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ABSTRACT 

E s t i m a t i n g  absorbed doses t o  chi 1 dlren from external and i riternal 

radiation S Q U ~ C ~ S  has b~come importa t t o  t h e  nuclear industry and 

nuclear medicine, Previous methods for estirriatinq absorbed dsses t o  

children were calculated from shrunken versions o f  the Snyder-Fisher 

phantom. However, the c h i l d  i s  not merely an  a d u l t  shrunk by a 

constant factor.  The s i r e  and shapes o f  many organs are n o t  those of 

the a d u l t  reduced by some fac tor ,  arid t h i s  undoubtedly affects  the  

dose t o  the various organs from a source i n  any one o f  them. To 

i t i g a t e  uncertainties in a b ~ o ~ ~ ~ ~  dose which may be introduced in 

u s i n g  shrunken phantoms two e d i a t r i c  phantoms were developed. 

Mathematical representations o f  a one-year old and a five-year 

o l d  human have been designed. The phantoms consist o f  head, t r u n k  and 

leg regiions with a skeletal system and twenty-two internal organs, 

each. The mathematical d e s c r i p t i o  s o f  these phantoms have been coded 

i n t o  Fortran computer lan uage for use with a Monte-Carlo photon 

transport  code. P h f s  computer code was used t o  calculate absorbed 

fractions of energy dep~s-a’ ted in different  target  organs from a 

radionuclide deposited u f l i ~ ~ l r ~ ? y  in a source organ. 

Absorbed dose cal  cul a t i o n s  were performed f a r  two 99lflTc 1 abel ed 

pharmaceuticals. Photon absorbed fraction estjmates for  t he  pediatric 

phantoms f rom Monte-Carlo @a1 CUI a t i o n s  were combined w i t h  biological 

da ta  t o  estimate dose distributions i n  one-year old and f i v e - y e a r  old 
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I NTRODLlCT I ON 

The f i r s t  o f f i c i a l  reco endat ions o f  ~ r ~ ~ ~ ~ t ~ o n a ~ y  measures f o r  

i o n i z i n g  r a d i a t i o n s  came i n  1916 from t he  B r i t i s h  Roentgen Society .  

Since t h a t  t ime, the re  have been general  ~ ~ ~ ~ ~ ~ ~ ~ d ~ t i o n ~  f o r  r a d i a t i o n  

p r o t e c t i o n  by var ious  c o u n c i l s  and commissions+ ?he I n t e r n a t i o n a l  

Congress o f  Radiology and the  Na t iona l  Counci l  an Rad ia t ion  P r o t e c t i o n  

Measurements (USA) have made recommendations on the levels o f  

maximum perm iss ib le  exposure t o  i o n i z i n g  r a  i a t i o n  ( I C R P ,  1965; TCRP, 

1959; NBS, 19599. The a p p l i c a t i a  of  these l i m i t s  i n  r a d i a t i o n  

p r o t e c t i o n  p r a c t j c e s  r e  u i  r e s  an accurate deterni i  n a t i  on of absorbed 

doses. I n  nuc lea r  medicine t h e  e te rm ina t ion  o f  t e r a d i o l o g i c a l  

hazard t o  p a t i e n t s  who are admin is tered r a ~ ~ o p ~ a r m a c e u t i c a ~ s  requ i res  

a l s o  an assessinent o f  absorbed doses i n  organs from a r a d i o a c t i v e  

m a t e r i a l  deposi ted i n  another organ. 

I n  1954, t h e  ~ n ~ e ~ n ~ t i o n a ~  Commission on Rad io log i ca l  P r o t e c t i o n  

(ICRP) recognized the  need f o r  t he  s tandard i za t i on  o f  same o f  t he  

bas i c  assumptions r e l a t i v e  t o  the  average man, $.e . ,  t he  mass and 

e f f e c t i v e  r a d i i  o f  the  body organs, r a t e s  o f  -ingestion and i n h a l a t i o n ,  

e l i m i n a t i o n  ra tes ,  e tc . ,  and made the  f i r s t  a t tempt  a t  d e f i n i n g  

Reference Man ( former y Standard Man) ICRP, 1955). Th is  f l ’ r s t  

Reference Man cons is ted  of l i t t l e  more than (1) t he  s p e c i f i c a t i o n  o f  

t he  weights  of some o f  the impor tan t  organs and t i ssues ,  ( 2 )  

s p e c i f i c a t i o n  o f  i n takes  of  a i r 3  water,  an a few elements, and ( 3 )  

some data on exc re t i on ,  M i t h  i nc reas ing  use o f  i n t e r n a l l y  and 

e x t e r n a l l y  appl-ied r a d i a t i o n ,  i t  became necessary t o  expand the  

1 
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coi-scept o f  Reference Man and t o  reeval uate the ewi s t i  ng parameters. 

I n  December o f  1963, Committee I1  o f  ICRP requested t h a t  the 

Commission establish a task group for  the revision and extension of 

the Reference Man concept, During the formulation o f  t h i s  report 

members o f  the Task Group reported on the revision o f  Reference Man 

(Snyder, et al-., 1966) and on the  elemental composition o f  Reference 

Man (Tipton, -- e t  a l . ,  1966). The Report o f  the ICRP Task Group on 

Reference Man has been pub l ished only recently ( I C R P ,  1975). 

The development o f  a reference man and the  subsequent 

incorporation o f  t h i s  design i n t o  cotnputer codes used i n  absorbed dose 

calculations (Snyder, et e, 1969 and Snyder, - -  e t  a l . ,  197414) has 

brough t  a certain sophistication t o  the area o f  dose estimation. I n  

the past ,  many geometrical shapes had been used t o  simulate the human 

body. For example, E l l e t t ,  Callahan and Brownell (1964, 1965) and 

Reddy, El le t t ,  and Brownell (1967) used Monte Carlo techniques t o  

determine t he  absorbed doses delivered by uniform low energy point 

source gama-ray emi t t e r s  i n  t i  ssue q u i  val ent phantoms The phantoms 

included spheres, ell ipsoids,  and e l l i p t i ca l  cylinders ranging in inass 

from 2.1  t o  198 kg. Other authors  have used r i g h t  circular  cylinders 

t o  siriiulate n o t  ~ n l y  the human body (Jones, - e t  I" a1 . , 1971) b u t  a l s o  the 

body of small laboratory animals (Willhait and Jones, 19'10 and Jones, 

1991) .  

With the increased growth of  nuclear energy, estimates of 

absorbed dose t o  other population groups ( e m g o  children) were 

required. I n  a d d i t i o n ,  children are  b e i n g  exposed t o  iiiany nuclear 

medicine procedures and accurate dose estimates are needed. Fisher- 
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and Snyder (I%%) rem n ized t h i s  problem earl  andz i n  f ac t ,  reported 

e design o f  s1x phantoms corresponding t o  ages 0 (new 

5-, IO-, 15, and 20-years o f  age, T E 20-year o l d  phantom i s  the 

we1 1 -known Snyder-Fisher phantom (Fisher and Srlyder, '8963) designed 

according The ~ h a n t o ~ ~  o f  ages younger 

than the adult were obtained by s h r i n k i n g  each o f  the three regions 

o f  the phantom (head, t r u n k  and legs) by constant factors  chosen t o  be 

representative o f  the particular age. A I 1  organs9 e t c ,  w i t h i n  each 

region were " s h r u n k "  ~5~~~~~~~~~~~ by the same f ac to r  and changes i n  

organ shape, location, e t c .  were ignored ,  These phantoms have been 

used extensively f r i  the evaluation a f  t h e  exposure o f  children even 

though i t  was recogn-i zed t h a t  these phantoms represented chi 7 dren only 

t o  a f i r s t  approximation (Hilyer and Snyder,  1973 and Poston$ .- e t  a l . ,  - 

t o  the data on Reference Man, 

The physiological geometry of a c h i l d  i s  ifferent than t h a t  o f  

an adul t .  For example: ( 3 . )  the weight of  the head w i t h  respect t o  

to ta l  body weight a's greater f o r  a c h i l d  than an adul t ,  ( 2 )  the t r u n k  

i s  more cylindrical t h a n  t h a t  o f  an adul t  t runk  which i s  

( 3 )  some internal organsp such as the thymus gland, are  

larger w i t h  respect t o  other snajot. organs /in the child ( than i n  the 

a d u l t ) .  Suc factors  as  these may lead t o  gross uncertainties i n  

calculated dose est-a'rnates t o  children. Pre l  i m i n a ~ y  dosimetric 

i e s  (Warner, - -  e t  a l . ,  1974) indlcate large i fferences 2 x i  s t  fo r  

different age groups, For example, the  ahsorbed dose t o  t he  to ta l  

' body can be h igher  i n  a chi1 by a. f a c t o r  10 or gliore for a particular 

source administered t o  a chi ld  and t o  an a d u l t ,  
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The purpose o f  th i s  research i s  t o  devclop phant,rsnis f o r  children, 

1-year  and 5-years  o f  age, and t o  use these phantoms as t he  b a s i s  f o r  

dosimetry studies similar t o  ,those of  the a d u l t .  These mathematical 

phantoms will be suitable f o r  use i n  Monte Carlo s i m u l a t i o n  of  many 

expasure si tuations.  However, only one application will be 

demonstrated,  i .e .  the children phantoms will be used t o  simulate a n  

exposure si tuation typical  o f  t h a t  p r a c t i c e d  i n  pediatric nuclear  

medicine. 



CHAPTER % I  

THE 0 WY 

t e r a c t i l a n  o f  Photons - _ - - _ ~ ~ m _ - _ _ _ I ^ . - - . .  

Photons a r e  classif ied according t o  the i r  origin,  n o t  t h e i r  

quantum energy. Gainma i-ays are produced i n  wasclear r e a c t i o n s ,  whereas 

x-rays are caused by the! @ x c i i t a t r o n  or removal of  orbital  electrons or 

by the deceleration o f  e’lectrcsns, The emission o f  ganinia rays i s  a 

mechanism by which the  energy of e x c i t a t i o n  o f  a nucleus can be 

removed, The e x c i t a t i o n  o r  reinoval o f  orbital  electrons which 

precedes the ~r~~~~~~~~ af x-rayse may be aecornpl ished in many ways, 

incl ud i  ng the inel a s t i  c scattering of other el ectrons the internal - 
conversion phenomcnm and the el ectron-capture process The energy 

released upon the return s f  t h e  o r b i t a l  electrons t o  t h e  ground s t a t e  

appears as x- ray  photons, ~~~~~ as fluerescent radiation, ar  

character is t ic  x-rays.  The x - r a y  product ion  w 4ch accompanies the 

deceleration o f  electrons i s  called ~ ~ ~ m ~ ~ ~ r a ~ ~ ~ ~ ¶ ~  

When a photon interacts  w i t h  matter i t  can be w i t h  an ent i re  atom 

o t o e l e c t r i c  e f f e c t  and Rayle9”gh sca t te r?  i t h  an electron in 

an atom (Compton e f fec t  and  pair ~~~~~~~~o~ i n  the f i e l d  o f  an 

el ect ron)  I) o r  with the  atoini c nucleus (pa i r  production e tc  e I The 

primary interactions o f  x-rays and gamma rays  w i t h  matter involve the  

production o f  energetic secondary charged par t ic les ,  usually 

electrons. The biological e f f e c t s  o f  x - rays  and gamma rays are in 

f a c t  the  e f f e c t s  o f  t h e i r  secondary charged particles on the 

b io l  ogl” cal systenr .. 

5 
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In phoioel ectric coll i si'ons the enti  Y'C primary p l i ~ t s n  energy, h v ,  

is absorbed by t h e  struck atom. One electrorr, usually from the  14 oi- 

l.. shell, is then immediately ejected w i t h  k i n e t i c  energy, T, w h e w  

and BE i s  the  bind ing  energy o f  the electron. Momentum is conserved 

by t h e  recoil o f  t h e  entire residual atom. The energy BE i s  emitted 

promptly by the residual atom as characteristic x-rays and Auger 

electrons from the filling o f  the  vacancy i n  the inner shell. Because 

the 

the 

a i 

The 

the 

entire atoin participates in the interaction, t h e  probability o f  

photoelectric interaction is described by an atomic cross section 

cm2/atom. A crude expression is 

z '+ 
T 'L const - 
a -  (hv)  

angular distribution o f  photoelectrons per u n i t  solid angle for 

nonrelativistic case is given by 

where dN i s  the number of phstaelectrons 

dn (3  

ejected in t he  small solid 

a n g l e d n  making an angle B with the incoming photon and fi = v/c is 

the velocity o f  the photoelectron expressed as a Funct ion o f  the 

velocity of light. 

The Compton e f f e c t  is the change o f  photon wavelength or o f  

frequency upon scattering el ectrorsis. For sufficiently high gamma-ray 

energies, these electrons can be considered as initially unbound and 

stationary. The application o f  the laws o f  conservaliun nP energy and 
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momentum t o  t h e  coilliision o f  a priiiiary photon  with a free electron 

leads t o  t h e  expression 

( 4 )  
h V  IN" = --- 

4- 1 - - c a s e ) t a v l m c "  

where hv'. i s  the energy of the scattered photon and F i s  the angle 

between i t s  da"rectl"an and t h a t  o f  t he  primary photon, The kinetic 

energy Ekin o f  the recoil electron i s  

Since each electron enters ~ n d ~ ~ ~ ~ ~ a ~ ~ y  i n t o  the scattering process, 

the partial  absorp t ion  coeff ic ient ,  c T 3  i s  proportional t o  Z .  The 

dependence o f  ci on ~~~~o~ energy has been calculated quantum- 

mechanically by Klelin and Nish-Tna (Price,  1964).  For hv >> mc2 the 

expression For ij i s  

w h i c h  i s  essent ia l ly  an .inverse dependence on hv. The Klein-Nishina 

calculation divides the a s o r p t i o n  coefficient a into two parts,  os 

and ( r am The energy i n  the scattered ~ h ~ ~ ~ n ~  i s  taken into account by 

0 ' s  and a represents the energy absoirbed i n  the recoil electrons,  only  

the 1 a t te r  represents a t rue  energy absorption. 

The t h i r d  main type of interaction i s  called p a i r  praduetion i n  

wir1ich d ~ ~ ~ ~ - ~ ~ l ~ ~ ~ , ~  quantum interacts w i t  the Coulomb f i e ld  of an 

atomic nucleus. The ~~~~~~~~~~~0~ o f  the ~~~~o~ produces a pos i t ron -  

electron pair., The  i n t e r a c t i o n  can be expressed by v + e f e'- f ZT,  + 



w i t h  a very small amount of energy going a'iiLs t i i e  recoiling nucleus. 

h rnSnirnum incident photon energy, thc  threshiJld m e r g y ,  o f  hu = 21n0c2 

=. 1.02 MeV i s  required for p a i r  production i n  the  f i e l d ,  The 

atomic cross section, K SOY nuc?ear p a i r  pi-oduction can be w i t t e n  

as K~ = NZ2(hv - 2moc2) i n  the v ic in i ty  o f  1 MeV, and K~ - NZ2,4izhv a t  

very h i g h  energies, P a i r  p r o d u c t i o n  i s  an i m p w t m t ,  made o f  

i n t e r n c t j o n  a t  photon energies greater than 2.5 MeV. rhe energy 

tr-ansferred "locally" f r o m  t h e  gamma ray t o  t h e  positron arid t he  

electron causes ionization o r  e x c i t a t i o n  which leads t o  rneleculae- 

dfsruption and subseuqent chemical and biological changes. 

a' 

- 

Considered c a l l  ectively,  t h e  photoel ec t r i  6 e f f e c t  predominates a t  

1 ow energies; the  Campton e f f e c t  predominates a t  i ntermedlate 

energies; and the  pair production predominates a t  h i g h  energies. 

Interactjon coeff ic ients  f a r  these d i f f e ~ e r r  t ijrocesses are carnplex 

functions of photon energy and absorber materia?, and depend on the 

a tomic  composition b u t  n o t  upon the chernf'cali or physical s t a t e  o f  the 

absorber. In  sumary, the Z and E dependence for these th ree  

principal photon interactions can be describsd a s  follows: 

1 
E 

compton e f f ec t  - 

( A t t i x ,  -- e t  a1 ., 1968; Pr lce,  1964; Lapp and And.resvs, 1?72; b!hyte, 

1959) .  
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Monte Carl 0 Teciani ~ ~ , -  que .._..- 

ante Carlo calculations provide a direct  means af determining 

t he  gamia ray  energy deposition i n  ~ h a n ~ ~ m ~  from p h o t o n  emitters. 

Monte Carla techniques are used t o  determine the average photon energy 

delivered t o  a given ta rge t  regfon (absorbed fract ion)  or t o  a point 

region (specifr’c absorbed fraction) e Random sampling techniques are 

used t o  simulate the en t i re  sequence of scattering a n d  absorption 

events t h a t  f o l l o w  the eniission of  a source photon. Such a sequence 

i s  known as a histel-y and each history consists o f  a number o f  photon 

interactions,  

Phcton his tor ies  are determined using the mass-attenuation 

coefficients,  1.1 ( E ) ,  for  the photoelectric, Compton 

and pair-production interactions respectively. Because these are 

calculated from atomic a t t e n u a t f s n  coefficients and compositions, they 

have different  values f o r  regfans w i t h  differing composition. Far the 

f i r s t  step of  the prrrce i t i a l  attenuation coefficient,  po, 

i s  selected w h d c h  i s  greater t h a n  or equal t o  those o f  any o f  the 

regions, i . e . ,  skeletal ,  Sung and the remainder o f  the phantom. A 

potent ia l  s f t e  for an interaction i s  chosen by the procedure of  f i r s t  

( e ) ,  r l c ( E )  and v Pe PP 

t a k i n g  a 

where r 

numbers, 

s t a r t i  ng 

t h i s  reg 

distance traverseds defined as: 

s a number selected a t  random from a uniform d i s t r i b u t i o n  o f  

The coordinates o f  a p a i n t  a t  this distance (from t h e  

point) are tested t o  etermine i t s  location i n  the phantom; 

on a’s designated as i. One then plays a game af chance w i t h  



p r o b a b i l i t y  pi/u0 o f  acceptance o f  t h i s  as an i n t e r a c t i o n  s i t e  where 

u i s  t he  t o t a l  mass a t t e n u a t i o n  c c e f f i c i e n t  f u r  t h e  reg ion .  I f  t h e  i 
outcome of t he  game i s  favorable, t h i s  s i t e  i s  accepted; i f  i t  i s  

r e  c 'c. i 2') n unfavorable, t h e  photon i s  a l lowed t o  cont inue w i t h  the same d 

and e n e ~ g y ,  but beginning a t  p o i n t  i .  

I n  a d d i t i o n  t o  s c a t t e r i n g ,  t h e  photon has a f i n i t e  probab 

absorp t ion  which predominates a t  low energies.  Thus very few 

l i t y  o f  

photons 

w i l l  penet ra te  t o  l a r g e  d i s tances ,  and t h e  s t a t i s t i c s  of t he  es t ima te  

w i l l  t h e r e f o r e  be poor. To compensate p a r t i a l l y  f a r  t h i s ,  each photon 

i s  g iven  a s t a t i s t i c a l  weight t h a t  i n i t i a l l y  i s  se t  a t  u n i t y .  With 

each Campton s c a t t e r i n g  i n t e r a c t i o n ,  t h i s  weight  i s  t.ealu~ed t o  allow 

f o r  t h e  p r o b a b i l i t y  o f  s u r v i v a l  and the  photon i s  a l lowed tcr 

cont inue. The reduc t i on  o f  weight i s  expressed by: 

t h  i n  which W n  i s  t h e  we igh t  c a r r i e d  by the  photon a f t e r  t h e  8-a 

c o l l i s i o n  and ,Lc(En-l) and p(En-"l)  are the c o e f f i c i e n t s  f o r  Compton 

s c a t t e r i n g  and the  t o t a l  c o e f f i c i e n t  be fo re  the rith collision, 

r e s p e c t i v e l y .  i s  

equal t o  t he  expec ta t i on  o f  a Cornpton scat ter ing which the photon  

W O U ~ ~  have i n  the  ac tua l  phys i ca l  processes. The t o t a l  f l i g h t  h i s t o r y  

a f  t h e  photon i s  te rmina ted  (1) i f  i t  escapes f rom the  phantom, ( 2 )  i f  

i t s  energy f a l l s  below 4 keV o r  ( 3 )  i f  i t s  we igh t  f a l l s  below l ow5;  i n  

t he  l a t t e r  two cases, t he  energy i s  considered t o  be absorbed l o c a l l y .  

Th i s  reductian o f  t h e  we igh t  c a r r i e d  by t he  photons 

The energy d e p o s i t i o n  f o r  t he  n t h  i n t e r a c t i o n  i s  
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i n  which upe(E,-1)3 vcr_(En-l) and u (E  are  the mass-attenuation 

coefficients for the photoelectric, Compton, and p a i r  production 
PP n-1) 

processes before the coll ision a t  the s i t e  considered, respectively, 

and moc2 i s  the res t  mass energy o f  an electron, I t  should be noted 

t h a t  the total  energy of t h e .  photon i s  absorbed locally when a 

photoelectric interaction occurs, and t h i s  i s  a l so  the case for  the 

kinetic energy of the electron and positron produced by pair 

production. The positron will be annihilated, and two photons of 

energy m ~2 ( 0.511 MeV) wi l l  be emitted. The computer code i s  

designed to  take account o f  these photons since a new photon o f  energy 

0.511 F?eV w i t h  weight: 

o 

and random orientat  on is  s tar ted a t  the s i t e  of  the pair  product 

and followed independently afterward. 

No procedure has been used t o  take account of  the f i n i t e  ranqe 

on 

a f  

the electrons and positrons produced. Generally, these ranges are 

small compared w i t h  the diameters of most organs, and the absorbed 

dose will no t  change abruptly w i t h  distance except a t  an interface 

where the composition and density change or a t  the boundary of the 

source organ. A t  such an interface the number o f  photon interactions 
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per unit volume may change abruptly and t h e  change i n  absorbed dose 

will be slarriewhaf less abrupt  due t o  the finite range o f  the secondary 

p a r t i c 1  es .  However, no attempt is made t o  e s t i m a t e  baundavy e f f e c t s .  

An absorbed fraction is estimated for each organ considered a s  a 

whole,  

Finally, bremsstrahlung may be considered as a further example s f  

a secondary form of radiation which may have an extended range, and 

may be followed us ing  Monte Carlo methods. B u t ,  this has n o t  been 

done because first the probability of- producing a photon w i t h  an 

energy approaching the kinetic energy o f  the electron i s  r a t h e r  small- 

-although greater than zers--and secand, the t o t a l  energy accounted 

for by bremsstrahlung is very small for  these regions and materials 

(Snyder --- et - a l . ,  1969; Ellett, -- et al., 1968).  

Direct sirnulation o f  the gamma-ray histories in which the 

histories are exact mathematical analogues o f  the p h y s i c a l  events  has 

been used. Only photoelectric and Comptan interactions are 

considered. 

Absorbed Dose Cal cul at ions I- 

Calculations o f  absorbed dose f o r  bo th  homogmeous and 

heteroqeneous media, irradiated by various types of  radiation, a m  

deve’laped around t h e  concepts o f  the absorbed f r x t i o n  and specific 

absorbed fraction. Absorbed fractions and speci  P i  c abso rbed  f.~act-ifi?rss 

were obtained f rom Monte Carlo ca lcu la t ions .  

The photon absorbed fraction o f  photon  enerqy in a t a r g e t  region, 

V, from a source region Y ,  can be expressed as:  
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where 

+ i ( ~  + r )  = the absorbed fraction in v from r ,  

m = the mass of the target  volume, ( 

Di(v 4 r )  = the mean absorbed dose in target  
V n grams) 

volume from radiation 

of type i from the source region 
N 

r in units of r a d ,  

A =: the time integral of the source ac t iv i ty  (cumulated r 
ac t iv i ty)  in units of UCi-hr, 

= the equilibrium absorbed dose constant ( t h e  emitted 

photon energy per disintegration) in units of g - rad /  

IlCi -hr. 

For photons o f  energy E . (MeV) and fractional abundance ni , the 

ais can De expressed as 
1 

number of i-type photons per disintegration, 

A i  = 2.13 n i  E i  g-radlpCi -hr. 

The constant 2.13 i s  equal t o  t h e  product o f :  

and has t h e  units g - rad / (uCi -h r )  (MeV/ 

A more general formulation i s  obtained by defining the specific 

absorbed fraction : 
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The absorbed f r a c t i o n  9 is  re la t ive ly  insensitive t o  size and 

shape of  source and target when t h e  energy i s  largely absorbed i n  a 

single ta rge t  ( 4  -p 1) .  The specific absorbed fraction i s  relatively 

insensitive t o  size and shape of source and target  when only a small 

f r a c t i o n  o f  the energy i s  absorbed i n  a single ta rge t  (+ << 1). a 

The absorbed dose, bi , can be calculated from: 

- 
Di(V + r )  = K V A i  Oi(V + r) 

i 
N 

where A i s  the cbcmulat-live ac t iv i ty  (boevinger and Bemans 1.968), V 



CHAPTER I I I  

MATHEMATICAl PHANTOMS 

Mathematical descriptions (phantoms) representing a one-year o f d -  

and a five-year old-child were designed i n  a manner similar t o  the 

adult phantom of Fisher arid Snyder (1967) .  The  phantoms consist of 

three principal sections: (1) a n  e l l i p t i ca l  cy1 inder representing the 

arms, torso and hips; ( 2 )  two truncated cones representing the two 

legs and fee t  and attached t o  t h i s  i s  a small region w i t h  a plane 

front surface t o  c o n t a i n  a n  approximation t o  the t e s t i c l e s ;  and ( 3 )  an  

e l l i p t i ca l  cylinder representing the neck region and the lower portion 

of the head which i s  topped by half an e l l ipsoid.  

one-year o l d  phantom i s  shown in Figure A-I and t h a t  of  the 

old phantom i s  shown in Figure B-I (see Appendixes A and B ) .  

The exterior o f  the 

five-year 

Mathematical representations of a one-year old child o f  10.4 kg 

weight and 76 cm height a n d  a five-year old child o f  20 kq weight and 

112 cm heiqht were formulated. The volumes f a r  the whole bodies of 

children represented by these phantoms were found t h r o u g h  the use of 

available d a t a  o f  specific gravity as a function o f  aqe, The specific 

gravity for the one-year old c h j l d  was found t o  be 1.017 and t h a t  f a r  

the five-year old child was 1.019. The specific gravi t ies  for 

children tend t o  be lower t h a n  those f o r  adults.  Once the total  

volume of the body was established, the volume o f  each p a r t ,  head, 

t r u n k ,  arms and  legs, was partitioned. The volume percentages of the 

different  parts of the total  volume were different  for  each of  the 

different  ages. The head section was 25,52 o f  the total  volume f a r  a 

one-year o l d  a n d  16,2% for  a Five year old. The t r u n k  section was 50% 



o f  t h e  t o t a l  volume for a sne-year old and 52.3% for a five-year o l d ,  

The legs section was 15.5% o f  the total volume for a one-year o l d  and 

23% for a five-year old, The remaining volume was assigned t o  the  

arms, 9% for  a one-year old and 8.5% for a f i v e - y e a r  o l d .  In 

designing the phantoms, the volumes for  trunk and arms were cornposited 

and referred t s  as the volume o f  the t r u n k  s e c t i o n .  For a l l  these 

sec t ions  circumferences were found in the!  anatomicai references 

( I C R P ,  1975); all of the remaining gross dimensions were t h e n  

determined. These data are summarized in Tab le  1. 

Skeleton 
-1_1-.- 

The weight o f  t h e  skeleton was one of  t h e  most difficult t o  

determine due t o  the presence of  bone marrow, f a t  and water. \?any 

investigators have studied only dry, defatted bone or individual bones 

rather than the whole skeleton. Because it was sa difficult t o  obtain 

an entire skeleton by dissection, data on t h e  ske le ton  as a whale were 

not plentiful. 

The t o t a l  weight o f  the skeletan was taken as 1.6 kilograms for  

the one-year old phantom and 2.8 kilograms fo r  the f f ve-year  old 

phan'&orn ( ICRP,  1975). The s p e c j f i c  g r a v i t y  s f  the ske le ton  was 

assumed t o  be 1.4 for t h e  one-year old  and the five-year old phantom. 

There was little information available on t h e  weight OB^ volume for 

each bone in the ske1et~t-i of children. Therefore, t h e  r e ? a t - i v e  volume 

o f  each bone was determined by certain yropnrtionalitiss. This 

assumption can be expressed as 
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TABLE 1 

SUPNARY - PHYSICAL DIMENSIONS OF THE ONE-YEAR 
A N D  FIVE-YEAR O L D  PHANTOMS 

Five-Year One-Year 

Wt: Total Mass (gms) 
S.G.:  Specific Gravity 

10400 
1.. 017 

V :  Total Volume (cm2) 10226 
C1: Circumference o f  T r u n k  (cm) 49 
C ~ Z I  Circumference o f  Head (cm) 46.6 

20000 
1.019 
19627 

6 1  
49.4 

A I :  Major Axis (X-direction) 

B1: Minor Axis (Y-direction) 
of the t r u n k  (cm) 

of the t r u n k  (cm) 

8.6 11 

7 8.2 
A2: Major Axis (Y-direction) 

B2: Minor Ax is  (X-direction) 
o f  the head (cm) 8 

o f  the head (cm) 6.8 
H I :  Length of T r u n k  (cm) 32 
H 2 :  Length of Head (cm) 17.6 
H S :  Length o f  Legs (crn) 
H: Total Height (cm) 

26.4 
76 

8.8 

6.8 
42 

19.3 
50.7 

112 

r l :  Upper Radius of Legs (cm) 4 ,3  5.5 
r2: Lower Radius o f  Legs (cm) 1 . 7  
C :  Vertical Semi -Axis of 

the Ellipsoid o f  Head (cm) 7 
V :  Head (cm3) 
V: Arms and T r u n k  (cm3) 
V: Legs (cm39 

2608 
6033 
1585 

1.7  

7.3 
3180 

11933 
4514 
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i s  the t o t a l  volume o f  t h e  s k e l e t o n  f o r  the  ch i ld ,  ( V  ) A S  where ( v  1 
i s  t h e  t o t a l  volume o f  the ske le ton  f o r  the adu l t ,  ( V  ) i s  the t o t a l  

volume o f  the  whole body f o r  t h e  c h i l d ,  and ( V  ) i s  t he  t o t a l  volume 

o f  the  whole body f o r  the  a d u l t .  are known 

and ( V  ) can be found. The volume o f  the s k e l e t a l  banes i n  each 

sec t i on  was determined i n  t h e  manner out1 i ned  above, i .e .  

C B  

A B  
( V A )  s, (V,) B, and ( V A  ) 

HS r e p r e s e n t s  the bones i n  t h e  head section; TS represents the  bones 

i n  t he  t runk  sec t ion .  After the volume o f  the bones i n  each s e c t i o n  

was found, t h e  volumes o f  i n d i v i d u a l  banes i n  each s e c t i o n  were found 

by app ly ing  t h i s  propor t iona l  method aga in .  The weights,  the volurnes, 

and the equa t ions  desc r ib ing  t h e  bones f o r  each phantom a r e  given i n  

Appendix A f a r  t h e  one-year o l d  and i n  Appendix R f o r  the f l v e - y e a r  

o l d .  

8one Marrow -ll_._l___ 

Two types of bone marrow may be d i s t i n g u i s h e d  i n  the adu l t ,  

namely, red  and ye 

Ye1 1 ow marrow does 

mostly o f  f a t .  I n  

i s  a gradual redu 

low. Red bone marrow i s  

n o t  have any hematopoiet 

t h e  new born, a l l  o f  t h e  

t i o n  i n  the  percentage o 

hematopetical ly a c t i v e .  

e a c t i v i t y ,  be ing composed 

bone rnarrw i s  red. There 

C e l l u l a r i t y  Of red ?7ld4"rObJ 

w i t h  age and i t s  replacement by f a t t y  marrow. By the age  o f  twenty, 

no red marrow generally e x i s t s  i n  e x t r e m i t i e s  other. t h a n  the  proximal 

ep iphys is  o f  t h e  femurs and the hwmerii. The d i s t r i b u t i a n  o f  a c t i v e  
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marrow i n  the a d u l t  i s  i n  the s k u l l ,  c lavicles ,  scapulae, sternum, 

r ibs ,  spine, pelvis and proximal extremities. 

The percentage of the red and yellow bone marrow i n  the 

individual bones of the one-year old c h i l d  and the five-year o l d  child 

was determined by Shleien (1973).  These data are shown i n  Table 2.  

Information on active bone marrow distribution throughout the 

skeleton i s  sparse for children. Therefore, i n  arriving a t  bone 

marrow distribution for  the children phantoms i t  i s  assumed t h a t :  ( a )  

while the volume of active bone marrow increased w i t h  age, the 

percentage distribution of the total  marrow w i t h  respect t o  skeletal 

weight remained constant; and (b )  the percentage distribution of 

marrow i n  i n d i v i d u a l  bones i n  children i s  the same as the percentage 

distribution i n  adults.  The mean weight of  the whole bone marrow for 

the one-war old child was assumed t o  be 150 grams and for  the five- 

year o l d  was 450 grams. There was a small quantity of yellow marrow 

i n  the shafts o f  the t i b i a s  and femurs of a one-year old child and  for 

purposes o f  t h i s  model t h i s  yellow marrow was neglected. The weight 

o f  the red bone marrow used i n  the one-year o l d  phantom was 150 grams 

and that  used i n  the five-year o l d  phantom was 400 grams. The weights 

o f  the two marrow types for  the one-year old and five-year o l d  

phantoms are  given i n  Tables 3 and 4. These quantit ies were assigned 

t o  the corresponding regions of bone and were assumed t o  be 

distributed uniformly i n  these regions. 

Organs 

Mathematical descriptions of  the organs were formulated a f t e r  

consideration of the descriptive and schematic material from several 
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TABLE 3 

Arms 
Upper* 
tower 

Clavicles 

Legs 
Upper** 
Lower 

Pel vis 

Ribs 

Scapulae 

Sku1 1 
Cran i urn** 
Mandible 

Spine 
Upper' 
Middle 
Lowertt 

TO TA L 

MASSES OF RED AND YELLOW MARROW AND BONE 
I N  THE ONE-YEAR OLD C H I L D  PHANTOM 

Bone Region Red Marrow (9)  Bone ( 9 )  Ye1 low Marrow ( 9 )  

2.07 
4.06 

1.68 

6.81 
6.41 

51.57 

19.50 

5.23 

9.56 
0.95 

4 .71  
21.00 
16 -35  

150.00 

50.42 
89.13 

9.35 

148.81 
144.57 

73.99 

117.25 

34.30 

423.20 
251.10 

22.64 
91.60 
25.90 

1482 26 

0 
0 

0 

0 
0 

0 

0 

0 

0 
0 

0 
0 
0 

Q 

* 
31.2 > Z > 23.5 - -  

*** 
Z - -3Y f 35.6 
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TABLE 4 

MASSES OF RED AND YELLOW MARROW AND BQNE 
I N  THE FIVE-YEAR OLD C H I L D  PHANTOM 

~ ~- - 

Bone Region Red Marrow (g )  C one ( g j  Yellow Marrow ( 9 )  

Arils 
Upper" 
Lower 

C1 avi cles 

Legs 
Upper** 
Lower 

Pelvis 

R i b s  

Scapulae 

Sku1 1 
Cranium*** 
Mandible 

S p i n e  
t Upper 

M i  dd'l e 

bower t.t. 

TOTAL 

5.52 
10.84 

4.48 

18.16 
17.08 

137.80 

52.00 

13.96 

26.80 
2.52 

12.56 
56.00 
43.60 

481.32 

84.5 
148.32 

17.22 

395.13 
384 80 

91.10 

236.94 

61.45 

449.75 
276.47 

44.35 
159,83 
38 * 89 

2388.15 

1 .38  
2,71 

0 -50  

4.54 
4.27 

15.31 

9.17 

1.55 

2.98 
0.28 

0.66 
2.95 
2.30 

48.60 

_l___l 

* ** **t 
41.2 - -  > Z > 31  0 - -  > 2: > -14.5 2 .- > -3Y + 46.7 
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general anatomy references. The representations o f  the organs by the 

mathematical (given i n  Appendix A and Appendix B )  are o n l y  

approximate. The goal in constructing these mathematical organs was 

to  obtain the approximate s i t e  and shape o f  an average organ through 

the use of a few simple mathematical equations. I f  the s ize  and shape 

equations 

approximate those of t h e  real organ ,  the dose estimate should be 

correspondingly accurate. To minimize r u n n i n g  time and the cost ,  the  

formulas used should be a s  simple a s  possible. The t issue region of 

the phantom had an average density of 1.05 g/cm. For the lungs a 

density of 0.3 gm/cm was used. The volume o f  each organ was 

determined from these mathematical descriptions. When there are  l e f t  

and r ight  organs, the equations for  only one, the  l e f t ,  are  i n  

the Appendixes. The equations for  the other may be obtained by 

given 

replacing X by -X in the inequalit ies.  The principal internal arqans 

are 

A )  3 

an 

the 

shown i n  Figure A-111, A - I V ,  A-\I ,  A-VI, and A - V I I  (see Appendix 

which represent the general shape of each organ. Figure I shows 

anterior view of  some o f  the larger organs and the i r  positions i n  

phantoms. A brief summary o f  organ weights and volumes can be 

found i n  Table 5. 

In order t o  check the proper positioning of the organs, organ 

shapes, e tc .  the mathematical descriptions for  these phantoms were 

coded and checked with a computer plotting program. Results of t h i s  

program showed t h a t  the skeleton and the organs are  positioned 

correctly within the in te r ior  of the phantom, i . e .  internal organs and 

bones do n o t  in tersect  each other. 
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ORNL-DWG 66-82q2 A 

ORGANS NOT SHOWN 
ADRENALS 
S I-OMACH 
MARROW 
PANCREAS 
SKIN 
SPLEEN 
OVARIES 
TESTES 
THYMUS 
THYROID 
UTERUS 
LEG BONES 

ARM BONE- 

RIBS< 

LIVER - 

UPPER LARGE- 
INTESTINE 

BLADDER 

-: LIJNGS 

-HEART 

~ - - - - - S M N L .  INTESTINE 

l----LOWER LARGE IN7ESTINE 

I 1 -PELVIS 

i 

F IGURE 1. ANTERIOR VIEW OF THE PRINCIPAL ORGANS I N  THE HEAD 
AND TRUNK OF THE PHANTOMS USED FOR THE ONE-YEAR 
OLD ANR THE FIVE-YEAR OLD. 
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TABLE 5 

SUMMARY OF ORGANS FOR THE ONE-YEAR AND FIVE-YEAR OLD PHANTOMS 

One-Y ea r F i  ve-Year One-Year F ive-Year  
Mass (9) Volume (cm3) Organs 

Adrenal s 4.04 6.12 3.94 5.97 
B1 adder 8 14 12.04 17.96 
B r a i n  1005.5 1179.3 977.2 1146.1 
G . I .  T r a c t  

Stomach 27.27 52.18 25.99 49 a 69 
s. I.* 75.90 175.95 76.92 178.32 
U.L.I. 26.35 46.46 25.26 44.55 
L.L.I.  21.45 40.02 20.56 38.37 

Hear t  48.17 91.16 46.78 88.52 
Kidneys 68.00 115.51 64.95 110.22 
Lungs 128.82 255.10 429.40 850.32 
L i v e r  303.64 608.14 289.54 575 89 
Ovar ies 0.65 1.90 0.62 1.81 
Pancreas 8.99 18.93 8.58 18.07 
Spleen 27.30 49.62 25.71 46.72 
S ke 1 e ton  1612.50 2785.15 1151.79 1989.39 

Red Bone Marrow 150.0 408.0 
Ye1 low Bone Marrow 0 48.0 

Thymus 21.88 30.61 21.32 29.84 
Thy ro id  2.38 4.85 2.26 4.62 
Testes 1.47 1.60 1.41 1.53 
Uterus 1.53 2.60 1.45 2.47 

* 
Inc ludes  Small I n t e s t i n e  Contents 



The p l o t  r o u t i n e  s imp ly  scans d i a g o n a l l y  back and f o r t h  i n  a 

spec i f i ed  plane a f  a phantom u s i n g  t h e  mathemat ica l l y  encoded 

geometries o f  t h e  organs. When t h e  r o u t i n e  l o c a t e s  an i n t e r f a c e  

between two d i f f e r e n t  organs o r  media, i t  p l o t s  a p o i n t  a t  t h a t  

p o s i t i o n .  Examples generated by t h i s  p l o t  r o u t i n e  are presented i n  

Figures 2-13. Th is  program has been instr-urnental i n  avo id ing  organ 

overlap and i n  developing organ shapes, s i z e s ,  and o r i e n t a t i o n s ,  
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ORNL-DWG 75-6298 

2. E30 

Arm Bone 
. P e l v i s  
Bladder 
{Lower) 

FIGURE 2. X - Y  SECTIONAL PLOTS OF THE ONE-YEAR OLD PHANTOM 
SHOWING THE UPPER LEG AND H I P  REGION. 
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9.50 

--Transverse Colon 

z =  8.00 

z =  

z =  

6.50 

[ I .  00 

Ov rl r i e s 

Descend i ng Ca 

Ascending Co1 

B1 adder 

11 on 

O n  

FIGURE 3. X - Y  SECTIONAL PLOTS OF THE ONE-YEAR OLD PHANTOM 
SHOWING THE LOWER ABDOMEN. 
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ORNL-DWG 75-6304 

z =  1 8 . il [I 

16.00 

R i b  

Sp i ne 
Adrenal 
Sp 1 een 
Am Bone 
Pancreas 
Stomach 
L i v e r  

Kidney 

T L =  1 u .  00 

z =  12.00 

FIGURE 4 .  X - Y  SECTIONAL PLOTS OF THE ONE-YEAR OLD PHANTOM 
SHOWING THE UPPER ABDOMEN. 



26.30 

ORNL- DWG 75 - 5826 

Thymus 

21-1. 00 

z =  22.00 

9 :7 20.00 

FIGURE 5. X - Y  SECTIONAL PLOTS OF THE ONE-YEAR OLD PHANTOM 
SHOWING THE CHEST REGION. 
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OIINL-0% 15-6299 

z =  41.00 

z =  37.00 

t =  33.00 

z =  31.00 

( B o t  tom) 

FIGURE 6. X-Y SECTIONAL PLOTS OF THE ONE-YEAR OLD PHANTOM 
SHOWING THE SHOULDER AND HEAD REGIONS. 
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ORNL-DWG 75-6301 

z =  

z =  

2. no 

0.0 

B1 adder ( L o w e  

Leg Bone 

Testes 
=: -1.00 

1 on 

FIGURE 8. X-Y SECTIONAL PLOTS OF THE FIVE-YEAR OLD PHANTOM 
SHOWING THE UPPER LEG AND H I P  REGION. 
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OR M h- DWG 75 - 6302 

12. scl 

10.50 

8.50 

11.00 

Transverse Colon 

P e l v i s  

*Arm Bone 

Small I n t e s t i n a l  
Reg i on 

Uterus 
Q v a r i  es 

Descendi ng Colon 

Ascending Cal on 

. .  : .  . .  

1 ..’ B1 adder 

FIGURE 9 .  X - Y  SECTIONAL PLOPS OF THE FIVE-YEAR OLD PHANTOM 
SHOWING THE LONER ABDOMEN. 
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7 -  

z :  

214. lifl 

20. OD 

Sp i ne 
Adrena 1 
Spleen 
A r m  Bone 
Pancreas 
Stomach 
L i v e r  

Uidney 

Z = 18.110 

FIGURE 10. X - Y  SECTIONAL PLOTS OF THE FIVE-YEAR OLD PHANTOM 
SHOWING THE UPPER ABDOMEN. 
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ORNL-DWG 75-6303 

z =  

i =  

33.50 

30.  SO 

Scapula 

R i b  

.Thymus 

Spine 

Lung 
Arm Bane 

7 =  28.50 

26.50 z =  

FIGURE 11. X-Y SECTIONAL PLOPS OF THE FIVE-YEAR OLD PHANTOM 
SHOWING THE CHEST REGION. 
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OINL-DWG 75-6306 

FIGURE 12. X - Y  SECTIONAL PLOTS OF THE FIVE-YEAR OLD PHANTOM 
SHOWING THE SHOULDER AND HEAD REGIONS. 
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CHAPTER IV 

CALCULATIONS 

Monte-Carl o Code 

A photon transport code had been written t o  compute random 

histories which originate in one source organ and t o  estimate the 

fraction of a photon's i n i t i a l  energy absorbed in each of the target  

organs. This code, a Monte-Carlo computer program, was written t o  

estimate the distribution o f  absorbed energies in target organs for  a 

variety o f  gamma-ray exposure s i tuat ions.  A radioactive source was 

specified t h r o u g h  a computer subroutine. A magnetic tape was prepared 

from tables of the photoelectric and pair-production cross sections. 

These d a t a  were combined with computed values of the Compton cross 

section to  produce, on the tape, the following tables:  

study , 
on for  a 

(1) total  cross section for  a l l  media under 

( 2 )  r a t io  of scattering to  total  cross sect  

media, 

r a t io  o f  pair-production t o  total  cross 

for a l l  media 

( 3 )  section 

1 

An i n d e x i n g  procedure was required for  finding the values of Tables I ,  

2 ,  and 3 for a particular energy during the calculation. 

The subroutine describing the source was written to  describe the 

specific exposure s i tuat ion,  i . e . ,  a radionuclide. This routine 

described the dis t r ibut ion,  energy, and  energy spectrum of  the photons 

from a given source. Each photon was given eight of the nine 

parameters which characterize i t ,  and they are changed as a resul t  o f  

subsequent events i n  i t s  history. The eight i n i t i a l  parameters which 

39 
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t h e  source must s ta r t  w i t h  inc luded:  (1) three s t a r t i n g  coord ina tes  

r e l a t i v e  ts t h e  phantom coord ina te  systern, ( 2 )  t h r e e  s t a r t i n g  

d i r e c t i o n  cos ines  r e l a t i v e  t o  these axess ( 3 )  t h e  i n i t i a l  energy, and 

( 4 )  t h e  i n i t i a l  s t a t i s t i c a l  weight, The s t a t f s t i c a l  weight i s  r e l a t e d  

t s  the p r o b a b i l i t y  o f  ex is tence o f  the photon. An i n i t i a l  weight of 

1.0 was g iven  t o  each photon and was reduced f n l l o w i n g  each 

i n t e r a c t i o n  by  m u l t i p l y i n g  t h e  i n i t i a l  we igh t  by t h e  r a t i o  o f  t h e  

cross s e c t i o n  fo r  Csmpton s c a t t e r i n g  t o  t h e  t o t a l  cross s e c t i o n  (see 

Equat ion 8 >. In t h i s  way, photons were never absorbed,  thus 

improvinq the s t a t i s t i c s  o f  dose est imate.  A n i n t h  c h a r a c t e r i s t i c  

parameter of  a photon was def ined by t h e  mean p a t h  l e n g t h  which was a 

f u n c t i o n  o f  the  r e c i p r o c a l  o f  t he  t o t a l  macroscopic cross E c t i s n .  

The mean pa th  l e n g t h  f o r  a p a r t i c u l a r  energy was made cons tan t  

regardless o f  the  med im.  

Energy depos i t i on  a t  an i n t e r a c t i o n  s i t e  n by a photon coming 

fr-om t he  prev ious  i n l e r a c t i a n  s i t e  n - l  i s  c a l c u l a t e d  by Equat ion 9. 

Afxeer an i n t e r a c t i o n ,  t h e  photon had a new energy and new d i r e c t i o n  

bo th  o f  which were governed by t h e  we1 1 -known K le in -N ish ina  s c a t t e r i n g  

furmul a: 

T h i s  Formula g ives  t h e  cross s e c t i o n  per electrons d u s  , f o r  t h e  

s c a t t e r i n g  0.F a photon  o f  energy k v  i n t o  t h e  element o f  s o l i d  angle  dQ 

a t  t h e  angle  9 ( w i t h  t h e  energy hv ' ) .  P a i r  p roduc t i on  i s  all~wed when 

t h e  photon energies were above 1.02 MeV. The characteristics o f  the  

parent  photons were s to red  t e m p o r a r i l y  !hi l e  a h i  s t o r y  o f  t he  daughter 
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photon was fo l l owed  w i t h  d i r e c t i o n  chosen i s o t r o p i c a l l y  and energy of 

0.511 MeV. This  photon had tw ice  t h e  weight  of  t he  parent  so as t o  

represent  t h e  produc t ion  o f  a phaton p a i r .  Th is  h i s t o r y  was fo l l owed  

u n t i l  te rmina ted  by one o f  t he  t e s t  c r i t e r i a .  Then the  parent  photon 

h i s t o r y  was cont inued because as s t a t e d  before,  no photons were 

absorbed. 

When the  h i s t o r i e s  o f  a l l  source photons had been compiled and 

the  accumulated energ ies were recorded, s tandard dev ia t ions ,  

c o e f f i c i e n t s  o f  v a r i a t i o n ,  and absorbed f r a c t i o n s  f o r  each subregion 

were computed (Warner, -- e t  al . ,  1968). 

Standard dev ia t i ons  and absorbed f r a c t i o n s  were c a l c u l a t e d  from 

deposi ted energy i n  the  d i f f e r e n t  organs and t i s s u e s  of t he  phantom. 

L e t  Eni be the  energy deposi ted in t h e  reg ion  under cons ide ra t i on  on 

the n t h  i n t e r a c t i o n  o f  t he  i t h  source photon. Th is  energy migh t  be 

zero, as i t  was i n  t h e  f r e q u e n t l y  o c c u r r i n g  case when the  nth 

i n t e r a c t i o n  d i d n ' t  occur w i t h i n  t h e  reg ion .  The t o t a l  energy 

deposi ted by t he  ith photon i n  t h e  reg ion  would be 

i m 
E* = C E i i  

n = l  
i n  which m i s  t h e  number o f  i n t e r a c t i o n s  i n  the  reg ion  o c c u r r i n g  i n  

the  ith h i s t o r y  be fo re  te rm ina t ion .  The es t imate  o f  t he  average 
i 

energy deposi ted per  photon i n  the  reg ion  i s  then 

M - 1  E=jqC ET 
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i n  which M source photons w e ~ e  foIlo'i.~'ed. (Dose i s  obtained by 

mu1 ti p l  y i  ng the energy depos i tisn by "Le a p p r o p r i a t e  cons tan% 1.6 x 

10-8 rads/MeV.) 

The s tandard  dev ia t i on  of the mean, 0 ,  was ca lcu la ted  u s i n g  the 

M Torrnul a 

i = l  

Absorbed fraction of the ieh  h i s t o r y  can be expressed as 

where E i s  the i n i t i a l  photon energy emi t ted  by t h e  S Q W C ~ . ,  The 

abs~rbedl  f r -act ion in a target organ i s  expressed as:  
0 

Since t h e  absorbed f r a c t i o n  d i f f e r s  Cram E by a c o n s t a n t  'Factor9 t h e  

c o e f f i c i e n t  o f  v a r i a t i o n ,  C.V.,  was g iven  by 

100 0 C.V.  = - r 
(Snyder,  -- e t  a1 . , 1974). 

The compute;. code had been programmed f o r  60,000 photons t o  

e s t i m a t e  gama-ray dose i n  t h e  various organs ?porn a source o f  9 9 V c  

uniformly distributed i n  the bladder. contents, kidneys, l i v e r ,  spleen, 

red bone marrow and the t o t a l  body r e s p e c t i v e l y .  An ~ x a m p l e  ou tpu t  

from t h e  Monte-Carlo code f o r  t h e  one-year o l d  phanliliT u s i n g  the  

kidneys as a source organ i s  shown i n  T a b l e  5. 



TABLE 6. SAMPLE OUTPUT FROM THE MONTE-CARLO CODE FOR THE ONE-YEAR-OLD 
PHANTOM USING THE KIDNEYS AS A SOURCE ORGAN 

Orqan Rads/Photon S t d .  Oev. Coef. V a r .  Collisions Mass E(G-Rads) Var. o f  E Absd. Frac .  Pho tons  

1. T o t a l  Body 

2. Legs 

3. Trunk 

4. Head 

5. Total Tissue 

100. 5.1. + Conts. 

101. RM Lo. L. Arm 

102. RM Lo. R. Arm 

103. RFI Lo. L. Leg 

104. RM Lo. R. Leg 

5.195E-14 

3.604E-15 

9.016E- 14 

1.529E-15 

5.039E- 15 

1 .@5OE-13 

5.732E-14 

6.223E-14 

6.685E-I6 

1.138E-15 

2.385E-16 

1.591E-16 

4.163E-16 

8.833E-17 

2.913’-16 

3.402E-I5 

3. ?74E-15 

3.472E-15 

2.675E-16 

3.855E-16 

4.591E-03 

4.414E-02 

4.617E-03 

5.775E-02 

5 .  i82E-03 

3.239E-02 

5.71 1E-02 

5.58OE-02 

4.OOZE-01 

3 . 3 8 8 ~ - 0 1  

150658 

1899 

147230 

1529 

89369 

2334 

58 I 

655 

18 

25 

1.040E 04 

1.672E 03 

5.875E 03 

2.849E 03 

6.115E 03 

7.590.5 01 

2.030E 00 

2.030E 00 

3.205E 00 

3.205E 00 

5.401E-10 

6.027E-12 

5.297E-10 

4.357E-12 

3.081E-10 

7.972E-12 

1,164E-13 

1,263E-13 

2.143E-15 

3.646E-i 5 

6.149E-24 

7.075E-26 

5.983E-24 

6.333E-26 

3.174E-26 

6.666E-26 

4.416E-29 

4.968E-29 

7.352E-31 

1. 526E-30 

2.618E-01 

2.92 1 E-03 

2.568E-01 

2.11 2E-03 

1.493E-01 

3.864E-03 

5.640E-05 

6.123E-05 

1.038E-06 

1.767E-06 

40238 

820 

40063 

483 

31863 

I598 

434 

471 

8 

15 
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~ . -  B i  01 ogi cal Data for Dose C31 --_1_ cul aatisns 

Methods f o r  the calculation o f  absoi-bed dose POP biologically- 

dis t r ibu ted  radionuclides have evolved over the years .  Some o f  the 

procedures contain simp1 ifying assumptions f o r  t h e  radionucl {des and 

the biological models o f  in te res t .  The wt4d "rnodel" was used t o  

designate t h e  s e t  o f  assumed s p a t i a l ,  structural and kinetic 

cand-itions fo r  which dose calculations were t o  be made. The ever-  

increasing number and types of  radionuclides in medical application 

and the growing i n t e r e s t  in detailed biological nisdels prompted the 

re-eval uation of the various computat ional  procedur-es and also t h e  

physical and biological da ta  r e q ~ i r e d  f a r  t h e  calculation. 

Same widely used rad iopharmaceu t i ca l  s in pediatric nuclear 

medicine are 99W-s: labeled. Examples o f  "iwo commonly a d m i n i s t e r e d  

d r u g s  are 9 9 T c  SUI f u r - c ~ l  loid and ~~mTc-BEW4 w h i i h  concentrate in 

t h e  liver and the  renal cortices, respectively. Biological d a t a  fur 

these pharmaceuticals were provided w i t h  the a s s i s t a n c e  o f  Dr. E ,  M. 

Smi th  and a re  given belaw, 

1. 99mTc . - _ -_~ - . . . . . .  Sulfur-colloid 

( a )  Distribution o f  t h e  sulfur-colloid i s  t h e  following: 

Fractforr o f  I_ .._.. Adwin. y I I _  _I_ Activitx ....... ._ OrJan- -- 
Liver 0.85 

Sp le fw  0.07 

Red Marrow 0.05 

Total  Body Q.03 
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( b )  Assumptions used in calculation o f  the cummulated ac t iv i ty ,  

A: 

(1) Administered ac t iv i ty  i s  instantaneously taken up by 

the organs and uniformly distributed in the organs. 

( 2 )  The biological clearance of the material i s  much larger 

= T PhY* ef f % t h a n  the physical ha l f - l i fe  o f  99mTc, i . e .  T 

( 3 )  The fraction (0.03) distributed i n  the total  body i s  

assumed t o  be uniformly distributed i n  a l l  t issues.  This assumption 

will introduce an error  of less  t h a n  5% w i t h  to ta l  body dose. 
hl 

( c )  Calculation of cumulated ac t iv i ty ,  r( V C i - h ) .  A i s  the 

cumulated ac t iv i ty  given by - 
A = [: A ( t ) d t  VC i 

I t  i s  convenient t o  define a distribution function Q(t)  8,s the amount 

of the administered radionuclide in the organ a t  time t ,  then the 

ac t iv i ty  is given by 

A ( t )  = q ( t )  e-ht pCi 

where A i s  the physical decay constant o f  the radionuclide. I f  now 

q ( t )  can be resolved i n t o  exponential components w i t h  an accuracy 

adequate for  absorbed dose calculations,  then 

where the coefficient q i s  the value of the jth exponential component 
j 

t h  a t  time t = O  and A i s  the biological decay constant o f  the j 

exponential constant. Carrying out the integration of 
j 



46 

and 

where K (-1 i s  the cuiiiulated a c t i v i t y  i n  the murce r e g i o n  r over  an 

infinite per iod  (pc i - t i ) ,  q i s  t he  fractjorral  v a l u e  o f  t h e  jth 

exponent ia l  component o f  t h e  admin is te red  substance as t h e  1 aheled 

h h 

h j  

radiopharmaceut ical  t h a t  appears i n  the sr~urce region r and A. i s  
h 

the administered a c t i v i t y  i n  p C i a  For 99rnTc3 t he  h a l f - l i f t ? ,  I , 
% 

i s  s i x  hours and the decay cons tan t ,  A 
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(4 )  Total Body 

N ( 3 3 )  A r s ( m )  = (1 x 0.03)/0.1155 = 0.260 u C i - h / u C i  admin. 

2. g9mTc-DMSA ( 2 ,  3-dimercaptosuccinic acid)  

( a )  Distributions of 99mTc-DMSA and assumptions i n  

calculating A .  

(1) 60% o f  the administered ac t iv i ty  localized 

much larger  
5;B 

= T . R a t i o  o f  the cort ical  t issue 

instantaneously i n  the renal cor t ices  with T 

than T$phy ; i . e . ,  

i n  the adu?t t o  to ta l  renal t issue i s  186/300 = 0.62. 
Teff P hY 

(2) 33% of the administered ac t iv i ty  distributed 

i t s e l f  instantaneously and uniformly t h r o u g h o u t  the to ta l  body 

= T  Teff phy' with a TF5B >> Tphy;  i . e . ,  

( 3 )  5% o f  the administered ac t iv i ty  localized 

instantaneously i n  the l i v e r  and spleen (proportional t o  organ mass) 
- 

Teff Tphy'  w i t h  a T.,B >> Tphy;  i .e . ,  

( 4 )  2% o f  the administered ac t iv i ty  was cleared by the 

kidneys, the effect ive residence time o f  the ac t iv i ty  in the bladder 

was one hour. Physical decay was no t  considered. (The value of 2% 

excretion was taken to  err the low side,  thus increasing the estimate 

of t issue radiation dose from retained ac t iv i ty ) .  

( 5 )  There was no f r ee  99mTc and a l l  o f  the 99"Tc 

actively followed the kinetics of the renal agent. 

(b )  Calculation of A (VCi-h). 

( l j  Renal Cortices 
m 

(34 1 N 

- Y R C  - '*' - 5.19 pCi-h/VCi admin. ARC - *o - -- 0.1155 - 
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( 3 7  3 ( 4 )  Liver and Spleen 

Absorbed Dose Cal eul a t i o n s  

The calculation o f  absorbed dose depends on b o t h  the properties 

of t h e  r a d i a t i o n  source and t h e  biologtcal model. The absorbed 

D, can be expressed by 
_- 

pihee-e the  x ' s  a re  given i n  the previous sect ion3 nr i s  t he  mass o f  t he  

target  organ and A~ i s  t h e  equilibrium dose c o n s t a n t  for  t h e  source 

r a d i o n u c l i d e  and i s  expressed in t e r m  o f  g - r a d / & i - h r .  

V 

The ca lc i r la t i sn  o f  the Q I s ,  t h e  absorbed fraction, f a r  9 g m T c  i s  i 
described i n  t h e  sect l 'on an the Plonte--Carlo Code; A set  o f  +i I s  i s  

c a l c u l a t e d  for each source organ which may exis t .  From t h e  twc 

radiopharmaceutical examples discussed i n  the  s e c t i o n  on Biological 

Data, six source organs are i d e n t i f i e d :  bladder cotqteo%s, kidneys, 

1 iver,  spleen, red b o w  marrow and t o t a l  body. A composite o f  the 
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photon absorbed fractions of 99mTc for these source organs fo r  the one 

year old and the f ive year old phantoms are shown i n  Tables 7 and 8, 

respec t i  vel y . 
For 99mTc labeled pharmaceuticals, the equilibrium dose constant 

used for calculating absorbed dose i s  the sum o f  the A ~ ' S  f o r  

penetrating radiations, i .e . ,  gamma-rays and x-rays. This i s  

i l lus t ra ted  in Figure 14. 

The masses of Individual target  organs, m,,, can be found in Table 

5 (see page 25 ) . 
These data, cumulated ac t iv i ty ,  organ masses, equilibrium dose 

constant and absorbed fractions are  combined to  calculate the absorbed 

dose to  different  target organs i n  the one-year old and the five-year 

old phantoms. The following target  organs were selected as beinq 

impor tan t  for  the radiopharmaceutical studied i n  children: bladder 

wall, gonads, kidneys, l iver ,  ovaries, red bone marrow, spleen, 

tes tes ,  thymus, and thyroid a5 well as  the total  body dose. Tables 9 

and 10 show the absorbed dose for  99mTc sulfur-colloid calculated 

for the one-year old and five-year o l d  phantoms, respectively; and 

absorbed dose calculations are i l lus t ra ted  in Tables 11 and 12 for 

9gmTc DMSA. 
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TABLE 8. ABSORBED FRACTIONS FOR THE PHOTON SPECTRUM OF 99mTc 
FOR THE FIYE-YEAR-OLD PHANTOM" 

Target 
Organs 

Source Organs 
Blad. Cont. Kidneys Liver Spleen Total Body Red Marrow 

Adrena 1 s 
Bladder Wall 
Brain 
G.I .  (Stomach) 
G.I. ( S I )  
G.I. (ULI Wall) 
G.I. (LLI Wall) 
Heart 
Kidneys 
L i  ver 
Lungs 
Ovaries 
Pancreas 
S ke 1 e ton 

Red Marrow 
Ye1 low Marrow 

Skin  
Spleen 
Testes 
Thymus 
Thyroid 
Uterus 
Total Body 

1.613E-05 
6.280E-02 
9.07OE-06 
4.378E-04 
7.566E-03 
1.752E-03 
3.353E-03 
1.320E-04 
5.986E-04 
3.154E-03 
2.624E-04 
1.235E-04 
8.614E-05 
2.527E-02 
8.567E-03 
9.783E-04 
6.329E-03 
1.983E-04 
1.014E-04 
4 622E-06 
5.515E-10 
3.430E-04 
3.673E-01 

4.982E-04 
4 .026~-04  
1.824E-04 
1.240E-03 
5 502E-03 
1.122E-03 
3.102E-04 
1.091E-03 
5 716E-02 
1.430E-02 
2.206E-03 
2.756E-05 
8.274E-04 
3.658E-02 
1.405E-02 
1.128E-03 
6.575E-03 
4.025E-03 
5.052E-06 
9.301E-05 
1.683E-07 
3.087E-05 
3.207E-01 

1.373E-04 
4.836E-04 
1.642E-04 
1.561E-03 
5 032E-03 
1.744E-03 
2.250E-04 
3.163E-03 
2,773E-03 
1.133E-01 
4.238E-03 
2.581E-05 
1.003E-03 
2.555E-02 
6.976E-03 
7.355E-04 
6.278E-03 
8.002E-04 
1.232E-06 
2.358E-04 
4.315E-06 
3 532E-05 
3.380E-01 

5.063E-03 
2.334E-04 
3.529E-04 
3.321E-03 
3.017E-03 
7.365E-03 
2.724E-04 
2.365E-03 
9.457E-03 
1 .098E-02 
6.150E-03 
1.376E-05 
2.935E-03 
3.517E-02 
9.465E-03 
8.875E-04 
6.108E-03 
5,464E-02 
8.396E-07 
1.792E-04 
5.468E-06 
3.075E-05 
3.496E-01 

4.104E-05 
1.057E-03 
1.503E-02 
9.2 15 E-04 
3.443E-03 
8.693E-04 
6 700E-04 
1.656E-03 
1.729E-03 
9.276E-03 
3.695E-03 
2.210E-05 
3.966E-04 
4.907E-02 
8.270E-03 
9.2 1 1 E- 04 
8.909E-03 
7.258E-04 
2.875E-05 
4.416E-04 
5.909E-05 
6.139E-05 
2.715E-01 

2.341E-05 
2.063E-03 
1 a 803E-05 
5.237E-04 
1.259E-02 
2.658E-03 
2.763E-03 
1.883E-04 
2.039E-03 
4.647E-03 
3.925E-04 
1.097E-04 
1.514E-04 
9.183E-02 
4,539E-02 
4.980E-03 
6 106E-03 
3,588E- 04 
2.291E-05 
2.904E-05 
3.178E-09 
1.718E-04 
3.514E-04 

* 1 n i n i  
Note: Nhen using these data the weighted value o f  the equilibrium dose constant, i . e .  

should be used. 
3 

For technicium-9% the value i s  0.242 g- rad /pCi-hr .  C n i  
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MEAN MEAN E Q U I -  DOSE CONSTANT 
NIJMBER/ E N E R G Y /  L I D R I I J M  
O I S I N T E -  P A R -  D O S E  RAD !AT1 ON 

FOR PENETRATING 
RADIATION G R A T I O N  T I C L E  C O N S T A N l  

171 I )  

__--___ -.-.-I------ ~ _ .___--____-_ 
G A N M A  1 0 .0000  

M IN7 C O N  E L E C T  0.9860 
G 4 M M A  9 0.8787 

K I N T  CON E L E C T ‘  0.0913 
L I N T  CON E L E C T  0.0118 
W I N T  CON E L E C T  0.0039 

G A M M A  3 0.0003 
K I N T  CON E L E C T  0 . 0 0 8 8  

M I N T  CON E L E C T  0.0011 

K A L P H A - 2  X - R A Y  0.02P1 
K R E T A - 1  X - R A Y  0.0l.05 

K L C  A U G E R  E L E C T  0.0152 
KhX A U G E R  E L E C T  0.0055 
LMM AlJGER E L E C T  0.1093 
M X Y  AUGER E L E C T  1.2359 

L I N V  CON E L E C T  a * 0035  

X A L P H A - 1  X - R A Y  0.0441 

E ( I )  
( M E V /  
P A R -  
T I C L E )  

0.0021 
0.0016 
0.1405 
0.1194 
0.1377 
0.1400 
0.1426 
0.1215 
0.1338 
0.1422 
0.0183 
0.0182 
0.0206 
0.0154 
8.0178 
0 . 0 0 1 9  
0 * 0 0 0 4  

--1-1---- 

a(11 I (j! 
( G - R A D /  (G-RAB/ 
M I C R O C I -  MICROCI- 
HOUR 1 HQUR) 

0.0000 8.0000 
0.0035 
0.2630 0.2630 
0.0232 
6.0034 
0.0011 
8.0001 0.0001 
0.0022 
0.0010 
0.0003 
0.0017 0.0017 
0.0008 0.0008 
0.000rp 6.0004 
0 . 0 0 0 s  
0.0002 
o.o00r, 
0.0011 

. - _ - - I  ------- ^.. - _  

FIGURE 14. ISOMERIC LEVEL DECAY OF 99n1Tc, DECAY DATA AND 
EQUILIBRIUM DOSE CONSTANTS, 



TABLE 9. ABSORBED DOSE TO SELECTED ORGANS IN 4% ONE-YEAR OLD PHANTOM 
P E R  U C i  OF ADMINISTERED ACTIVITY OF Tc-SULFUR COLLOID 

Target Source Organs Total  Dose t o  tne 
Organs Liver Spleen Red Marrow Tota l  Body Ta rge t  Organs (rads/vCi ) 

Liver 
Ovar ies  
Red Marrow 
Spleen 
Testes 
Thymus 
Thy ro id  
Total Body 

5.806E-04 
2.671E-05 
5.734E-05 
5.820E-05 
1.130E-05 
3.082E-05 
1.289E-05 
5.371E-05 

5.298E-06 
1.270E-06 
6.464E-06 
2.657E-04 
1.526E-07 
2.019E-06 
5.846E-07 
4.54OE-06 

2.010E-06 
1 e 604E-05 
2.155E-05 
2.186E-06 
3. 125E-06 
1.399E-07 
0.0 
3.228E-06 

1.786E-06 
1.804E -06 
2.242E-05 
1.761E-06 
2.092E-06 
1.708E -06 
2.01 5E-06 
1.571E-06 

5.897E-04 
4.582E-05 
8,760E-05 
3.278E-04 
1.667E-05 
3.469E-05 
1.549E-05 
6.3O5E-05 

ul 
W 
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TABLE 11. ABSORBED DOSE TO SELECTED ORGANS IN THE ONE-YEAR OLD PHANTOM 
PER pCi OF ADMINISTERED ACTIVITY OF g%Tc-DMSA 

Target Source Organs Total Dose t o  the 
Organs Kidneys Total  Body 81 adder Liver & Spleen Target Organs (rads/pCi) 

B1 adder 
Kidneys 
Liver 
Ovaries 
Red Marrow 
Spleen 
Testes 
Thymus 
Thyro id  
Total Body 

2.004E-05 
9.905E-04 
5.134E-05 
4.353E-05 
7.611E-05 
1.738E-04 
1.29rI.E-05 
7.660E-06 
2.485E-06 
3 .475505 

2.180E-05 
1.848E-05 
1.965E-05 
1.985E-05 
2.466E-05 
1.937E-05 
2.301E-05 
1.878E-05 
2.217E-05 
1.728E-05 

5 a 543E-06 
6 .945~-oa  
7.333E-08 
4.429E-07 
1.849E-07 

5.614E-08 
6.323E-07 
7.511E-09 
0.0 
1.546E-07 

1.445E-05 
5.2615-06 
3.162E-05 
2.894E-06 
3.46SE-06 
1.849E-05 
6.182E-07 
1.779E-06 
7.29OE-07 
3.159E-06 

6.183E-05 
1.0ME-03 
1.027E-04 
6.672E-05 
I. 044E -04 
2.117E-04 
3.72OE-05 
2.822E-05 
2.538E-05 
5.534E-05 
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CHAPTER \I 

SUMMARY 

Mathematical representations o f  one-year o l d  and  five-year old 

children were developed using anatomical references as  a basis for  

gross phantom geometries and organ s izes ,  shapes and weights. These 

mathematical phantoms were encoded i n t o  Fortran computer language such 

t h a t  they could be used i n  the Monte-Carlo photon transport code in 

existence a t  ORNL. This transport code and the Snyder-Fisher phantom 

were the basis of dosimetric studies on adults.  

Absorbed dose calculations were performed for  two 99mTc 1 abel ed 

pharmaceuticals using the one-year old and five-year old phantoms. 

T h e  radioistope 99mTc was chosen for  use i n  these calculations since 

th i s  isotope has wide use i n  pediatric nuclear medicine (Adelstein, 

1975 and Smith, 1975) 

The development of pediatric phantoms which can be used t o  

estimate absorbed dose has become important. Children a re  b e i n g  

exposed t o  many nuclear medicine procedures, and dose estimates are  

needed i n  the nuclear indus t ry ,  f o r  children represent a n  important 

group i n  the U. S. population. Previous estimates of  absorbed dose in 

children were calculated by using shrunken versions of the Snyder- 

Fisher phantom. T h i s  adult  phantom was reduced by factors chosen t o  

represent a particular age. B u t  a child i s  n o t  merely an a d u l t  shrunk 

by a constant factor.  Some organs are i n  d i f ferent  propor t ion  i n  

children than i n  the adult ,  e .g . ,  the thymus g l a n d  i s  larger i n  

children i n  proportion t o  the r e s t  o f  the organs t h a n  i n  the adult .  

57 



i rs cal  CUI  a t i  rig absorbed doses t o  chi  1 dren f r om 

external r a d i a t i o n  S O U V - C ~ S  and will h e l p  el 

i n t roduced when shrunken adul  t phantoms are used 

These p e d i a t r i c  phantoms will p l a y  an increasingly importawit role 

i n t e r n a l  and 

uncertainties 

mat ing  dose.  

b o t h  

mi naLe 

n e s t  
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APPENDIXES 

APPENDIX A 

DESCRIPTION OF ?HE ONE-YEAR-OLD MATHEMATICAL 

C H I L D  PHANTOM 

Exterior o f  the Phantom 

The body i s  represented as erect  with the positive Z-axis 

directed upward toward the head. The X-axis i s  directed t o  the 

phantom's l e f t  ( t h e  reader 's  r ight  in Figure A- I ) ,  and the Y-axis i s  

directed toward the posterior side of  the phantom. ?he origin i s  

taken a t  the center o f  the base of the " t r u n k "  section o f  the phantom. 

The axes are calibrated i n  centimeters. 

The " t r u n k "  i s  a so l id  e l l i p t i ca l  cylinder specified by 

( x ) 2  8.8 +(;)2il ,  

so t h a t  the " t r u n k "  includes the arms as well as the pelvic and  hip 

bones from the point where the separation o f  the legs begins. The 

volume o f  the t r u n k  section i s  6,052 cm3, and the mass i s  5,875 g .  

The head section i s  a right: e l l i p t i ca l  cylinder topped by half an 

el?ipsOid. The locus i s  specified by 

and 

or 

32 I Z 5 42.6 
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FIGURE A-I. THE ONE-YEAR OLD PHANTOM. 
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The total  volume i s  2,609 cm3¶ and the mass i s  2,849 9.  

The leg region o f  the phantom consists of  the frustums o f  two 

circular  cones specified by 

and 
-26.4 5 Z 1 0, 

where the plus sign defines the l e f t  leg and the minus sign the r i g h t .  

The total  volume o f  both leqs i s  1,586 cm3, and the mass i s  1,672 9.  

I t  i s  apparent thatthe the leg region does n o t  join smoothly the t r u n k  

region, because the legs pro t rude  slightly beyand the e l l i p se  defining 

the t r u n k  in the plane Z = 0. 

The genitalia region (male) o f  the phantom consists o f  the region 

specified by 

-1.58 5 Z 5 0, 

z - 6 . 3  + 2 x i (4.3 4. &> 9 

and 



and t h i s  l a s t  i n e q u a l i t y  must h o l d  for ei ther-  choice o f  s ign ,  i . e . ,  

t h e  g e n i t a l i a  r e g i o n  l i e s  o u t s i d e  b o t h  legs. The g e n i t a l i a  r e g i o n  has 

a volume o f  12 cm3 and a mass o f  11.9 $9. 

Organs 

S k e l e t a l  %stem. _._ The skeletal  system consists o f  t h e  t w e l v e  

parts descr ibed below, and the dose and absorbed f r a c t i o n  ape recorded 

separately f o r  each p a r t  as w e l l  as f o r  the t o t a l  skeleton.  

Leg Bones. Each leg bone i s  the frusturn o f  an el!iptical cone. 

The express ion for the l e f t  Icy bone i s  

z - 6  'j2 + Y2 5 1.7 4 - z)2 , ( 25,2 (x - 4 . 3  - - 26,2 

 he volume o f  bo th  bones i s  219 cm3 and t t ie  nmss i s  306.6 g .  

- A r m  Bones. Each a m  bone i s  t he  f rus tum o f  an e l l i p t i c a l  cone, 

The l e f t  one i s  defined by 

and 0 : z i 31.2. 

The volume o f  b o t h  arm bones i s  184 cm 3 and t h e  mass i s  145.6 9, 
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Pelvis. The pelvis is a portion o f  the volume between t w o  

nonconcentric circular cylinders described by 

X 2  f ( Y  f 1.512 2 (6>* 

x2  -4. ( Y  -t 212 (5.5)2 

Y f 1.5 1 0 

0 5 z 5 9.6 

Y f 2.5 i f  2 Z 6.14. 

I t s  volume is 89,76 cm3, and its mass is 125.66 g. 

Spine. The spine i s  an elliptical cylinder given by 

and 

9.6 5 z 5 36.5, 

and has a volume of  130 cm3 and a mass of 132.2 g. It i s  divided 

i n to  three portions--an upper, middle and lower third--and dose and AF 

are estimated separately for each portion. These divisions are formed 

by the planes Z = 32 and 2 = 16.1. 

Skull. The skull  is the volume between two nonconcentric 

elljpsoids defined by 

+ (57?> Y 2  + ( Z  - 43-4)2 2 1 
5.4 

and has a volume o f  489 cm3and a mass o f  684.8 g. 
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I_ Rib Cage. The r ib  volume i s  a sgries o f  bands between two 

concentric, r ight-ver t ical ,  ellipticall cylinders. T h i s  region i s  

sl iced by a series o f  equispaced horizontal p l a n s  i n t o  slabs,  every 

other s l i ce  being a r ib .  The statements t h a t  must be sat isf ied a r e  

16.1 5 z 5 30.82; 

The total  r ib  volume i s  37.7 cm3 and the. mass i s  136.7 g. 

Clavicles. The clavicles a r e  represented as  two portions of a 

torus which lie along the circular  arc X 2  + ( Y  - = (6.812 , Z = 

31.4, and has a smaller r ad ius  o f  8.3831 cm. The clavicles include 

only the por%ion o f  the torus between the planes 1. - Y = 1x1 c o t 8  

w i t h  e = 4O 30.24' and 0 = 3ijo 30,24 ' .   he absolute v a ~ u e  s i g n  nn x 
allows for both  a right and  a l e f t  clavicle.  The volume o f  both 

clavicles i s  7.88 cm3, a n d  t h e  mass i s  a b o u t  11 9 .  The equat ions 

can be reduced t o  t h e  f o m  

(Z  - 31.4)2 + (6.8 - m - . T m r  5 (0.383'8)2 
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The clavicles 

and j u s t  above the top rib. 

11. 

l i e  s l ight?y inside the cylinder defining the r i b  cage 

They are shown schematically i n  Figure A- 

Scapulae. The scapulae extend from Z = 30.82 crn (the t o p  o f  the 

twelfth r ib)  t o  Z = 23.32 crn and  l i e  between two e l l i p t i ca l  cylinders. 

t e r  surface o f  r ibs )  

and 

= I (a somewhat larger cylinder) x 2  (m) +(m) 
Although the lower portion of  the  scapula i s  somewhat smaller than the 

upper, t h i s  dist inction i s  ignored here, and the l e f t  scapula will 

occupy a l l  the above space between t h e  planes 'f = 0.25X and Y = 0.80X. 

Thus the t e s t  for point (X,Y,Z) t o  be in the l e f t  scapula i s  the 

following: 

23.32 5 Z 230.82,  

Y > 0, 0.25 €. Y / X  e 0.80. 

for  the r i g h t  scapula, only the l a s t  inequality needs t o  be replaced 

Q-25 < Y/-X < 0.80- 

For b o t h  scapulaeg one uses 



3%
 

P- I 

w
 

c
3
 



0.25 .c: V / l X (  8.80, 

the other four inequalit ies being unaltered. 
2 

Consider the e l l ipse  ( point ( p3 8 1 l i  
' I  

t h i s  e l l ipse  i f  

or, equivalently, i f  

ab 
Ja2 sin2 e +- b2 cos2 0 

P =  

The area o f  a sector o f  the el l fpse i s  given by 

on 

The volume of a "wedge" o f  h e i g h t  h with the base i s  then 

a t a n  0, a tan 0 1  - arc tan  ,, 2 b 

The volume o f  one scapula i s  then 

where V 2 i s  obtained from the above formula by substi tuting a = 7.8, 

b = 6 . 8 ,  h = 7.5,  t a n g 2  = 0.8, and t a n e l  = 0.25, and for  VI  one uses 

the same values except t h a t  a = 7, One finds 

V(scapu1a) = V, - V I  = 92.132 - 78.011 = 14.121 cm3, 

For density o f  1.4 g/cm 3 ,  one has a mass o f  19.71 g for one 

scapula. The scapulae, a s  so defined, do n o t  intersect  the arm bones 

or the r ibs  or other designated organs of 'the phantom. The scapulae 

are included i n  Figure A-IX. 
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Adrenals. Each adrenal i s  half an ell ipsoid atop  a kidney. The 

l e f t  adrenal i s  given by 

and 
z 2 16; 

the volume o f  bo th  adrena ls  i s  3.94 cm3 (Figure A-HII), and the mass 

i s  4.04 9.  

Urinary Bladder ___--_- and Contents. The bladder i s  regarded as an 

e l l ipsoid,  and the defining inequalit ies are 

The volume i s  7.41 cm3, and the mass .is 7.31 9. The contents have 

a volume o f  25.41 cm3and a mass o f  25.88 g .  This represents a 

moderately fu l l  bladder. 

Dose t o  the bladder wall from a photon emitter present i n  t he  

ur ine  will vary greatly, depending on t h e  degree o f  f i l l i n g  even f a r  

the same concentration or amount of act9vity present. The specific 

absorbed fraction, @(bladder wall c content ) ,  will vary by 

approximately an order  o f  magnitude (Snyder, Ford and Warner, 1970). 

T h u s  the user o f  these data should be aware t h a t  the values tabulated 

here are  only appropriate for one s ize  o f  b l a d d e r ,  The difference i n  

0 ,  or dose rate ,  t e  the bladder walls o f  different  sizes from other 
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SLADDER 

. 

KIDNFY 

PA N C  R E  A 5 UTERUS 

.- 

SPLEEN ADRENAL 

FIGURE A-111. A ~ ~ E ~ ~ ~ ~ ~ A L  MODELS FOR THE BLADDER, K ~ ~ ~ E Y ~ ,  P 
UTERUS, SPLEEN AND ADRENALS. 
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sour-ce organs o u t s i d e  the  b ladder  i s  generally s m a l l .  

shown i n  F igu re  A-111. 

The b ladder  i s  

I_-.- Brain. The b r a i n  i s  an e l l i p s o i d  g iven by 

and t h e  volume i s  977.16 crn and the mass i s  1,005.5 g (F igu re  A- 

IV). 

G a s t r o i n t e s t i n a l  T r a c t  and Cantents-Stomach .. - ( S ) .  The stomach i s  

represented as t h e  mass between two el 1 i psoids  

and 

1.985 4.285 

The volume i s  25.99 cm 3, and the mass i s  27.3 3; t h e  contents have 

a volume o f  49.3 e m 3  and a mass o f  48.69 g. The th ickness  o f  t h e  

stomach w a l l  i s  about  0.315 cm. 

The stomach represented here i s  a " f u l l "  stomach, and t h e  aveloage 

dose r a t e ,  even f o r  t he  same a c t i v i t y  present,  probably v a r i e s  great ly  

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

spaceso e t e .  

-I -Small I n t e s t i n e  ( S I ) .  The s m a l l  i n t e s t i n e  does n o t  seem t o  

remain i n  any ' 'standard p o s i t i o n "  excep t  t h e  ends which are relaks 'vely 

f ixed.  Thus 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  inove. No a t tempt  t o  determine a 

s p e c i f i c  c o n f i g u r a t i o n  i s  made here,  a d  thus t h e  w a l l  and conten ts  
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H E A R T  

L I V E R  

B R A I N  LUNG 

FIGURE A - I V .  MATHEMATICAL MODELS FOR THE HEART, L I V E R ,  BRAIN AND LUNGS. 
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a r e  no t  d i s t i n g u i s h e d  f a r  estimation of  photon dose. ‘The total mass 

is 75.9 g, and the corresponding volume i s  a h m l  75.92 ern3. T h ~ s  

volume, which lies in t h e  p e l v i c  region, i s  a s e c t i o t i  o f  a c i rcu lar  

cylinder given by 

x 2  4 ( Y  -4- 2 ) 2  2 (S.5)2 

-2.3 2 Y 2 1.9 

7.24 5 Z 5 9.8, 

bu t  the  p o r t i o n  of the largg jntestine w i t h i n  t h i s  reg ion  i s  excluded. 

The upper 1 ai-ge i n t c s t i n e  consists 

The ascend-ing colon i s  

-Upper Large Inteat?:-i.r,...l,~L~. 

o f  an ascending colon and a transverse colon. 

d e f i  ned by the i nequal i t i  es 

(x  a 4 4 2  -b ( Y  4- 1.1)3- 2 (1.212 

( X  f 4 4 2  + ( V  4” 1.1)2 ? (0.32)2 

5.3 L z 5 8-4. 

The wall has a t o t a l  volume of  8.97 cm3 a n d  a mass o f  9.36 

inequalities 

g, The 

def-jne the contents o f  t h e  ascending ~oloti. The volume i s  5.05 cm3 , 
and t h e  mass is 4.98 

model i s  0.48 cm. 

g. The th ickness  of t h e  wall accord ing to th l ’s  

The transverse colon i s  an elliptical c r o s s - s e c t i o n  and is 

&fa” ned by 
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-5.2 2 x 5 5.2 

The volume o f  the wall i s  16.28 cm3, and the mass i s  16.98 g. By 

t h i s  model the thickness i s  about 0.3 cm. The contents are specified 

-5.2 5 x 2 5.2. 

The volume is 11.76 cm3, and the mass is 11.6 9. 

-Lower Large Intestine (LLT) e The 'lower 'large intestine consists 

o f  a descending colon and a s igmo id  colon.  The descending colon is 

described by the inequalities 

where 

n.zg4.a - z)  y =- -  
0 4.3 

The descending colon has a valurvc o f  7.76 cm 3 and a mass of  8. B g .  

The thickness o f  the wall would v a r y  between 0.25 cm and 0 .5  cm 

according to this model. 
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The sigmoid colon consists of por t ions  o f  two torii and i s  

defined by the inequal i t i ' e s  (uppe r  portion) 

( ~ y 1 . 4 ) ' ~ - ~ ~  - 2.7)2 3- Y 2  2 (0.$5)2 

( J - ( x - = - l - x - p q f - : - - T : ~  - 2.7)2  a- y2 I (0.312 

X .- > 1.4 and Z 5 4.1 

and (lower portion) 

(q 1.412 + ZT - 1,4)2 3- Y 2  2 (0.851)~ 

(s(x - C4-p z' 

x 1-4 

- 1 . q  + Y' 2r (0.312 

aa-ld z 1 0. 

The volume o f  the sigmoid colon is 12.8 cm3, and the mass i s  13,34 

g. The thickness of the wall would be 0.55 cm accarding to t h i s  

model. 

The entire gastrointestinal tract i s  sketched i n  Figure A - V .  

Heart. The heart i s  h a l f  an ellipsoid capped by a hemisphere 

which i s  c u t  by a plane .  A r o t a t i o n  and translation are then 

effected. The heart ( F i g u r e  A-3V) is represented by 

X I  6.6943(X -t- 0.5) - 0.3237(Y + 1.5) - 0.6428(Z - 22.4), 
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QRNL- 

FIGURE A-V.  M A T ~ E ~ A T ~ ~ A ~  MODEL FOR THE ~ ~ ~ T ~ ~ I N T E ~ T ~ ~ ~ L  TRACT. 
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I t  has a volume of  45.14 cm3 and a mass of 4 6 . 5  9. 

Kidneys . 
1119. The l e f t  

The volume o f  

L i v e r .  

Each kidney i s  an ellipsoid c u t  by a p lans  (Figure A- 

k idney  i s  g iven  by 

2.84 3.1 

x ? 1.2.  

bo th  kidneys i s  54.94 (3113' ak-ad t he  mass i s  68 q *  

The l i v e r  i s  def 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 

plane as  f o l l o w s :  

9.8 I z I 19. 

I t s  volume i s  287.54 cm3 (F igu re  A - I V  ) a n d  i t s  inass i s  393.67 g. 

Lungs. Each l u n g  i s  h a l f  an el l ipsaid w i t h  an a n t e r i o r  s e c t i o n  

removed. The de f in ing  expressions for  t h e  l e f t  l u n g  ape 

19.2 2 z 2 31, 

( X  - 0.6)' + (L)2 + (z - 19.2)2 t. 
2.5 3.8 11.8 i f  Y < 0. 

The volume o f  b o t h  lungs i s  423.4 cm3 (Figure A - I V  ) and the  mass i s  

128,8 9 .  
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_II-- Ovaries. Each ovary -is an e l l ipsoid (Figure A-VT >. T h e  l e f t  

ovary j s  given by 

The volume of  both ovarl'es i s  0 ° C  cm3 a n d  the mass i s  0.65 g ,  

Pancreas. The pancreas i s  h a l f  an ell ipsoid w i t h  a section 

removed (Figure A-111). ICt I s  deflne 

x ? 1, 

z > - 15.9 i f  x 1 9.5. 

'It has a volume o f  8.58 cm3 and a inass o f  8.99 y.  

Skin. Skin i s  represented a s  a layer o f  0.2 cm thickness 

extending over the en t i re  exterior o f  t h e  phantom. Thus th i s  

corresponds t o  the demis  a s  well as the epidermis. The back is  t h e  

only major body area where the thickness i s  larger ,  beinq about 

double. The volume o f  skin i s  770 cm and the mass i s  760 g .  

Spleen. The spleen i s  defined by the ellipsoid 

(X - 4.2 j2  +(U - 2.:)" + (Z - 15.9)2 
1.8 1.1 3 .  'E 

and has a volume o f  25.7 em3 and a mass o f  27,3 9 (Figure A - I T I ) .  

Testicles. The t e s t i c l e s  a re  e l l ipsoid (Figure A-VI 1, which are 

represented by the inequalties 
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10) V I € % #  

FRONT V l € W  

THYROID TESTIS 

THYROID OVARY 

THYMUS THYROID 

FIGURE A-VI. MATHEMATICAL MODELS FOR THE THYROID, TESTES, OVARIES, 
AND THYMUS. 
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where t h e  plus g i q n  i s  used f o r  the r j q h t  t e s t i c l e  and the minus 

f a r  the l e f t .  

b o t h  i s  1.47 g. 

Thymus. 

s i g n  

t e s t i c l e s  i s  1.4 cm3 and the mass o f  The volume o f  the 

The thymus i s  formed by t h e  ellipsoid 

( X t (3.9 )' + ( y  + 44.")' + ( Z  - 26.6)' 
0.47 3 . 8  2.85 

and i t  has a valume a f  21.33 cm3 (Figure A-VI) and a mass o f  21.87 

9. 

Thyroid, The lobes  o f  the thyroid l i e  between two concentric 

cylinders and a r e  formed by a c u t t i n g  sur face  (Figure A-VI and 

Figure A - v l f ) .  The expressions fo r  th i s  organ are 

i n  which 

9 T = -  (a - 23 ( Z  - 3 2 )  + 1 f o r  0 5 Z - 32 2 -- 9 18 

and 

 he volume is  2.26 ctn3 and t h e  mass i s  2,38 9. 

Uterus. The uterus i s  an ellipsoid cut  by a plane and i s  g i v e n  

bY 



-- 

ONE-Y EAR F PQE-YEAR 

36 
9 
16 _- ~ 

FIGURE A - V I I .  SECTIONS OF THE MATHEMATICAL THYRQIB AT VARIOUS WEIGHTS 
FOR THE CHPLDREN PHANTOMS. 
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X + _V_ -t- 0.56 2 + Z - 5.9 7. 
1.4 0.42 

Y ? -1.26. 

It has a volume of 1.45 cm' (Figure A- 111) and a mass of 1.53 



APPENDIX B 

DESCRIPTION OF THE: FIVE-YEAR-OLD MATHEMATICAL 
C H I  L.n PHANTOM 

_.--- E x t e r i o r  o f  the Phantom 

T r u n k .  The volume o f  the  t r u n k  section (shewn i n  F igu re  8-11 i s  

11,901.6 cm3 a n d  t he  mass i s  11,554.1 3. I t  i s  s p e c i f i e d  by 

-- Head. The v o l u m e  o f  the head s e c t i o n  i s  3,170.8 cm3 a n d  the mass 

i s  3,462.5 9. I t  i s  s p e c i f i e d  by 

42 L z I 54, 

or 

54 5 iI <, 6 3 . 3 .  

Legs. The t o t a l  volume o f  bath l e g s  i s  4,511.8 cm3 and t h e  mass 

i s  4,755.5 9. T h e  l e g  r e g i o n  i s  s p e c i f i e d  by 

z X ' I -  Y" k x 11 4"- ( 6.67) ' 

where t h e  p lus  s i g n  defines the l e f t  l e g  and t h e  minus s i g n  t h e  r i g h t .  

a G e n i t a l i a .  T h e  g e n i t a l i a  region has  a v o l u m e  o f  37.86 cm3 and 

iiiass o f  37 .36  g. I t  i s  s p e c i f i e d  by 

88 
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, ORNL-DWG 72-128164R2 

FIGURE B-I. THE FIVE-YEAR OL 
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OtYJWlS 

Skeleton System. The skeletal system c o n s i s t s  o f  the t w e l v e  

par t s  described bel ow. 

@ I__L___ Bones. The volume o f  both bones i s  588 61113 and the mass i s  

823.2 g.  The expression f o r  t h e  l e f t  leg bone i s  

A r m  Bones. The volume o f  b o t h  arm bones i s  181.2 cm3 and t h e  

mass i s  253.7 g. The l e f t  one i s  deftned by 

82.4 
(0.8/82.4) (2 - 41.2) + ( X  - 

6-8 

and 

0 2 Z 2 41.2. 

P e l v i s .  The volume of t he  pelvis i s  174.43 cm3 and t h e  mass i s  

244.2 g. I t  i s  descr ibed by 



x 2  * ( V  + 1.9)* I 7.62 

X2 + ( Y  + 2.4)' 2 T 2  

Y 5 3.2 

Spine. The sp ine  has a volume o f  258 cm3 and a mass o f  361 CJ. 
I t  i s  de f i ned  by 

and 
13 I z 5 47.5. 

Skull. The skull has a volume o f  542 crn and a niass o f  758.0 

9. I t  i s  de f i ned  by 

R i b  Cage. The t o t a l  r ib  volume i s  212.8 cm3and  t h e  mass i s  298 

9. The statements t h a t  must be s a t i s f i e d  are  

21.1 5 Z 5 40.42; 



92 

Clavicles. The volume of  b o t h  e ; l av ic lm i s  15.85 cm 3 ,  and t h e  

The c lav ic les  include o n l y  the p o r t i o n  a f  t h e  ma.ss i s  a b ~ u t  22.0 g. 

torlis 

34.43’. 

between t h e  planes 22 - Y = 1x1 cot: B w i t h  

The! equation can be reduced t u  the  fo rm 

= 7’0 42 -59  and o=  4O 

and 

They are shown schematieafly i n  Figure  A - I 1  (gage 7 2 ) .  

Scapulae. One scapula has a volunie o f  27.5 cm3 and a mass o f  

38.5 g.  The scapulae are i nc luded  i n  Figure A- I I  (page 7 2 9 .  They 

are expressed by 

Y ’ 0, 

0.25 < & < 0.80, 

and 

30.57 : z 2 40.42” 

A d ~ e n a l s .  The wslinme of  b o t h  adrena ls  i s  5.97 em3 (F-igure A- 

The l e f t  adrenal  i s  g iven  by 111, page 751, and t he  mass i s  6 .12 g. 

and 
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-. Urinary .-__--___ Bladder and Contents. The bladder i s  described by 

The volume i s  14.38 cm3 and the mass i s  14,2 4. The contents have 

a volume o f  58.7 cm3 and a niilss o f  58 9. The bladder i s  shown i n  

Figure A-I11 (page 75) .  

Brain. The brain i s  given by 

and the volume i s  1,146 cm3 and t h e  mass i s  1,179 g (Figure A-V, page $I), 

Gastrointestinal Tract and  Contents-Stomach ( S )  . The stomach i s  

described by 

and 

( X  - 4.9)' * (Y * 3 y  + (Z - 19 .87  2 
2.53 1.83 5.43 

The volume i f  49.7 cm 3, and t h e  mass i s  52.2 g; the contents have a 

volume o f  lM.3  cm and a mass o f  103.9 9. The thickness o f  the 

stomach wa l l  i s  a b o u t  0.37 cm. 



-Small Intestine (SI). .__. ._ The total mass is 175,95 g 9  and t h e  

TIE small intestine lies in corresponding 

the pelvic regian and is given by 

volume is about 178.3 cm3. 

< <  -2.9 - Y 2.0 

10 5 Z 5 14. 

-Upper Large Intestine (LILI) .  The ascending colon i s  defined by 

( X  I- 5.212 + ( Y  -+ 1.412 5 (1 .5 j2  

( x  + 52)’ + ( Y  3- 1 . 4 1 2  ,> (0.9512 

The wall has a t o t a l  volume of  17.78 ciii and if mass o f  18.54 

inequalities 

g. The 

( X  + 5.2)2 + ( Y  f 1.4)z 2 (0.9532 

define the contents o f  the ascending colon. The volume is 11.9 cm 39 

and the mass i s  11.75 g. The thickness o f  t h e  wall according t o  

this model is 0.55 CM. 

The transverse colon i s  de f ined by 

-6.4 L X 5 6.4. 
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3 
The volume of the wall l"s 26.76 crn arid t h e  mass is 27.9 4. The 

thickness i s  about 0.32 cm. The contents are s p e c i f i e d  by 

-6.4 2 Z 2 6.4. 

The volume i s  27.5 cm3, and the mass i s  27.2 g. 

The descending colon i s  -Lower Large Intestine (LLI).  

by t he  inequalities 

5.1 5 z 5 12.2 

where 

xo = 5.35 + 0.25 ( 2  - 12.2) 
7.1 

- 1.55 (5.1 - z y  
yo - 7.1 

The descending colon has a volume of  17.64 an3 and a mass o f  18.4 4.. 

The thickness of the wall would vary between 0.25 crn and 0.56 cm 

according to t h i s  model. 

The siqmoid colon is defined by the inequalities 

(upper portion) 
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x 2 1.75 and Z L 5 .1  

and (lower portion) 

x f 1 . 9 5  and 2 L 0. 

The volume o f  the sigmoid colon i s  20.73 cm3, and the  mass is 21.62 

9. The thickness o f  the wall would be 0.58 cm according to t h i s  

RlQdel. 

The entire gastrointestinal t r a c t  i s  sketched i n  Figure A-V (page 81 ) .  

Heart. The h e a r t  (Figure A - I V ,  page 77)  is represented by 

X’ + Y 2  + z2 5 (2.712 i f  X ,  < 0, 
1 1 1 

x1 Z l  + - ’  -3. i f  X ,  < 0. 

I t  has a volume o f  88.5 c d  and a mass o f  91.15 g. 

- 
1.8 2.7 - 

Kidneys-. The voluiiie o f  both kidneys i s  110.2 em3 and the mass i s  

115.5 9. The left kidney (Figure A-111, p a g e 7 5 1  is given by 

(x  - -..-11 3.9)’ +. (Y - 4 . 9 y  +. (z 4 1 s y  5 I ,  3.2 1.1 



L i v e r .  The l i v e r  (F igu re  A - I V ,  page 73)  i s  de f i ned  by 

14 2 ;h". 5 25.6. 

I t s  volume i s  575.89 cm3 and i t s  mass i s  608 q .  

- Lunss. The d e f i n i n g  expressions f o r  t h e  l e f t  l u n g  are 

L)' 
+ (Z - 26)2 2 

4.8 14.8 

The volume o f  bo th  lungs i s  856 cm3 (F igu re  A - I V ,  page 77) and t h e  mass i s  

255 g. 
Ovar ies.  The volume o f  ba th  ova r ies  (F igu re  A - V I ,  page 84) i s  1,81 

The l e f t  ovary i s  g i ven  b.!l cm3 and the  ~ S S  i s  1.89 g. 

Pancreas. The pancreas (F igu re  A-111, page 77) which has a volume 

o f  18 cn13 and a mass o f  18.9 g. i s  de f i ned  by 

x 2 -0.7, 

z 2 21.7 i f  x 1 1.1. 

- Skin. The volume o f  s k i n  i s  1286 em3 and has a n i a s  o f  I269 g. 

Spleen. The spleen (F igu re  A-111, page 7 7 )  which has a volume o f  

46.72 cm3 and a mass of  49.6 g i s  de f ined  by 
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Testicles. _sl The tes t ic les  (Figure A - V I ,  page 8 4 )  w i t h  a t o t a l  voluiile 

of 1.53 cm3 and a t o t a l  mass o f  1.6 g a r e  defined by the inequalities 

0.41 

where 

for  t he  l e f t .  

the  p l u s  sign i s  used for t h e  r i g h t  t e s t i c l e  and t h e  niinus s i g n  

Thymus. 

and a mass of 30.6 g 

The thymus. (Figure A - V I ,  page 84 ) w i t h  a volume o f  28.9 cm3 

i s  defined by 

Thyroid. The express ion f o r  t h e  thyroid (F igure  A - V I  and A-'111, pages 

x 2  + ( Y  d- 5.3p 5 (1 .9 )2 ,  84 and 86) a r e  

x 2  -I" ( Y  -I" 5.3)2 1 ( I A K  

Y + 5.3 2 0, 

42 f Z 2 46.2, 

i n  which 

T = -  lo 
21 (n - 2) (Z  - 42) +- 1 f o r  0 2 Z - 42 5 1.05 

and 

lo ( 2  -a )  ( z  P 42) + --.- 'O- I for  1.05 i 2 - 42 2 4.2, 63 3 
-i= 

The volume i s  4.62 cm3and the mass i s  4.85 9 .  
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Uterus. /The literus (Figure A-111, page 7 5 )  w i t h  a volume o f  2,47 

cm3 and a mass o f  2.6  g i s  defined by 

(&)' + (V + 1.67 0.67)?- + ( Z  - 0.5 8.6)2 5 1, 
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