0 . 

The p o r t i o n  of  t he  l e f t  a t r i u m  w i t h i n  t h i s  space i s  excluded, i . e . ,  
t h e  i n e q u a l i t y  

must a l s o  hold .  
The age-dependent va lues of a l l  t h e  h e a r t  pdrameters a r e  g i ven  i n  

t h e  t a b l e s  below. 
i n  cGbic  cent imeters .  
P u b l i c a t i o n  23 (197.5). 

The ages are  g i ven  i n  years ,  and t h e  volumes are  g i ven  
Targeted volumes were d e r i v e d  fronr I C R P  

0 0.5942 -0.6421 -0.4845 -0.3291 0.3556 -0.8748 0.7340 0.6792 0.0000 
1 0.6009 -0.6216 -0.5025 -0.3493 0.3613 -0.8646 0.7190 0.6950 0.0000 
5 0.6237 -0.5721 -0.5327 -0.3926 0.3601 -0.8463 0.6760 0.7369 0.0000 

10 0.6345 -0.5370 -0.5559 -0.4243 0.3591 -0.831 2 0.6460 0.7633 0,0000 
15 0.6453 -0.51 34 -0.5658 -0.4428 O., 3523 -0.8245 0.6226 0.7825 0.0000 

A d u l t  0.6751 -0.4727 -0.5664 -0.4640 0.3249 -0.8241 0.5736 0.8191 0.0000 
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Yo ZO Age V X  A V Y  LAVZ KAVZ AX TLVW TRVW TAW X O  

0 3.71 2.16 1.34 3.02 2.33 0.56 0.26 0.13 0.42 -1.08 16.05 
1 4.67 2.72 1.68 3.80 2.93 0.71 0.33 0.16 0.54 -1.67 22.43 
5 5.72 3.33 2.06 4.66 3.59 0.86 0.40 0.20 0.77 -1.70 29.60 

10 6.73 3.92 2.43 5.48 4.23 1.02 0.47 0.23 0.80 -1.70 36.60 
15 7.86 4.57 2.83 6.40 4.94 1.19 0.55 0.27 0.86 -2.10 45.10 

A d u l t  8.60 5.00 3.10 7.00 5.40 1.30 0.60 0.30 1.00 -1.80 50.00 

Volume - 
Left v e n t r i c l e  .. R i q h t  ventr ic le  

Age Wall Contents Mal 1 Contents 
0 14.3 8.23 5.42 8.68 
1 28.5 16.2 10.9 
5 52.0 30.2 19.8 

17,3 
32.0 

10 85.4 48.9 32.3 52.0 
15 135 

A d u l t  177 
77.4 51.4 82.9 

102 67.2 108 

Vol ume 
L e f t  atrium - R i g h t  atrium 

Age Wall Contents Wall Con tents 
0 2.55 9.31 2.21 8.91 
1 4.96 18.5 4.32 18.0 
5 9.31 34.0 8.09 32.7 

10 14.9 55.8 12.9 53.8 
15 23.7 88.3 20.7 85.5 

Adult 31.6 115 27.4 111 
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Vol ume-tota l  
Age--- h e a r t  w a l l  s 

0 24.4 
1 48.7 
5 89.3 

10 145 
15 231 

A d u l t  303 

Targeted volume- Vol ume-tota l  
.... t o t a l  _.. .. .. . .... h e a r t  Wa.11~ h e a r t  con ten ts  

24.3 35.1 
48,6 69.9 
89.3 129 

146 21 0 
232 334 
320 437 

Volume ( l e f t  v e n t r i c l e  w a l l )  = 

$ [ ( V X ) ( A V Y ) ( L A V Z )  - ( v x  - TLVW)(AVY - T L V W ) ( L A V Z  - TLVW)] . 

Volume ( l e f t  v e n t r i c l e  c o n t e n t s )  = 

2 7 [ ( V X  - TLVW)(AVY - TLVW)(LAVZ - PLVW)] . 

Volume ( r i g h t  v e n t r i c l e  w a l l )  = 

$(VX)(AVY)(RAVZ) - (VX - TRVW)(AVY - YRVW)(RAVZ - TRVM)] 

- o v e r l a p  volume ( o f  v e n t r i c l e s ) .  

Volutiie ( r i g k t  v e n t r i c l e  c o n t e n t s )  = 

;[(VX - 'I'KVW)(AVY - TRVW)(RAVZ - TRVW) - I 

v e n t r i c l e s ) .  

- - 

3 

+ o v e r l a p  volume ( o f  

Volume ( l e f t  a t r i u m  w a l l )  

21 (AX ) ( AVY ) ( LAVZ 3 
- AX - TAW) (AVY - TAM 

:VX) (AVY) (LAVZ) ]  

I C  { L A V Z  - TAW 

(AX)(AVY)(LAVZ - TLVW -t 'PAW) - (AX - TAW)(AVY - TAliJ)(bAVZ - 

TLVM)J . 
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- 

L 

Volume ( l e f t  a t r i u m  c o n t e n t s )  = 

1 
2 
- 

Y 

T(AX - TAW)(AVY - TAW)[(LAVZ - TAW) f (LAVZ - TLVW)] . 3 

Volume ( r i g h t  a t r i u m  w a l l )  = 

$(AX)(AVY)(RAVZ) - (AX - TAW)(AVY - TAW)(RAVZ - TAW)] 

- o v e r l a p  volume ( o f  a t r i a ) .  

Volume ( r i g h t  a t r i u m  c o n t e n t s )  = 

L[(AX - TAW)(AVY - TAW)(RAVZ - TAW) - (AX)(AVY)(LAVZ - TLVW 3 

f TAW)] -t o v e r l a p  volume ( o f  a t r i a ) .  

In t h e  e q u a t i o n s  above, t h e  o v e r l a p  volume ( o f  v e n t r i c l e s  or a t r i a )  
i s  g i v e n  by t h e  e x p r e s s i o n  

x=d z = h i x )  

r ( x , z ) d z  dx f [!$2b2c2 - + 2 c 2 ( A  - &)] 
x=o z=o 

1 
2 

i n  wh ich  d = 

h ( x )  = 

and r ( x , z )  = b 2 4 1  - (k)2 - (k)2 - b l i l  - (ky - (k)2 . 
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For  t h e  v e n t r i c l e s ,  t he  values o f  a, , b, , c l  a2 , b2 and  c2 a re  

a, = V X  - TRVW , 

b l  = AVY - TRVW , 

c 1  zz RAVZ .. TKV.W 

a2 = V X  , 

b, = AVY 

and c2 = LAVZ ; 

f o r  t h e  a t r i a ,  the values a r e  

a, = AX - TAW , 

~1 = RAVZ - TAW 

a2 = AX , 

b2 = AVY , 

and c 2  = LAVZ - TLVW 1- TAW . 

The double in tegra l  i s  eva lua ted  n u n i e r i c a l l y  u s i n g  the Gaussian 
quadrature method. 

Kidneys. 
f o 1 1 owi ng : 

Each k idney  i s  an e l l i p s o i d  c u t  by a plane, g iven by t h e  
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In  the following t a b l e ,  xo i s  taken a s  pos i t ive  f o r  the l e f t  kidney, 
and negative for the r i g h t .  

Vol uniea Targeted 
Age (both) Vol ume 

(yea r s )  a b C x o  yo  z o  x 1  (crn3) ( @ o t h ) b  (cm3> 

0 1.79 0.93 1.70 ~ 1 . 9 1  2.94 10.03 0.71 22.0 22.0 
1 2.61 1.25 2.41 k2.64 3.90 14.25 0.95 60.5 63.5 
5 3.20 1.40 3.20 k3.44 4.50 18.94 1.31 111 111 

10 3.66 1.47 3.99 k4.17 5.04 23.59 1.74 166 166 
15 4.05 1.53 4.96 k5.18 5.88 29.30 2.48 238 239 

A d u l t  4.50 1.50 5.50 26.00 6.00 32.50 3.00 288 295 
- 

3a Volume (both)  = 2nbc + ( Ixo I - xl) - a 

bDerived from ICRP Publication 23 (1975): 

Liver. 
f o l  1 ows : 

The l iver  i s  defined by an e l l i p t i c a l  cyl inder  cut by a plane a s  

and z1 5 z - z2 . 
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Age 
( y e a r s )  a h 'm Ym z rrl k Z 1  22 

...._..___..._.I 

0 5.19 4.25 8.45 10.90 13.27 0 8.33 13.27 
1 7.20 5.47 12.83 16.55 18.86 0 11.84 18.86 
5 9.39 6.30 16.27 20.34 25.06 0 15,74 25.06 
10 11.43 6.83 21.98 29.67 31.21 0 19.59 31.21 
15 14.19 7.70 31.51 44.75 38.76 -0.50 24.34 38.76 

Adult  16.50 8.00 35.00 45.00 43.00 0 27,OO 43.00 

0 117 
1 281 
5 562 
10 853 
15 1230 

Adult 1830 

132 
281 
562 
854 
1230 
1780 

u=f ( z2 )  
t.,] 

u - f ( z 1 )  ' 

where 

f ( z )  = 3 

and the express ion  w i t h i n  t h e  b racke ts  is evalua ted  between t he  limits 
u = f ( z , )  and u = f ( z 2 ) .  

bDerived from I C R ?  Publ ica t ion  23 (1975). 



Lungs.  Each 1 ung  
removed.  NO,^ t h a  

s represented by half an e l l i p s o i d  with a sect ion 
the sect ion removed from the l e f t  lung i s  l a rge r  

than t h a t  removed from the r i g h t  lung because of the posi t ion of the 
hear t .  
e t  a l .  (1974) t o  accommodate the new heart  design. 
defined as  follows: 

T h e  adul t  lungs have been modified from those given by Snyder 
The r i g h t  lung i s  

i f  ‘ 1 R -  < z < z  - 2R and y < y2R , then x x l R  

must a l so  hold. 

with ( x  - x,), and z l R ,  Z 2 R ,  and yZR with zo, z2,-, and yZL,  respect ively;  
and replace the inequal i ty  ( x  - < x I R )  w i t h  (x  
L r e f e r  t o  r i g h t  and l e f t .  

The statements for  the l e f t  l u n g  a r e  s imi la r ,  b u t  replace ( x  + x o )  

x , ~ ) .  The l e t t e r s  R and 

Age 
(years)  a b C XO ZO 

0 1.89 3.68 7.41 2.70 13.42 
1 2.6% 4.88 10.53 3 . 7 4  19.08 
5 3.47 5.63 13.99 4.87 25.35 

10 3.82 6.30 17.42 5.91 31.57 
15 4.09 6.98 20.55 7.33 39.21 

A d u l t  5.00 7.50 24.00 8.50 43.50 
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Age 
21 z y1 L X 

2R 1 1  
z 
.......... 

(years) X I R  Y1R '1R 
._......_...I_ 

0 -2.30 0.75 14.15 17.85 +3.QO 0.30 17.90 
1 -2.90 0.70 20.10 24.50 +3.96 0.40 24.80 
5 -3.50 1.00 26.90 32.30 +5.00 0.50 3 2 - 6 0  

10 -4.10 1.30 33.40 39.60 t5 .90  0.95 40.00 
15 -5.00 1.20 41.60 48.50 +?.e30 0.70 49.00 

Adult -5.40 1.50 46.00 54.00 +8.00 1.00 55.00 

Age Vol m e  (cm3) Targeted vol m e a  
(years)-.-.-.-Left lung .. . .. R i g h t  lurid - Both lungs b o t h  lungs (cm3) 

0 79.1 91.9 171 171 
1 225 259 484 49c 
5 454 52G 980 1070 

10 709 821 1530 1530 
15 1020 1180 2200 2200 

Adul t 1560 1810 3380 3400 

Derived f r om I C R P  Publication 23 (1975). a 

2 Valume o f  each l u n g  = T a b @  

-+ b2g(z)s in^l  dz 
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(z - c Z T  i n  which g ( z )  = 1 - 
and yl(z) = - b&z) - ('I xg)2 . 
To obtain the volume of the l e f t  lung, s e t  x l  = xIL, y2 I - yZL,  

z1 = 20, and z2 = z ~ ~ .  
x1 = i x I R ! ,  y2 = y Z R ,  z 1  = z l R 9  and z2 = 

old phantoms, s e t  x1 = x g  in the second term only [including the formula 
f o r  y l ( z )  used i n  the  second term]. 
i n t eg ra t ion . )  
i n t eg ra t ion ) .  

The expression within the brackets i n  the second term i s  evaluated 
between the l i m i t s  y = y l ( z )  and y = y2 before the in tegra t ion  i s  done. 
Both in tegra t ions  a re  done numerically u s i n g  the Gaussian quadrature 
method. 

After Scarnmon (1953) was consulted, some compromise with the 
Simil i tude Rule was made f o r  ages 0-5 i n  order t o  make the shape of the 
lungs more r e a l i s t i c .  

the  adu l t  ( ICRP 1975). 
as  we1 1. 

To obtain the volume o f  the r i g h t  lung, s e t  

'2R' 
I f  x1 > x o ,  which i s  t rue  f o r  the l e f t  lung i n  the 0, 1 ,  and 5-year- 

(The second term is  the f i r s t  
I f  x l  5 XO, ignore the e n t i r e  t h i rd  term ( t h e  second 

T h e  r i g h t  lung is approximately 16% l a rge r  than  the l e f t  lung i n  
T h i s  r e l a t ionsh ip  was assumed for the o ther  ages 

Ovaries. Each ovary i s  an e l l i p s o i d  and i s  given by 

The values o f  xo i n  the t a b l e  below a r e  taken as pos i t ive  f o r  the 
l e f t  ovary, and negative for the r i g h t  ovary. 
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Aye 
(years )  a b C XO ZO 

0 0.30 0.22 0.57 21.91 4.63 
1 0.38 0.28 0.77 k2.64 6.58 
5 0.53 0.35 1.07 k3.44 8.74 

10 0.66 0.40 1.36 k4.17 10.89 
15 0.80 0.45 1.65 t5.18 13.52 

Vol ume Targeted volume 
(both)a (cm3) (both)b ( a n 3 )  

0.315 0.31 
0.686 0.69 
1.66 1.66 
3.01 3.01 
4.98 4.96 

.. . . 

Adult 1.00 0.50 2.00 4 . 0 0  15.00 8.38 10.2 

8 Volunie ( b o t h )  = y a b c  . a 

bDerived from ICRP Pub1 i ca t ion  23 (1975). 

_____I- Pancreas. 
I t  i s  defined by 

The pancreas is  ha l f  an e l l i p s o i d  w i t h  a sect ion rer-noved, 

and z z o  i f  x > x1 . 

The pancreas of the Fisher-Snyder a d u l t  phantom has been enlarged 
t o  be cons is ten t  with the sizes chosen for the ped ia t r i c  s e r i e s .  

Age Vol umea Targeted 
(years )  a b C XO z 0  x1 ( ~ m 3 )  valurneb (cm3) 
~- 

0 4.32 0.50 0.87 -0.09 11.42 0.99 2.69 2 . 7  
1 6.85 0.71 1.41 -0.43 16.23 1.32 9.87 10.5 
5 9.16 0.90 1.92 -0.57 21.57 1.72 22.7 22.5 

10 10.09 0.92 2.17 -0.38 26.85 2.15 28.9 28.7 
15 13.32 1.14 2.87 -0.72 33.35 2.61 62.4 62 .2  

Adult 16.00 1.20 3.30 -1.00 37.00 3.00 90.7 92.0 
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S k i n .  S k i n  i s  represented a s  a layer  of thickness S extending over the 
e x t e r i o r  of the phantom, including the exposed top  o f  the t r u n k  and the 
bottom o f  the l egs ,  b u t  excluding the exposed bottom o f  the  t r u n k ,  top 
o f  the  legs, and bottom o f  the head. 
the male g e n i t a l i a  region has s k i n ,  b u t  the pa r t  of the t r u n k  covered by 
the  female breas t s  does not. 

The pa r t  o f  the  legs  covered by 

T h i s  l aye r  corresponds t o  the dermis as well a s  the  epidermis. 
Greater thicknesses i n  places such a s  the back have been ignored. 
thicknesses were derived from Southwood (1955). 

S k i n  

Age Volume o f  s k i n  (cm3) 
(years )  S Heada T r u n k b  LegsC Male Geni ta l iad Total 

0 0.07 30.2 54.6 28.3 0.741 114 
1 0.08 63.6 121 75.0 1.48 261 
5 0.09 94.3 225 195 2.64 51 7 

10 0.10 117 370 363 4.05 854 
15 0.17 217 958 866 13.5 2050 

Adult 0.20 274 1410 1190 23.4 2890 
-~ - 

Volume o f  head skin = a 

%olume of t r u n k  s k i n  (disregarding the female breas t s ,  f o r  the 
moment) = 



88 

The volume o f  s k i n  covering the breasts  i s  added t o  the above, and  
the  volume o f  trunk skin covered by the breasts  i s  subtracted.  The term 
t o  be added i s  given by (volume o f  breas ts ,  including sk in )  minus 
(volume o f  b reas t  t i s s u e ,  excluding skin) ;  these volumes a r e  given w i t h  
the descr ipt ion o f  the breasts .  The term t o  be subtracted i s  given by 

x1 i s  the zero o f  t ( x )  i n  the in te rva l  ( x o -  a , x o ) ,  
x2 i s  the zero o f  t ( x )  in the in te rva l  (x0:xO + a ) ,  
and  a ,  b, c y  x o ,  and yo a re  the values defined for the breas t s .  
The in tegra t ion  was done numerically using the Gaussian quadrature 

e 
method. 

Volume o f  legs skin = 

+ ( R I  - S ) ( R 2  S ) ] }  + 2 ~ r ( R 2  - S ) 2 S  

and R2 = - where R, = - 2 
AT 

%olume o f  male gen i t a l i a  skin = 

PcSAT(l - k) 
x=- 

[-r f s 4" dx dz 

x=-r 
-2 J 

z=-2c 



2 z=-2c 
t(2-;)($&+2 ++'I ¶ 

z=- (2C+S)  ci 
where r = 7 AT ( I  + k) , 
and c i s  the t e s t i s  c value. 
The integrat ion was done numerically using the Gaussian quadrature 

method. 

Spleen. The spleen i s  represented by the e l l i p so id  

Targeted 
Age vo I mea vo I umeb 

(years )  a b C xo Yo z o  (cm3) (ctn3) 

0 1.13 1.00 1.35 3.54 1.42 11.42 8.76 8.8 
1 1.65 1.35 2.63 4.94 1.85 16.23 24.5 25.4 
5 2.09 1.52 3.49 6.40 2.25 21.57 46.4 48.0 

10 2.43 1.68 4.35 7.65 2.52 26.85 74.4 74.3 
15 2.90 1.88 5.19 9.49 2.94 33.35 119 119 

Adult 3.50 2.00 6.00 11.00 3.00 37.00 176 181 

4 
3 Volume = +abc . a 

bDerived from ICRP Publication 23 (1975). 

Testes. The t e s t e s  a re  represented by the e l l i p so ids  

(=y)2 t ( Y - Yo )2+ (-y-) z + c 2  5 1 , 

where the  "2''  sign i s  taken as pos i t ive  fo r  the r i g h t  t e s t i s  and negative 
f o r  the l e f t  t e s t i s .  



Age Volume Targeted volume 
(years )  a b C yo  (both)a  (cm3) ( b o t h ) b  (cm3) 

0 0.36 0.42 0.64 -2-58 0.811 0.81 
1 0.41 0.47 0.72 -3.73 1.16 1.15 
5 0.45 0.52 0.80 -4.98 1.57 1.58 

10 0.47 0.55 0.84 -6.15 1.82 1 .82  
15  0.96 1.10 1.69 -7.10 15.0 14.9 

A d u l t  1.30 1.50 2.30 -8.00 37.6 33.2 

8 Volume (both)  = T a b c  . a 

bilerived from I C R P  Publication 23 (1975). 

T h E s .  - The thymus i s  represented by an e l l i p s o i d ,  g i v e n  by 

0 1.76 0.70 2.10 -3.60 19.30 10.8 12.4 
1 1.75 1.00 3.00 -4.75 27,OO 22.0 22-0 
5 1.85 1.05 3.50 -5.48 35.00 28.5 28.5 

10 1.85 1.00 3.90 -6.13 43.00 30.2 30.1 
15 1.75 0.93 4.00 -7.15 52.00 27.3 27.3 

Adult 1.50 0,80 4.00 -7.30 57.00 20.1 19.5 

a 4 
3 

bilerived from ICRP Pub1 i ca t ion  23 (1975). 

Volume = T a b c  . 

The posi t ion and shape o f  t h i s  organ were determined by consulting 
The Simil i tude Rule was Scammon (1953) and ICRP Publication 23 (1975). 

not used f o r  t h i s  organ. 
t o  f i t  the data from those sources,  

'The thymus of the adu l t  phantom was changed 

Thyroid. 
and a r e  formed by a cu t t i ng  surface ( F i g s .  32 and 33) .  
defining th i s  organ are  

The l obes  of the thyroid l i e  between two concentr ic  cy l inders  
The statements 
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ORN L-DWG 79-20293 

SPLEEN 

. ., . 

URINARY BLADDER 

UTERUS 

TOP VIEW w,.,,., I l l 1  

CM 

FRONT VIEW 

THYROID 

-. .- - . 
= I-* >2 

e-./- --/-- 

THY ROlD 

THYROID 

F ig .  32. Mathematica, models for the spleen, urinary bladder, 
uterus ,  and thyroid,  a s  drawn f o r  the a d u l t  by Snyder e t  a1 . (1974).  



92 

I 

6% 
I 

CT 
0
 

6
)
 

0
 

")- 

V
 

II 
N

 E-. 

a
 

0
 

f 

a
 II 

N
 D-- 

m
v

)
 

3
3

0
 

a
 
I. - 



93 

c T -  < Z < C T + C ,  - 

i n  which 

= ( 4 7 -  2 + 1 f o r  0 z - CT 5 0 . 2 5 ~  

and 

(* -2n)f - “I) + ’d? - f o r  0 . 2 5 ~  z - C,. 5 c . 0.752 3 - r =  

Targeted 
Age vo 1 umea vol  urn& 

( yea rs )  R r C YO (cm3) ( (3m3)  

0 0.87 0,40 2.00 -2.14 1.24 1.24 
1 0.97 0.44 2.21 -2.87 1.71 1.71 
5 1.21 0.55 2.76 -3.31 3.32 3.33 

10  1.60 0.73 3.63 -3.56 7.62 7.62 
15 1.85 0.83 4.20 -3.91 11.9 11.9 

A d u l t  2.20 1.00 5.00 -4.00 19.9 17.3 

2fic(R2 - r 2 ) ( 1  - 8) 1T 

2 - 0  “VOI urne = 

’Derived from ICRP Pub1 i c a t i o n  23 (1975) .  

The shape o f  t h e  t h y r o i d  has been des igned t o  be t h e  same f o r  a l l  
ages. 
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The thyroid has been moved c lose r  t o  the f r o n t  surface of the body, 
a f t e r  Hwang, S h o u p ,  and Poston (1976b). 
too deeply w i t h i n  the neck-and-head region f o r  external dose ca lcu la t ions  
(Kerr 1979). 
t o  the body, b u t  i t  wi l l  renrain unsuitable f o r  external sources from the  
back or s ides  unt i l  a separate  neck region i s  added to  the phantom 
d e s i g n ,  1-his d i f f i c u l t y  i s  unimportant f o r  in te rna l  emi t te rs .  

The thyroid had been located 

The new posi t ion i s  b e t t e r  f o r  external sources a n t e r i o r  

Urinary bladder and contents.  
volume between two concentr ic  e l l i p s o i d s .  
by the volume w i t h i n  the inner e l l i p s o i d .  

The bladder wall i s  represented by the 
The contents a r e  represented 
The wall i s  defined by 

The contents a r e  defined by 

Vol umg- Targeted Vol ume-c 
Age wall volurne- contents 

(years )  a b C d yo  z o  (cm3) waIIb (crn3) (cm3) 
~~ ~~~ 

0 1.59 1.82 1.14 0.10 -2 .21  2.47 2 .77  2 . 7  11.9 
1 2-35 2.42 1.64 0.14 -2.93 3.51 7.41 7 . 2  31.7 
5 3.04 2 .77  2.16 0.17 -3.38 4.55 14.0 14.0 62.2 

10  3.61 3.04 2 , 6 3  0,20 -3.78 5.81 22 .3  2 2 . 2  98.5 
15 4.27 3.38 3.11 0.23 -4.41 7.21 34.5 34.6 154 

Adult 4.958 3.458 3.458 0.252 -4.50 8.00 45-7 45.0 203 

4 -  Volume (wa l l )  = TrrLabc - (a  - d ) ( b  - d ) ( c  - d ) ]  . a 

bDerived from ICRP Pub1 i ca t ion  23 (1975). 
e 4 Volume (conten ts )  = ?T(a - d ) ( b  - d ) ( c  - d )  . 
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Dose t o  the bladder wall from a photon emitter present i n  the urine 
will vary g r e a t l y ,  depending on the degree of f i l l i n g  even f o r  the same 
concentration or amount of a c t i v i t y  present. The s p e c i f i c  absorbed 
f r a c t i o n ,  Q (bladder wall +- contents) ,  will vary by approximately an 
order  of magnitude i n  the a d u l t ,  according t o  the ca lcu la t ions  of Snyder, 
Ford, and Warner (1970). 
absorbed fract ions calculated using these phantoms a r e  appropriate  only 
f o r  one size of bladder. The difference i n  Q, t o  bladder walls of 
di f ferent  sizes from other  source organs outs ide the  bladder i s  generally 
small 1 (Snyder 1970). 

T h u s ,  the reader should be aware t h a t  spec i f ic  

Uterus. The uterus i s  an e l l i p s o i d  c u t  by a plane and i s  g i v e n  by 

(;)2 t (.Y ,"2 + (I-g92 - < 1 

and y y1 . - 

Targeted 
Age VOI umea v o ~  urneb 

(years)  a b c Y 0 ZO y1 (cm3) (cm3) 

0 0.83 2.57 0.49 -0.98 4.32 -2.27 3.70 3.7 
1 0.61 1.80 0.36 -1-30 6.14 -2.20 1.40 1.4 
5 0.78 2.00 0.47 -1.50 8.16 -2.51 2-60 2.6 

10 0.91 2.17 0.57 -1.68 10.16 -2.78 4.00 4.0 
15 1.72 3.91 1,08 -1.96 12.62 -3.92 25.7 25.7 

A d u l t  2.50 5.00 1.50 -2.00 14.00 -4.50 66.3 76.0 

bDerived from ICRP Publication 23 (1975). 
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CONCLUDING REMARKS 

The ped ia t r i c  phantonis presented here a r e  intended t o  replace the 
s imi l i tude  phantoms developed by Snyder and co-workers and  t h e  ped ia t r i c  
phantoms designed by Hwang a n d  co-workers f o r  estimating absorbed dose. 
These phantoms have been designed t o  form a developmentally cons is ten t  
family o f  phantoms w i t h  the F i  sher-Snyder adu l t  phantom. 

The regional d i s t r ibu t ion  o f  the hematopoietically ac t ive  bone 
marrow i n  children i s  mort? accurately portrayed i n  these phantoms than 
in prev ious  phantoms, because the method o f  Cristy (1980), a refinement 
o f  the method o f  Atkinson (1962), was employed, 

Organ s i zes  f o r  each age were chosen t o  be cons is ten t  with age- 
dependent data presented in ICRP Publication 23 (1975). In most cases ,  
shape and locat ion o f  organs were determined u s i n g  the Sirn-ilitude Rule; 
b u t  where exceptions t o  the ru l e  were recognized, appropriate  adjustments 
were made. Since i t  i s  impc7rtant i n  the Monte Carlo t ranspor t  computer 
code t h a t  the organs not overlap ( i . e .  , a p o i n t  in the phantom must, be 
assigned t o  a s ing le  organ) ,  extensive e f f o r t  was devoted t o  p lo t t ing  
organ out l ines  f o r  cross-sect ions through a phantom t o  de t ec t  potent ia l  
overlap of organs. 

important data overlooked which could be used t o  improve the phantoms, 
o r  any construct ive suggestions about improvement o f  the phantoms . that  
a r e  cons is ten t  w i t h  t h e i r  use i n  conjunction w i t h  the  dosimetry o f  

internal  emit ters .  

The author encourages readers t o  inform h i m  of any e r r o r s  discovered, 
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APPEND1 X 

Summary of Organ Masses i n  A l l  P h a n t o m s  





Table 6. Sunmiary o f  organ masses i n  a74 phantoms 

Mass ( 9 )  a t  various ages 
Organ 0 1 5 I Q  15 Adult 

Skel eta1 systein -- ac t ive  inapow 
Leg bones -- upper portion 6: 
Leg bones -- middle portio8 
Leg bones -- lower portioncE 
Arm bones -- upper portion a 
A r m  bones -- middle port io2 
Arm bones -- lower p o r t i o n  

b Pel v i s  
Spine -- upper portion 
Spine -- middle portioy 
Spine -- 'lower portion" 
Skull -- cranium 
Skull -- f a c i a l  skeleton 
Ribs 
Clavicles 
Scapulae 

0.879 
7.75 
7.63 
1.09 
1.09 
2.85 
5.48 
1 .Q8 
4.42 
0.893 

7 - 5 2  
4.32 
0.376 
1.27 

1 2 . 3  

Skeletal system -- inactive marrow 
Leg bones -- upper portion' 0 
Leg bones -- middle portiorf 0 
Leg bones -- lower portion: 0 
Arm bones -- upper portion 0 
Arm bones -- niddle portion' 0 
Arm bones -- lower port=ion" 0 
Pel v i s  0 

0 
0 

Spine -- upper  port ionb 
Spine -- middle por t i on  
Spine -- lower portion" 0 
Skull -- cranium 0 
Skull -- f ac i a l  skeleton 0 

b 

3.71 
5.82 

3.6? 
3.38 
6.54 

24.7 
2 .82  

13.9 
5.06 

35.4 
5.81 

14.4 
1.25 
4.10 

20.1 

0.168 
0.744 
9.07 
0.194 
0.442 
3.49 
1.36 
0.156 
0.764 
0.280 
1.95 
0.320 

10.9 
20.1 
37.0 

7.55 
6.98 
9.22 

4.67 
74.7 

30.7 
17.2  
41.8 
14.0 
33.9 

2 . 7 2  
8.70 

3.30 
8.33 

2*28 
2.88 

55.0 

76.9 
18.6 
0,854 
5.53 
3.09 

3.57 
90.7 

28.8 
37.5 
33.6 
75.2 
9.88 
6 .47  

175 
11 .o 
71.9 
40.4 
56.6 
21 .0  
79.4 

17.6 
5.43 

19.5 
59.5 

10.3 
15.6 
72.3 
70.0 

18.3 
10.3 
30.8 
11.4 

236 

2.77 

48.3 
27.4 
0 

33.0 
7.35 
0 

353 
23.6 

155 
87.0 
72 .8  
33.5 

10.3 
34.2 

171 

59.4 
7 94 
568 
40.6 
66.5 

7 44 
206 

3.91 
51.8 
29.5 
59.8 
27.5 

37.5 
0 
0 

25.6 
0 
0 

37 3 
29.8 

195 
110 

A 

0 
62.4 
30.8 w 

21 5 
8.55 

31.9 

712 
298 
763 

102 
I97 
382 

76.4 

12.6 
83.3 
46.9 

50.0 
101 
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