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INTRODUCTION 

Es t ima t ing  absorbed doses  t o  c h i l d r e n  from e x t e r n a l  and i n t e r n a l  

r a d i a t i o n  sources  has  become important t o  t h e  nuc lea r  i n d u s t r y  and 

p e d i a t r i c  nuc lea r  medicine. The Medical Physics  and I n t e r n a l  Dosimetry 

Sec t ion  a t  ORNL has  r e c e n t l y  completed t h e  design of mathematical  

r e p r e s e n t a t i o n s  of c h i l d r e n  of ages newborn, 1-year ,  and $-years o l d ,  

which w i l l  be referred t o  as p e d i a t r i c  phantoms. 

1-year and 5-year o l d  phantoms were r e p o r t e d  i n  ORNL-TM-5293, and t h e  

newborn i s  desc r ibed  i n  t h i s  r e p o r t .  Using t h e s e  phantoms, r e l e v a n t  

energy d e p o s i t i o n  d a t a  have been developed which e s t a b l i s h  a meaningful 

model f o r  u s e  i n  e s t i m a t i n g  r a d i a t i o n  dose t o  c h i l d r e n .  

The d e s c r i p t i o n  of t h e  

For several y e a r s ,  members of  t h i s  S e c t i o n  have been developing t h e  

computer t echn iques  t o  e s t i m a t e  f r a c t i o n s  of x-ray o r  gamma-ray e n e r g i e s  

absorbed i n  an a d u l t  phantom. 

Pamphlet No. 5 and ORNL 5000. 

This  phantom i s  desc r ibed  i n  MIRD 

U n t i l  t h e s e  p e d i a t r i c  phantoms w e r e  developed, geomet r i ca l  shapes 

and s i m i l i t u d e  phantoms w e r e  used t o  r e p r e s e n t  c h i l d r e n  when dose 

estimates were c a l c u l a t e d .  S i m i l i t u d e  phantoms, phantoms of ages younger 

than  t h e  a d u l t ,  were ob ta ined  by s h r i n k i n g  each of t h e  t h r e e  r e g i o n s  of 

t h e  a d u l t  phantom--head, t r u n k ,  and legs--by cons t an t  f a c t o r s  chosen t o  

be r e p r e s e n t a t i v e  of t h e  p a r t i c u l a r  age.  All organs w i t h i n  each r eg ion  

were "shrunk" i s o t r o p i c a l l y  and changes i n  organ shape and l o c a t i o n  were 

ignored.  A l s o ,  a l l  t he  organs i n  the t r u n k ,  f o r  i n s t a n c e ,  would have 

t h e  same r e l a t i v e  l o c a t i o n  i n  each phantom. These phantoms have been 
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used ex tens ive ly  i n  t h e  eva lua t ion  of t h e  exposure o f  c h i l d r e n  even 

though it  was recognized t h a t  t h e s e  s i m i l i t u d e  phantoms represented  

c h i l d r e n  only t o  a f i r s t  approximation. 

However, t h e  c h i l d  i s  n o t  merely an a d u l t  shrunk by a cons t an t  

f a c t o r ;  t h e  phys io log ica l  gcometry of  a c h i l d  i s  d i f f e r e n t  from t h a t  o f  

an a d u l t .  For example, (1) t h e  weight of  t h e  head with r e s p e c t  t o  t o t a l  

body weight i s  g r e a t e r  f o r  a c h i l d  than  an a d u l t ,  t h i s  i s  taken i n t o  

cons ide ra t ion  f o r  t h e  s i m i l i t u d e  phantoms, ( 2 )  some i n t e r n a l  organs ,  

such as t h e  thymus gland,  are l a r g e r  with r e s p e c t  t o  o t h e r  major organs 

i n  t h e  c h i l d ,  (3) t h e  bone marrow o f  a newborn and a 1-year  o l d  i s  

p r i m a r i l y  r ed  where i n  an a d u l t  t h e  bone marrow i s  approximately 50% r e d  

and 50% yellow, and (4) t h e  t runk  o f  a c h i l d  i s  more n e a r l y  c i r c u l a r  

than  t h e  a d u l t  t runk  (which i s  b e s t  r ep resen ted  by an e l l i p s e ) .  Such 

f a c t o r s  as t h e s e  precluded t h e  p o s s i b i l i t y  o f  making meaningful dose  

e s t ima tes  t o  r a d i o s e n s i t i v e  organs such as t h e  gonads and r ed  bone 

marrow. 

The mathematical  r e p r e s e n t a t i o n  o f  t h e  newborn was developed us ing  

1 d a t a  from anatomical r e fe rences  and t h e  ICRP Task Group on Reference Man 

as a b a s i s  f o r  g ross  phantom geometr ies  and organ s i zes ,  shapes ,  and 

weights .  This  phantom c o n s i s t s  o f  head, t runk ,  and l eg  r eg ions  with a 

s k e l e t a l  system and 24 i n t e r n a l  organs .  Tables  1, 2 ,  3 ,  and 4 summarize 

t h e  important  phys i ca l  parameters .  The r eade r  i s  r e f e r r e d  t o  ORNL-TM-5293, 

Chapter 111, f o r  a d e t a i l e d  d i s c u s s i o n  o f  t h e  development o f  those d a t a .  

The d e t a i l e d  mathematical  d e s c r i p t i o n  o f  t h i s  newborn phantom i s  

d iscussed  i n  t h e  fol lowing s e c t i o n .  
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TABLE 1 

SUMMARY-PHYSICAL DIMENSIONS OF THE NEWBORN PHANTOM 

Newborn 

Wt: 

S.G. : 

V: 

c1 : 

C 2  : 

A1 : 

B1 : 

A2 : 

B2 : 

H2 : 

Hg : 

H I  : 

H: 

r -  1' 

r2 : 

C: 

V: 

V :  

V: 

Total Mass (g) 

Specific Gravity 

Total Volume (cm ) 

Circumference of Trunk (cm) 

Circumference of Head (cm) 

Major Semiaxis (X-direction) of  the trunk (cm) 

Minor Semiaxis (Y-direction) of the trunk (cm) 

Major Semiaxis (Y-direction) of the head (cm) 

Minor Semiaxis (X-direction) of  the head (cm) 

Length of Trunk (cm) 

Length of Head (cm) 

Length of Legs (cm) 

Total Height (cm) 

Upper Radius of Legs (cm) 

Lower Radius of  Legs (cm) 

Vertical Semiaxis of the Ellipsoid of Head (cm) 

Head (cm ) 

Arms and Trunk (cm ) 

Legs (cm ) 

2 

3 

3 

3 

3964 

1.016 

3901 

37 

34.2 

6.2 

5.6 

5.6 

5.3 

21 

12.5 

18.5 

52 

3.1 

1.2 

4.1 

1038 

2290 

572 
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TABLE 2 

THE DISTRIBUTION OF ACTIVE BONE MARROW 
IN THE NEWBORN PHANTOM 

% Distribution of 
Red Bone Marrow 

in Skeleton 

Red Marrow Fraction of 
Total Marrow (Red and 

Yellow) in the Bone 
Site 

Arms 
Upper 
Lower 

Clavicles 

Legs 
Upper 
Lower 

Pelvis 

Ribs 

S c apul ae 

Skull 
Cranium 
Mandible 

4.08 

2.70 
1.38 

1.12 

8.01 
4.54 
4.27 

34.44 

13.00 

3.48 

7.00 
6.37 
0.63 

1 
1 
1 

1 

1 
1 
1 

1 

1 

1 

1 
1 
1 

28.04 1 
1 
1 
1 

Spine 
3.14 
14.00 

Upper 

Lower 10. go 
Middle 

(Shleien, 1973) 
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TABLE 3 

MASSES OF RED AND YELLOW MARROW AND BONE 
I N  THE NEWBORN PHANTOM 

Bone Region Red Marrow (g) Bone (g) Yellow Marrow (g) 

Upper * 0.55 18.85 0 

Lower 1.08 31.85 0 

C 1 av i c 1 e s 0.45 4.09 0 

Legs 

Upper* * 1.81 37.68 0 

Lower 1.71 33.66 0 

P e l v i s  13 .?8 38.02 0 

R i b s  5.2 53.3 0 

Scapu 1 ae 

Skul l  

1 .39 15.31 0 

C r  an ium 2.55 133.4 0 

Mandi b 1 e 0.25 55.1 0 

Spine 

Uppert 1 .25 20.51 0 

Middl e 

Lower tt 
5 .6  

4.36 

39.68 

13.49 

0 

0 

*20.4 > Z > 15.4 - -  * * O  > Z > -5.6 - -  
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TABLE 4 

SUMMARY OF ORGANS FOR THE NEWBORN PHANTOM 

3 Organs Mass (g) Volume (cm ) 

Adrenal s 
B 3. adder 
Brain 
Gal l  Bladder 
G .  I .  Tract 

Stomach 
S . I . *  
U.L.I. 
L.L.I. 

Heart  
Kidneys 
Lungs 
Liver  
Ovaries  
Pancreas 
S a l i v a r y  Glands 
Skin 
Spleen 
Skeleton 

Red Bone Marrow 
Yellow Bone Marrow 

Thymus 
Thyroid 
Tes t e s  
Uterus 

5.3 
2.67 

0.72 
372 

5.93 

9.02 
8.25 

25.2 
18.92 
39.7 

112.7 

29.9 

0.303 
2.58 
6.28 

8.83 
231 

532.2 
40.0 

0 
11.54 
0.97 
0.84 
2.77 

5.27 
2.66 

0.72 

5.88 

8.95 
8.19 

25 
18.78 

132.3 
111.9 

369 

29.7 

0.30 
2.56 
6.12 

229.3 
8.76 

3801.36 

0 
11.46 

0.96 
0.83 
2.75 

*Includes Small I n t e s t i n e  con ten t s .  
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The mathematical d e s c r i p t i o n  of t h i s  phantom has been coded i n t o  

For t r an  computer language f o r  u s e  with a c r o s s - s e c t i o n  p l o t t i n g  r o u t i n e  

a n d w i t h  a photon t r a n s p o r t  code. 

Horizontal  and v e r t i c a l  c h e s t  c r o s s  s e c t i o n s  of t h i s  phantom are  

shown i n  Figures  1-7. 

DESCRIPTION OF THE NEWBORN MATHEMATICAL PHANTOM 

The phantom c o n s i s t s  of t h r e e  types o f  t i s sue - lung  t i s s u e ,  s k e l e t a l  

t i s s u e  and s o f t  t i s s u e .  The s k e l e t a l  system r e p r e s e n t s  t h e  t o t a l  content  

of t h e  i n t a c t  ske l e ton  and inc ludes  both bone and bone marrow. The 

marrow i s  considered t o  be homogeneously d i s t r i b u t e d  i n  t h e  s k e l e t o n .  

The d e n s i t i e s  o f  t h e  s k e l e t a l  r eg ion  (bone p l u s  marrow), lungs and t h e  

remaining s o f t  t i s s u e  o f  t h e  phantom a r e  approximately 1 . 4 ,  0 . 3  and 

1.0074 g/cm , r e s p e c t i v e l y .  3 

Desc r ip t ion  of  t h e  Phantom and Organs E x t e r i o r  of t h e  Phantom 

The body of t h e  phantom i s  r ep resen ted  as e r e c t  with t h e  p o s i t i v e  

Z-axis d i r e c t e d  upward toward t h e  head. The X-axis is  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  Figure 8 ) ,  and t h e  Y-axis i s  

d i r e c t e d  toward t h e  p o s t e r i o r  o r  back o f  t h e  phantom. 

t h e s e  C a r t e s i a n  coord ina te s  i s  a t  t h e  c e n t e r  of  t h e  base of t h e  "trunk" 

The o r i g i n  of 

s e c t i o n  of t h e  phantom and t h e  axes are c a l i b r a t e d  i n  c e n t i m e t e r s .  

The "trunk" i s  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 
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2 =  1 1 0 0  

iE = 0150 

5 ! =  01 0 

Testes 2 =  - 0 1 5 0  

FIGURE 1. X-Y Sec t iona l  P l o t  of Newborn Showing Upper Leg 
and Hip Region 
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z - =  4 3  

t =  2150 

Transverse Colon 

Pel v i s  

SI 
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Co 
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FIGURE 2 .  X-Y S e c t i o n a l  P l o t  of Newborn Phantom Showing 
t h e  Lower Abdomen Region 
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i! = 1 1 1 5 0  

2 =  81% 

7 8 5 0  

R i b  

Kidney 

-Arm Bone 

FIGURE 3. X-Y S e c t i o n a l  P l o t s  of t h e  Newborn Phantom 
Showing t h e  Upper Abdomen Region 
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FIGURE 4. X-Y Sectional Plots of the Newborn Phantom 
Showing the Chest Region 
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FIGURE 5. X-Y Sectional Plots of the Newborn Phantom 
Showing the Head Region 
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Y = 1.0 

FIGURE 6 .  

Y = 2 . 5  

Y = O  

X-Z Sec t iona l  P l o t s  of t h e  Newborn Phantom 
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X-Z Sectional Plots of the Newborn Phantom 
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22 
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25 

FIGURE 8. The Newborn Phantom - Gross Dimensions 
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and 

where t h e  "trunk" inc ludes  t h e  arms as well as t h e  p e l v i c  and h i p  bones 

from t h e  p o i n t  where t h e  s e p a r a t i o n  of t h e  l e g s  begins .  

t h e  t runk  s e c t i o n  i s  2,290.6 cm3, and t h e  mass, as w i l l  b e  d i scussed  

la te r ,  i s  2,283 g.  

The volume of 

The head s e c t i o n  i s  a r i g h t  e l l i p t i c a l  c y l i n d e r  topped by h a l f  an 

e l l i p s o i d .  The locus  i s  s p e c i f i e d  by: 

21 < z < 29.4 - -  

[A]~ + [A]~ + I~ ;.:"."j2 
and 

29.4 < - 

3 The t o t a l  volume i s  1,038 cm , and 

The l eg  r eg ion  of t h e  phantom 

c i r c u l a r  cones s p e c i f i e d  by 

1 

z < 33.5 . - 

t h e  mass i s  

c o n s i s t s  o f  

1,105 g.  

t h e  f rus t rums of  two 

Z X' + Y ' L  - ? X [ 6.2 + -1 4.868 ' 

and 

-18.5 < z < 0 , - -  
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where t h e  p l u s  s i g n  

The t o t a l  volume of  

The l e g  r eg ion  does 

d e f i n e s  t h e  l e f t  l e g  and t h e  minus s ign  t h e  r i g h t .  

both l e g s  i s  572.3 c m  , and t h e  mass i s  605.9 g. 

not  j o i n  smoothly t o  t h e  t runk  r e g i o n ,  s i n c e  t h e  

3 

l e g s  p r o t r u d e  s l i g h t l y  beyond t h e  e l l i p s e  d e f i n i n g  t h e  t runk  i n  t h e  

p l ane  Z = 0. 

The g e n i t a l i a  r eg ion  (male) of t h e  phantom c o n s i s t s  of t h e  r eg ion  

s p e c i f i e d  by 

- 13.1 + -1 Z < X 2 13.1 + 9.736 - 

- [ 3 . 1 +  L] 9.736 - < Y - < 0 ,  

and 
2 Z 2 Z X (3.1 + m)] + Y 2  2 [3 .1 + m] 

This  l a s t  i n e q u a l i t y  must hold f o r  e i t h e r  cho ice  o f  s i g n ,  i . e . ,  t h e  

g e n i t a l i a  r eg ion  l i es  between b u t  o u t s i d e  both l e g s .  The g e n i t a l i a  

r eg ion  has  a volume o f  4 . 4 8  cm5 and a mass o f  4 .52  g.  

Organs 

S k e l e t a l  System. The s k e l e t a l  system c o n s i s t s  of t h e  t h i r t e e n  

p a r t s  desc r ibed  below, and i n  Monte Carlo photon t r a n s p o r t  c a l c u l a t i o n  

absorbed f r a c t i o n s  are  recorded s e p a r a t e l y  f o r  each p a r t  as wel l  as f o r  

t h e  t o t a l  s k e l e t o n .  

Leg Bones. Each l e g  bone is t h e  f rus t rum o f  a c i r c u l a r  cone. The 

expres s ion  f o r  t h e  l e f t  l eg  bone i s  
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2 0 . 7  
2 

18 .37  - 
1.9 z] + Y 2  < [ L O  + 18.37 z] , x - 3 . 1  - - 

and 

-18 .37  < z < 0 . - -  

The volume of both bones is  53.5 cm3 and t h e  mass i s  74.9 g .  

A r m  Bones. Each arm bone i s  t h e  frustrum of an e l l i p t i c a l  cone. 

The l e f t  one i s  de f ined  by 

0 - -  < Z < 2 0 . 4  . 

5 The volume of  both arm bones i s  3 7 . 4  cm and t h e  mass i s  5 2 . 3  g. 

P e l v i s .  The p e l v i s  i s  a p o r t i o n  of t h e  volume between two 

nonconcentr ic  c i r c u l a r  c y l i n d e r s  descr ibed by 

X 2  + ( Y  + 0 .8 )2  - < ( 4 . 4 ) 2  

X 2  + (Y  + 1 .2 )2  - > ( 4 . 0 ) 2  

Y + 0.8 > 0 - 
0 < Z < 6 . 5  - -  

Y < 2.3 i f  Z < 4.2 . - - 

3 I t s  volume i s  37 cm , and i t s  mass i s  51.8 g.  

Spine.  The sp ine  i s  an e l l i p t i c a l  c y l i n d e r  given by 
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and 

3 and has a volume o f  60.6 cm 

t h r e e  portions-an upper ,  middle,  and lower-in which absorbed f r a c t i o n s  

are est imated s e p a r a t e l y .  

Z = 2 1  and Z = 10.6.  

and a mass o f  84.9 g.  I t  i s  d iv ided  i n t o  

These d i v i s i o n s  are formed by t h e  p l anes  

Rib Cage. The r i b  volume i s  a s e r i e s  o f  bands between two 

c o n c e n t r i c ,  r i g h t - v e r t i c a l ,  e l l i p t i c a l  c y l i n d e r s .  Th i s  r eg ion  i s  s l i c e d  

by a ser ies  of equispread h o r i z o n t a l  p l anes  i n t o  s l a b s ,  every o t h e r  

e l l i p t i c a l  s l i c e  being a r i b .  The equa t ions  d e s c r i b i n g  t h e  r i b s  are: 

10.6 < Z < 19.8 ; - -  

I n t e g e r  [Z ,.:0*6] i s  even. 

3 The t o t a l  r i b  volume i s  41.8 cm and t h e  mass i s  58.5 g .  

C l a v i c l e s .  The c l a v i c l e s  are r ep resen ted  as two p o r t i o n s  of  a 

t o r u s  which l i e  along t h e  c i r c u l a r  a r c  X 2  + (Y + 0 . 3 ) 2  = (4.5)', Z = 2 0 . 2 ,  

and has a sma l l e r  r a d i u s  of 0.2884 cm. The c l a v i c l e s  i nc lude  only t h e  

p o r t i o n  of t h e  t o r u s  between t h e  p l anes  -0 .3  - Y = 1x1 c o t  8 where 8 = 6" 
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and 85'. 

l e f t  c l a v i c l e .  The volume o f  both c l a v i c l e s  i s  3 . 2 4  c m  , and t h e  mass 

i s  about 4.54 g .  

The a b s o l u t e  va lue  s i g n  on X a l lows f o r  both a r i g h t  and a 

3 

The equat ion can be reduced t o  t h e  form 

2 (z - 20.2)2  + 4 .5  - A2 + (Y + 0 . 3 )  

and 

.0875 < - O S 3  - < 9.514 -'T- 

The c l a v i c l e s  l i e  s l i g h t l y  i n s i d e  t h e  e l l i p t i c a l  c y l i n d e r  d e f i n i n g  t h e  

r i b  cage and j u s t  above t h e  top r i b .  

Figure 9.  

They are shown schemat i ca l ly  i n  

Scapulae.  The scapulae extend from Z = 19 cm t o  Z = 13.9 cm and 

l i e  between two e l l i p t i c a l  c y l i n d e r s :  

2 (&I2 + [A] = 1 (ou te r  s u r f a c e  o f  r i b s )  

and 

Although t h e  lower p o r t i o n  of t h e  scapu la  is  somewhat smaller than t h e  

upper, t h i s  d i s t i n c t i o n  i s  ignored h e r e ,  and t h e  l e f t  scapula  w i l l  occupy 

a l l  t h e  above space between t h e  p l anes  Y = 0.25X and Y = 0.8OX. 

Thus t h e  t e s t  f o r  p o i n t  ( X , Y , Z )  t o  be i n  t h e  l e f t  s capu la  it must 

s a t i s f y  t h e  fol lowing:  
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13.9 < Z < 19 , - -  

2 

[&]2 + [&I J 

Y > 0, 0.25 < Y/X < 0.80 . 

For t h e  r i g h t  s capu la ,  only t h e  l a s t  i n e q u a l i t y  needs t o  be replaced by 

0.25 < Y/-X 0.80 . 

For both scapulae,  one uses  

0.25 < Y/lXl < 0.80 , 

where t h e  o t h e r  f o u r  i n e q u a l i t i e s  remain u n a l t e r e d .  

The volume o f  both scapulae i s  11.9 cm3 and t h e  mass i s  16.7 g.  

The scapulae,  as so  de f ined ,  do no t  i n t e r s e c t  t h e  arm bones o r  t he  r i b s  

o r  o t h e r  designated organs o f  t h e  phantom. 

F igu re  9. 

The scapu lae  a r e  included i n  

Mandible. The mandible i s  a p o r t i o n  of t h e  volume between two 

concen t r i c  e l l i p t i c a l  c y l i n d e r s .  

c y l i n d e r s  i n t e r s e c t  t h e  cranium and t h i s  volume i s  s u b t r a c t e d  o f f .  The 

mandible i s  descr ibed by: 

The upper rear p o r t i o n  of  t h e s e  
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2 3 . 2  < z < 28.2 . - -  
and 

[ + [L]~  + [Z  - 2g*4]2  - > 1 . 
5.17 5.47 3.97 

The t o t a l  volume of t h e  mandible 39 .3  cm3,  wi th  a mass of 55.1 g .  

Cranium. The cranium i s  t h e  volume between two concen t r i c  

e l l i p s o i d s  de f ined  by 

[,L]* 5.17 + [L)2 5.47 + [Z  3.97 - zgJ]2  - < 1 

The t o t a l  volume of  t h e  cranium i s  95.3 cm3, and t h e  mass i s  133.4 g .  

Adrenals. Each ad rena l  is  h a l f  an e l l i p s o i d  a t o p  a kidney. The 

l e f t  ad rena l  i s  given by 

[x - 1 . 9 1 ~  + [Y - 0.7 3.5)* + [z 9.7]’ - < 
0.9 

and 

5 . 3  g .  
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BLADDER KIDNEY 

PANCR E AS UTERUS 

S P L E E N  ADRENAL 

FIGURE 10. Mathematical Models for the Bladder, Kidneys, 
Pancreas, Uterus, Spleen and Adrenals 
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Urinary Bladder and Contents .  The bladder  i s  an  e l l i p s o i d  and i s  

de f ined  by t h e  i n e q u a l i t i e s :  

[ x l 2  + [Y + 2.512 + [Z  - < 2.27 1.55 1.55 - 

The volume i s  2.66 cm3,  and t h e  mass i s  2.67 g.  The c o n t e n t s  have a 
3 volume of 20.2 cm 

f u l l  bladder .  

and a mass o f  20.3 g.  This r e p r e s e n t s  a moderately 

Dose t o  t h e  bladder  w a l l  from a photon e m i t t e r  present i n  t h e  u r i n e  

w i l l  v a ry  g r e a t l y ,  depending on t h e  degree of f i l l i n g  even f o r  t h e  same 

c o n c e n t r a t i o n  o r  amount of a c t i v i t y  p r e s e n t .  

f r a c t i o n ,  @ ( b l a d d e r  f c o n t e n t ) ,  w i l l  v a ry  by approximately an o rde r  o f  

magnitude.2 [Thus t h e  u s e r  o f  t h e s e  d a t a  should be aware t h a t  t h e  va lues  

t a b u l a t e d  are on ly  a p p r o p r i a t e  f o r  one s i ze  o f  b l adde r .  The 

d i f f e r e n c e  i n  ‘P, o r  dose r a t e ,  t o  t h e  bladder  walls of d i f f e r e n t  s i z e s  

from o t h e r  sou rce  organs o u t s i d e  t h e  b l adde r  i s  g e n e r a l l y  small.! The 

bladder  i s  shown i n  Figure 10. 

The s p e c i f i c  absorbed 

Brain.  The b r a i n  i s  an e l l i p s o i d  given by 

and t h e  volume i s  369 cm3 and t h e  mass i s  372 g (Figure 1 1 ) .  
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H E A R T  

t I V E R  

LUNG BRAIN 

FIGURE 11. Mathematical Model f o r  t h e  Hear t ,  L ive r ,  
Brain and Lungs 
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G a s t r o i n t e s t i n a l  T r a c t  and Contents 

Stomach ( S ) .  The stomach i s  r ep resen ted  as t h e  mass between two 

e l l i p s o i d s  

( X  - 2.5]12 + [Y + 21' + [Z  - 9 . ~ 1 ~  < 
1.9 1.55 2 . 5  - 

and 

3 The volume i s  5.88 cm , and t h e  mass i s  5.93 g .  The c o n t e n t s  have a 
3 volume o f  24.9 c m  

wall i s  about 0.13 cm. 

and a mass o f  25 g.  The t h i c k n e s s  o f  t h e  stomach 

The stomach r ep resen ted  h e r e  i s  a " f u l l "  stomach, and t h e  average 

dose r a t e ,  even f o r  t h e  same a c t i v i t y  p r e s e n t ,  probably v a r i e s  g r e a t l y  

depending on t h e  degree o f  ex tens ion  o f  t h e  stomach, presence of a i r  

spaces ,  e t c .  

Small I n t e s t i n e  (SI ) .  The small i n t e s t i n e  does no t  seem t o  remain 

i n  any "standard p o s i t i o n "  except t h e  ends which are  r e l a t i v e l y  f i x e d .  

Thus t h e  small i n t e s t i n e  i s  t o  be regarded as occupy ng a volume wi th in  

which it i s  f ree  t o  move. 

i s  made h e r e ,  and t h u s  t h e  wall and c o n t e n t s  are n o t  d i s t i n g u i s h e d  f o r  

e s t i m a t e  of photon dose.  

i ng  volume of about 29.7 cm . This  volume, which l i e s  i n  t h e  abdominal 

r eg ion ,  i s  a s e c t i o n  o f  a c i r c u l a r  c y l i n d e r  given by 

No a t t empt  t o  determine a s p e c i f i c  conf igu ra t ion  

The t o t a l  mass i s  29.9 g,  and has a correspond- 

3 
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2 2 + (Y + 1 , 2 ) 2  - < (4.0) X 

-1.45 < Y < 1.5 - -  
4.7 Z < 6.7 , - -  

b u t  t h e  p o r t i o n  of t h e  l a r g e  i n t e s t i n e  wi th in  t h i s  r eg ion  i s  excluded. 

Upper Large I n t e s t i n e  ( U L I ) .  The upper l a r g e  i n t e s t i n e  c o n s i s t s  of 

an ascending colon and a t r a n s v e r s e  colon.  

de f ined  by t h e  i n e q u a l i t i e s  

The ascending colon is  

(X + 2.9)* + (Y + 0 .6 )2  - < (0.85)2 

(X  + 2 . 9 ) 2  + (Y + 0.6)2 - > (0.45)2 

3.4 z c 5.7 . - -  

The wall h a s  a t o t a l  volume of 3.75 cm and mass of 3.78 g.  The inequa l i -  

t i e s  

(X + 2.9)2 + (Y + 0.6)' - < (0.45)' 

3.4 < z < 5.7 - -  

d e f i n e  t h e  c o n t e n t s  of  t h e  ascending colon.  The volume i s  1.46 cm3, and 

t h e  mass i s  1.47 g.  The th i ckness  of  t h e  wall i s  0.4 cm. 

The t r a n s v e r s e  colon has  an  e l l i p t i c a l  c r o s s - s e c t i o n  and i s  def ined  

by: 
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3 The volume o f  t h e  wall i s  5 . 2  cm , and t h e  mass i s  5 . 2 4  g.  By t h i s  model 

t h e  t h i c k n e s s  i s  about 0 . 2  cm. The c o n t e n t s  are  s p e c i f i e d  by 

[Y + 0 . 6 1 ~  + [z - 6 . ~ 1 ~  < 
0.65 0.3 

- 3 . 6  < X < 3 . 6  . - -  
3 The volume i s  4 . 4  c m  , and t h e  mass i s  4 . 4 4  g.  

Lower Large I n t e s t i n e  (LLI). The lower l a r g e  i n t e s t i n e  c o n s i s t s  o f  

a descending colon and a sigmoid colon.  

by t h e  i n e q u a l i t i e s  

The descending colon i s  descr ibed 

[" - "12 [' - Yo]2 < 1  
- + 

0.7 0.8 

I" - ".lZ + I' - "I2 > 
0.48 0 .38  - 

2 . 8  < z < 5 . 7  - -  
where 

0 . 1  (Z  - 5.7)  
2 .9  X = 2.9 + 

0 

- 0 . 6  ( 2 . 8  - Z) 
yo - 2.9 

The descending colon has  a volume of  3 . 4 4  cm3 and a mass o f  3 . 4 6  g. 

t h i c k n e s s  o f  t h e  wall v a r i e s  between 0 . 2 2  cm and 0 . 4 2  cm. 

The 

The sigmoid colon c o n s i s t s  o f  p o r t i o n s  of two t o r i i  and i s  de f ined  

by t h e  i n e q u a l i t i e s  (upper p o r t i o n )  
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2 ( 4 X  - 0.8)2 + (Z - 2.8) - 2)2 + Y2 - < (0.65)2 

( 4 X  - 0.8)2 + ( Z - -  2.8) 2 - 2 ) 2  + Y2  > (0.28)2 - 
X > 0.8 and Z < 2.8 - - 

and (lower p o r t i o n )  

2 (& - 0 .8 )2  + Z - 0.8)* + Y2 - < (0.65)2 

( 4 X  - 0 .8 )2  + Z 2 - 0 . 8 ) 2  + Y 2  > (0.28)2 
- 

X < 0.8 and Z > 0 . - - 

3 The volume of t h e  sigmoid colon is  4.75 cm , and t h e  mass i s  4.79 g. 

The th i ckness  of t h e  wall i s  0.37 cm. 

The e n t i r e  g a s t r o i n t e s t i n a l  t r a c t  i s  sketched i n  Figure 1 2 .  

Gall Bladder. The g a l l  b l adde r  i s  def ined by two concen t r i c  

c y l i n d e r s .  A r o t a t i o n  and t r a n s l a t i o n  a r e  then  e f f e c t e d .  The g a l l  

bladder  (Figure 13) i s  r ep resen ted  by: 

X I  = 0.9076(X + 0.8) + 0.2588(Y + 1)  - 0.3303(Z - 7.2) 

Y1 = -0.2432(X + 0.8) + 0.9659(Y + 1 )  + O.OSSS(Z - 7.2) , 

Z1 = 0.342(X + 0.8) + 0.9396(Z - 7.2) 

2 2 2 X1 + Y1 - < (0.5) 

2 2 X1 + Yi - > (0.42) 
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ORNL- DWG 73-12124 

FIGURE 12. Mathematical Model for the Gastrolntestinal Tract 
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LIVER - 
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JTERUS - 

-ADDER - 

ORNL-DWG 66-8212 ARt 

ORGANS NOT SHOWN 
ADR EN ALS 
STOMACH 
MARROW 
PANCREAS 
SKIN 
SPLEEN 
OVARIES 
TESTES 
THYMUS 
THYROID 
LEG BONES 

E LUNGS 

-HEART 

-GALLBLADDER 
II KIDNEYS 

-SMALL INTESTINE 

-LOWER LARGE INTESTINE 

-PELVIS 5 'p 
CENTIMETERS 

FIGURE 13. An te r io r  V i e w  of t h e  P r i n c i p a l  Organs i n  t h e  
Head and T r u n k  of t h e  Newborn Phantom 
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The volume i s  0.716 cm 3 , and t h e  mass i s  0.722 g.  The c o n t e n t s  have a 

volume of  1.718 cm 3 and a mass o f  1.73 g. This  r e p r e s e n t s  a moderately 

f u l l  g a l l  bladder .  

Heart. The h e a r t  is  h a l f  an e l l i p s o i d  capped by a hemisphere which 

A r o t a t i o n  and t r a n s l a t i o n  a r e  then e f f e c t e d .  i s  c u t  by a p l ane .  

h e a r t  (Figure 11) i s  r ep resen ted  by: 

The 

Z1 = 0.5566(X + 0.4) - 0.3214(Y + 1 )  + 0.766(2 - 16) , 

1.8 

2 2 2  2 x1 + Y + Z1 - < (1.8) i f  X1 0 , 1 

if X1 5 0 . - + - > - I  x1 z1 
1.1 1.8 - 

I t  has  a volume o f  25 cm 3 and a mass o f  25.2 g .  

Kidneys. Each kidney i s  an e l l i p s o i d  c u t  by a p l ane  (Figure 10) .  

The l e f t  kidney is  given by 

The volume of both kidneys i s  18.78 c m  3 and t h e  mass i s  18.92 g.  
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Liver.  The l i v e r  is de f ined  by an e l l i p t i c a l  c y l i n d e r  c u t  by a 

p l ane  as fo l lows :  

< -1 * X Y Z - + - - -  
6.8 10.2 11.7 - 

6.7 < Z < 11.7 . - -  

I t s  volume i s  111.89 cm3 (Figure 11) and i t s  mass i s  112.72 g.  

Lungs. Each lung i s  h a l f  an e l l i p s o i d  with an a n t e r i o r  s e c t i o n  

removed. The d e f i n i n g  expres s ions  f o r  t h e  l e f t  lung a r e :  

11.8 < Z < 19.9 - -  

The volume of both lungs i s  132.3 cm3 (Figure 11) and t h e  mass i s  39.7 g .  

Ovaries.  Each ovary i s  an e l l i p s o i d  (Figure 1 4 ) .  The l e f t  ovary 

i s  given by 

The volume o f  both o v a r i e s  i s  0 .3  cm3 and t h e  mass i s  0.303 g .  

Pancreas. The pancreas  i s  h a l f  an e l l i p s o i d  with a s e c t i o n  removed 

(Figure 10) .  I t  i s  de f ined  by 
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IOP V I E W  w 
F P O N l  V I E W  

T H YROlD 

THYROID 

TESTES 

OVARY 

THYROID THYMUS 

FIGURE 14. Mathematical Models for the Thyroid, Testes, 
Ovaries and Thymus 
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x > -0.5 , - 
Z > 9.4 i f  X > 0.5 . - - 

3 I t  has  a volume o f  2.56 cm and a mass o f  2.58 g. 

over 

derm 

- Skin. 

t h e  e n t i r e  e x t e r i o r  of t h e  phantom. 

s as wel l  as t h e  epidermis.  

Skin i s  r ep resen ted  as a l a y e r o f  0.13 c m  th i ckness  extending 

Thus t h i s  corresponds t o  t h e  

The back i s  t h e  only major body a r e a  

The volume of s k i n  where t h e  th i ckness  i s  l a r g e r ,  being about double.  

i s  229.3 c m  and t h e  mass i s  231 g. 3 

S a l i v a r y  Glands. The s a l i v a r y  glands c o n s i s t  of  t h r e e  p a i r s  of 

glands loca ted  proximal t o  t h e  mandible w i t h i n  t h e  lower head s e c t i o n  

(Figure 15) .  These t h r e e  p a i r s  of  glands a re  desc r ibed  below: 

-Pa ro t id  Glands. These glands are t r i a n g u l a r  shaped and l i e  between 

t h e  s k i n  and mandible on t h e  r i g h t  and l e f t  s i d e s  of t h e  head. 

volumes a r e  desc r ibed  by s e c t i o n s  of  two concen t r i c  e l l i p t i c a l  c y l i n d e r s  

Their  

c u t  by an e l l i p t i c a l  s u r f a c e  i n  t h e  Y-Z p l ane .  The p a r o t i d  glands are  

given by t h e  equa t ions  as fo l lows :  

2 4 . 1  < Z < 26.2 - -  
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ORNL- DWG 76-1947 

MANDIBLE 8 MAXILLA) 

PAROTID GLANDS ( 2 )  

SUBLINGUAL GL ANDs 

FIGURE 1 5 .  Head Sec t ion  of Phantom I l l u s t r a t i n g  Approximate 
Location of Sa l iva ry  Glands 
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The t o t a l  volume o f  p a r o t i d  g lands  i s  3.69 cm3 and t h e  mass i s  3.72 g .  

-Submaxillary Glands. These g lands  are e l l i p t i c a l  d i s c s  which are 

loca ted  immediately below and towards t h e  f r o n t  p a r t  o f  t h e  mandible. 

They l i e  symmetr ical ly  on t h e  r i g h t  and l e f t  s i d e s  of t h e  x-ax is .  

are  desc r ibed  as:  

They 

[ X  - 2.612 + [Y + 2.5]’ < 
0.6 0.9 - 

and 

2 2 . 6  < Z < 23.1 ; - -  

3 t h e  volume of bo th  submaxi l la ry  g lands  i s  1.69 c m  , and t h e  mass i s  1 .7  g .  

-Subl ingual  Glands. These g lands  are  e l l i p t i c a l  d i s c s  and loca ted  

i n t e r i o r  t o  and nea r  t h e  bottom o f  t h e  mandible. 

on l e f t  and r i g h t  s i d e s  o f  t h e  x-ax is .  

They l i e  symmetr ical ly  

They are given by: 

and 

[X - 0 . 7 1 ~  + [Y + 2 . ~ 1 ~  - < 
0.3 0.9 

23.3 < Z < 23.8 ; - -  

t h e  volume o f  both sub l ingua l  g lands  i s  0.84 cm3 and t h e  mass i s  0.85 g .  

Spleen.  The sp leen  i s  de f ined  by t h e  e l l i p s o i d  
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[x - 31’ + [Y - 1 . ~ 1 ~  + [z - 9.41’ - < 
1 . 3  0.7 2.3 

3 and has  a volume o f  8.76 c m  and a mass of 8 . 8 3  g.  

Testicles.  The t e s t i c l e s  are e l l i p s o i d  (Figure 14) which are  

r e p r e s e n t e d  by t h e  i n e q u a l i t i e s  

where t h e  p l u s  s i g n  i s  used f o r  t h e  r i g h t  tes t ic le  and t h e  minus s i g n  

3 f o r  t h e  l e f t .  The volume o f  both tes t ic les  is  0.83 c m  

0.84 g.  

Thymus. The thymus i s  desc r ibed  by t h e  e l l i p s o i d :  

[X + 0.31’ + [Y + 
+ [ Z  - 1712 - < 1 . 2  0.6 3.8 

and it has a volume of 11.46 cm3 (Figure 14) and a mass 

Thyroid. The lobes of t h e  t h y r o i d  l i e  between two 

and t h e  mass o f  

o f  11.54 g .  

c o n c e n t r i c  

c y l i n d e r s  and a r e  formed by a c u t t i n g  s u r f a c e  (Figure 14 and F igure  16) .  

The expres s ions  f o r  t h i s  organ are 

x2 + (Y + 2 . q 2  - < (1 .2)2 , 

x2 + (Y + 2 . 2 p  - > l2 , 

Y + 2 . 2 < 0 ,  - 
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SECTIONS BY THE PLANES: 

(A 1 Z = 21, Z = 23.1 

( 6 )  z = 21.21 

( c  1 Z = 21.52 

(D)  Z = 22.26 

FIGURE 16. Sect ions of t h e  Mathematical Thyroid a t  Various 
Heights f o r  t h e  Children Phantoms. Shaded Areas 
Represent t h e  Thyroid 
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21 < Z < 23.1 , - -  

i n  which 

(Z - 21) + 1 f o r  0 < Z - 21 < 0.525 2 ( f i  - 2) 
- - 2.1  T =  

and 

2f i  - for  0.525 < Z - 2 1  < 2.1 . - - 3 (Z  - 21) -I. - 2 ( / 5  - 2) 
6 .3  - r =  

3 The volume i s  0.96 cm and t h e  mass i s  0.97 g .  

Uterus .  The u t e r u s  i s  an  e l l i p s o i d  c u t  by a p lane  and i s  given by 

I t  has  a volume of 2.75 cm3 (F igure  10) and a mass of  2.77 g.  
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