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PREFACE 

The Metabolism and Dosimetry Research Group has  been funded 

con t inuous ly  f o r  over t w o  decades by t h e  O f f i c e  o f  Heal th  and 

Envirortinental Research (OHER) of t h e  Department o f  Energy ( D O E ) .  I n  

r e c e n t  years ou r  funding from OHER has  been supplemented through s h o r t -  

term c o n t r a c t s  wi.th o t h e r  ngenci.es , includi-ng t h e  Environmental 

P r o t e c t i o n  Agency (EPA), t h e  Nuclear Regulatory Commissi.on (NRC), t h e  

Food and Drug Admin i s t r a t ion  ( F D A ) ,  and the  Department of  T r a n s p o r t a t i o n  

(DOT). This  addi t : ional  support  has been c r i t i c a l  t o  t h e  development of 

our r e s e a r c h  program and has  provided the  oppor tun i ty  t o  he1.p 

s t a n d a r d i z e  the  d o s i m e t r i c  methods used by t h e  various f e d e r a l  agenc ie s .  

I n  g e n e r a l ,  our e f f o r t s  f o r  a l l .  o f  t he  fund-ing agencies  c o n t r i b u t e  

t o  and b e n e f i t  from a coiiimon pool o f  expe r i ence ,  i n fo rma t ion ,  and 

a n a l y t i c a l  c a p a b i l i t y .  With few excep t ions ,  each summary of  work given 

i n  t h i s  r e p o r t  r e p r e s e n t s  a combination and d i s t i l l a t i o n  of  work from 

s e v e r a l  p r o j e c t s  supported by s e v e r a l  a g e n c i e s ,  and no a t t empt  i s  made 

h e r e  t o  a s s i g n  percentages of  support  t o  s p e c i f i c  summaries. 

V 





ABSTRACT 

A p r o j e c t i o n  o f  tlie h e a l t h  r i s k  t o  a popu la t ion  in t - e rna l ly  exposed 

t o  a r a d i o n u c l i d e  requ.ires expl ic i t :  o r  i m p l i c i t  use  of  demographic, 

b iok i .ne t i c ,  d o s i m e t r i c ,  and dose- response  models. The leve l  o f  d e t a i l  

a p p l i e d  i.11 t h e s e  f o u r  types  o f  models has  v a r i e d  cons ide rab ly  among 

d i f f e r e n t  r a d i a t i o n  p r o t e c t i o n  bodies  I Some e f f o r t s  have been made t o  

address r e p r e s e n t a t i v e  iiiernbers o f  subgroups,  p a r t i c u l a r l y  c e r t a i n  age 

groups I that! 1nigh.t exper ience  d i s t i n c t i v e  doses  o r  r i s k s  and t o  inc lude  

c o n s i d e r a t i o n s  o f  competi.ng non-rad iogenic  r i s k s .  For t h e  iiiost p a r t ,  

however,  exposure g u i d e l i n e s  have been based o n  rnode.ls for a r e f e r e n c e  

a d u l t  w i th  a f i x e d  l i f e  span .  I n  t h i s  r e p o r t  we d e s c r i b e  r e c e n t  e f f o r t s  

o f  t h e  Ketaholistn and Dosiinetry Research Group of  tlie Oak Ridge National 

Laboratory t o  develop a comprehensive methodology f o r  e s t i i n n t i o n  of  

radiogerii  i: r i s k  t o  i n d i v i d u a l s  and t o  heterogeneous popu la t ions .  

Emphasis i s  on age-dependent  b i o k i n e t i c s  and dosimetry f o r  i n t e r n a l  

euii t ters,  hut; cotisidrrat:i.on a l s o  i s  g-iven t o  conversi-on o f  a g e - s p e c i f i c  

doses t:o estimat ; o f  r i s k  u s i n g  r e a l i s t i c ,  s i t e - s p e e i - f i c  clernographi-c 

models and b e s t  a v a i l a b l e  a g e - s p e c i f i c  dose- response  f u n c t i o n s .  We 

d i s c u s s  how the  methods desc r ibed  here may a l s o  i.mprove e s t i m a t e s  f o r  

the r e f e r e n c e  a d u l t  1isiicill.y consi.dered i n  r ad i . a t ion  p r o t e c t i o n .  

v i i  





INTRODUCTION 

A p r o j e c t i o n  of  t he  h e a l t h  r i s k  t o  a popu1at:ion i n t e r n a l l y  exposed 

t o  a r a d i o n u c l i d e  r e q u i r e s  e x p l i c i t  o r  i m p l i c i t  use of rleiiiographic, 

b i o k i n e t i c ,  d o s i m e t r i c ,  and dose-response models. A demographic madel 

i s  used t o  d e f i n e  t h e  composition o f  t he  p o p u l a t i o n  and perhaps 

competing r i s k s  that  may remove some members who would otherwise 

e v e n t u a l l y  d i e  from the  r a d i a t i o n  exposure.  B iok ine t i c  models a r e  

needed t o  d e s c r i b e  t h e  time-dependeric d i s t r i b u t i o n  and e l i m i n a t i o n  of  

i n t e r n a l  a c t i v i t y .  Exposure-dose models conibine theoretical 

cons ide rac ions  of  r a d i a t i o n  t r a n s p o r t  and energy d e p o s i t i o n  t o  p r e d i c t  

t h e  f r a c t i o n  of i n t e r n a l l y  emi t t ed  energy absorbed by r a d i o s E n s i t i v e  

organs and t i s s u e s .  Dose-response models arc: a p p l i e d  t o  e s t i m a t e  the  

p r o b a b i l i t y  o f  a h e a l t h  e f f e c t  based on the  d o s i m e t r i c  and demographic 

c o n s i d e r a t i o n s .  

The l e v e l  of d e t a i l  a p p l i e d  i r i  t h e s e  f o u r  types o f  mockls has 

v a r i e d  corisidernbly among d i  f ferer : t  radiat . ion p r o t e c t i o n  b o d i e s .  Some 

e f f o r t s  have been made t o  addres s  r e p r e s e n t a t i v e  ~iicmbrrs o f  subgroups,  

p a r t i c u l a r l y  c e r t a i n  age groups,  t h a t  might experience d i s t i n c t i v e  doses 

o r  r i s k s  and t o  inc lude  c o n s i d e r a t i o n s  o f  competi.ng l i on-  radi0geni.c 

r i s k s .  I t  i s  much more coiimon, however, t o  tisc h iok i .ne t i c ,  dose- 

r e sponse ,  and i n  some c a s e s  a c t l v i t y - d o s e  models developed f o r  a 

" r e f e r e n c e "  member of  t h e  whole popu la t ion .  Moreover, demographic 

c o n s i d e r a t i o n s  are u s u a l l y  reduced t o  the  impl.i.cit assumption t h a t  t h e  

r e f e r e n c e  i n d i v i d u a l  has  a 1.ife expectancy o f  50 o r  70 yea r s  with no 

competing r i s k s ;  t h i s  is  t he  c a s e ,  f o r  example, when 50-year  dose 

commitments o r  committed e f f e c t i v e  dose e q u i v a l e n t s  are used as 

s u r r o g a t e s  f o r  r i s k .  

In a methodology implemented rscently by t h e  U .  S . Environmenta.1 

P r o t e c t i o n  Agency (EPA) ( S u l l i v a n  e t  al. 1981)  t o  estimate heal th  r i s k  

t o  t h e  p u b l i c  from exposure t o  any o f  about 150 r a d i o n u c l i d e s ,  inetaholic 

and d o s i m e t r i c  models f o r  the a d u l t  as  given i n  ICRP P i h l i c a t i o n  30 

(1979)  were a p p l i e d  t:n all age groups,  and r a d i a t i o n  r i s k  f a c t o r s  were 

assumed to be independent of age.  Yet c1et:miled c o n s i d e r a t i o n  of  age- 

s p e c i f i c  m o r t a l i t y  r a t e s  from competing causes  was a cent ra l  f e a t u r e  of  

t h e  methodology. 
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I n  soin:? t a b u l a t i o n s  o f  a z e - s p e c i f i c  dose  con-vc:rsi.on factors, ille 

metabol ic  proper t i . es  o f  C h e  a d u l t  have he6.n a s s igned  t o  a l l  a.ge groups 

b u t  account  lias b e e n  taken o f  t:he 3cizcr;il J.y g r e a t e r  dose per  u n i t  

ac t iv i  Ly thaL ~ 0 u 1 . d  resul I _  fi"oii1 t h e  S i T L i x 1  1 e?- organ Inasses in chi.1.dren. 

This  approach was t aken  f o r  i m s t  radi.onucl.idos i n  a recent  r e p o r t  j -ssi ied 

by tlic Nati onal Radi.ologi ca l .  Protecti .ou Roar-d (NRPB) of the  U n i t e t i  

Kingdom, although a g z - s p e c i - f i  c mrtra'uoiic inotle1.s were used lor hydrogen, 

carhot? ,  s u l f u r ,  a:ld ~ ( : I C ~ ~ J ? P  (Grecl?lh~?lgh, F e l l ,  and Adatns 1-985), A 

s i m i l a r  a p p i - o a c h  was taken i n  iiil exi:l~i.?r tiocuineIit issued by t h e  U. S .  

Nuel-ear Regul<?tory Coinrni s s i o n  (Iioeiii.:~ arid Sc11dat 1.977) , except  t h a t  

me t a b  o 1. € c 1110 (le 1 s and g e  c e  r a 7. do c; iiiie t r i c ille i.1 I o ds w e  r e b as e c! 011 i CRP 

P u b l i c a t i o n  2 ( 1 9 5 9 ) .  

T h e  p u r p o s e  of th i s  report i s  io ciesc.ril,c.. current e f f o r t s  o f  t he  

Metabolism and Dosiinctry Rescaarch Group o f  the Oak Ri.dge n'at1.i o i i a l  

Lahorato.;y t o  devel~ap a coi-iip-ie:ieins i~ve nlethodology f o r  e s t i m a t i o n  o f  

-- L a d j  ,. o g e n i c  r i s k  t o  i n d i v i d u a l s  and t o  l ie tcrogcneous popul  ai:ioris. While 

empliasis i r i  the present r e p o r t  i s  011 age- dcpciideo i: b i o k i n e t i c s  and 

bosimei.ry f o r  intermil e m i t t e r s ,  corlsi~clcratioii a l s o  i s  given t o  the 

importance of conve r t ing  a g e - s p c c i f i c  doses t o  e s t i m a t e s  o f  risk u s i n g  

r c n l i s t i c ,  s i - t e - s p a c i  fi.c deiirogra;jl1i.c modeis and b e s t  a v a i l a b l e  nge- 

s p e c i f i c  dose-response functi-ons I We also d i s c u s s  how t h e  methods 

descri-bed here  may i.n soiiie cases improve estiiilate:; even f o r  t he  

r e f e r e n c e  adu1.t tislially coiisidcrcd i n  r a d i a t i o n  pro i . i i c t ion .  
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PROBLEMS WITH THE CURRENT APPROACH TO MODELING 

THE RTOLOGICAL REHAVIOK OF KADJONUCJdIDES 

The metabolic models recommended in ICRP Publication 30 (1979) are 

generally considered to be the best supported comprehensive set of 

models describing the biokinetics of radioelements. These models were 

designed and intended for interpreting occupational exposures of a 

typical adult; however, for lack of commonly accepted approaches 

applicable to special subgroups of the population, they are frequently 

viewed as the proper point of departure f o r  evaluation of internal. 

exposures to the general population. 

Each of the metabolic models of ICRP 30 is a concise mathematical 

summary of observati-ons and assuiuptions concerning the net: retention of 

a radioelement in organs o r  the whole body of adult humans. For the 

most part: ,  these models are based on direct: observations o f  the early 

distribution and the net retention of radioelements in organs or whole 

bodies of experimental animals and humans, the equilibrium distribution 

of  elements i n  Reference Man as described in I C R P  Publication 23 (1975), 

analogies among chemical families of elements, and broad assumptions 

where i.nformation is lacking. Physiological considerations occasionally 

enter model construction or choice o f  parameter values, but n o t  in any 

uniform or consist:ent manner. 

The format for the type of metabol-ic models eventual1.y used in ICRP 

Publication 30 evolved at a time when computations were done largely by 

hand and simplicity of model structure was an overriding concern. 

Unfortunately, in many cases the requirement of a simple mathematical 

forinat: and the lack of a firm physiological. foundation lead to a rather 

inflexible retention model with some major disadvantages. For example, 

the underlying curve-fitting approach precludes the incorporation of a 

great deal of valuable physiological information and physiologically 

reasonable assumptions that could be used in characterizing the 

sometimes comp1.e~ behavior of radioelements in humans. We believe that 

lack. of requirement of internal physiological consistency often leads to 

uncritical use of empirical data in selecr;i.on of parameter values (e.g.7 

see the example given later for rubidium). Another disadvantage with 

the ICRP approach is that, although t h e  models have been constructed 



l a r g e l y  from animal. d a t a ,  they are n o t  c o n s t r u c t e d  i n  such a way t h a t  

e x t r a p o l a t i o n  t o  humans has  s t r o n g  l o g i c a l  s u p p o r t .  Other problems a l s o  

become appa ren t :  doses from s h o r t - l i v e d  nuc l ides  o r  doses t o  

heterogeneously d i s t r i b u t e d  r a d i o s e n s i t i v e  t i s s u e s  of an organ ( e . g . ,  

s k e l e t o n )  cannot be e s t ima ted  a c c u r a t e l y ,  s i n c e  t h e  a c t u a l  movement of 

radioni.icl.ides i n  t h ( : t  body i s  u s u a l l y  n.ot a c c u r a t e l y  t:i:acked, even i n  

c a s e s  were t:he whole-body r e t e n t i o n  i s  e s t ima ted  f a i r l y  w e l l ;  the models 

o f t e n  do n o t  y i e l d  a c c u r a t e  estiimates of excret.i.on even f o r  t h e  average 

z d u l t ,  s o  t h a t  bet:.ter models are needed f o r  b ioas say  programs; and t h e  

format o f  t h e  models o f t e n  docs -not permit  ex tens ion  t o  non-standard man 

(person with anatomical  o r  metabo1Li.c c h a r a c t e r i s t i c s  d i f f e r e n t  f-rom 

Reference Han, such as a cl i i l .d) ,  because there is  u s u a l l y  i n s u f f i c i e n t  

d a t a  wi th  which t o  develop new parameter values f o r  speci.al- subgroups by 

t h e  f i t t i n g  techniques t h a t  c h a r a c t e r i z e  most o f  t he  r e f e r e n c e  man 

models. 

We have found t h a t  t h e s e  problcins can he overcome t o  a 1.arge e x t e n t  

by buil.ding b i o k i n e t i c  modcls upon a s t r o n g  p h y s i o l o g i c a l  founda t ion .  

The complexity of the s t r u c t u r e  nseded f o r  such a model may vary 

markedly from one s i t u a t i o n  t o  ano the r .  For example, t o  e s t i m a t e  doses 

a c c u r a t e l y  f o r  a very s h o r t - l i v e d  i s o t o p e ,  i t  [nay be necessary t o  have a 

h ighly  d e t a i l e d  and real is tLic  r e p r e s e n t a t i o n  of  t h e  movement o f  t h e  

i s o t o p e  du r ing  t h e  t h e  s h o r t l y  after e n t r y  i n t o  t h e  body. For many 

l o n g e r - l i v e d  radi.onuclides one may be a b l e  tro simplify and/or combine 

many t i s s u e s  and f l u i d s  t h a t  are important on1.y f o r  descr ipLions of ve ry  

s h o r t - t e r m  k i n e t i c s .  I n  a few c a s e s  it may s u f f i c e  t o  have an ICRP-type 

r e p r e s e n t a t i o n  of r e t e n t i o n ,  provided parameters i n  t h e  model can be 

t i e d  t o  a s u i t a b l e  p h y s i o l o g i c a l  index.  These concepts  a r e  i l l u s t r a t e d  

i n  t h e  fo l lowing  s e c t i o n s  ~ 
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BT0KINE'I 'IC:s OF POTASSIUM: AN EXAMPLE OF THE DETAIL THAT 

CAN RE ACHIEVED WITH A PHYSIOLOGICAL SYSTEMS MODEL 

DIFFERENT APPKUACHES TO MODELIEG THE BIOKINETICS OF K 

The scheme c u r r e n t l y  recommended by t h e  I n t e r n a t  i.onal Cornriri.ssion on 

Rad io log ica l  Pro'cc+c Lion (ICRP 1 9 7 9 )  f o r  e v a l u a t i o n  of  occupat  i.ona1 

exposures  t o  radiopotassi.urn d e p i c t s  the body a s  a s i n g l e  wel l -mixed pool  

om which K i s  l o s t  wi th  a b i o l o g i c a l  ha l€ - t ime  o f  30 days .  More 

d e t a i l e d  models o f  t h e  behavior  of  K i n  t h e  body have appeared i n  t h e  

phys io log ica l  and medical l i t e r a t u r e ,  b u t  t hese  models g e n e r a l l y  c o n s i s t  

o f  hypothe t i  cal.,  maihemntical ly  de r ived  compartments t h a t  may n o t  

correspond t o  i d e n t i f i a b l e  anatoini.ca1 compartments. 

I n  thi .s  s e c t i o n  we outl i -ne a r e c e n t  model o f  Leggs t t  and Williams 

(1986)  t h a t  d e s c r i b e s  t h e  normc~iI movement of  K through t h e  human body i n  

much g r e a t e r  q u a l i t a t i v e  and q u a n t i t a t i v e  d e t a i l  than  has been o f f e r e d  

p rev ious ly .  Although potassium i s  o f  l h n i t e d  i n t e r e s t  i n  the f i e l d  o f  

r a d i a t i o n  p r o t e c t i o n ,  t he  model se rves  as a good i l l u s t r a t i o n  of the 

detai .1  and accuracy t h a t  c a n  a r i se  froin a p h y s i o l ~ o g i c a l l y  o r i e n t e d  

approach.  Moreover, t h e  same model. strucCu1:t: can be  a p p l i e d  t o  some 

more impor tan t  radioelements  ( e .  g .  , cesiuin and rubi.dium) t h a t  m i m i c  t h e  

behavior  o f  potassium i n  3 qual.i.i-.aiive i f  n o t  a q u a n t i t a t i v e  s e n s e ,  

DESCRIPTION OF THE i)E.rATT.m MODEL 

The compartments and d i r e c t i o n s  o f  f l o w  of m a t e r i a l  i n  t h i s  model 

are i n d i c a t e d  in Fig .  i. I n f l o w  and outf low r a t e s  are summarized i n  

' fab le  1. Plasma ( s o l i d  arrows)  serve.; a s  a primary f eed ing  compartment, 

a l though it  caririot be regarded as a c e n t r a l  compartment s i n c e  t r a n s p o r t  

of  K among compartments by o t h e r  m a t e r i a l s  (dashed arrows)  i s  a l s o  

cons idered .  Thc r a t e  of  flow o f  K from plasma into a compartment i s  

viewed as be ing  r e l a t e d  t o  b lood  flow but no t  t o t a l l y  c o n t r o l l e d  by t h i s  

f a c t o r .  Other f a c t o r s  such as t h e  t i s s u e - s p e c i f i c  f r a c t i o n  of K 

e x t r a c t e d  by  ii compartment dur ing  a sing1.e passage from a r t e r i a l  t o  

venous p l a sma ,  a r e  a l s o  considered. A t  p o i n t s  i n  t h e  c o n s t r u c t i o n  of  

t h e  model where d a t a  f o r  huiirans a r e  spa r se  o r  nonexi s t e n t  I e x t r a p o l a t i o n  

from d a t a  f o r  o t h e r  s p e c i e s  i s  made by a p p e a l i n g  as much as p o s s i b l e  t o  
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t h e  appa ren t  s i i n i l a r i t y  among s p e c i e s  i n  t h e  behavior  of K a t  t h e  t i s s u e  

level. 

Movement of  K among t h e  compartments i s  viewed as a system of 

f i r s t - o r d e r  p r o c e s s e s ,  Based on a review of experi.menta1. d a t a  f o r  non- 

humans and comparisons of  model prec1,icti.ons wi th  d a t a  f o r  humans it was 

concluded t h a t  t h i s  approach i s  adequate provided a t t e n t i - o n  i s  

r e s t r i c t e d  t o  t h e  n e t  move men^ o f  K over peri-ods of a t  l eas t  2 - 3  

minutes .  Thus, no a t t empt  w a s  made t o  inco rpora t e  i n t o  t h e  model any 

de lays  o r  o t h e r  p e c u l i a r i t i e s  a s s o c i a t e d  wi th  t h e  e x t r a c e l l u l a r -  

Inembrane-intracelli*lar exchange of  K t h a t  may occur on t h e  o r d e r  of  

seconds.  For c o n s i d e r a t i o n  of n e t  movement o f  K over p e r i o d s  o f  2 - 3  

minutes o r  l o n g e r ,  i t  w a s  n o t  necessary t o  c o n s i d e r  c e l l u l a r  and 

e x t r a c e l l u l a r  f l u i d s  w i t h i n  an organ o r  t i s s u e  a s  s e p a r a t e  p o o l s  o f  K 

excep t  i n  t h e  case  o f  ske l .e tn1  muscle. S k e l e t a l  muscle appears  to be an  

excep t ion  due t o  a contbinnt.iori of  two f a c t o r s .  F i r s t ,  the  c e l l s  of  t h i s  

compartment e q u i l . i b r a t e  more slowly wi th  ECF than  do c e l l s  of most o t h e r  

t i s s u e s ,  SO t h a t  t h e  assumption of  uni-form mi-Xing over  a s h o r t  p e r i o d  i s  

less reasonabl.e f o r  s k e l e t a l  muscle than  f o r  most o t h e r  compartments. 

Second, t h e  assumption of  uniform mixing i n  skel .e txl  muscle would y i e l d  

a n  u n r e a l i s t i c a l l y  r a p i d  i n c r e a s e  of K i n  s k e l e t a l  muscle,  which would 

l e a d  t o  s u b s t a n t i a l  e r r o r s  f o r  a l l  compartments i n  t h e  model because of  

t h e  l a r g e  f r a c t i o n  of total .-body I: i n  muscle,  p a r t i c u l a r l y  i n  t eenage r s  

arid a d u l t s .  

The parameter va lues  desc r ibed  i n  Table 1 a r e  f o r  a t y p i c a l ,  

h e a l t h y ,  r e s t i n g  male about 35 yea r s  o l d .  To apply t h e  model t o  o t h e r  

s i t u a t i o n s  we r e q u i r e  the equ i l ib r lum d i s t r i b u t i o n  of K and t h e  r e g i o n a l  

blood flow rates a p p r o p r i a t e  f o r  t:hose c o n d i t i o n s ,  Add i t iona l l -y ,  t h e r e  

may be in fo rma t ion  a v a i l a b l e  on t h e  c o n d i t i o n - s p e c i f i c  change i n  t h e  

e x t r a c t i o n  f r a c t i o n  du r ing  passage o f  K f rom a r te r ia l  t o  venous plasma, 

a l though  w e  expec t  t h i s  change t o  be sinal1 i n  most cases, For example, 

t o  apply t h e  model t o  n non-resting a d u l t  male,  w e  would a l t e r  blood 

f l o w  rates ( i n c r e a s i n g  the rate t o  muscle) and dec rease  t h e  K e x t r a c t i o n  

f r a c t i o n  f o r  muscle s l i g h t l y  t o  correspond t o  t h e  g r e a t e r  blood flow. 

To  app ly  the  model t o  a n  adult feiiiale o r  t o  a c h i l d ,  w e  would reduce t h e  

f r a c t i o n  of  t o t a l - b o d y  K i n  muscle and i n c r e a s e  t h e  f r a c t i o n s  i n  o t h e r  

o rgans ,  w i t h  t h e  g r e a t e s t  i n c r e a s e  i n  the c o n c e n t r a t i o n  of K i n  c h i l d r e n  
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be ing  i n  the s k e l e t o n .  A l s o  we would modify t h e  c a r d i a c  ou tpu t  

appropriate1.y I decrease the Exaction o f  cardiac ou'cpi.rt going t u  iiiuscl e 

and,  i n  ch i l -dren ,  i n c r e a s e  t h e  f r a c t i o n  o f  c a r d i a c  ou tpu t  going t o  

s k e l e t o n .  Many of  these  changes can be based on a c t u a l  experimen1:al~ 

v a l u e s ,  w1~i.J.e o t h e r s  can be  based on cons i s t ency  wi th  o t h e r  

p h y s i o l o g i c a l  phenomena. (For  example, t h e  blood f low t o  t h e  s k e l e t o n  

as a f u n c t i o h  of age i s  n o t  a measurable q u a n t i t y ,  but: t h e r e  i s  

c oris i de r ah l e  phy s i o  l o  g ical. i n f o Tina  t i.on oin vas c u l  ai: i. t y and c e 11 u l 2 r  i t y o f 

t h e  s k e l e t o n  and i n  s k e l e t a l  d e p o s i t i o n  o f  many subs tances  a t  d i f f e r e n t  

a g e s . )  I n  e i t h e r  case,  no blind assurnpt:ions need be made. 

Comparisons of  model p r e d i c t i o n s  wi th  obse rva t ions  o f  a d u l t  human 

s u b j e c t s  r e c e i v i n g  o r a l  o r  in t ravenous  doses o f  radiopotassiurri (Hurcli, 

Three foo t ,  and Ray 1 9 5 5 ;  Corsa  e t  a l .  1950; Hamilton 1938) are  made i n  

F i g s .  2 and 3 .  In  F i g .  3 t h e  model pred i -c t ions  are given i n  terms of  a 

"d i sequ i l ib r ium f a c t o r " .  F o r  a given t i s s u e ,  t h e  d i s e q u i l i b r i u m  f a c t o r  

i s  de f ined  as t h e  f r a c t i o n  of  the unexcre ted  t r a c e r  K i n  t h e  subs tance  

a t  a g iven  ti.ine a f t e r  i n g e s t i o n  o r  i r i j ec t io l l  of  a u n i t  acti.vi.ty o f  

t racer  K ,  d iv ided  by the  f r a c t i o n  o f  whole-body K i n  t h a t  compartment a t  

equ i l ib r ium.  For luri-ne, t he  disequi- l ibr ium f a c t o r  a t  any g iven  t i m e  i s  

the urinary e x c r e t i o n  ra te  of t h e  adminis te red  un i t  a c t i v i t y  of t r a c e r  

K ,  d iv ided  by t h e  u r i n a r y  e x c r e t i o n  r a t e  of t r a c e r  K a f t e r  e q u i l i b r a t i o n  

wi th  body K has been a t t a i m d .  
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Figure 1. 
Solid arxows indicate plasma flow and dashed arxows indicate flow not  
involving plasma. 
cardiac output passing through the compartments, Numbers to the r i g h t  

of s w e a t ,  urine, and f p l ~ e s  are typical relat ive-  fractions of potassium 

Direction of flow of potassium among compartments of model. 

Numbers next ta  compartments r e f e r  t o  p e ~ ~ e n t a g e ~  of 

excreted along these TOnteS. 
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T a b l e  1. I n f l o w  and o u t f l o w  r a t e s  f o r  compartments  and subcompartments .  
111 ~ 

Compa r tment  I n f  1 owa Sanrce  Q u t f  low D e s t i n a t i o n  

Rf3 C 6 PlasmQ 0 .38  Plasma 

Kidneys 257  Plasira  

Kusc le  ECE' 242 P l a s r a  
2 .65 Muscle c e l l s  

209.4 PI a sma 
4 . 6  Urine  

242 Plasma 
500 Muscle c e l l s  

500 Muscle ECF 2.65 31uscle Em Muscle c e l l s  

Ske 1 e t  on 56 Plasma 2.9 Plasma 

67 .5  Plasma 42.2 Plasma H e a r t  

6 7 . 5  Plasma 33.8 Piasma Lungs 

s t OmR ch 3.3 Food 
c o n t e n t s  0 .11  Othcr  

0 .48 GI t r a c t  w a l l s  

40 S I  c o n t e n t s  

S T  c o n t e n t s  40 Stomxch c o n t e n t s  11.35 Plasma 
0.36 G I  t r a c t  walls 17 L i v e r  
0 . 0 3  O t b e r  1 . 6 5  LI c o n t e n t s  
0 .05  L i v e r  

J J  c o n t e n t s  1 . 6 5  SI c o n t e n t s  0 .43  Feces  

0.09 L i v e r  
0 .13  G I  t r a c t  w a l l s  0.06 l'lasma 

GI t r a c t  
w a l l s  

S p l e e n  

L i v e r  

Skin 

216 Plasma 

2 1  Plasma 

0 .48  Stomach c o n t e n t s  
0 .36 SI c o n t e n t s  
0 .13 LI  c o n t e n t s  
23.6 Ylasma 
35.4 J,iver 

7 Plasma 
10 .5  L i v e r  

100.8 P l a s a a  ( d i r e c t )  0.05 S I  c o n t e n t s  
10 .5  SpleenC 26.35 Plasma 
0 .09  LT c o n t e n t s '  
17 S I  c o n t e n t s '  

35 .4  GI t r a c t  wallsC 

67.5 Plasma 8.206 Plasma 
0 , 0 2 4  Sweat 

B r a i n  2 . 9  Plasma 0 . 3 8  Plasma 

O t h c r  1 2 0  Plasma 7.06 Plasma 
0 .11  Stomach c o n t e n t s  
0 .03  SI  c o n t e n t s  - 

'Sonrce compartment volumes of  p o t a s s i u m  p e r  day ,  e x c e p t  food. 
which i s  in g/day. 

bCompartment or subcompartment volumes of potass ium p e r  day. 

'A b r i e f  i n t c r m c d i a t e  r e s i d e n c e  i n  plasma i s  ignored. 
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B I O K I N E T I C S  OF CESIUM: AN EXAMPLE O F  A 

SIMPLE MODEL WITH A PHYSJOLOGTCAL BASIS 

DEVELOPMENT OF A DETAILED MODEL FOR- SHORT-LIVED CS 

The gene ra l  modeling scheme desc r ibed  f o r  po tass f .ur~  can a l s o  be 

used t o  develop a d e t a i l e d  model. o f  t h e  b i o k i n e t i c s  of cesium, s i n c e  

cesium tends t o  fo l low t h e  movement of K i n  t h e  body i n  a q u a l i t a t i - v e  

manner (Legget:t 1983) .  Eecause C s  has  a slower t r a n s p o r t  ra te  than  K 

a c r o s s  c e l l  membranes (Legget t  1983) , somewhat d i E f e r e n t  paramster 

v a l u e s  a r e  needed f o r  the cesiutn model. The development of such 

paraineter Val-ues f o r  cesium i s  now under way. I n  t h i s  s e c t i o n  w e  

d e s c r i b e  a s imple r  a g e - s p e c i f i c  r e t e n t i o n  modc:J. t h a t  can be a p p l i e d  t o  

long-l . i .ved i s o t o p e s  of C s  ( C s - 1 3 4 ,  C s - 1 3 5 ,  and C s - 1 3 7 ) .  The r eade r  i s  

r e f e r r e d  t o  an ar lz ic le  by Leggett  (1986) f o r  a more d e t a i l e d  

d e s c r i p t i o n .  

THE I C K P  MODEL FOR C s  

The model f o r  r e t e n t i o n  o f  cesium given i n  I C K P  Publ. ication 30 

(1979) r e p r e s e n t s  whole-body r e t e n t i o n  as a two-exponential  exp res s ion  

R ( t )  = aexp(-0.693t/T ) -i- (1 - a )exp( -0 .693 t /T  ) .  (1) 
1. 2 

Here R ( t )  i s  t h e  f r a c t i o n  of  a c t i v i t y  a t  r e f e r e n c e  t i m e  z e r o  s t i l l  

r e t a i n e d  i n  t h e  body t days l a t e r ,  a and 1 - a  are €icacti.ons of t h e  

i n i t i a l .  a c t i - v i t y  a s s o c i a t e d  with two h y p o t h e t i c a l  compartments t h a t  

t o g e t h e r  make up t h e  t o t a l  body, and T and I' a r e  the  b i o l o g i c a l  h a l f -  

t i m e s  o f  cesium i n  t h o s e  compartments. These parameter va lues  a r e  

de f ined  only f o r  a r e fe rence  a d u l t .  

1 2 

EXTENSION OF THE I C R P  MODEL TO OTHER AGE GROUPS (FOR LONG-LIVED CS 

ISOTOPES) 

An a n a l y s i s  o f  *ihe pl lysiological  arid r a d i o b i o l o g i c a l  l i t e r a t u r e  on 

cesium and b i o l o g i c a l l y  s imilar  elements l e d  t o  the  conclusion t h a t  t he  

parameters  a ,  TI., and T o f  E q .  (1) cou1.d be expressed i n  terms of 

t h e  amount o f  K i n  [:he t o t a l  body. Each of these parameters a p p e a r s  t o  

depend on t h e  f r a c t i o n  F of K t h a t  i s  i n  skeletal muscle, where most o f  

t h e  body's  K r e s i d e s ;  i n  t u r n ,  F appears t o  i n c r e a s e  wi th  K I t  has  

Kt 1 2 

t 

t '  
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been found t h a t  i n  comparison wi.th most: o t h e r  t issues ,  par t icu1nr l .y  the  

v i s c e r a ,  t he  ske le t a l .  muscles esckiatige C s  wi.t.1~ plasma a t  c4 .sl.ow r a t e .  

I n  r e l a t i v e  t e rms ,  a sma l l e r  va1.ue of F should correspond t o  a smal le r  

slow-exchange p o o l  f o r  C s  and a larger amount o f  C s  e l i t e r ing  plasma and 

a v a i l a b l e  f o r  e x c r e t i o n  over  t he  first: few days aEter exposure .  Thus, 

dec reas ing  va lues  of F shou1.d correspond t o  i n c r e a s i n g  va lues  of t he  

s h o r t - t e r m  f r a c t i o n  a i n  Eq.  (1). A l s o ,  a smaller value  of F ~ ~ i e : i ~ ;  a 

sma l l e r  muscle p o o l ,  which should correspond to a smal.l.er va lue  o f  T i n  

E q .  (l), n o t - o n l y  bec,ause of  a p o t e n t i a l l y  s h o r t e r  time f o r  a s i n g l e  

turnover  of t h a t  pool  h u t  a l s o  bcc:ei~se o f  a smaller f r a c t i o n  o f  i i iaterial  

be ing  r ecyc led  t o  t h a t  p o o l .  A sirni.I.ai- argument a p p l i e s  t o  t:lic? 

correspondence between dec reas ing  va lues  of F and i n c r e a s i n g  values o f  

T I ,  a l though the argu.ment may he weaker i n  t h i s  case because of  tr'rie inore 

heterogeneous n a t u r e  of  t he  f a s t  -exchange "poo l "  A p o s i t i v e  

c o r r e l . a t i o n  between F and K i s  sugges ted  by soii)e r e s u l t s ,  U i f f e rences  

with sex  i n  the r e l a t i o n s  between K arid the  paramei:ers o f  E q .  (1) might 
1: 

be expec ted  s i n c e  t h e r e  cou1.d be d i f f e r e n c e s  wi.tl.1 sex in t he  re1at:io.n 

between t h e  f r a c t i o n  F def.i.ned above ai7.d K 

2 

t 

t' 
The r e l a t i o n  between K at-id t h e  parameters  o f  E q .  (1.) WRS 

i n v e s t i g a t e d  us ing  data from a s tudy  by Llcyd and coworkcsrs ( 1 9 7 3 ) ,  who 

measured t,he r e t e n t i o n  o f  Cs-137 and  Kb-83 i n  38 persons o f  va r ious  

2 a g e s ,  some h e a l t h y  and some wi th  muscle d i s e a s e .  I t  WRS f o u r ~ d  t h a t  'r 
i n c r e a s e s  wi th  K i n  a n e a r l y  l i n e a r  f a sh ion  ( F i g .  I), and I-a a l s o  

i n c r e a s e s  wi th  K bu t  i n  a non l inea r  fashi-on ( F i g .  a ) .  A r e l a t i o n  

between K t and T 1 i s  revea led  i n d i r e c t l y  by f i r s t  r e l a t i n g  Kt and 1 -a  

(F ig .  2 )  and then  rei-ating a arid 1' ( P i g .  3 ) .  'l'he p a i r s  ( K  ,T j f o r  

h e a l t h y  males a r e  a p p r o x h a t e d  by the l t n e  

t 

t 

t 

I. t. 2 

T2 - 1 . 2 2  + 0.72Kt (K-0 .91 ) .  ( 2 )  

The p a i r s  ( K  , T  ) f o r  h e a l t h y  males may be b e t t e r  approximated by an 

exponentia1l.y decl init ig curve :  
t l  

T = 18 e~p(-0.016K ) (R-0 .87) .  ( 3 )  1 t 

Curves ( 2 )  and ( 3 )  i n t e r s e c t  a t  about K XI: 20 g, which i s  zhe va lue  o f  

Kt a t  approximately one  yea r  of  age. A t  Kt  :.-: 20 g ,  T1 = T2 .--.- 1.3. For 

= T2; based on  ernpiri.ca1 sma l l e r  va lues  of  K i r t  will be assumed that T 

t 

1 t 



18 

d a t a ,  t h i s  common valuc L S  asq i imrd  to di.crens~ 1 i r i r n r l y  w i t h  K f i o m  23  

days a t  K L  - 5 E; ( b i r t h )  t o  1 3  days a t  K 5 15 6 (approximately 6 tiionths 

o f  a g e ) ,  and  then  remain at 1 3  days through K = 20 g .  For hea l thy  

males, t t e  p a i r s  (Kc,a) a l s o  may d e c l i n e  moro jn ari e x p o n e n t i a l  pat t :’rii 

tiian a linear o m ,  with t h r  b e s t - f i t t i n g  exgonent jdl  f u n c t i o n  beirrg 

t 

L L 

t 

Because o f  t h e  small number o f  daLd p o i n i 5  T o ?  f r m n l e s ,  e s p e c i a l l y  

f o i  smdll  valiics o f  1.: thc  i i - t fo ima i im For t n i i c ~ s  wn5 used a s  3 p o i n t  o f  

depa r tu re  €or ~ o ~ i s t ~ u c t i i i g  a n o d e l  for females ,  by appealing t o  t he  

apparent  lack of d i f fe rer lcc  ~ : r i t h  sex  F I ~  young c h i l d r e n  i n  K and in 

r r te r i l io i i  o f  cesium. Illti mudel f o r  feiiiL31es was taken  to be the  same ds 

t h a t  f o r  males through ngc 6 - 7  years (K - L 3  g), and F u ~ i ~ ~ t i o r i >  a ~ r e e i n g  

with the mode! €ai males a t  K =/&3 and r e p r e s e n t i n g  the  d a t a  f o r  

females f o r  I i i g h e r  ages  were f o u n d  These .ire Sivcn i n  E q s .  ( 5 - 7 ) .  

t’ 

t 

t 

1 

TI -I/.l f 1 09K (K > 113 g): (5) 

T I  = 14 esp(-O.OlK_) L ( K  > / + 3  g ) ,  (6) 

a - 0.89 eup(-O.OlhK ) (Kt 2 L i 3  g). ( 1 )  

t t  

t 

t 
Thz equ;tt ioi is  give; l  qbovc can be used to es t ima te  t h e  parameter 

va!ues i n  R q .  ( 1 )  as a funct iol i  o f  a c e .  We r e q u i r e  01114’ an est imate  of 

the m a s s  of K i n  thn whole \sciy ai e ic l i  d g e .  b o r  r u < a m p l t  a & ? - s p e c i f i c  

valiic’ tor t y p ; c a ?  v a l e s  of various ar;es d r e  g i ~ e i i  i n  Table  1 

In dos imet r ic  a p p l i c a t i o n s  of ch ic  simp1 i f i e d  r e t e n t i o n  P u t ~ t i o n  

( r e c a l l  t h a t  i L  S ~ L I I I : ~ ~  be a p p l i e d  ololy 10 l o n g - l i v n d  i > o t o p e , ,  of C s ) ,  it 

is assuili-d Li la1  a r !  i v i c y  i s  ui i for l - t ly  d i s t r i b u t e d  i n  the  body except  f o r  

t he  s l e i e L o n .  A c t i v i t y  i n  thih s k e l e t o n  i s  assumed t o  be depos i t ed  

uni fu i - i~ l  ; 011 Lolie surfaces; t h i s  oLTersiinp1 i f i c a t i o n  may be modif ied soon 

s i n c e  i t  may j i c l d  s l i eh t  overcqiiiuatps o f  dosc  t o  bone  c,urfaces and 

underest i inates  t a  active ’narrow, which i s  expected to c o n t a i n  p a r t  o f  

the s k e l e t i l  C s  ( c f  W i l l  i m 5  a i d  J,egtt’tt 1 9 8 6 ) .  The uptake f r a c t i o n  

f o r  rhe s k e l e t o n  o f  an adult i s  n ~ ~ i i m ~ d  t o  be 0 07 (Williams and  Lcgget i  

1986), u i i t i l  b e t t e r  daia a r e  dx,-ai l a b ! ?  the  fracticii i  a s s igned  t o  the  

s k e l c t o n  i n  ch i l&cw i s  ricrived by s r a l i n g  LO t h e  c e l l i i l a r i  iy o f  t h e  

bone marsow as es t ima ted  by C r i s t y  (1981). Estimated a g e - s p e c i f i c  
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_ -  

uptake f r a c t i o n s  for thc  s k e l e t o n  are  listed i n  Table 1. The given 

two-exponent ia l  removal f u n c t i o n  is  a p p l i e d  both t o  t h c  s k e l e t o n  and t o  

t h e  r e s t  o f  t h e  11udy. 
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BIOKIN6’1 ICs Ok’ K I J R l D l L M :  ANOl’IILK EXA”lPJ,b~ OF A SIMPLE 

AGE-SYECIFIC BIOKINETTC MODEL WITH PHYSIOLOGICAL UNDERPINNINGS 

The physiological bchavior of rul~idi~um is very similar to that of 

potassium, a1.tliui.igh the two elernencis have sli-ghtly different 

di.stributions and retention times apparently arising primarily from 

slower passive transport of Kb across cell niembranes (1,egget:t 1.983) . 
‘The rnodelihg scheme indi~cated earlier for K applies well to Rb with some 

minor adjustments in parameter values. Rate constants for Rb can be 

estimatcd rising d i r e c t  ineasurements i.n humans and aniirial-s, 1nodi.fi~cation 

of rate constants for K based o n  relative rates of membrane transport 

that have been established for Rb vcrsu.s K, and a careful. dctermitiati.on 

of equi 1 i~briuiii val-ues of Kb in human organs and tissues. 

With regard to determination of proper equilibrium values, we have 

fciurld that tile Rb content assigned to the organs of ICRP Reference Man 

(ICRP 1975) involves substantial errors. For esample, the assignment of 

a high content of Rb to the s%el.eton (-308 of whole-body Rb) can he 

traced ta a si~ligle reported value on whi.ch the decimal. point was 

apparently misplaced by the compilers of ICRP Reference Man. We believe 

that a more reasonable estiinate, based on reanalysis of older da ta  

togethe]: with inore recent informat:i~on, is 5% of whole-body Kb in the 

adult male (Wi1l.iams and Leggett 19861, but the percentage may be 

great:er in children. Rubidium in tile skeleton appears to reside 

primarily near hon- surfades and i.n red marrow (Williams and Leggett 

1.986) . K e  bel  ievc tli~t the c c l l u l a r i . t y  of: l:he bo~1.e marrow is a good 

index for the age-specific fraction of Kb taken up by the skeleton. 

PROBLEMS W I T H  THE TCRP YODEL FOR Rb 

In the metabolic model for rubidium given in ICKP Publication 30 

(1979), 25% of activity reaching the bloodstream is assumed to be 

un i fo rmly  di stributed in the skeleton. ?he reiii.*i d e r  is assumed io be 

uniformly distributed throughout the rest of the body. Activity in all 

parts of the body, including the skeletoli, is assuoied io be reinoved w l t h  

a biological half-time of 44 days. 
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The l a r g e  amount assuiiied t o  go t o  t h e  s k e l e t o n  i n  t h e  I C R P  model i s  

based on t h e  h i g h  percent-age e r roneous ly  a s s igned  t o  t h e  s k e l e t o n  i n  t h e  

ea r l i e r  I C R P  P u b l i c a t i o n  23  on Kefsrence Man; t h i s  assumption i s  a l s o  

defended on t h e  basi .s  t h a t  Rb and K a r e  chemi-cally similar and "bone 

t i s s u e  f1ui.d h a s  a much h i g h e r  c o n c e n t r a t i o n  of potassium t3inn does 

plasma". Y e t ,  i n  t h e  TCRP model f o r  potassiumi, the s k e l e t o n  was n o t  

a s s igned  an  e l e v a t e d  d e p o s i t i o n  f r a c t i o n .  This  i s  an i l l u s t r a t i o n  of  

t h e  use  and misuse o f  p h y s i o l o g i c a l  coris:i.derations i n  t h e  ICRP r e t e n t i o n  

models. These c o n s i d e r a t i o n s  are s c a t t e r e d  and incons i . s t en t  and 

g e n e r a l l y  a r e  n o t  used i n  such n way as t o  contr i .bute  much to s e l e c t i o n  

of  parameter v a l u e s .  

CORRECTION OF THE ICRP MODEL AND EXTENSION TO OTHER AGE GROUPS (FOR 

LONG -LIVED I SOTOPES OF Rb) 

The methods i l l u s t r a t e d  e a r l i e r  f o r  l o n g - l i v e d  C s  i s o t o p e s  can a l s o  

be used t o  d e r i v e  a s i rnple  age-dependent model f o r  l o n g - l i v e d  i s o t o p e s  

o f  Rb. That i s ,  measurements o f  Rb and K i n  humans (Lloyd and coworkers 

1973)  can be used t o  develop an a g e - s p e c i f i c ,  e x p o n e n t i a l l y  d e c l i n i n g  

r e t e n t i o n  f u n c t i o n  whose parameters vary w i t h  an  "observable"  o r  

p r e d i c t a b l e  q u a n t i t y ,  namely, t o t a l - b o d y  K .  While t w o  exponent ia l  terms 

w e r e  needed f o r  C s ,  a s i n g l e  exponen t i a l  term may s u f f i c e  f o r  

d e s c r i p t i o n  of r e t e n t i o n  o f  whole-body Rb, s i n c e  t h e  component of  r a p i d  

c l e a r a n c e  is always s m a l l  and i s  even absen t  i n  many c a s e s .  I t  may be 

prudent  t o  g ive  s e p a r a t e  c o n s i d e r a t i o n  t o  the s k e l e t o n ,  no t  only t o  

emphasizc t h e  change i n  assumptiorls from those i n  ICRP P u b l i c a t i o n  30 

b u t  a lsc  because t h e  f r a c t i o n  going t o  s k e l e t o n  may vary s u b s t a n t i a l l y  

w i t h  age. Because t h e r e  a p p e a r s  t o  be no p a r t i c u l a r l y  long  r e s idence  

t ime i n  thc s k e l e t o n  and because t h e r e  i s  cons ide rab le  remixing of R b  

among body t i s s u e s  and f l u i d s ,  w e  w i l l  a s s i g n  a common b i o l o g i c a l  h a l f -  

time t o  t h e  skeleton and t o  t h e  rest o f  t h e  body. 

Comparison of  t h e  e q u i v a l e n t  b i o l o g i c a l  h a l f - t i m e  (T) of Rb i n  t h e  

body w i t h  t o t a l - b o d y  K (Kt) i s  made i n  F i g .  1. The fo l lowing  b e s t -  

f i t t i n g  l i n e  i s  ob ta ined  from t h e  d a t a  €or h e a l t h y  rn-ales: 

T = 13 -1- 0 . 2 3 K  ( R - 0 . 8 9 ) .  (1 )  t 
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An esl  iriiate of T as a function of K for Females is o b t a i n e d  by 

assuming that there is no difference betwecn males and females until age 

6-7 years (as with Cs); i l l i b  is, we obtain the best-fitting line for 

data FOL- healthy females, with the restriction t h a t  the lint must go 

through the point ( ( 1 3 , 2 2 . 9 ) ,  where 43 g is the estimated value f o r  K _  

for age 6.5 years and 2?.9 days is tlie value of T for males whpn 

K -43 g. For females we obtain the relation: 

t 

L 

t 

T = 6.6 +- 0.38K K >43 g (2) t' t 

Age-speci fic estimates f o i  the biological halP- time T can be 

obtained by substituting age-specific- value.; for K i n t o  E q s  (1) and 

(2). Age dpppndcnt parainetei values for the simplified retent ion 

function for males are given in 'Table 1. The age-specific estimates for 

the fraciion of whole-body Rb residing in the skeleton are based on 

cellu'lari i y data for marrow For dosimetric purposes skeletal RFI may be 

assumed to be equally divided belween skeletal surfaces and red marrow. 

t 
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Tab le  1 .  Aee-specific biological. half-time and uptake fraction 
for s k e l c i o n  in the simplified retention model for Rb in males. 

Total-body K 

( e )  
Bi o I. o g i c a1 

half - time (d) 
Fraction assigned 

to skeleton 

Newborn 
100 days 
1 year 
5 years 
10 years 
15 y e a r s  
Adult 

5.2 
11.4 
20.8 
42.7 
7 1 . 0  

131-. 4 
150 

14 
It; 
18 
23 
29 
43 
h 8 

0.1.6 
0.15 
0.14 
0.11 
0.08 
0.06 
0.05 
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BIOKINETTCS OF PLUTONIUM, AMERICIUM, AND CURIUM: ILLJJSTRATIONS OF 

MODELING AGE-SPECIFIC T W S L O C A T I O N  OF ACTIVITY WI.THIN THE SKELETON 
. -  

Although t h e r e  i s  a l a r g e  amount of in format ion  on b i o k i n e t i c s  of  

plutonium and r e l a t e d  elements  i n  va r ious  s p e c i e s ,  t h e r e  i s  a p a u c i t y  of 

d i r e c t  in format ion  on a g e - s p e c i f i c  behavior  of  these  eleruerlts i n  humnns. 

Some informat ion  can be gained from obse rva t ions  of d i f f e r e n c e s  wi.th age 

i n  b i . ok ine t i c s  i n  exper imenta l  animals and from a few s t u d i e s  of humans 

of d i f f e r e n t  ages exposed a c c i d e n t a l l y  o r  from r a d i o a c t i v e  f a l l o u t .  

However, c o n s t r u c t i o n  of  meaningful a g e - s p e c i f i c  b i o k i n e t i c  models f o r  

t h e s e  elements  i n  humans must  r e l y  t o  a l a r g e  e x t e n t  on informat ion  

concerning the  p rocesses  c o n t r o l l i n g  t h e i r  movement i n  the  body, 

p a r t i c u l a r l y  t h e i r  movement w i t h i n  the  s k e l e t o n  an.d l i v e r  and r e c y c l i n g  

of a c t i v i t y  between these  organs.  

I n  the  fo l lowing  we desc r ibe  a model f o r  plutonium and then  d i scuss  

kn.owri o r  suspec ted  d i f f e r e n c e s  i n  the  b iobehaviors  of t he  r e l a t e d  

elements  americium and curium. I t  shou1.d be po in ted  ou t  t h a t  t h e r e  a r e  

no r e a l l y  sound observati-ons wi’xh which t o  check the  accuKacy of  

pred i -c t ions  produced by these  models f o r  c h i l d r e n .  U n t i l  such 

obse rva t ions  a r e  a v a i l a b l e  ( i f  e-Jer) ,  t he  degree o f  confidence i n  the  

p r e d i c t i o n s  must depend p r i m a r i l y  on the  q u a l i t y  of t h e  model 

founda t ion ,  t he  bases  f o r  s e l e c z i o n  of  parameter v a l u e s ,  and the  

c r e d i b i l i t y  of  assumptions made whe:? no d i r e c t  evidence i s  a v a i l a b l e .  

As wi.11  be i l l u s t r a t e d  i n  l a t e r  s e c t i o n s ,  however, t he  p h y s i o l o g i c a l  

systems approach t o  b i o k i n e t i c  model. has  a m a j o r  advantage even when 

parameter  va lues  and assumptions cannot  be fi.rmly b a r e d ,  namely, it 

provides  a more meaningful b a s i s  f o r  a n a l y s i s  of u n c e r t a i n t i e s  and/or 

s e n s i t i v i t i e s  t han  can u s u a l l y  be made €OK pu re ly  empi-rical  models. 

A more d e t a i l e d  d i s c u s s i o n  of  the  model f o r  plutonium i n  adu1.t 

humans of d i f f e r e n t  ages can be found i n  an a r t i c l e  by Legget t  (1985) .  

( A l s o  see  Report  ORNL/TM-8795 (Legget t  19841, which inc ludes  a 

s e n s i t i v i t y / u n c e r t a i n t y  a n a l y s i s . )  I n  t h i s  r e p o r t  w e  do n o t  cons ide r  

d i f f e r e n c e s  among a d u l t s .  A l s o ,  a t t e n t i o n  i s  r e s t r i c t e d  t o  plutonium 

1:ha.t reaches  t h e  bloodstream i n  monomeric o r  h i g h l y  s o l u b l e  form; some 

o f  t he  parameter  values would be much d i f f e r e n t  f o r  polymeric,  

c o l l o i d a l ,  o r  i n s o l u b l e  forms. 
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THE I N I T I A L  D I S T R I B U T I O N  OF Pu I N  THE BODY 

Re ten t ion  and trans1 o c a t i o n  o f  Pu t h a t  has reached t h e  bloodstream 

can be model~ed usi-ng t h r e e  p r i n c i p a l  compartments: s k e l e t o n ,  l i v e r ,  and 

remaining t i s s u e .  A s  i n d i c a t e d  i.n F i g .  1, a d e t a i l e d  examination o f  the 

b i o k i n e t i c s  i n  t h e  skel-eton and l i v e r  rcqui-res  c o n s i d e r a t i o n  of f u r t h e r  

subdi.visi.on of t h e s e  compartmentzs a s  desc r ibed  i n  t h e  foJ-lowi.ng ( a l s o  

s e e  Legget t  1985) .  

It: appears  from d a t a  f o r  man and o t h e r  s p e c i e s  t h a t ,  a t  a l l  a g e s ,  

approximate1.y 80% of  Pu i n  the bloodstream i s  d iv ided  between the  

s k e l e t o n  and l i v e r ,  and approximately 20% goes t o  remaining t i -ssue and 

e x c r e t i o n .  I n  experiments w i . t h  b e a g l e s ,  the d i v i s i o n  o f  Pu between 

s k e l e t o n  and l i v c r  vari.ed with age,  with skeletxl .  uptake being nea r  70% 

i n  j u v e n i l e s  and between /e0 and 6 0 8  i n  a d u l t s  (Lloyd e t  a l .  1 9 7 6 ,  1 9 7 8 a ,  

1978b).  Langham e t  a l .  (1950) e s t ima ted  t h a t  i n  persons i n j e c t e d  with 

Pu, approximately 66% was depos i t ed  i n  t h e  s k e l e t o n  and 23% i n  the  

l i v e r .  Durbin ( 1 9 7 2 )  reanalyzed t h e  hu.man d a t a  t o  account f o r  t he  non- 

uniforiiiity o f  Pu i n  samples of bone; she e s t ima ted  t h a t  about 4 9 %  was i n  

t h e  s k e l e t o n  and 31% i n  the  l i v e r  at 4 t o  457 days a f t e r  inject:i.on. A 

few y e a r s  a g o ,  a major portion o f  t he  s k e l e t o n  of one of t h e  i n j e c t e d  

pe r sons ,  a young woniaii i n j e c t e d  a t  age 1 8  yea r s  and dying 1 7  months 

l a t e r  ( case  M P - 4 ) ,  w a s  analyzed and found t o  c o n t a i n  about: 55% of the 

i n j e c t e d  amount (Larsen,  Oldham, and Toohey 1979) .  Since t h e r e  was 

ample time f o r  a s m a l l  p o r t i o n  o f  the Pu t o  be t r a n s l o c a t e d  from the  

s k e l ~ e t o n  b e f o r e  t h i s  woman's d e a t h ,  t h e  f r a c t i o n  o r i g i n . a l . 1 ~  depos i t ed  i n  

h e r  s k e l e t o n  may have been h ighe r  than 55%.  

O u r  model r e l i e s  on both t h e  human and beagle  d a t a .  We assune t h a t  

s k e l e t a l  uptake i s  70% f o r  newborns and 50% f o r  a d u l t s .  For persons 1- 

15 y e a r s  of a g e ,  t he  average of t he  a d u l t  and newborn va lues  i s  a p p l i e d .  

A t  a l l  a g e s ,  t he  sum o f  the s k e l e t a l  and h e p a t i c  f r a c t i o n s  i s  assumed t o  

be 8 0 % ,  wi th  20% going t o  remaining t i s s u e  and e x c r e t i o n .  

UPTAKE ANI) TRANSLOCATION OF Pu BY TllR SKELETON 

To  d e s c r i b e  r e t e - n t i o n  o f  Pu i n  t h e  skeletoxi, it i.s convenient t o  

view the  s k e l e t o n  as being d iv ided  i.nto two primary compa1:tments one 

associat:ed wi th  c o r t i c a l  bone and the o ther  w i . t h  t r a b e c u l a r  bone. Each 



of t h e s e  primary compartments i s  f u r t h e r  d iv ided  i n t o  t h r e e  

suhcompartments : boncti s u r f a c e ,  bone volume, antl a c.ompartment 

c o n t a i n i n g  t h e  a s s o c i a t e d  hone inart:ow. The I . a t t e r  compartment may 

r e c e i v e  Pu t h a t  i s  removed f rom bclne s u r f a c e  o r  volume; Pu may r e s i d e  i n  

t h i s  compartment temporari.1.y b e f o r e  be ing  r e t u r n e d  e i t h e r  t o  t h e  

bloodstream o r  t o  bone s u r f a c e s  (F ig .  1). Because of  t h e  large amount 

of  r e c y c l i n g  of Pu among the s k e l - e t a l  compartments, blood,  antl o ther  

o rgans ,  recycl- ing i s  considered e x p l i c i t l y  i . t i  t h e  model. I n  t h e  

followi.ng d i s c u s s i o n ,  t h e  i n d i c a t e d  pathways correspond t o  t h e  arrows i n  

F i g .  1. 

Patliways K and L .  Plutonium is  deposi-ted i n i t i a l l y  on bone 

s u r f a c e s ,  w i t h  h i g h e s t  d e p o s i t i o n  bei.ng a t  s i t e s  w i th  r e d  

(hematopoiet ic)  marrow and lowest de.posi t ion a t  s i tes  of yellow ( f a t t y )  

marrow (Wronski., Smith, and Jee 1 9 8 0 ) .  (Pathways Kk and I.* from plasma 

t o  bone marrow a r e  a l s o  incl.uded i.n t h e  model f o r  c o n s i d e r a t i o n  of 

i -nso luble ,  c o l l o i d a l ,  o r  polymeric m a t e r i a l  t h a t  has  reached t h e  blood;  

parameter  values. f o r  t h e s e  forms are n o t  d i scussed  h e r e . )  Since r e d  

marrow i s  more h i g h l y  v a s c u l a r i z e d  than yel low marrow, the degree o f  

v a s c u l a r i t y  a t  a gi.~7en s k e l e t a l  s i t e  may be a determining f a c t o r  i n  the  

i n i t i a l  d i s t r i b u t i o n  of  Pu (W-ronski. ~ Smith, and Jee 1980;  Humphreys, 

F i s h e r ,  and Thorne  1 9 7 7 ) .  I n  t h e  a d u l t ,  n e a r l y  all of t h e  r e d  marrow i s  

i n  t r a b e c u l a r  hone ( C r i s t y  1981), and d e p o s i t i o n  on t r a b e c u l a r  hone may 

be g r e a t e r  t han  an c o r t i c a l  bone. In c h i l d r e n ,  some o r  a l l  o f  t he  

marrow i n  corti .cal .  bone i s  a c t i v e  (Cristy 1 ? 8 1 ) ,  and a more uniform 

d i s t r i b u t i o n  on c o r t i c a l  and t r a b a c u l a r  bones i s  expected.  There i s  a t  

least  as much t r a b e c u l a r  sus face  i n  the skel-eton as c o r t i c a l  s u r f a c e ,  

and p o s s i b l y  more (Beddoe, Darley,  and S p i e r s  1 9 7 6 ;  Beddoe 1 9 7 7 ) .  T f  Pu 

d e p o s i t e d  uniformly on a l l  s u r f a c e s ,  t hen  a t  l e a s t  50% of  t h e  i n i t i a l  

d e p o s i t  i.n t h e  s k e l e t o n  should be a s s igned  t o  t r a b e c u l a r  s u r f a c e s .  

Since i t  i s  known t h a t  Pu d e p o s i t s  more h e a v i l y  i n  a r e a s  o f  active 

marrow and almost a11 a c t i v e  marrow i n  a d u l t s  i s  i n  t r a b e c u l a r  bone, it 

seems r easonab le  t o  a s s i g n  more t h a n  SQ% o f  the initi.211. d e p o s i t  t o  

t r a b e c u l a r  surfaces o f  the a d u l t  s k e l e t o n .  O n  t h e  ocher hand, d a t a  o f  

Larsen,  Oldham, and Toohey ( 1 9 7 9 )  f o r  an  a d u l t  human s u b j e c t  i n j e c t e d  

wi th  Pu sugges t  t h a t  t r a b e c u l a r  bone may n o t  have -received much more Pu 

t h a n  c o r t i c a l  bone. Thus a 60%-40% d i v i s i o n  between c o r t i c a l  and 
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t r a b e c u l a r  bone w a s  a r b i t r a r i l y  a s s igned  f o r  a d u l t s ,  and a 50%-50% 

d i v i s i o n  was as s igned  f o r  nonadul ls  because ~ l i c  d i s t r i b u t i o n  of Pu i s  

probably more uniform i n  t h e  s k e l e t o n  o f  nonadu l t s .  

Pathways  A ,  B ,  C ,  and D 

Bone s u r f a c e s  label-ed with Pu inay rernai.1~ unchanged, o r  they may be 

b u r i e d  by formation o f  new bone ( A  and C )  o r  resorbed by o s t e o c l a s t s  ( B  

and D )  (.Jee 1972a, 1972b).  The r a t e  of  remova.1. from s u r f a c e s  by burial .  

o r  r e so rp t i -on  depends on  t h e  age o f  t h e  i n d i v i d u a l  and on t h e  bone 

s u r f a c e  t y p e  ( t r a b e c u l a r  o r  c o r t i c a l ) .  T o  e s t i m a t e  r a t e  c o n s t a n t s  f o r  

pathways A ,  B ,  C ,  and D ,  it i s  necessary t o  understand t h e  r e l a t i o n s h i p  

between bone formation and bone r e s o r p t i o n .  There a r e  two somewhat 

d i f f e r e n t  p i c t u r e s  o f  t h i s  r e l a t i o n s h i p  p re sen ted  i n  t h e  l i t e r a t u r e .  

Some autihors descri-be bone additi-on and r e s o r p t  i.on as occur r ing  o n  

oppos i t e  s i d e s  o f  a bone ( o r  bone t r a b e c u l a ) ,  s o  t h a t  t h e  bone i s  

p i c t u r e d  a s  c o n t i n u a l l y  " d r i f t i n g "  i n  a given d i r e c t i o n  ( P r j . e s %  and Hurt 

1 ~ 9 7 9 ,  Enlow 1,963). Other au tho r s  d e s c r i b e  r e s o r p t i o n  and a d d i t i o n  as  

occur r ing  i n  t h e  same l o c a t i o n ;  f i r s t  an  a r e a  o f  bone i s  excavated by 

o s t e o c l a s t s ,  and then  the  same a r e a  is r e f i l l e d  with osteoi.d which i.s 

I .ater mine ra l i zed  ( F r o s t  1976) .  The a c t u a l  even t s  appear t o  involve 

some combination o f  t hese  models. Bone " d r i f t q r  may be t:he predominant 

process  du r ing  growth arid perhaps into young adulthood b u t  may diminish 

cons ide rab ly  a f t e r  t h e  s k e l e t o n  has matured f u l l y ,  a l though drift 

appa ren t ly  occurs  t o  some e x t e n t  a t  a l l  ages .  

I f  bone formation 2nd r e s o r p t i o n  always occurred on oppos i t e  

s u r f a c e s  o f  a bone segment, then t h e  removal r a t e  € o r  Pu on bone s u r f a c e  

wou1.d be a.pproximate3y the  sum o f  (:he r e s o r p t  i.on r a t e  X1 and the 

This  s i t u a t i o n  i s  assumed €or  c h i l d r e n .  On the  formation r a t e  

o t h e r  hand, i f  format:i.on r ep resen ted  only the i mmet2iat:e replacement o f  

resorbed bone, t hen  the  removal r a t e  would be approximately X and Pu 

would be b u r i e d  i n  volume only by d e p o s i t i n g  i n  unmineralized o s t e o i d  

and moving t o  the  mine ra l i zed  s u r f a c e  underneath t h e  o s t e o i d .  1x1 t h i s  

model, an in t e rmed ia t e  s c e n a r i o  i s  assumed f o r , a d u l t s ,  w i th  t h e  b u r i a l  

ra te  i n  hone  volume being 0 . 5  X arid the  removal r a t e  from bone s u r f a c e  

being X -t- 0 . 5  X 1 

X 2 .  

1 

2' 

2' 
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i s  

d i scussed  i-n an a r t i c l e  by Legget t ,  Eckerman, and Will.i.arns ( 1 9 8 2 ) .  The 

s impl i fy ing  assumption i s  made i n  t1ii.s model that. X = X 2 .  I n  o l d e r  

X1 may be l a r g e r  than  X r e s u l t i n g  i n  a n e t  bone l o s s ,  but: we a d u l t s  

b e l i e v e  the d i f f e r e n c e  X - X 2  is small  a t  most: a d u l t  ages .  I n  

c h i l d r e n ,  

adds an element of  conservat ism t o  e s t ima tes  o f  dose t o  r a d i o s e n s i t i v e  

t i s s u e s  (assuming our e s t ima te  of  X i s  reasonab1.y accurake) .  Since 

inore d e t a i l e d  modeling o f  X wou1.d i.nvo1ve l a r g e  u n c e r t a i n t i e s ,  it would 

be d i f f i c u l t  t o  j u s t i f y  a d j u s t i n g  {::he model  t o  account f o r  growth 

processes  n o t  a l r endy  i m p l i c i t l y  cotwidered i n  t h e  p re sen t  e s t ima te  of  

X1 C h a r a c t e r i z a t i o n  o f  t h e  age-dependent r e s o r p t i o n  rate 

1. 

2' 

1 
X1. may be  smaller thar! X b u t  t h e  assumption that X1 = X2  2' 

1 

2 

X 2  
Plutonium resorbed by o s t e o c l a s  t:s may be r e l e a s e d  and concent ra ted  

by macrophages i n  bone c a v i t i e s ,  p a r t i c u l a r l y  i n  marrow (Jee 1 . 9 7 2 ~ ~ ) .  

The l e n g t h  o f  t i m e  t h a t  Pu remains i n  t hese  macrophage:: i s  n o t  known. 

I n  beag le s  r e c e i v i n g  low doses o f  Pu, peak l a b e l i n g  o f  macrophages i n  

bone marrow was a t  t w o  yea r s  pos t  i n j e c t i o n ,  and a l l  l n l ~ c l c d  mas.:~ophages 

had d isappeared  a t  fou r  yea r s  posT: i n j e c t i o n  ( Jee  1972b). T h i s  sugges ts  

a half- t i .me i n  bone marrow of  beag le s  t h a t  i s  short compared w2t.h two 

y e a r s ,  We have ass ignad  a h a l f - t i m e  o f  91) days f o r  a l l  ages .  This  

could  be somewhat conserva t ive  wi th  regard  t o  e s t ima tes  of dose t o  bone 

s u r f a c e s  and marrow, s i n c e  some P u  i n  resorbed  bone niay be d i s so lved  and 

r ecyc led  sys t emica l ly  without  bei.ng taken up by macrophages, and wi th  

l i t t l e  o r  no so jou rn  ti.me i n  t h e  marrow 

Pathways E and F 

Pu b u r i e d  i n  bone volume may even tua l ly  become volume d is t : r ibu ted  

as t h e  bone s e c t i o n  "dr i . f t s"  due t o  remodeling. The. t i m e  r equ i r ed  f o r  

Pu t o  become volume d i s t r i b u t e d  i s  assumed t o  tlepead on t h e  bone 

turnover  t i m e .  If t h e  r e s 0 r p t i . m  rate f o r  t r a b e c u l a r  bone i s  k per  

y e a r ,  t hen  b u r i e d  Pu may begin Eo be resorbed i n  about: l/k years a f t e r  

exposure.  (Account m u s t  be taken of tkie fact tha t  k varies wi th  age. ) 

Because of t h e  s l o w  t:urnover time f o r  c o r t i c a l  bone ai: most ages, much 

of  t h e  Pu bu r i ed  in c o r t i c a l  bone of  adolescents  and adults may never be 

r ecyc led .  



Pathways G, H ,  I, and J 

Autoradiographs sueeest t h a t  i)oil t  l oca l  ( G  ontl E )  and  systeiliic ( I  

Ind J )  r e d e p o s i i i o n  o n l o  bone s u ~ f a ~  e r  occurs  (Wronskj , Smith,  and Jee  

1980;  P r i e s t  and Gianriola 1 9 8 0 ) .  If Pu i s  r e l e a s e d  i n  a h igh ly  

vasc i i l a r i zc~d  are,* a1.d m o t  c rewote f r o m  bone sur  f a c e s ,  then  s y s t m i c  

dcposition Is likely If Pu  is r e l e a s e d  i n  a l e s s  v a s c u l a r i z c d  a r e a ,  i t  

i s  l i k e l y  t h a t  mast Pu  ~ ~ i 1 - 1  he depos i ted  locally. f-or lac!; of p i ~ c i s e  

v a l u e s .  i t  seems reasonable t o  ~ s s i i m ?  tlrcit ‘18% of t h e  ?u i i l  Che t i a n s f e r  

r o i l y ~ . r i i n ~ ~ n i s  i s  redeposited lo~allj and 10% is  c a r i i e d  back t o  thc 

bloodstream, from where L t  m a y  s t i l l  be depos i t i t&  on bone surf,ire.;. 

Because o f  L ~ P _  r e c y c l i n g  o f  P u  Eioiii 3 1 . 3  b loodst iecin>,  any e r r o r  LLI the 

assiumpt; oir of  ail even s p l i t  between l o c a l l y  and  .;yst~i:iicnl.ly rccyclet’l Pu 

i s  automaLLcally adj i is  t c i d  t CJ SCJITL’ cxt \ , L - I ~ .  

THE MODEL FOR Pu TN THE LlVEK 

Ti i s  knowi iiorn aoi i i ,a l  SiudiPs (Boocock P‘; 31. Iq/0, Taylor e t  a l .  

1 4 h G ,  Steveiis e t  a l .  1 9 7 1 )  t h a t  some Pu may leave t he  l i v e r  v i a  b l o o d  

while  some ;nay l e m ~  in  b i l e ,  L h a t  PIA i s  t 3 k ~ 1 1  up by L l iepdtocytes b u t  

1 a i - L  t i  m s f  erl to RE. cells, a i d  t i ia t  Pu n,p r e s i d e  f o r  yea r s  i l l  t hc  

RE s v s t a , .  I t  i s  a l s o  suggested by sui-cipsies of  persons e x p u s c d  LO Pi1 

s e v z r a l  y e a r s  prev ious ly  i i i a i  th is  n i c l  i d e  WJY 1 id:? For  maw yea r s  i n  

tlie ; ~ m ~ r i i  i j,er srici t l i a t  t h e  i c i t i o  o f  ”u i n  s k e l e t o n  to Pu i n  l i v e r  i s  

1 a r g - r  i n  p i e -adu l  i., Liian i n  adill is l h i  s s u p p o  , ~ d l y  siiraller a c t i v i t y  

i n  l i v e r  i n  c:ii7 1 ot2ld iesuit krori1 a smaller d e r o s i t i o n  i n  livcr a i  

younger a g e s ,  as wc h a v c  assumcd, o r  a w r e  La!)id renit)val from l i v e r  a t  

youngcr ages ,  cr t o ~ h .  IC irright be suspec ted  t h a t  Pu i s  removed morc 

L a p i d l y  from the l i v e r  a t  younger ages  b c c a i i s ~  of  s i m i l a r i t i e s  bPiwt:<lli 

Pu and Fe. b u t  ve bcl i rv , .  tire h’c-Pu analogy i s  i o 0  weak, jrr t h i s  case  t o  

justify such a non-conse iva t ive  assuinption at t h i s  t i m e .  I n  f a c t ,  o t h e r  

thzri t h e  f r a c t i o n  of  a c t  j v i i y  i n i i - i n i l y  depositG-d i n  l i v e r ,  w e  cannot  

f i r i J  rtSc3son iu iiiipose any assumptions regard ing  age dependcncp w i  ih 

r ega rd  t o   he l i v - r  

The .riovern-nt o f  Pu within t h e  l i v e r ,  as desc r ibed  i n  thc precpding 

paragraph ,  i s  dc~piictzd e.cpiic1:ly ir: our  model ( F i g  1 ) .  S e l e c t i o n  o f  

ra te  c o n s i a n t s  f o r  l i v c r  i s  diqcussed i n  dct 1i1 i n  t 1 1 ~  art i c l e  by 
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Leggett  (1985) .  A l m o s t  a11 o f  t h e  loss of Pu from the  1.Cver i.s assumed 

t o  be due t o  mo-vcment of a c t i v i t y  froin RE c e l l s  t o  b lood ,  whi.ch i s  

assumed t o  occur wi th  a h a l f - t i m e  of 10 y e a r s  at: a l l  ages .  This  hal-f-  

t i m e ,  t o g e t h e r  w i t h  OUL- assurnpt-ions coricerning Pu i n  t h e  s k e l e t o n ,  

y i e l d s  e s t i m a t e s  o f  t h e  ra . t i .0  of  Pu i n  l i v e r  t o  P u  i.n sk.el.eton t h a t  

agree  with autopsy d a t a  f o r  d i f f e r e n t  age groups (I.eg;?;ett 1 9 8 5 ) .  

THE MODEL FOR P u  I N  SOFT TISSUE ANI) EXCRETION 

Al.though only one s o f - t  tiissue compartment i s  i.ndic;it.ed i n  F i g .  1, 

s o f t  t i s s u e  i s ,  i n  effect: ,  assumed t o  c o n s i s t  of ~ w n  C C J 3 l p a r t X l C n t S  w h i c h  

t oge the r  r e c e i v e  20% of the Pu i n  blood m i n i i s  an amount exc re t ed  fni.t-1.y 

r ap id ly  a f t e r  reaching blood ( 4 % )  (Legget t  198.5). One s o f t  tissue 

compartment i s  a s s o c i a t e d  with excre t: i o n  pat1 3ys ci.:,ch as k:i dney , 
b l a d d e r ,  i n t e s t i n e s ,  and bi1.e. This compartment i s  assumed t u  receive 

6 %  of the a c t i v i t y  in b l o o d ,  and x t i v i t y  l eaves  on1.y v i a  e x c r e t i o n .  

Although l i v e r  i s  cons idered  : jepara . te ly ,  f o r  cornpi-ita t:io1~.31. convenience 

w e  consider cicr:i.vi.ty that rnay a c t u a l l y  l eave  l i v e r  v i a  b i l e  a s  being 

charmeled through t h i s  s o f t  t i s sue  e x c r e t i o n  conpa.rtment . The second 

s o f t  t i s s u e  compartment .is a s s o c i a t e d  w i t h  t h e  remaining t i s s u e  ~ t h a t  

i s ,  all soEt  t i s s u e  not  includi.ng '1-iver and not: l y i n g  i.n a dircct: 

e x c r e t i o n  pathway. This  wotlld incl.ude m o s t :  iniiscle t : l ssue ,  lung t i s s u e ,  

and p o r t i o n s  nL' the v i s c e r a ,  f o r  exarrp3.e. T h i s  comparLl~eni: i s  assumed 

t o  r e c e i v e  3.0% o f  t h e  actrivi-ty i n  b l o o d ,  and act-ivi-ty lea.vLng t.hi.s 

compartment is recycl.ed t o  b l c o d .  P u  i s  nsscuiied t o  l eave  bo th  s o f t  

t i s s u e  compartments with a ha l . : f - t ime of  5@Q days ,  w h i c h  i.s based l o o s e l y  

on conclusions reached by Durbin ( 1 9 7 2 ) .  

In  addition t o  a c t i v i t y  reaching  e x c r e t i o n  a f t e r  a delay i:n s o f t  

t i s s u e  ~ some a c t i v i t y  ~ 5 . 1 7 .  be r a p i d l y  excreted f r o m  b!.ood, In  t h i s  

model we assume that .  4% of  Pu  reaching  l,l-ood i s  r a p i d l y  excreted.  Our 

e s t i m a t e s  f o r  t h e  amount excret;ed a r e  from data f o r  adu3.t humans (Du7hi.n 

1 9 7 2 ,  Langham et: al. 1 9 5 0 ,  Rundo l 9 7 9 ,  Voel-z et. a l .  1 9 7 9 ,  Legget t  1 9 8 5 ) .  

THE MODELING FOR RECYCLING OF SYSX~MIC Pu 

Plutonium reaching  the bloodstream aCt.er reinswal fcote skel e t o n ,  

l i v e r ,  o r  s o f t  t i s sue  i s  assumed t o  t r a c e  thc s m e  pathways 3 s  jlhe 

i n i t i a l  d e p o s i t  i n  b lood .  T t  i s  assumed that  a c t i v i t y  l eaves  b lood  bdjth 
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an e f f e c t i v e  h a l f - t l i ; l z  o f  0 . 8 5  days .  A more dtl',diilcd b l o o d  roodcl i s  

available f o r  situatioi7.s i '11 which s h o r t -  L e r m  k i n z t i c s  are of i n t e r c r , t  

(IA?&gC! t 1485). 

S ; _ : d i e s  of Lloyd arid coworkers (1912, 1974, 1975, 1 9 7 8 a ,  19TSb)  

i .ndicate  that3 aboui 80% o f  P u ,  A:n? o r  C h i  goes t o  s k e l e t o n  and 

l i v e r ,  b u t  Pu mzy have 3 re la t ive- i .y  h ighe r  a f f i ~ n i t j ?  f o r  s k s l e t o n  

ani / r , r  Am slid Crn a r e l a t i v e l y  hLgher affi r i i  'i-y f o r  l i v e r .  Rasi.ng 

0 1 . i ~  es t i i i ia tes  o i l  'ciiesc resu1. t~ for dogs, we assllme <:hat: 80% of P u ,  

Am, or Cn! goes t o  skeleton pli.is livf.3- bu t  that t h e  re7.ative 

percerltages go i~ng  [LO skelei o x !  i n  a d u l t s  3l-e Pu:pm:Crn = 50%;: 30%:(45%. 

F o r  newborns, 70% of  P u ,  P a ,  or Cln l s  assumed t o  go 20 ske le tor i ,  

and f o r  persoL-~s of  L l S  yea r s  o f  age ,  Che average o f   he ctdu1.t. and 

iied,t)l:n values i s  a p p l i e d .  

3 .  The d i s t r i b u t i o n  o f  A::: i n  irhc skeleton may be m g r e  lx J . i i fo rm than t hc  

di.stribuLioi-1 of  i'u (L loyd  et 31. 1972) . A1 $0 the di.s'iribut:ions o f  

Am ar :d Cm In :.:le skeleton appear to 'ij?, very similar (Nenot  et al I 

19-72). We " S S L I T I ~  tl-iai- 50% of .4m or C n  that goes LO skeleiron i s  

deposited on ti~.ib~cu!ar surf-aces and 50% i s  deposi- ted on c o r t i c a l  
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surfaces at a1.l agcs; this compares w i t ? i  a r a t i o  f o r  Pu  of 6 0 % : 4 0 %  

f o r  sdi.il'is and 50%:  5 0 %  f o r  rron-adulra ~ 

4 . Experilnetitill. evidence f o r  dogs i.i?d?.cat:es t h a t  e a r l y  urim r y  

e x c r e t i o n  of Am or CN i s  greater t han  f o r  I'u (T.,Ioyd et al. 1.972, 

1974, 1976, 7.97823, 1978b) ,  p r n l x t l ~ l y  hecause of the weaker 

a'ctachrnent t o  p r o t e i n s  exhibf ted by Ani and i l m .  Ue assime t t ' ~ i t :  t;be 

comparative f r a c t i o n s  oE rapid exere t ion  o f  Pu:  h, ane! C m  i:n b lood  

are 0 . 0 4 :  0.07 : 0 , 0 6 ,  b i i s ~ d  on studies wi. t l?  dogs. Since feca.1 

e x c r e t i o n  d a t a  f o r  actinides i n  anlE.al.s c a  0 1 :  he readily 

extrapol.atc-tl to kmrnans cannot: i.mprove 01-1 the  s i m p l e  as.swrp;'-i.oiz 

that fecal excreEi.an o f  P u ,  Ai?, and Gin a r e  iden!: i c a l  i n  huxms. 

Al . so  , we sha l l  assume tha t  the rrad-cl  f o r  l?u, cni-~cerrnizrg exc re t ion  

via s o f t  t.i.ssue a p p l i e s  to Am and cSm. 

5 .  Da ta  f o r  humans i n d i c a t e  t h a t  i'm may have a n e t  1)i.ol.ogical ha l f -  

time i n  tihe l iver  as shorh a s  2 - 8  years ( see  thz  srtic1.e by 

G r i f f i t h  et. ZLI. 1 9 8 3 ,  inc luding  remarks by K .  E .  W r e t - r n  011 p .  5 5 4 ) .  

Durbin and Schmidt  (1995) c.sir.i.inatc:d a net hal.f-tirrrr: o f  abo;.it- 3 

years f o r  Am i n  l ive t :  but a removal r a i e  froti! 1.i:ver t o  plasma o f  

s l ight1.y l ess  than 1..0 per  yea r .  We adopt  a ra::~! o f  1..0 per  year 

f o r  remval. o f  Am o r  Cm from l i v e r  LO pla.sma. 

A l l  other f e a t u r e s  o f  the Pu mcidel. a r e  assumcd t o  apply  to ,4m and  

GI11 " 
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A GENERIC SCIIEMK TO AID IN TIlE CONSTRUCTION OF AGE-SPECIFIC 

BIOKINETIC MODELS YOK BONE-SEEKING KADJOWUCLIDES 

The model descri-bed f o r  Pu and r e l a t e d  elements i n  t h e  preccdi.ng 

s e c t i o n  has  been expanded t o  a gene r i c  scheme t h a t  is useful. i.z-1 the  

s tudy  of  t he  behavior  o f  many bone-seeking radionucl- ides ,  p a r t i c u l a r l y  

those wi th  daughter products  t h a t  may tend t o  migrate  from the  p a r e n t  

n u c l i d e .  This generi.c model i s  i n d i c a t e d  i n  F i g .  1, 

I n  t h i s  scheme, some p o t e n t i a l  pa ths  o f  movement w i t h i n  the  

skelcion have been added t o  those a l r eady  consi-dered f o r  Pu. For  

exainple, d i r e c t  removal o f  acci-vi-ty from bone s u r f a c e s  o r  volume t o  

p l a s m a  has  been included f o r  c o n s i d e r a t i o n  of radium, urani.um, and other 

r ad ioe lemen t s .  An op t ion  t o  cons ide r  movement: from bone vol.ume t o  bone 

s u r f a c e  may a l s o  be added soon. Spleen has been included f o r  t reatment  

o f  c e r t a i n  important decay products  with a p ropens i ty  f o r  t h i s  organ 

(such as i s o t o p e s  o f  polonium) . The boxes l a b e l e d  "Respi-ratory Trac t "  

and "GI T r a c t "  i n  F i ~ g .  1 r e f e r  n o t  t o  s i n g l e  compartments b u t  t o  mul.ti- 

compartmental sub-models o f  t he  system; these  sub-models a r e  desc r ibed  

i.n a l a t e r  s e c t i o n .  A l s o ,  the u s e r  may supply d e t a i l e d  models f o r  

l i v e r ,  k idneys ,  s p l e e n ,  o r  o t h e r  t - i s sues ,  b u t  a s i n g l e  compartment i n  

each case  o f t e n  s u f f i c e s ,  p a r t i c u l a r l y  i.n s i t u a t i o n s  where m o s t  decays 

occur  i n  t h e  s k e l e t o n .  

I n  appl.yi.ng t h i s  o r  any o t h e r  scheme t o  develop an a g e - s p e c i f i c  

b i o k i n e t i c  model, one must o f t e n  s e l e c t  parameter va lues  i n  t h e  absence 

o f  e l e m e n t - s p e c i f i c  q u a n t i t a t i v e  d a t a .  A s  indj-cated i n  t h e  s e c t i o n  on 

Pu and r e l a t e d  elements ,  element-independent d a t a  on bone growth and 

turnover  may be u s e f u l  i n  t h i s  r ega rd .  For example, r a d i o b i o l o g i c a l  

s t u d i e s  on s p e c i e s  o t h e r  than man y i e l d  the  q u a l i t a t i v e  information t h a t  

Pu remains f i x e d  t o  bone s u r f a c e s  unti.1. removed by bone modeling o r  

remodeling. This can be used t o  e s t i m a t c  removal r a t e s  o f  P u  from bone 

s u r f a c e s  i n  humans by appeal ing t o  :Pu- independent q u a n t i t a t i v e  d a t a  on  

bone remodeli-ng. A s  another  example, i t  appears t h a t  long-term removal 

o f  some radioelements  from bone volume i s  due mainly t o  bone t u r n o v e r ,  

p a r t i c u l a r l y  i n  t h e  growing animal. Elementi- independent d a t a  on bone 

turnover  t h e r e f o r e  i s  u s e f u l  i n  e s t i m a t i n g  a g e - s p e c i f i c  removal r a t e s  o.E 

t h e s e  elements from bone volume. 



4 3  

.- 

Of c o u r s e ,  t h i s  approach i s  no t  a panacea.  For example, 

qual i . t a t i v e  inforrnat ion i n d i c a t e s  to us t h a t  many important  

rad ioe lements  , i nc lud ing  radium and uranium, may rema i n  on o r  near  bone 

s u r f a c e s  f o r  s e v e r a l  days be fo re  be ing  removed t o  plasma and, t o  a 

l e s s e r  e x t e n t ,  bone volume. However, phys io log ica l  c o n s i d e r a t i o n s  a lone  

w i l l  n o t  y i e l d  suppor t ab le  a g e - s p e c i f i c  removal r a t e s  f o r  t h e s e  elements 

f rom bone s u r f a c e s ,  s i n c e  removal processes  may be s t r o n g l y  element-  

s p e c i f i c .  In f a c t ,  i t  i s  o f t e n  e a s i e r  t o  determi.ne a g e - s p e c i f i c  

parameter  va lues  a s s o c i a t e d  wi th  bone minera l  than  those  a s s o c i a t e d  wi th  

s o f t  t i s s u e s ,  i.ncluding t h e  non-mi.neral s k e l e t o n ,  because r e t e n t i o n  i n  

s o f t  t i s s u e s  tends  t o  depend much more on s p e c i a l  p r o p e r t i e s  of t he  

element than  does r e t e n t i o n  i n  bone inineral..  

There i s  evidence t h a t  n e t  bi.ol.ogical half-t:Lines of some 

rad ioe lements  ( e . g . ,  K ,  Rb, C s ,  I )  i n  s o f t  t i s s u e s  a r e  much s h o r t e r  i n  

chi.1.dren than  adih. ts . Other e lements ,  i nc lud ing  some t0xi.c heavy 

m e t a l s ,  may have n e t  biol.ogical. h a l f - t i m e s  i n  some s o f t  t i s s u e s  t h a t  a r e  

as g r e a t  ( o r  g r e a t e r )  i n  growing animals a s  i n  a d u l t s  (Jug0 1 9 7 7 ) .  T h i s  

could resu l t :  f r o m  any of a v a r i e t y  o f  f a c t o r s ,  i nc lud ing  a h ighe r  r a t e  

of  i n t e s t i n a l  r e c y c l i n g  of t h e  b i l i a r y  exc re t ed  f r a c t i o n ,  a 1.ower 

e x c r e t i o n  r a t e ,  and great:er b inding  wi th  body l igands  a t  younger ages  

(Jug0 1 9 7 7 )  . Whenever d i r e c t  in format ion  o r  reasonable  p h y s i o l o g i c a l l y  

based assumpt-i.ons concerning age - s p e c i f i c  r a t e  c o n s t a n t s  f o r  s o f t  

t i s s u e s  a r e  l a c k i n g ,  we p r e f e r  t o  apply r a t e  c o n s t a n t s  f o r  a.du1.t s o f t  

t i s s u e s  t o  a l l  age groups .  Thi.s may r e s u l t  i n  overesti.mates of  dose t o  

s o f t  t i s s u e s  o f  c h i l d r e n  i n  some cz.ses, b u t  w e  do n o t  b e l i e v e  t h a t  

s u b s t a n t i a l  underes t imates  w i l l  o f t e n  r e s u l t .  A t  l e a s t ,  we have not  

found evidence of any element with a r a d i c a l l y  g r e a t e r  b i o l o g i c a l  h a l f -  

t ime i n  s o f t  t i s s u e s  of growing animals than i n  soft t i s s u e s  of a d u l t s .  

I n  a r e c e n t  a r t i c l e  (Leggett:, Dunning, and Eckerman 1985)  w e  

d i scussed  t h e  importance of a p h y s i o l o g i c a l l y  based modeling approach 

wi th  r ega rd  t o  proper  t r ea tmen t  of r a d i o a c t i v e  decay products  born i n  

t h e  body. Examples were g iven  i n  which t h e  d i f f e r e n t  t ypes  of 

assumptions concerning decay products  made i n  ICRP P u b l i c a t i o n  2 (1959)  

and I C R P  Publ - ica t ion  30 ( 1 9 7 9 )  l e a d  t o  d i f f e r e n c e s  o f  an o rde r  of 

magnitude i n  50-year  dose commitments t o  organs .  I n  ICRP 2 ,  daughter  

products  born i n  an organ are assumed t o  be removed accord ing  t o  the 
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retention function of the daughter rather than that of the parent; in 

ICRP 30, daughters are assumed to remain with the parent, wi.th a few 

exceptions. OUT study revealed many cases in which neither o f  these 

blanket assumptions is appropriate and in which the structure of the 

ICRP models is too infl.exible to allow a more realistic treatment, In 

addition to the benefit of a1 ].owing more realist-i.c assumptions 

concerning decay products, the exercise of sel.ecti.ng age- specific 

parameter val-ues f o r  decay products horn in an organ, usi.ng a 

physiologically based scheme such a s  that indicated in Fig. 1, reveals 

inany important sources of uncertainties that may go unnoticed when 

employiiig more conventional retention models. For example, tilere is 

sometimes a “synergistic“ effect on potential errors resulting from 

uncertainties associated with variation with age and those a.ssociated 

w i t h  treatment of decay products, 

In the following two sections we describe parameter values for the 

generic scheme in Fig. 1 appropriate for thorium and uranium. We will 

not address the problem of modeling behavior of daughter products of 

specific isotopes of these elements;  in fact, for lack of s p a c e  we do 

not go into detail anywhere in this report on the problem of treating 

chains of nuclides. The reader is referred to the article by Leggett, 

Dunning, and Eckerman (1.985) for an example of considerations that may 

go into selection of parameter values for decay products using a model 

framework similar to t:he generic scheme shown in Fig. 1.. 
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APPLICATION OF THE G E N E R T C  SCHEME TO 'THORIUM 

I n  t h i s  s e c t i o n  we o u t l i n e  our  choi-ces o f  parameter  va lues  f o r  

b i o k i n e t i c s  oP thorium. These a r e  r e l a t e d  t o  t h e  gene r i c  modeling 

scheme desc r ibed  i n  t h e  preceding sect i -on.  I t  w i l l  become ev idcn t  t h a t  

many A s  d i scussed  i n  a 

l a t e r  sec t i .on ,  howevcr, s e n s i t i v i t y  ana lyses  r e v e a l  t h a t  r e s u l t i n g  

e s t i m a t e s  o f  long-term dose commitment t o  bone s u r f a c e s  from Th-230, f o r  

exriinple, may n o t  be a s  u n c e r t a i n  as we a t  f i r s t  might t h ink .  We l a t e r  

d i  s cus s a no t h e  r nuc 1- i de ( U - 2 3 8 ) fo 1: which sub s tian t i n 1  unc e r i a  i n  t i e s 

a s s o c i a t e d  wi th  c e r t a i n  parameter  va lues  a r e  n o t  mi t iga t ed  i n  r e s u l t i n g  

estihnates of  dose commitment t o  bone s u r f a c e s  

o f  t h e  parameter valires a r e  somewhat a r b i t r a r y .  

A s  i s  the  case  f o r  P u ,  Am, and C m ,  t h e r e  i s  a pauc i ty  of  d i r e c t  

informat.io11 o n  v a r i a t i o n  wi th  age i n  t h e  b iobehavior  of  Th, s o  appeal  

must b e  made t o  informat ion  on age dependence i n  t h e  processes  known or 

thought  t o  be  involved i n  up take ,  t r a n s l o c a t i o n ,  and e x c r e t i o n  of tliis 

e lement .  I n  t h i s  ca se  parameter va lues  a r e  based on c o n s i d e r a t i o n  o f  

in format ion  on  t h e  behavior  of Th i.n young a d u l t  aniinals and a d u l t  

humans (S tove r  e t  a l .  1960, 1965; Maletskos e t  a l .  1 9 6 9 ) ,  t he  

d i s t r i b u t i o n  of environmental  Th found i n  humans (Wrenn e t  a l .  1980; 

S ingh ,  Wrenn, and Ibrahiin 1983) ,  comparison o f  the behavior  of  Th arid Pu 

i.n t h e  body (S ingh ,  Wrenn, a n d  Ibrahim 1983; Legget t  1985; J e e  e t  a l .  

1 9 6 2 ) ,  and b a s i c  phys io log ica l  in format ion  on  modeling and remodeling 

p rocesses  i n  t h e  human s k e l e t o n  a t  vari.ous ages ( L e g c e t t ,  Eckerman, and 

Will i.ams 1982 ; Legget t  1985) .  

The age-dependent  parameter va lues  f o r  our  thori.um r e t e n t i o n  model 

are  g iven  i n  Table 1. 'These va lues  can be  rei-ated t o  patrlis i n d i c a t e d  i n  

iiie gene r i c  scheme desc r ibed  i n  t h e  previous sec t i -on .  

Thori.uin d e p o s i t s  p r i m a r i l y  i n  t h e  skel-eton,  and i t s  behavior  t h e r e  

appears  t o  be  governed by t h e  sane processes  t h a t  c o n t r o l  t h e  behavior  

of  pl.utonium, namely, bone growth and remodeling processes  (Legget t  

1985; Jee e t  al. 1 9 6 2 ) .  Bone-seeking elements  g e n e r a l l y  have a h ighe r  

a f f i n i t y  f o r  t h e  younger s k e l e t o n  than  f o r  tlie mature s k e l e t o n  (Legget t  

and Crawford-Brown 1983) ,  bui: i.n t h e  case  of  thori~um t h e  f r a c t i o n  o f  

sys temic  a c t i v i t y  goirig t o  t h e  s k e l e t o n  cannot be substa11i:ially h igher  

i n  c h i l d r e n  than  a d u l t s  because t h i s  f r a c t i o n  i s  l a r g e  (perhaps 0 . 7 )  
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even in t h e  mature a d u l t  (ZCRP 1 9 7 9 ) .  Thus,  i n  t h e  case  of  an age- 

s p e c i f i c  s k e l e t a l  d e p o s i t i o n  f r a c t i o n ,  t h e r e  simply does n o t  appear much 

room f o r  a l a r g e  e r r o r  t o  e n t e r .  

We assume t h a t ,  i n  t h e  a d u l t ,  7 0 %  o f  t h e  unexcreted a c t i v i t y  i n  

plasma i s  d e p o s i t e d  i.n t h e  s k e l e t o n ,  w i t 2 1  equa l  amounts going t o  

t r a b e c u l a r  and c o r t i c a l  surEaces;  4 %  i n  t h e  l i v e r ;  0 . 7 %  i n  t h e  k idneys ;  

0 . 4 %  i n  t h e  s p l e e n ;  arid t h e  reinaiiider ( 2 4 . 9 % )  i n  o t h e r  t i s s u e s .  Based 

on l i m i t e d  d a t a  f o r  a d u l t  huinans (Maletskos e t  a l .  1 9 6 9 )  approximately 

6 %  o f  an i n i t i a l  uni.1:. a c t i v i t y  o f  thorium i n  plasma w i l l  h e  promptly 

e x c r e t e d .  ( 'Prompt e x c r e t i o n '  r e f e r s  t o  t h e  f r a c t i o n  o f  a c t i v i t y  i n  

plasma Twhich goes t o  e x c r e t i o n  a l o n g  pa ths  Y, Z, and CC-FF but: n o t  X o r  

Q i n  the g e n e r i c  scheme.) This  d e s c r i p t i o n  i s  f a i r l y  c o n s i s t e n t  w i th  

that given i u  I C R P  Pub1.i.cation 30 (1~979), hut i s  more d e t a i l e d ;  it i s  

based t:o some ex ten t  on measui-el-eents o f  environmental  tl-mriurn i.n human 

t i s s u c s  b u t  a l s o  r e l i e s  on  1:esults Prom animal s t u d i e s .  

For nonatlults we assume that: '30% of t h e  unexcreted a c t i v i t y  i s  

d e p o s i t e d  uniformly i.n t h e  skel-eton.  Thi..s va lue  is  somewhat a r b i t r a r y  

but: i s  based on two f a c t o r s :  (1)  s k e l e t a l  d e p o s i t i o n  i n  nonadul ts  i s  

expected to be somewhat h ighe r  and more uniform than  i n  a d u l t s  o n  t h e  

b a s i s  o f  r e s u l t s  for o t h e r  e lements;  and ( 2 )  :$e should n o t  a s s i g n  a 

percentage c l o s e r  t o  100% hecaus;. there  i s  t h e  danger o f  s u b s t a n t i a l l y  

unde res t ima t ing  d e p o s i t i o n  i n  l i v e  t- and o t h e r  s o f t  t i s s u e s  i n  c h i l d r e n  

( c f .  d a t a  f o r  1 . 5 - y e a r - o l d  1 i u m a R  i n  the  r e p o r t  by Wrenn e t  a l .  1 9 8 0 ) .  

The o t h e r  d e p o s i t i o n  f r a c t i o n s  a r e  assumed t o  be t h e  same a s  i n  the  

adul- t ,  except  t h a t  only 1 4 . 9 8  rern,%i.ns t o  go t o  o t h e r  t i s s u e s  because o f  

t h e  h i g h e r  percentage a s s igned  t o  s k e l e t o n .  The percentage of a c t i v i t y  

t h a t  i.s promptly e x c r e t e d  might be s l i g h t l y  less i n  c h i l d r e n  than  i n  

a d u 1 . t ~  because of t h e  s l i g h t l y  g r e a t e r  s k e l e t a l  deposit i .on expected in 

chi.1dren. T i e l - e  i s  l i t t l e  e f f e c t ,  howevc.r, on e s t i m a t e s  of dose ra te  o r  

d dose caused by reduci.ng t h i s  va lue  f o r  c h i l d r e n .  We assume 

that.  it i s  independent: o f  age .  

A s  w i th  plutoni.um, thorium goi-ng t o  t h e  skel-eton appears  t o  d e p o s i t  

i n i t i a l l y  on ske le t ia l  s u r f a  bilt g r a d u a l l y  may become b u r i e d  i n  bone 

volume du r ing  bone remodeling proc3sses  ; thorium may a l s o  g r a d u a l l y  be 

uncovered and r e t u r n e d  t o  systemic c i r c u l a t i o n  by t h e s e  p rocesses  (Jee 

e t  al. 1962) .  The r a t e  c o n s t a n t s  f o r  t h e s e  p rocesses  a r e  g r e a t e r  i n  



children than adul.I:s; hence i.t is expected that thorium will be removed 

from the radiosensitive cells near the bone surfaces faster in children 

than in adults (T.,egzett and Eckerman 1984). The rate constants for 

movement of Th among the skeletal compartments and pl-asma arc based on 

the same principles as  our age-dependent skel~e tal model foir P u  discussed 

earlier. 
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BIOKINETICS OF URAXIUM: AN EXAlYPLE 01: THE VALUE OF THE PHYSIOLOGICALLY 

RASED APPROACH I N  REVEAT.CNG SONE UNCERrAINTlES LN ESTIMATES O F  DOSE 

-- Despi te  t h e  l a r g e  number o f  s t x d i e s  oti uraniuiii i n  ilian and o t h e r  

s p e c i n s ,  t h c t  b iohehavior  of  t h i s  element remains poorly und 

many r e s p e c t s .  For esaiiiple, 1 i t t l . e  i s  known about t h e  r e s idence  time o f  

uranium on bone s u r f a c e s  even i n  t h e  a d u l t .  As d i s c u s s e d  i n  this 

s e c t i o n  and i n  more d e t a i l  l a t e r  i n  t h i s  r e p o r t ,  however, t h e  

development of a r e a l i s  t i c  model framework f o r  uranium has been valuali7.e 

i n  r e v e a l i n g  t h a t  t:hare may he subtle reasons why s impI i f  icat-ions 

s u i t a b l e  f o r  models f o r  a d u l t s  may n o t  be suitab1.e f o r  o t h e r  age g-coups. 

We have appea led  a g a i n  t o  the gene r i c  model framework: desc r ibed  

e a r l i e r  and have at mpted to  selectr b e s t  age-  s p e c i f i c  parameter  vrilues 

f o r  t h e  a p p l i c a b l e ,  uptake f r a c t i o n s  and r a t e  c o n s t a n t s  ~ These parameter 

v a l u e s ,  given i n  Table 1, a r e  ba.5c.d on d a t a  f o r  uranium i n  humans (see 

d i s c u s s i o n s  and reviews by Bernard,  Muir, and I toyster  1 9 5 7 ;  Wrenn e t  al. 

1985) ; I-Iursh and Spoor 1975), d a t a  f o r  experime:-ntal aniiiials (Ihr-bin and 

Wrenn 1976 ,  Stevens et: al. 1979, Rowlarid and Farnhairi 1969), comparison 

of t h e  1)e’navior of t h e  u rany l  i o n  wi th  a l k n l  i.ne ear th  inetal!; (Rowland 

and Faunham 1 9 6 9 ,  Neuinan and Nc~rman 1958)  , and general phys io log ica l  

i n fo rma t ion  concerning growth and rernode1.i-ng o f  th!? skel ~ . t ~ o ~ 1  (Legget t  , 
Eckermnn, and W i l l i a m s  1.982; Legget t  1985). 

The i n i t i a l  d e p o s i t i o n  of  t h e  u rany l  i o n  i n  ;:he s k e l e t o n  may be 

c l o s e l y  rei-ated t o  that .  of calci.wii and strontiurri (Durbin and Wr::iin 1 3 7 6  ; 

Stevens e t  a l .  1 9 7 9 ;  Neuman and Neuiriari 1958). Experiment-sl. s t u d i e s  

ind i -ca te  -;.hat, i n  the a d u l t ,  roughly 25% o f  t h e  a c t i v i t y  i n  plasma not: 

d e s t i n e d  f o r  proinpt e x w e t i o n  i.s claposi.ted on bone s u r f a c e s ,  although 

t h i s  may be h i g h l y  v a r i a b l e .  This corresponds t o  ahout 10% o f  t h e  total .  

i n i t i a l  a c t i v i t y  i n  p l a sma  si.iice t h e  excret:i.ori r a t e  i s  high f o r  uranium. 

Age- spec i f i c  s k e l e t a l  d e p o s i t i o n  f r a c t i o n s  are  assumed ’io be 

propor-t;ional. t o  those f o r  s t ron t ium (see L e g g e t t ,  Eckerman, and Idi l l i a l n s  

1982; C r i s t y  e t  a l .  1 9 8 4 ) ,  and the  r e l a t i v e  a g e - s p e c i f i c  f r a c t i o n s  

d e p o s i t e d  on c o r t i c a l  ar id  t r a b e c u l a r  bone a r c  a s s u m ~ d  t o  be the same as 

f o r  s t r o n t i u m  ( L e g g e t t ,  Eckerman, and Wil.1.iains 138%) . 
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MODELS FOR THE ALKALINE EARTH ELEMENTS 

The importance of Sr-90 as an environmental  containinant has l e d  t o  

the  development over t he  p a s t  t h r e e  decades o f  s e v e r a l  models d e s c r i b i n g  

the a g e - s p e c i f i c  s k e l e t a l  uptake and r e t e n t i o n  o f  s t ron t ium.  O n e  r e c e n t  

model ( L e g g e t t ,  Eckerman, and W i l l i a m s  1 9 8 2 )  demonstrates how t h e  body’s 

accumulation o f  environmental. s t ront iuin can be c l o s e l y  p r e d i c t e d  f o r  

humans of a l l  ages through considera  t i o n  o E physiologi.ca.1 simi.1 a r i t i e s  

and d i s c r i m i n a t i o n  o f  s Irontiurn and calcium, bone modeling and 

remodeling k i n e t i c s  as es t ima ted  from va r ious  s o u r c e s ,  arid the  

assumption t h a t  t he  f r a c t i o n  of i nges t ed  C a  t h a t  i s  absorbed t o  blood 

and e v e n t u a l l y  re ta i -ned i n  the  s k e l e t o n  f o r  an extended p e r i o d  depends 

l a r g e l y  on t h e  skeletal needs f o r  Ca a t  t h e  age a t  i n t a k e .  This 

approach obv ia t ed  t h e  need f o r  the customary procedure o f  estiinatiing 

sepa ra t e  v a l u e s  f o r  t h e  absorpti-on o f  S r  from t h e  g a s t r o i n t e s t i n a l .  t r a c t  

t o  blood and the uptake of S r  by the  s k e l e t o n .  

Yois model f o r  s t ron t ium i.s somewhat: l ess  d e t a i l e d  than  t h e  newer 

models desc r ibed  e a r l i e r  i n  t h i s  r e p o r t ,  i nc lud ing  tliose f o r  potassium, 

plutonium, and thorium. F o r  example, it does not  i n v o l v e  explicit 

c o n s i d e r a t i o n  of  r e c y c l i n g  o f  S r  o r  accumulation i n  s o f t  t i s s u e s ,  A l s o ,  

t he  model a p p l i e s  only t o  f a i r l y  long-term k i n e t i c s  and would n o t  be 

s u i t a b l e  fni- appl-i-cation to r e l a t i v e l y  s h o r t - l i v e d  i s o t o p e s  of S r .  

S t i l l ,  t h e  S r  model served t o  demonstratxt. the p l a u s i b i l i t y  of viewing 

a g e - s p e c i f i c  behavior  of  radioelements i n  the con tex t  o f  a physiological.  

system, and the  a g e - s p e - i f i c  r a t e  c o n s t a n t s  f o r  bone modeling and 

remodeling de r ived  i n  the  c o n s t r u c t i o n  of t h a t  model have been important 

i n  t:iw development of more d e t a i l e d  models for s e v e r a l  radioelements .  

Moreover, t hese  r a t e  coiistarits have h e l d  up w e l l  i n  t e s t s  of t h e s e  more 

3ilecl models ( f o r  example, s e e  Legget t  1.985, Leggetc and Eckerman 

1 9 8 6 ) .  

We a r e  c u r r e n t l y  developing more detai . led models  f o r  t h e  a l k a l i n e  

e a r t h  elements t h a t  are  intended t o  provide f a i r l y  a c c u r a t e  d e s c r i p t i o n s  

of the s h o r t - t e r m  behavior  o f  t hese  me ta l s .  These models w i l l  t ake  i.rit:o 

X C O U T I ~  t h e  fact t h a t  calcium and its physiological.  analogues undergo 

cons iderable  r e c y c l i n g  among f l u i d s  and t:i.ssues, p a r t i c u l a r l y  between 

plasma and bone s u r f a c e s .  According t o  c u r r e n t  i n fo rma t ion ,  rnovement of  
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calcium between plasma and bone i s  c o n t r o l l e d  l a r g e l y  by b o n e - l i n i n g  

c e l l s .  I n  our newer models use i.s made o f  t h e  s t r o n g  associ.at:ion aiiiong 

b o n e - l i n i n g  c e l l s ,  bone m a r r o w  c e l l u l a r i t y ,  v a s c u l a r i t y ,  and bone 

a p p o s i t i o n  r a t e .  Two primary rou te s  of t r a n s f e r  bstween bone f l u i d s  and 

e x t r a c e l l u l a r  f l u i d s  a r e  p i c t u r e d :  .ions may e n t e r  one s i d e  of  t h e  

f l a t t e n e d  b o n e - l i n i n g  c e l l s  and exit :  on t h e  oppos i t e  s i d e ,  o r  they may 

t r a v e r s e  t h e  spaces between adjacent. c e l l s .  Calcium and i t s  analogues 

a r e  viewed as e n t e r i n g  bone f l u i d  by pass ing  wi.trl.1 t i s s u e  water  between 

t h e  b o n e - l i n i n g  c e l l s ;  t h e s e  c e l l s  cont inuous ly  ex t rude  t h e  a l k a l i n e  

e a r t h  meta ls  i n t o  t h e  i n t e r s t i t i a l  f l u i d  on t h e i r  v a s c u l a r  s i d e s .  There 

is mi tochondr ia l  u p t a b  of these  m e t a l s ,  and heav ie r  meta ls  a r e  r e l e a s e d  

only  s lowly  from t h e  n i tochondr i a .  Osteocytes  w i t h i n  1-ncunae 

communicate wi th  t h e  l i n i n g  c e l l s  by c e l l  p rocesses  t h a t  a r e  extended 

i n t o  t h e  c a n a l i c u l i .  Pot:assium, which i s  moving i n  oppos i t e  d i r e c t t o n s  

t o  C a  i n  t h i s  system, would be taken up by the b o n e - l i n i n g  c e l l s  

d i r e c t l y  from t h e  e x t r a c e l l u l a r  f l u i d ,  and K i.n bone f l u i d  would reach 

t h e  e x t r a c e l l u l a r  f l u i d s  by pass ing  through t h e  spaces  between bone- 

l i n i n g  c e l l s .  There a l s o  may be an exchange of K and C a  i n  uptake of  Ca 

by mitochoridria w i t h i n  bone - l in ing  c . e l l s .  

Experimental  evidence i n d i c a t e s  t h a t  bone d i s c r i m i n a t e s  a g a i n s t  

calcium i n  f avor  of t h e  heavy a l k a l i n e  e a r t h s ,  barium and radium, i n  t h e  

sense  t h a t  the  s h o r t -  term s k e l e t a l  accumulation of the heavy elements  i s  

g r e a t e r  t han  t h a t  of calciwn when r e l a t e d  t o  an i n t e g r a t e d  concen t r a t ion  

i n  plasma.  This  d i s c r i m i n a t i o n  has  been a t t r i b u t e d  t o  a g r e a t e r  

a d s o r p t i o n  o f  heavy a l k a l i n e  e a r t h s  t o  t h e  bone mineral  based on an i n  

v i t r o  exper iment ,  While t h i s  p o s s i h i l i t y  should n o t  be ignored ,  i t  a l s o  

would appear  t h a t  t h e r e  i s  i i t t 1 . e  o r  no d i s c r i m i n a t i o n  between these  

meta ls  i n  passage through t h e  spaces  between b o n e - l i n i n g  c e l l s  b u t  t h a t  

t h e r e  may be d i s c r i m i n a t i o n  agaFnst t h e  heav ie r  meta ls  i n  passage 

through t h e  hone l i n i n g  c e l l s  from bone f l u i d  t o  plasma and i n  e x t r u s i o n  

from mi tochondr ia .  Thus, t h e  apparent  d i s c r i m i n a t i o n  a g a i n s t  calcium by 

t h e  s k e l e t o n  may a c t u a l l y  r e s u l t  i n  l a r g e  p a r t  from d i s c r i m i n a t i o n  i n  

f avor  of calcium by t h e  bone c e l l s .  

These concepts  cannot  be used lndependent ly  i n  t h e  s e l e c t i o n  of  

parameter  va lues  f o r  a b iokine t j lc  model for a l k a l i n e  e a r t h  me ta l s .  

However, they  s e r v e  as u s e f u l  i n d i c a t o r s  f o r  changes wi th  age i n  bone 
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f u n c t i o n  and hence appear t o  be h e l p f u l  i n  avoiding b l i n d  assumptions i n  

t h e  devel opment of age - s p e c i f  i c  model 5 .  

Our newer a l k a l i n e  e a r t h  models a r e  s t i l l  under development. U n t i l  

they are complete w e  a r e  us ing  t h e  gene r i c  model framework desc r ibed  

e a r l i e r  and parameter va lues  based on the modeling approach desc r ibed  i n  

t h e  e a r l i e r  paper of  Legge t t ,  Eckerman, and Will i a i n s  (1982) .  
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AGE DEPENDENCE IN INTAKE OF RADIOACTTVITY AND IN FUNCTlONS 

OF THE GASTKOTNTESTl NAT. AND RESPIRATORY TRACTS 

INGESTION 

In exposures  t o  environmental. r a d i o a c t i v i t y  through t h e  i n g e s t i o n  

pathway t h e r e  a r e  two f a c t o r s  t h a t  could l e a d  t o  substantzial  v a r i a t i o n  

wi th  age i n  accumulat ion o f  r ad ionuc l ides  i n  huma-ns. F i r s t ,  t h e  amount 

of a c t i v i t y  inges t ed  may va ry  wi.th age because of  d i f f e r e n t  d i e t s  and 

q u a n t i t i e s  consumed a t  d i f f e r e n t  ages ;  t h i s  has  been g iven  cons ide rab le  

a t t e n t i o n  i n  t h e  l i t e r a t u r e  and w i l l  n o t  be d i scussed  h e r e .  Second, the 

f r a c t i o n  of a c t i v i t y  i n  t h e  t r a c t  t h a t  i s  absorbed t o  b lood ,  c a l l e d  

may va ry  age .  
f l ’  

S tud ie s  o n  l a b o r a t o r y  anima1.s i n d i c a t e  t-hat f r a c t i o n a l .  abso rp t ion  

of meta ls  froin t h e  s i n a l l  i n t e s t i n e  t o  blood i s  h ighe r  i n  neonates  than  

i n  a d u l t s  and may be cons ide rab ly  h ighe r  f o r  poor1.y absorbed metals  ( s e e  

reviews by Har r i son  1 9 8 2 ,  C r i s t y  and Legget t  1 9 8 6 ) .  The abso rp t ion  

f s a c t i o n  appears  t o  decrease  s u b s t a n t i a l l y  i n  t h e  f i r s t  few days ,  weeks, 

o r  months of  l i f e ,  b u t  no c l e a r  p i c t u r e  has been developed concerning 

r e l a t i v e  a b s o r p t i o n  f r a c t i o n s  i n  j u v e n i l e  and a d u l t  an imals .  

Recent work i n d i c a t e s  t o  us t h a t  t h e  wall of t h e  sinall i n t e s t i n e  i s  

a more s e l e c t i v e  t i s s u e  than  v a s  pl.eviously thought and t h a t  abso rp t ion  

of e lements  may be r e l a t e d  t o  the body’s  needs t o  a g r e a t e r  e x t e n t  than  

had been b e l i e v e d ,  I n  p a r t i c u l a r ,  t h e r e  i s  evidence of an enhanced 

a b s o r p t i o n  of c e r t a i n  e s s e n t i a l  e l e n e n t s  dur ing  the  pe r iod  o f  growth, 

and chemica l ly  r e l a t e d  elements o r  elements t r a n s p o r t e d  by t h e  sa11ie 

mechanisms may a l s o  exper ience  enhanced abso rp t ion  du r ing  t h i s  p e r i o d .  

Best  in format ion  i s  f o r  i r o n ,  l e a d ,  calci.um., s t r o n t i u m ,  and zi-nc. 

F r a c t i o n a l  abso rp t ion  of each of t h e s e  elements appears  t o  he h ighe r  i n  

j u v e n i l e s  than  i n  a d u l t s .  Moreo-ver, data. f o r  each o f  t hese  elements a r e  

c o n s i s t e n t  w i th  t h e  hypo thes i s  t h a t  f r a c t i o n a l  abso rp t ion  changes wi th  

t h e  r a t e  of growth u n t i l  adul thood.  For example, s t u d i e s  wi th  huinan 

c h i l d r e n  from infancy  through 4 yea r s  i n d i c a t e  t h a t  t h e  abso rp t ion  

f r a c t i o n  f o r  i r o n  f a l l s  s t e a d i l y  as does t h e  r a t e  of growth (Garby and 

S j o l i n  1 9 5 9 ;  Schulz and Smith 1958;  Gorten,  Hepner, and Workman 1 9 6 3 ) ,  

and ano the r  s tudy  wi th  c h i l d r e n  of  ages  7 -10  yea r s  i n d i c a t e s  t h a t  t he  
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a b s o r p t i o n  f r a c t i o n  r i s e s  dur ing  t h a t  pe r iod  as  does t h e  r a t e  of  growth 

and t h e  demand f o r  i r o n  (Darby e t  al. 1947). 

Le;id appears  t o  sha re  an absorpti-on pathway w i . t h  i r o n  (Barton e t  

a1. 1978; Bar ton ,  Conrad, and l lol land 1981.) and ITMY also he absorbed t o  

some e x t e n t  a long  t h e  trarisport systein f o r  calcium (Task Group on Metal 

Accumulation 1973). Resu l t s  of a balance  s tudy  o f  human c h i l d r e n  from 2 

weeks t o  8 yea r s  o f  a ~ e  i.ndicai:.e t h a t  t h e  abso rp t ion  o f  l e a d  i s  much 

g r e a t e r  t han  the  a d u l t  l e v e l  dur ing  t h a t  pe r iod  ( Z i e g l e r  e t  a l .  1978; 

Alexander ,  Clayton ,  and Delves 1974). Absorpt ion o f  l e a d  i n  t h e  

j u v e n i l e  has  been s tudi-ed most ex tens ive ly  i n  t h e  r a t  with i s o l a t e d  

duodenal loops (Conrad arid Barton 1978, Barton 1-984). The animals  i n  

one s tudy  (Conrad and Bdrton 1978) weighed from 79 t o  660 g and v a r i e d  

from r e c e n t l y  weaned r a t s  t o  r a t s  more than  one year  o l d .  The f r a c t i o n  

o f  l e a d  absorbed decreased  s u b s t a n t i a l l y  (and h igh ly  s i g n i f i c a n t l y )  wi.th 

i n c r e a s e s  i ~ n  age and body weight .  

The f r a c t i o n s  o f  t h e  a l k a l i n e  e a r t h  metals calcium, s t ron t ium,  and 

radium absorbed by j u v e n i l e  r a t s  were 2 - 1  t imes h ighe r  a t  age 6-8 weeks 

than  a t  GO-70 week:; (Tay lo r ,  Bligii ,  an3 Duggan 1962). Another s tudy  

wi th  ra t s  showed absorpt:i.ori of calcium d e c l i n i n g  from 98% i n  weanling 

r a t s  h weeks o l d  t o  5 7 ,  46, 41, and 24% at ages 12-24, 48-72, and 106 

weeks, respec t i -ve ly  (Hansard and Crowder 1957). Data f o r  calcium i n  

humans a r e  pi~ecemeal and l e s s  d e f i n i t i v e  b u t  appear t o  fo l low t h e  same 

gene ra l  p a t t e r n  (Harr i son  1959, Kahn e t  a l .  1969, I C R P  1975). The 

s t r o n g  age dependence i n  the  numerous measureinents o f  envi roninental S r  - 
90 i n  the s k e l e t o n s  of humans over  t h r e e  decades can be expla ined  

uniformly by a model i n  which the  f r a c t i o n  o f  i nges t ed  Sr-90 absorbed 

depends on t h e  body's  growth requirements  f o r  calcium (Legge t t ,  

Eckerman, and Williams 1982). The concen t r a t ion  of environmental  radium 

i n  human bone as a fui ic t ion o f  age (Muth and Gloebel 1983) appears  t o  

fo l low a p a t t e r n  very  s i in i l a r  t o  t h a t  f o r  S r - 9 0 .  

The Erac t ion  o f  z i n c  absorbed by ra ts  i s  a l s o  g r e a r e r  a t  younger 

ages  (Weigand and Kirchgessner  1979 ; Ki~rchgessner ,  Veigand, and Schwarz 

1981). I n  t h e s e  s t u d i e s  i E  was shown that: " t h e  phys io log ica l  a b i l i t y  t o  

absorb z i n c  d i d  not; decrease  wi th  age ,  b u t  r a t h e r  adapted t o  the  

p a r t i c u l a r  supp1.y s t a t u s "  (Kirchgessner ,  Weigand, and Schwarz 1981) and 

t h a t  t h e  "marked d i f f e r e n c e s  between age groups i n  u t i - l i z i n g  d i e t a r y  
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z i n c  r e f l e c t e d  the  e f f i c i e n t  homeostat ic  adjustments  i n  a b s o r p t i o n  and 

entlogenous exc-ret ion of z i n c  t o  the  r e s p e c t i v e  supply s t a t u s "  (Weigaritl 

and Kirchgessner  1 9 7 9 )  . 
F o r  r a d i a t i o n  p r o t e c t i o n  it has  general.ly been ass7tined t h a t  the 

f r a c t i o n  o f  n radionuc1.i.de absorbed by c h i l d r e n  a.ftier weaning f r o m  a 

milk d i e t  i s  siriiilar t o  t h a t  absorbed by a d u l t s  ( e . g .  , NKPB 1 9 8 4 ) .  This 

assumption does n o t  appear t o  be based on s t r o n g  evidence for the e n t i r e  

p e r i o d  o f  growt.h. R a t h e r ,  i t :  i s  appa ren t ly  based 011 obse rva t ions  t h a t  

the f r a c t i o n a l  abso rp t ion  of  many i r e t a l s  by laboratory animals decreases  

s h a r p l y  toward t h e  a d u l t  l e v e l  a f t e r  weaning, t h e  conc lus ion  t h a t  t h e  

enhanced a b s o r p t i o n  du r ing  i.nfar.cy i s  r e l a t e d  a t  l e a s t  i n  p a r t  t o  t h e  

rni.lk d i e t ,  and t h e  f a c t  that: the s t r u c t u r e  and f u n c t i o n  of t he  sinall 

i n t e s t i n e  a r e  similar i n  j u v e n i l e s  ( a f t e r  weaning) and a d u l t s  (Koldovsky 

1 9 6 9 ) .  However, even though t h e  small  i n t e s t i n e  does appear t o  be 

[nature i n  j u v e n i l e s ,  t h e  enhanced need dur ing  growth f o r  e s sen t . i a1  

me ta l s  such as calcium, i r o n ,  and z i n c  r e s u l t ,  we b e l i e v e ,  i n  enhanced 

a b s o r p t i o n  o f  t h e s e  m e t d s  and perhaps a l s o  some n o n - e s s e n t i a l  metals  

suc,h as l e a d  o r  plutoniuin t h a t  riiay s h a r e  absorpt:i.on pathways with 

e s s e n t i a l  metals. There may be o t h e r  mechanisms involved i n  conserving 

e s s e n t i a l  metals when t h e  demand i s  h i g h ,  b u t  a v a i l a b l e  d a t a  suggest  t o  

11s t h a t  enhanced a b s o r p t i o n  i s  a t  I -east  one o€ t h e  homeostat ic  processes  

brought  i n t o  play i n  t h e  growing animal .  

I n  view o f  t h e  d a t a  d i scussed  above, w e  b e l i e v e  t h a t  e s t i m a t e s  of 

a g e - s p e c i f i c  organ doses should  inc lude  c o n s i d e r a t i o n  of (1.) t h e  

e l e v a t e d  a b s o r p t i o n  f r a c t i o n s  du r ing  t h e  neona ta l  p e r i o d  i n d i c a t e d  by 

the d a t a  f o r  animals and t o  a l e s s e r  e x t e n t  by t:hat f o r  humans; and 

( 2 )  t h e  changes w i t h  growth i n  abso rp t ion  f r a c t i o n s  i n d i c a t e d  by stindies 

wi th  animals and by the  f e w  a v a i l a b l e  s t u d i e s  on humans. For  those 

radioelements  w i th  no d i r e c t  information on changes wi th  age i n  

a b s o r p t i o n ,  r e l a t i v e  v a l u e s  Eor d i f f e r e n t  ages might be assi-gned by 

analogy wi th  b e t t e r  understood ele-nents . 
Another f a c t o r  t h a t  concei-vably could a f f e c t  dosimetry of i n g e s t e d  

radi .onucl ides  to  some extent: i s  t h e  p o t e n t i a l  v a r i a t i o n  wi th  age i n  

t r a n s i t  t i m e s  through segments o f  t h e  G I  t r a c t ,  The s m a l l  amount of 

a v a i l a b l e  in fo rma t ion ,  p r i m a r i l y  on s p e c i e s  o t h e r  t han  man, would 

i n d i c a t e  t h a t  v a r i a t i o n  wi th  age i n  t r a n s i t  t imes may n o t  be l a r g e  
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(Crawford-Brown 1983). A l s o ,  sensitivity analyses indicate that  

incorporati.on of variations with age in GI- transit times within 

reasonable I.irnits o f  uncertainty usually will not have much influence on 

estimates of dose to organs or tissues of primary concern. Still, i t  

would be desirable to have an accurate age-dependent model for movement 

o f  activity through the GI tract, particularly f o r  eval.uation of 

situations concerning non-penetrating radi.at:ions or short:- l~ived 

nuclides. Until a well supported age-specific model becomes available, 

we wil-1 appJ.y the transit model recommended by the ICRP (Eve 1966) to 

all age groups. 

INHAIA'TI ON 

In exposures to environmental radioactivity through tile inhal-ation 

pathway, an iiiiportsnt source of variation wich age in accumulation of 

radioactivity by humans is the air-intake rate. The amount of act:ivity 

inhaled from a contaminated atmosphere typically would increase sharply 

with age; for example, the inhalation rate for the newborn infant may be 

only 4-5% of the adult 7-evel, and that of t h e  one-year-old may be only 

about 15% of the adult level (e.g., ICRP 1975). Another potentially 

important source of variation is the fraction of inhaled material that 

is deposited in t:he respirat:ory tract rather than exhaled. A third 

factor of conceivable importance i.n the dosimetry of inhaled 

radionuclides is the potential age dependence in transit tiiiies of 

ac t:ivit:y from the respiratory tract to blood or the gastrointestihal 

tract. 

Models have been developed to predict age dependence in the 

fractional deposition and rate of transport of material in the 

respiratory tract (Hofinann, Steinhausler, and Pohl 1979; Crawford 1982); 

these are  based primarily on physical considerations, such as diameters 

of ai-rways in relation t:o particle sizes. Also, some experimental 

information on animals is available (e.g., Mewhinney and Muggenburg 

1985). These nodels and experi-mental re.su1.t~ s u g g e s t  that there may be 

soiiie dependence on age in deposition and transport in the respiratory 

txact, although evidence certainly is not conclusive. 



Unt:il b e t t e r  in format ion  on  behavior  o f  m a t e r i a l  i n  t h e  r e s p i r a t o r y  

t r a c t  i s  a v a i l a b l e ,  we will use the Task Group Lung Model (TGLM) o f  t h e  

I C R P  ( 1 9 7 9 ) ,  which w a s  designed t o  apply t o  a r e fe rence  a d u l t  and does 

n o t  i nc lude  age-dependent parameters .  Our opin ion  i s  t h a t  p r e s e n t  

in format ion  on v a r i a t i o n  wi th  n.ge i n  f r ac t i . ona1  d e p o s i t i o n  and r a t e  of 

t r a n s p o r t  of  m a t e r i a l  i n  t h e  r e s p i r a t o r y  t r a c t  i s  s t i l l  t o o  u n c e r t a i n  t o  

be of  b e n e f i t  i n  reducing u n c e r t a i . n t i e s  involved i n  apply ing  t h e  T G L X  t o  

all age groups ,  p a r t i c u l a r l y  f o r  t h e  smal l  p a r t i c l e  sizes expected i n  

most: environmental  exposures .  
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PART 2 .  DOSIMETRIC MODELS 
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S P E C I F I C  E h ' k E C T I V E  ENERGIES ( S E E  VALUES) 

From a b i o k i n e t i c  model such a s  one o f  those  d i scussed  i n  P a r t  1 of  

t h i s  report., t h e  d i s t r i b u t i o n  o f  a c t i v i t y  i n  t h e  body as a f u n c t i o n  o f  

time a f t e r  intiake o f  a r ad ionuc l ide  i .s estximated. To coiivert  from 

a c t i v i t y  t o  dosc -equ iva len t  r a t e s ,  we need a dosirnetuic q u a n t i t y  c a l l e d  

L ~ g ~ ,  S E E .  WE d i s c u s s  i l l  t h i s  s e c t i o n  how t he  L J . ~ < :  s p e c i f i c  c f € e c t i v e  -n,-,-'-.-- 

age-dependent  S E E  va lues  zrc c a l c u l a t e d ;  o t h e r  s e c t i o n s  i n  P a r t  2 

d i s c u s s  d e t a i l s  o f  ca l~cu ln? ions  on speci-f i  c absorbed f r a c t i o n s ,  which 

a r e  needed t o  ca1culai:e S E E .  (For a d d i t i o n a l  di-scussion o f  t h e  computer 

code that combiner, t h e  b i o k i n e t i c  and dos ime t r i c  da t a  t o  gene ra t e  dose -  

eqi.ii.valent r a t e s ,  see  tlie f i r s t  s e c t i o n  iil P a r t  3 o f  t h i s  r e p o r t . )  For 

s i .mpl ic i ty ,  i n  ?he fo l lowing  disci iss ion we sometiincs re fe r  ti, "dose" t o  

mean "dose -equ iva len t "  ( t h e  SEE v a l u e s ,  de f ined  below, inc lude  t h e  

q u a l j ~ t y  f a c t o r  t h a t  conve r t s  dose t o  dose-equivalent-)  . 

*. 7 

The a c t i v i t y  o f  a radiontrcli.de i n  a compartment i s  a measure o f  the 

energy be ing  emi t t ed  i n  t h a t  compartment a t  time t .  We now d i scuss  

briefly how one inay re l .a te  t h e  e s t ima ted  a c t i v i - t i e s  o f  a radi-onucl ide i n  

a l l  compartment:!; a t  t ime t t o  the dose r a t e  t o  a s p e c i f i c  organ a t  time 

t .  The problem i s  t o  e s t ima te  t h e  f r a c t i o n  of  tlrc energy eruit ted by 

decay o f  t h e  r ad ionuc l ide  i n  each compartrnerit ( "source  organ")  t h a t  i.s 

absorbed by the s p e c i f i e d  ( " t a r g e t " )  organ .  This  absorbed f r ac t i -on  i s  

inco rpora t ed  i n t o  t h e  c a l c u l a t i o n  through t h e  use  o f  t h e  SEE val-ues.  

The dose-equival .ent  r a t e  [ f j .  ( X ) ]  ( t )  to t a r g e t  organ X a t  t ime t due 
J 

1, Y2, . . . ,  Y i s  e s t ima ted  t o  be t o  r ad ionuc l ide  j i n  source  organs Y M 

M 
[Hj(X)](Cj = c [ i I j ( X t y , ) ] ( t )  , 

k= 1 

where 

[ H j  (X'.Yk) ] ( t )  = c.A ( t )  . S E E .  (X+-Yk) 
j k  J 

I n  tlie preceding equa t ion  A .  ( t )  i s  t h e  a c t - i v l t y ,  a t  time t ,  o f  

r ad ionuc l ide  j i n  source  organ Y and c is a c o n s t a n t  t h a t  depends on 

tlie u n i t s  o f  dose -equ iva len t  r a t e ,  a c t i v i t y ,  and SEX.  If  dose-  

e q u i v a l e n t  r a i e  i s  i n  S v . 5  , S E E  i s  i n  MeV.kg p e r  t r ans fo rma t ion ,  and 

J k  

k '  

-1 -1 
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a c t i v i t y  i s  i n  B q ,  then  c = 1 . 6  x 10 The SEE va lue  r e f e r s  only  t o  

r ad ionuc l ide  j and does no t  inc lude  any c o n t r i b u t i o n  from daughter  

r a d i o n u c l i d e s .  

The SEE value for r ad ionuc l ide  j may be de f ined  as 

S E E .  (T+-S)  = C Y.E .Q.  ('r+-S)Qi , . 1 1 1  
1. J 

where 

Y.  = yie1.d of r a d i a t i o n s  o f  type i pe r  transforri iation o f  
1 

r ad ionuc l ide  .j , 

E = average o r  u n i q u e  energy o r  radi .a t ioi i  i a s  approprFate ,  i 
a .  (X<--Y) = s p e c i f i c  absorbed f r a c t i o n  = frac.t:ion o f  emi t t ed  energy 

from source  organ  Y absorbed by c a r g e t  organ X per u n i t  

mass o f  X ,  

1 

Q.  = t h e  q u a l i t y  f a c t o r  2.ppropriate f o r  r a d i a t i o n  o f  type i ,  
1 

and where t h e  summation i s  taken O V P ~  a l l  rad in t  ions  o f  type i In thr 

fo l lowing  paragraphs w e  d i s c u s s  k r i e f l y  t h e  Prstimat ion o f  t - h c  &sorbed 

f r a c t i o n s  @. (Xt Y )  f o r  photon emissiorls and b e t a ,  e l e c t r o n ,  and a lpha  

decays .  
1 

I t  should be eviderir t h a t  the  va lue  S E E .  (X. Y)  i s  a func t ion  of  t-he 

age o f  the i n d i v i d u a l ,  because the  s p e c i f i c  absorbed f r a c t i o n s  @ .  (Xt-Y) 

used t o  c a l c u l a t e  S E E .  (X+-Y) may derlend on the  r e l a t  ivc geonietries of  X 

and Y a s  well a s  t h e  iiiass of  t h e  t c r g e t  o r g a n  X (Cristy 1 9 8 0 ) .  We s h a l l  

r i r s t  d i s c u s s  the  determinGtion o f  SEE va lues  f o r  va r ious  r a d i a t i o n  

types  f o r  a f i x e d  age ,  and w e  l a t e r  desc r ibe  the i n t r o d u c t i o n  o f  age 

dependence i n t o  t h e  SEE v a l u e s .  

J 

1 

J 

PHOTON EMISSIONS 

There a r e  two p r i n c i p a l  computat ional  procedures  a v a i l a b l e  f o r  

e s t i i na t ing  s p e c i f i c  absorbed fract:ions f o r  photon emissi.ons : t h e  Monte 

Carlo method and the po in t - sou rce  keKtle1. method. Each o f  t h e s e  w i l l  be 

d i scussed  b r i e f l y  ; r e fe rences  t o  t h e  compute5 codes used t o  c a l c u l a t e  

t hese  va lues  a r e  given i n  t h e  fo l lowing  sect i .on.  



The Monte Carlo method i s  an approach f o r  e s t i m a t i n g  t h e  

p r o b a b i l i t y  o f  a photon in te rac t i .on  w i t h i n  t a r g e t  organ X a f t e r  emission 

from source  organ Y .  This  method i s  c a r r i e d  ou t  a s  fo l lows  for a l l  

combinations o f  source  and t a r g e t  organs; and for several .  ( u s u a l l y  1 2 )  

photon e n e r g i e s .  The body i s  r ep resen ted  by an i d e a l i z e d  phantom i n  

which t h e  i n t e r n a l  organs are assigned masses,  shape!;, posit i .oiis ,  and 

a t t e i i u a t i o n  coe f f i - c i en t s  based on t h e i r  chemical composi t ion.  A mass 

a t t e n u a t i o n  c .oe f f i c i en t  p i s  chosen,  where p i s  g r e a t e r  t han  o r  equal  

t o  t h e  mass ateer iuat ion c o e f f i c i e n t s  f o r  any r eg ion  o f  t h e  body. The 

photon begins  i t s  course  from organ Y i n  a random1.y chosen d i . rec t ion ,  

and a poten t ia l .  s i t e  o f  an i n t e r a c t i o n  i s  chosen by t ak ing  t h e  d i s t a n c e  

t r a v e l e d  as -In r / p  where r i s  a random number d i s t r i b u t e d  between 0 

and 1. The p o i n t  on t h e  li.ne a t  t h i s  d i s t a n c e  fi:orrr t he  pho ton ' s  

s t a r t i n g  point and i n  the  d i r e c t i o n  of  t h e  photon ' s  pach i s  t e s t e d  t o  

determine t h e  reg ion  o f  t h e  body contai-[ling t h i s  p o i n t .  The computer 

randomly s e l e c t s  e i t h e r  a f avorab le  o r  an  unfavorable  outcome; izhe 

probab i l i t -y  o f  a f avorab le  outcoine i.s p . / p  where p i s  the  t o t a l  mass 

a t t e n u a t i o n  c o e f f i c i e n t  f o r  t h e  i t h  r eg ion .  I f  t h e  outcome i s  

unfavoi-able ,  then i t  i s  assumed t h a t  no in t e rac t i . on  occur s ,  and t h e  

photon proceeds another  randoinly chosen d i s t a n c e  a long  t h e  same line of 

€li .ght and t h e  game i s  r epea ted .  I f  t h e  outcome i s  f a v o r a b l e ,  t hen  it  

i s  assumed t h a t  an  i n t e r a c t i o n  occur s .  LJith each i n t e r a c t i o n ,  an 

a r t i f i -c i .a l .  "wci.ght" o f  t h e  photon ( i n i . t i a l . 1 ~  s e t  a t  u n i t y )  i s  reduced by 

an  amount equal  t o  t h e  expec ta t ion  o f  abso rp t ion  which the photon would 

have i n  the actiual physical. p rocesses .  The f l i g h t  o f  t h e  photon i s  

te rmina ted  (1) if it  escapes t h e  body; ( 2 )  i f  i t s  energy f a l l s  below a 

c u t o f f  v a l u e  - -  t y p i c a l l y  4 keV; o r  ( 3 )  i f  i t s  weight f a l l s  below 

i n  t h e  1ai:t:er two c a s e s ,  t h e  energy i s  cons idered  t o  be  t o t a l l y  

absorbed.  The energy depos i t i on  f o r  an  i n t e r a c t i o n  i s  determined 

accord ing  t o  a st:andard equati-on. 

0 0 

0 '  

1 0 '  i 

T h e  second procedure f o r  e s t ima t ing  s p e c i f i c  absorbed f r a c t i o n s  f o r  

photon emissions involves  i n t e g r a t i o n  o f  a po in t - sou rce  k e r n e l  @(x), 

where x i s  the d i s t a n c e  f rom t h e  point: sou rce .  The f u n c t i o n  @ i s  

composed of  i nve r se - squa re  and exponent ia l  a t t e n u a t i o n  f a c t o r s  t h a t  

r e f l - e c t  t h e  l o s s  of energy from photon i n t e r a c t i o n s  and a bui l&-up 

f a c t o r  t h a t  r e t i s c t s  t h e  c o n t r i b u t i o n  o f  s c a t t e r e d  photons t o  dose .  One 
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iiiust i n t e g r a t e  t h i s  k e r n e l  over a l l  d i s t a n c e s  x = Iu - V I  corresponding 

t o  p a i r s  of p o i n t s  ( u , v ) ,  where u l i e s  i n  the source organ Y and v l i e s  

i n  t h e  t a r g e t  organ X .  (The equa t ion  of t h e  k e r n e l  i s  given i n  the  

fo l lowing  s e c t i o n .  ) 

Both t h e  Monte Carlo method and t h e  po in t - sou rce  k e r n e l  method may 

involve s i g n i f i c a n t  sources  of e r r o r ,  depending on t h e  energy and t h e  

organs under c o n s i d e r a t i o n  (Ya lc in t a s  , Eckerman, and Warner 1980) . The 

Monte Carlo method i s  a p r o h a b i l i s t i - c  approach and produces s i g n i E i c a n t  

e r r o r s  i n  s i t u a t i o n s  where few i n t e r a c t i o n s  a r e  expected t o  occur ,  such 

as c a s e s  invo lv ing  ta . rge t  organs which a r e  r e l a t i v e l y  small o r  remote 

from important  sou rces  o f  a c t i v i t y .  The p o i n t - s o u r c e  k e r n e l  method 

t e c h n i c a l l y  i s  v a l i d  only f o r  a homogeneous, unbounded medium. Hence 

t h i s  method may l e a d  t o  l a r g e  e r r c r s  i n  c a s e s  invo lv ing  s i g n i f i c a n t  

v a r i a t i o n s  i n  composit:ion o r  d e n s i t y  of body t i s s u e ,  o r  i n  c a s e s  where 

t a r g e t  organs o r  i.mportant soiirces o f  a c t i v i t y  lie nea r  a boundary of  

t h e  body. We have been a b l e  t o  reduce e r r o r s  i n  calcul.ations o f  

absorbed f r a c t i o n s  by making e x t e n s i v e  use o f  t h e  geometr ical  

r e c i p r o c i t y  theorem a.nd by developing c o r r e c t i o n  f a c t o r s  f o r  va lues  

gene ra t ed  by t h e  p o i n t - s o u r c e  k e r n e l  method ( s e e  fol lowing s e c t i o n ) .  

That i s ,  we use a weighted average of  Q, . (X+Y)  and t h e  r e c i p r o c a l  Q*(Y+-X)  

produced by the  Monte Carlo method, b u t  repl.ace t h i s  va lue  wi th  t h e  

c o r r e c t e d  p o i n t - s o u r c e  k e r n e l  va lue  i f  t h e  former i.s s t a t i s t i c a l l y  

u n r e l i a b l e .  

1. 1 

BETA, POSITRON, AND ELECTRON DECAY 

Beta p a r t i c l e s ,  p o s i t r o n s ,  and d i s c r e t e  e l e c t r o n s  are  u s u a l l y  no t  

s u f f i c i e n t l y  e n e r g e t i c  t o  c o n t r i b u t e  s i g n i f i c a n t l y  to c r o s s -  i r r a d i  a t i o n  

doses of  t a r g e t s  s e p a r a t e d  f r o m  a Source organ ( t h e  photons produced 

upon a n n i h i l a t i o n  of p o s i t r o n s  a r e  t r e a t e d  s e p a r a r e l y ) .  Thus, i t  i s  

g e n e r a l l y  assuiiied t h a t  @ . ( X + - X )  i s  j u s t  t h e  inve r se  o f  t h e  inass o f  organ 

X ,  and i f  source and t a r g e t  a r e  s e p a r a t e d ,  Qi(X+-\’) = 0 ,  Exceptions 

occur when t h e  source and t a r g e t  a r e  i n  c l o s e  proximity,  which is  the 

c a s e ,  f o r  example, w i th  v a r i o u s  s k e l e t a l  t i s s u e s .  .4bsorbed f r a c t i o n s  

f o r  c r o s s  i r r a d i a t i o n s  among s k e l e t a l  t i s s u e s  and walled organs were 

taken from ICKP P u b l i c a t i o n  30 ( 1 9 7 9 ) .  

1 
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ALPHA PARTICLE DECAY 

The energy of  a lpha  p a r t i c l e s  and t h e i r  a s s o c i a t e d  r e c o i l  n u c l e i  i s  

g e n e r a l l y  assumed t o  be absorbed i n  t h e  source  organ .  'I 'herpfore, 

(X+X) i s  takcn  t o  be the  inve r se  o f  t h e  organ mass, and @ (X+Y) = 0 i f  

X and Y a r e  sepa ra t ed .  Spec ia l  c a l c u l a t i o n s  are performed f o r  a c t i v e  

inarrow and el ldosteal  c e l l s  i n  bone, based on a method of Thorne (1971). 

CY Q: 

CALCULATION OF SEE VALUES FOR DIFFERENT AGE GROUPS 

For non-pene t r a t ing  r a d i a t i o n s  I ; h e  c a l c u l a t i o n  of  age-dependent 

s p e c i f i c  absorbed f r a c t i o n s  (and hence o f  SEE v a l u e s )  i s  

s t r a i g h t f o r w a r d .  Since a l l  emi t t ed  energy i s  assumed t o  be  absorbed by 

t h e  source  organ ,  tlie only age-dependent v a r i a b l e  i n  t h i s  ca se  i s  t h e  

mass o f  t h e  organ .  Masses of  organs vs age were taken  from I C R P  

P u b l i c a t i o n  2 3  (1975)  and are given i n  C r i s t y  and Eckerman ( 1 9 8 7 ) .  

The problem i s  CoiTsiderably more complex f o r  p e n e t r a t i n g  

r a d i a t i o n s ,  however, because t h e  changing shapes and r e l a t i v e  p o s i t i o n s  

o f  t h e  organs must be t aken  i n t o  account i n  t h i s  ca se  i n  the devel-opment 

o f  s p e c i f i c  absorbed f r a c t i . a n s .  S p e c i f i c  absorbed f r a c t i o n s  f o r  photon 

emissions o f  v a r i o u s  ene rg ie s  have been calcul .a ted by us f o r  age groups 

0 ,  I, 5 ,  LO. and 15 yea r s  arid f o r  a d u l t s  ( s ee  followi.ng s e c t i o n ) .  These 

absorbed f r a c t i o n s  were cal .culated us ing  a combination o f  t h e  Monte 

Carlo and po in t - sou rce  k e r n e l  methods as desc r ibed  e a r l i - e r ,  but us ing  

d i f f e r e n t  mnthematical  phantoms oE t he  human body f o r  each age group. 

An ex te rn31  view o f  t hese  mathematical ly  r ep resen ted  phantoms, t oge the r  

w i th  comparative c r o s s - s e c t i o n s  o f  t h e  middle t runk  r eg ions  o f  the 

newborn and a d u l t  phantoms,  a r e  shown i n  F ig .  1.. Resu l t s  o f  t hese  

c a l c u l a t i o n s  indi-care  thcit t h e  s p e c i f i c  absorbed f r a c t i o n s  vary 

s i i h s t a n t i . a l l y  wi th  age f o r  some e n e r g i e s ,  source  o rgans ,  and t a r g e t  

organs ( s e e  F i g .  2 ) .  

To avoid  d i s c o n t i i i u i t i e s  i n  c a l c u l a t e d  doses, we c a l c u l a t e  SEE 

values f o r  any non-adul t  a g e  from those for ages 0, 1, 5 ,  10, 1 5 ,  and 20 

( -adul t )  y e a r s  by ].inear i n t e r p o l a t i o n .  
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L I V E R  -to- OVARIES 

LI!NGS -to- BREAST L I V E R  -to- LIVER 

Figure 2.  
and X i s  t h e  t a r g e t  organ. The f i g u r e  shows t h e  s p e c i f i c  absorbed f r a c -  
t i o n s  (S.A.F.'s) f o r  photons f o r  v a r i o u s  source and t a r g e t  organs,  ener- 
g i e s ,  and ages.  
( t h e  f r a c t i o n  of energy emi t t ed  from w i t h i n  P t h a t  is absorbed by X p e r  

gram of X) dec reases  w i t h  age,  
t he  geometries and masses of organs a r e  most masked f o r  low-energy pho- 
tons 

The n o t a t i o n  1 -to- X" i n d i c a t e s  t h a t  P i s  t h e  source organ 

A t y p i c a l  p a t t e r n  a t  a l l  e n e r g i e s  is t h a t  t he  S.A.P. 

Tim e f f e c t s  of t he  ohanges wi th  age in 



S P E C I F I C  ABSORBED b IWC'L'IONS OF EXERGY 

AT VARIOUS AGES FROM INTERNAL PHO'I'ON SOUP,CES 

A s e r i e s  of r e p o r t s  t a b u l a t e s  s p e c i f i c  absorbed f r a c t i o n s  (a's) f o r  

inonoenergel:ic photon sources  uniformly d i s t r i b u t . c d  i.in organs of 

mathematical. phantoms r e p r e s e n t i n g  humans of v a r i o u s  ages and desc r ibes  

the methods used t o  compute them (Cri-s ty  and Eckerman 1987a-g,  i n  p r e s s ;  

t h e  t a b 1 . e ~  a r e  a l s o  availab1.e on d i s k e t t e s  f o r  pe r sona l  computers ~ by 

r e q u e s t ) .  Procedures for choosing t h e  " b e s t "  e s t i m a t e s  of Q Et-om the  

estihnates generated by t he  va r ious  methods a r e  desc r ibed  i n  the f i r s t  

volume, and the  Q'  s calcul.at<+d by t h r e e  methods and the " b e s t "  estiinaLes 

recoininended by us  are t a b u l a t e d  i n  the  remaining voluines f o r  the 

newborn, f o r  aees  l., 5 ,  1 0 ,  and 1 5  y e s r s ,  f o r  an a d u l t  female, and f o r  

an a d u l t  inale. These Q f s  can be used i n  c a l c u l a t i n g  the  photon 

component o f  dose equival.ent from rad ionuc l ides  i n  t he  body a t  var ious 

a g e s .  

The metiiods used t o  c a l c u l a t e  a ' s  a r e  s i m i l a r  t u  those used by 

Snyder,  Ford,  Warner, and Watson (197Lt )  f o r  t h e i r  adul t phantom. 

However, more use i s  made of t h e  converse Monte Carlo e s t i m a t e ,  Q(Y+X) 

(Y  -= source organ,  X = t a r g e t  o rgan) ,  as an approximation t o  the  d i r e c t  

Monte Carlo e s t i m a t e ,  @(XtY). More ex tens ive  use i s  made o f  empi r i ca l  

c o r r e c t i o n  f a c t o r s  f o r  the e s t i m a t e s  generated by the p o i n t - s o u r c e  

kei-riel ( o r  bui ldup fact:or) method. A l s o ,  a b e t t e r  method t o  c a l c u l a t e  

t h e  f r a c t i o n  o f  energy depos i t ed  i n  thc a c t i v e  inairrow and t h e  endosteal  

c e l l s  has  been eiilployed. 

The phantoms desc r ibed  p rev ious ly  by C r i s t y '  (1980) are designed 

l i k e  t h e  a d u l t  phantom of Snyder e t  a l .  (1974) and havs d i f f e r e n t  

d e n s i t i e s  and chemical compositions f o r  l ung ,  ske le ta l . ,  and s o f t  

t i - ssues .  ( " S o f t  t i s s u e s "  a r e  all n e a r - u n i t - d e n s i t y  t i s s u e s ,  i I e .  , 
d e n s i t y  1 g/cm . )  The age 1 5  phantoni has been redesigned s o  t h a t  i t  

r e p r e s e n t s  bo th  a 1 5 - y e a r - o l d  male and an a d u l t  female.  The c u r r e n t  

v e r s i o n s  o f  all phantoms a r e  r e p r i n t e d  i n  Appendix A o f  C r i s t y  and 

Eckerman (1987a). 

3 
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METHODS OF CA1,CUTLATING @ 

Three methods a r e  used t o  c a l c u l a t e  t he  @ f o r  a gi.ven source organ- 

t a r g e t  organ  p a i r  a t  a given in i t j .31  photon energy. (1) @(X+Y) i.s 

c a 1 cul. a t e d w i t.1-i t he  Monte Car 1 o rad  i a t i on t:r ans p o r t compute r p ro  gram. 

( 2 )  @(Y+X) i s  c a l c u l a t e d  with the  Monte Carlo computer program, and 

thi.s va lue  is  used t o  e s t i m a t e  @(X+Y), sometimes a f t e r  applying a 

c o r r e c t i o n  f a c t o r .  ( 3 )  Q(X-Y') i s  ca l cu la t e ,d  t i i t h  the p o i n t - s o u r c e  

kerne l  ( o r  bu i ldup  f a c t o r )  method. A c o r r e c t i o n  f a c t o r  may a l s o  be 

a p p l i e d  t o  this e s t i m a t e .  For t h e  s p e c i a l  ca se  o f  t h e  a c t i v e  m a r r o w  o r  

the e n d o s t e a l  c e l l s  as t h e  t a r g e t  organ,  i s  c a l c u l a t e d  from methods 

descri-bed i n  t h e  s e c t i o n  "E:STLMATING DOSE I N  A C T I V E  HARROW AND 

OSTEOGENIC T I S S U E  FROM PHOTONCl FROM INTERNAL OR EX.TERNAL SOURCES" 

appearing l a t e r  i n  P a r t  2 of t h i s  r e p o r t .  

Monte Carlo Rad ia t ion  Transport  Computer Program 

A r a d i a t i o n  t r a n s p o r t  compister program empl.oying Monte C a r l o  

t:echniques, sirnilar t o  t h a t  of  Snyder e t  al.. ( 1 9 7 4 ) ,  s imu la t e s  the 

t r a n s p o r t  o f  photons o f  any given i n i t i a l  energy o r i . g i n a t i n g  i n  a given 

organ (source o rgan) .  The photon emission i s  uniformly d i s t r i b u t e d  i n  

t h e  source organ.  The s p e c i f i c  absorbed f r a c t i o n ,  i . e . ,  t h e  energy 

absorbed i n  ano the r  organ ( t a r g e t  o rgan) ,  normalized a s  t h e  f r a c t i o n  of 

emi-tted energy and p e r  kil-ogram of  t a r g e t  o rgan ,  i s  c a l c u l a t e d ,  and t h e  

r e l i a b i l i t y  o f  the Q is  c a l c u l a t e d  as a c o e f f i c i e n t  oE v a r i a t i o n .  The 

Monte C a r l o  method i s  out:l.i.ned i n  t:he prece.di.ng s e c t i o n  " S P E C I F I C  

EFFECTIVE ENEKGIES (SEE VALUES)" ; d e t a i l s  o f  t h e  method and t h e  computer 

program may be found i n  Ryman, Warmer, arid Eckerman (1987a). 

F o r  a given s o u r c e - t a r g e t  paf . r ,  w e  o b t a i n  t w o  numbers: t he  d i r e c t  

est-i.mate, @ ( X + - Y ) ,  ob t a ined  when the photon emissi-on i s  i n  the  organ 

1.abeled " s o u r c e ,  ' I  and t he  converse e s t i m a t e ,  @(Y+-X) , ob ta ined  when the 

photon emiss ion  i s  i n  t h e  organ l a b e l e d  " t a r g e t . "  Each o f  t h e s e  numbers 

i s  from a Monte Carlo computer run:  what i s  l a b e l e d  t h e  d i r e c t  e s t i m a t e  

and what i s  I.abeled t h e  converse e s t i m a t e  depend upon which organ w e  

1al:)el t h e  t a r g e t  o rgan .  According t o  t h e  r e c i p r o c a l  dose theorem, the 

converse e s t i m a t e  should be a good approximation t o  the  d i r e c t  e s t i m a t e  

under i d e a l  c o n d i t i o n s .  The u s e f u l n e s s  oE t h i s  theorein i n  providing 



more r e l i s b l e  e s t i m a t e s  o f  @ has been documented ( C r i s t y  1983) .  

P o i n t - s o u r c e  Kernel Method 

I n  this  method, t he  equat ion d e s c r i b i n g  the  abso rp t ion  o f  energy a t  

a d i s t a n c e  r from a p o i n t  source of monoenerget.ic photons i n  an i-nfinit ie 

homo gene ous me d i urn ( w a  t e r ) i. s emp 1 o ye d : 

where 

@(I) = poi.nt-isoLKopic s p e c i f i c  absorbed f i - a c t i o n  a t  r ,  

= l i n e a r  ene rgy-abso rp t ion  c o e f f i c i e n t  a t , t h e  source energy, 
'en 

/I =- l i n e a r  a t t e n u a t i o n  c o e f f i c i e n t  a t  t h e  source energy,  

p = d e n s i t y  o f  medium, 

B ( p r )  =-: energy a b s o r p t i o n  bui.1.dup f a c t o r ,  a f a c t o r  which c o r r e c t s  

f o r  t he  c o n t r i b u t i o n  from s c a t t e r e d  r a d i a t i o n .  

Equat-ions d e s c r i b i n g  B ( p r )  f o r  p o i n t  photon sources  i n  water  have been 

publ ished by Spencer and Simmons ( 1 9 7 3 )  ; s e e  also Berger ( 1 9 6 8 ) .  

This equa t ion  i s  i n t e g r a t e d  over t he  volumes oE t h e  source and 

t a r g e t  o r g a n s ,  w i th  nuiiierical methods, t o  y i e l d  @(X-Y). Note t h e  

double arrow: the cond i t ions  o f  t h e  r e c i p r o c a l  dose theorem (Loevinger 

1969) a r e  met ,  and t h e  r e c i p r o c a l  doses a r e  exact1.y e q u a l .  

I n  t h i s  method, t he  phantoms are composed o f  water throughout and 

are emnhedded i n  an i n f i n i t e  water medi.um. I n  t h e  Monte Carlo r a d i a t i o n  

t r a n s p o r t  method, t h e  phantoms have d i f f e r e n t  d e n s i t i e s  and chemical 

compositions f o r  l ung ,  s k e l e t a l ,  and s o f t  t i s s u e  and are embedded i n  

vacuum. Thus t h e r e  may be sys t ema t i c  e r r o r s  i n  the  p o i n t - s o u r c e  k e r n e l  

estimates o f  Q .  These e r r o r s  a r e  reduced by applying empi r i ca l  

c o r r e c t i o n  f a c t o r s .  Po in t - sou rce  k e r n e l  e s t ima tes  a r e  necessa ry  when 

the  Monte Carlo e s t i m a t e s  a re  s t a t i . s t i c a 1 l y  u n r e l i a b l e .  

D e t a i l s  of t h e  poin t -source  k e r n e l  computer program are given i n  

Ryman, Warner, and Eckerman (1987b).  
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SPECIFIC ABSOXBED FRACTIONS FOR THE 1’KEC;NXNT FEMEiLE 

During t h e  l a s t  yea r  Joel .  I,. Davis, on s a b b a t i c a l  from t h e  

U n i v e r s i t y  of Tennessee a t  Chattanooga (UTC)  , has; worked wi th  our  group 

t o  adap t  t h e  anatomical  model. of  a pregr-iant female a t  t he  end of  the 

f i r s t :  trj.iiiester f o r  u se  wi th  t h e  code system used by our  group t o  

c a l c u l a t e  s p e c i f i c  absorbed f r a c t i o n s .  The anatomical model w a s  

developed by  M. G .  S t a b i i i  o f  Oak Kidge Associated U n i v e r s i t i e s  ( O K A U ) .  

These s p e c i f i c  absorbed fracti-oris a r e  used i n  f3ie X I R D  schema o f  

dosi.inetri.c e s t imn tes  f o r  i n t e r n a l  gamma ei i i i t ters  ( M I R D  c ~ y  Medical 

Internn.1 Rad ia t ion  Dosimetry Corninif e o f  the  U . S .  Soc ie ty  o f  Nuc1.ear 

Medi.c,i.rw) . Tn o rde r  t o  implement the  N I R D  systeiii, one needs t o  know t h e  

f r a c t i o n  of t h e  energy that .  i s  ahsorbed by one organ when i t  i s  emi t t ed  

from amother organ .  One needs thLs i.nformnt:i.on f o r  a l l  pai.rs o f  organs 

and n range o f  e n e r g i e s .  This  range o f  needs r e s u l t s  i.n a t o t a l  of 

6 , 1 4 4  s p e c i f i c  absorbed f r a c t i o n s  requi.ratl. Our work t h i s  yeas  has  

r e s u l t e d  i n  recoinmet-idations f o r  1::h(?se vijlilc?s. 

‘The phantom devcl.oped by S t a h i n  i s  based on e a r l i e r  T ~ J O S ~  by 

R .  J .  C l o u t i e s ,  S .  A. S ~ i . t h ,  i m d  E .  E. Wa.1::ion o f  OlL4TJ and W. S .  Snyder 

and G .  G .  Warner of  O a k  Ridge National  Laboratory.  The ut:erus i s  

repre.Ti>ritc?d by 3 r i g h t  circul.arr cone capped wi th  a hemisphere. Room i s  

inade for this en la rged  uterus i n  t h e  lower abdomen by cutting ou t  a 

sec t ion  o f  a sphesc: from the lower  front: of the  si-nall in t res t ine .  A 

volume equa l  t o  the removed voluine is  added t o  t h e  f r o n t  o f  the sinall 

i - n t e s t i n e .  T h e  u r i n a r y  b l adde r  :is inoved lower and f l a t t e n e d  on t o p  by 

i t s  c o n t a c t  w i th  the u t e r u s .  A l s o  t h e  ascending co lon  i s  moved t o  the  

r i g h t  t o  m i s s  t h e  u t e r u s .  A l l .  of t h e s e  geometrical. changes were 

implemented i n  [:he Monte Garlo r a d i a t i o n  t r a n s p o r t  code ALGAMP and t h e  

p o i n t  ke rna l  code and t h e s e  cocks were sun t o  y i e l d  e s t i i aa t e s  of  each 

s p e c i f i c  absorbed f r a c t i o n  and ’be5 t’ e s t i - r n a t x s  w e r e  chosen wi th  methods 

d i s c u s s e d  i n  t h e  preceding sect . ion.  

S i m i l a r  work on a second and thi-rtl t.i-ilnest.cr g rav ida  w i l l  h e  

undertaken i n  t he  f u t u r e .  
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ABSORBED FRtlCTI ON I N  ACTIVE MARROW FOR ELECTKGXS X I T H I K  '1'KARECUIAR BONE 

INTKODUCTT-ON 

Recause t,he st i :ucture of  t r abe tx i l a i  bone could  n o t  he desc r ibed  i n  

si.mple geometr ica l  t e rms ,  Spi .e rs  and coworkers (Sp ie r s  1~969 ; Whitwe11 

and S p i e r s  1.978) in t roduced  a method o f  cnlcul .nt ing t h e  energy 

d e p o s i t i o n  i n  which t h e  geometr ies  o f  t h e  t rabeculae  and marrow c a v i t i e s  

a r e  r ep resen ted  by 1i:easurcd di  s t r i b u t i o n s  o f  t h e  chord-  l eng ths  across  

thcin. If t h e  t r a c k  of  a p a r t i c l e  i s  assuincd to be straight, then  t h e  

t o t a l  t r a c k  i n  t r a b e c u l a t i o n  i s  r ep resen tzd  by path- le .ngths  al.ternate1.y 

s e l e c t e d  i.n a random iiimner f rom t h e  chord - l cng th  d i s t r i b u t i o n  f o r  

t r a b e c u l a e  and c a v i t i e s .  The energy loss of t he  e l e c t r o n s  i n  t h e  

t r abecu lae  arid c a v i t i e s  can be  computed from' t h e  range-enErgy 

r e l a i :  i .onsh . ip  . 

D I S T K I  K U T  1 ON 0 F CHOP, i) - LENGTHS 

There are  many ways i n  which randomness o f  chords may a r i s e  i n  

convcs b o t l i  e s  : howcver , on1 y two a re  of  in: e r e s t  he re  : 

bIean-free-path randont:iess ( o r  p-randomness) , A chord of a convex 
body i.s de f ined  by a p o i n t  i n  space and n d i r e c t i o n .  'The p o i n t  and 
d i r e c t i o n  a r e  chosen randomly froin i tidependent, uniform 
d i . s t r i b u t i o n s  This  k ind  o f  randomness r e s u l t s ,  f o r  example,  i f  a 
convex body i s  e:xposed t o  a uniform,  i s o t r o p i c  f i e l ~ d  o f  s t r a i g h t  
l iner ; .  

I n t e r i o r  radi.at:or randomness ( o r  I-randomness) . A chord i s  def ined  
by a p o i ~ n t  w i t h i n  tile i n t e r i o r  o f  t l i e  convex body arid a d i r e c t i o n .  
The p o i n t  and d i r e c t i o n  a r e  chosen randomly from independent ,  
uniform d i s t r i b u t i o n s .  This  k ind  o f  randomness r e s u l t s ,  f o r  
exampie ,  i f  t h e  convex body con ta ins  a uniform d i s t r i b u t i o n  of 
p o i n t  soiurces, each of  which emits  r a d i a t i o n  i s o t r o p i c a l l y .  

If charged p a r t i c l e s  ( e l e c t r o n s )  or ig inaLe  i n  a unifoim- j s o t r o p i c  

manncr o u t s i d e  OP R convex body ( t r a b e c u l a e  o r  inarrow c a v i t y )  one i s  

d e a l i n g  w i t 1 1  p-randomness, which i s  t h e  s i t u a  t i o n  under which chord- 

l e n g t h  d i s t r i b u t i o n s  were measured by S p i e r s  and coworkers ( S p i e r s  1 9 6 9 ;  

Beddoe e t  al. 1 9 7 6 ,  and Beddoe 1971) .  Ilowever, f o r  p a r t i c l e s  
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o r i g i n a t i n g  w i t h i n  a convex body I-randomness i s  a p p l i c a b l e  ~ T1-ie chord 

d i s t r i b u t i o n s  under p -  and I-randomness have been shown t o  be r e l a t e d  a s  

( K e l l e r e r  1 9 7 1 ) ;  

x 
f (x) = - fp!x) , I <x> 

I4 

where 

f I ( x )  and f p ( x )  denote t h e  p r o b a b i l i t y  d e n s i t y  functi .ons f o r  

chord - l eng ths  under I -  and p-randomness, r e s p e c t i v e l y ,  and 

<x> denotes  t h e  mean va lue  of t h e  f (x)  d i - s t r i b u t i o n .  

Equat:ion (1) r e f e r s  t o  t h e  f u l l  chord;  however, w e  a r e  i n t e r e s t e d  

i n  ’ha1.E-chords‘ o r  r ays  formed by p a r t i c l e s  o r i g i n a t i n g  w i t h i n  the  

convex body, The p r o b a b i l i t y  d e n s i t y  f u n c t i o n  f o r  t he  r a y - l e n g t h  

d i s t r i b u t i o n ,  f i ( x ) ,  c,an be shown t:o be given by 

P P 

where F (x) i s  t h e  cumulative d i s t r i b u t i o n  f u n c t i o n  given a:; 
P 

x 

From t h e  precedi.ng it i s  apparent t h a t  the mean r a y - l e n g t h  f o r  

p a r t i c l e s  e m i t t e d  i n t e r n a l l y  t o  a convex I.jody i s  one -ha l f  t he  mean 

T h e  mean chord-  chord - l eng th  f o r  I-randomness,  i . e . ,  <x> = 5, <x>. 

l e n g t h  under p-randormess,  <x>.., i s  r e l a t e d  t o  t h e  volume, V ,  and 
1 ’  i 

V 
s .  

P 

s u r f a c e  a r e a ,  S ,  o f  a convex body 13:~ Cauchy’s theorem: <x> = C + --- 
Y 

As an  example, cons ide r  a sphere whose chord- l eng th  d i s t r i b u t i o n  
Y 

f o r  p-randomness i s  simple and wel-1-known, i . e . ,  f (x) = 2 with mean 

chord - l eng th  <x> = .-- d ,  From E q .  (1), t h e  d i s t r i b u t i o n  f o r  I -  

P d 2  ’ 
2 

P 3 0 

3xL 
randomness i n  a sphere i s  f ( x )  = -, f o r  which the innan chord l eng th  

-I d3 
I 

s 
i s  <x> = -- d .  The p r o b a b i l i t y  densi- ty  f u n c t i o n  o f  r a y - l e n g t h s ,  

ob ta ined  from E q .  ( 2 ) ,  i s  
I 4  
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3 
w i t h  incc?n r ay - l e .ng t i i  of <s>. -7 - d .  

and c a y -  Lengths i n  n sp l ic re  a r e  depi.cted i n  F ig .  1. 

The v a r i o u s  distrib!ii . ioris of chord- 
1 8  

Mean cliord- ant1 ray- l eng ths  t - o ~  the  t r ; ibeculae and inarrow c a v i t i e s  

o f  s e v e r a l  t r r i h z c u l a r  bones of  t h e  s k e l e t o n  o f  man are suinrnarized i n  

Table 1. N o t e  t h a t  t h e  p a r i e t a l  bone appears  t o  be d i s c i n c t  f rom t h e  

o t h e r  bones i n  t h a t  i.ts t h i c k  t r abecu lae  and small  marrow c a v i t i e s  l ead  

t o  a h igh  <t> :<e> r a t i o .  

ASSOKBET) F M C ’ T I O N S  FOR MONOENERGETIC ELECTRONS 

P P 

The zbsorbed r r a c t i o n  i n  v from r, ~ $ ( v + r ) ,  i s  de f ined  a s  

( 4 )  
energy absorbed i n  t n r g e t  ~:egio-n----v 
energy emi t t ed  by source seg ion  r 

d ( v t r )  = 

Thus embodier: t h e  t r a n s p o r t  o f  t he  r a d i a t i o n  under c o n s i d e r a t i o n  a s  

well. a s  the  geometr ic  re1at:ionshi-p o f  the r e g i o n s .  Thc absorbed 

f r a c t i o n  data developed h e r e  a r e  f o r  monoenergetic e l ec t rons  emi t t ed  

uniforliil-y (by i n a s s )  arid i s o t r o p i c a l l y  w i i ~ h i n  t h e  t r abecu lae  and c a v i t  i.es 

o f  t r a b e c u l a r  bone.  T h e  t a r g e t  r eg ion  of  i n t e r e s t  i s  the a c t i v e  o r  r e d  

marlow (denoted ns  I W j ,  f o r  which we average t h e  energy d e p o s i t i o n  over 

:lie inarrow c z v i t i e s .  

The r e p r e s e n t a t i o n  o f  paths f o r  an e l e c t r o n  of  energy E and range 

are i l l u s t , i - a t ed  i n  E‘i.3. 2 . .  By use  o f  cho rd - l eng th  i n  nari-ow 

cli s t s i b u t i o n s  ‘ilie t h r e c  -:lLinensional geometry l i n s  been rpduced to oiie 

diiiicrision. Furtiit+rinore the t ~ 7 0  media (bone arid maiii:ow) n a t x r e  o f  t he  

F r O b L e i n  can  b e  reduced to a s i n g l e  inedium as  illit.. r a t i o  o f  the range o f  

e l e c t r o n s  i i n  narrow (F4) t o  t h a t  of bone ( T B )  i s  n e a r l y  cons t an t  over  

c l .cctron tlnergi.cs of- i n t e re s t :  h e r e ,  iliat i s :  

RFJl 

RRbl - = -  1.75 RTB . 

l:or i1.radiat.i 0i-l o f  tlir ;Ict%ve niarrov by elet;:i-oiis orginat:i.ng w i t h i n  

t r a b e c u l a c ,  Xc,,iie Carlo sampling i s  used to s e l e c t  a chord - l eng th ,  t, 

froin t l i c  p i c h a ? i i l i t y  d e n s i t y  f u n c t i o n ,  f , ( t ) ,  f o r  t h e  bone under 

cons ide rzc ion .  A ray- l .ength,  t ‘  , i s  then  determined as t’ = E t ,  where 

is a random niuiriber unifarm 011 t h e  r e g i o n  0 < [ < l .  The e l - ec t ron  i s  

t r acked  :is i t .  alternately passes  through marrow c a v i t i e s  al~ong l eng ths  

c c  , arid trabecu1.az 3 l ~ o n g  chords  t- 1, t2, . . . , s e l e c t e d  by Monte 

Car lo  sampling o f  the p r o b a b i l i t y  d e n s i t y  func t ions  E ( c )  and f (t), 

r e s p e c t i v e l y .  The electron i s  t r acked  u n t i l  

J.’ 2’ ’ .  ’ 

Y P 



( 5 )  K.M ' 1 . 7 5 ( t '  + t +- t 
1 2 

+ . . . )  + (cl + c2 + . . . )  2 R 

i . e . ,  i t s  eiiersy has  been depos i t ed .  The energy deposi+.ion i n  

t r a b e c u l a e  ( t ' s )  and marrow caviti-es ( c ' s )  i s  ca1culat:ccl as t:he 

di..FPerence bztween ttie energy- on en,:ering and 1eavi.n~y n t r a b e c u l a  o r  

c a v i t y ,  i.n each c a s e  beiiig det:erininfd from t h e  resi.dua1- range of t . 1 ~  

elect-rori  a t  t h a t  p o i n t  iu i t s :  t:i:aclr;. The range-energy -celnt.i.onship w a s  

t-aken f rom Berger ( 1 9 7 3 ) .  By tmcki i ig  a l a r g e  riumber o f  elect:rons i n  

this manrier , the absorbed f r a c t i o n  i s  nb t::iit-kt?d by di.vi.ding %he tot :a l  

energy d e p o s i t e d  i n  iiiarrow c a v i t i e s  by t h e  t o t a l  energy o f  e1eci:Totis 

s iinula t e d . 
E'or electrons emi t t ed  w i t : h i n  marrow c a v i t i e s  t h e  c a l c u l a t i o n s  

proceed as above, f i . r s t  w i . t h  s e l e c t i o n  of  a chord - l eng th  from t h e  

p r o b a b i l i  cy densitiy func t ion  f ( c )  ,and deteriiiinat.i.on of  a r a y - l e n g t h  c '  

as norled above. The e l e c t r o n  i s  tracked u n t i l  
I 

( c '  + c1 + c + . . .  
2 

t 1 1 . 7 5 ( t  +- t: + 2 . . ) 2 RRM 

T h e  energy deposition i n  the marrow c a v i t i e s  a r i d  the  absorbed f r a c t i o n  

are cletermi.ned as d i scussed  above.  Typ:ical.l.y, ten- t o  seventy-  thousand 

e l e c t r o n s  were tracked i n  each of the  t w o  nbsci-bed fraction 

cal .culat ions . The s t a t i s t i c . a l  errors  i n  the  Monte Carlo c a l c u l a t i o n s  

were l ess  than  1%. 

RESULTS 

T h e  absorbed f r a c t i u n  data f o r  the p a r i e t a l  bone and l1.linbar 

vertebra of t h e  s k e l e t o n  o f  9 44-year-old m a l ?  a r e  shown i n  F i g .  3. A t  

l o w  e l - ec t ron  energies, ($(i?.ivI+TR) approaches z e r o  and q5 (?J4+-Pl4j approac1I::s 

u n i t y .  T h i s  1iriii.i:ing behavior  reflects:  he fnci: t ha t  ai: low en~rgy the  

range of e l c c t r o n s  i s  si11all r e l . a t ivc  t o  Lhe iiieaii ray-lerLgt:hs,  < E > .  and 

atid t hus  t h e  energy i s  depositetrl l .ocal ly .  At h igh  e i?erg ies ,  <C> 

q5(RN+RM) $(RM+-TBj arid the behavior  i s  desc r ibed  as 

'1 

i '  

<C> 

i.e. , the absorbed f r a c t i o n  i s  simply the fiz~ci.  ional  t - r ack  l e p g t h  i n  the 
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marrow c a v i t i e s .  The e q u a l i t y  of  t h e  absorbed f r a c t i o n s  a t  h igh  energy 

a r i s e s  because e l -ec t rons  t r a v e r s e  m u l t i p l e  t r a b e c u l a e  and cav i t i e s  thus  

e s t ab l i sh i -ng  an energy d e p o s i t i o n  p a t t e r n  which i s  1.argely independent: 

o f  t he  e l e c t r o n ' s  o r i g i n .  

The r e s u l t s  o f  t h e  c a l c u l a t i o n s  f o r  t h e  p a r i e t a l  bone of  t h e  s k u l l  

and t h e  lumbar v e r t e b r a  a r e  given i n  Tables  2 and 3 f o r  a 44 -yea r -o ld  

male and 20-month-old c h i l d ,  r e s p e c t i v e l y .  The a t y p i c a l  s t r u c t u r e  of 

t h e  p a r i e t a l  bone i s  r e f l e c t e d  i n  t h e  absorbed f r a c t i o n  d a t a  f o r  e i t h e r  

t h e  c h i l d  o r  t h e  a d u l t ;  however, d i f f e r e n c e  w i t i l l  age appeass  t o  be l e s s  

pronounced. 
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p-randomness (a), I-randomness (b), and ray-length distribution (c). 

For a sphere of unit diameter, chord-1engt:h distributions for 
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Table 1. Mean chord- and ray-lengths ( p i n )  for trabeculae and marrow cavities 
in various bones of man. 

Bones 

... .. . .... ......... ~ 

b 44-year-old ma7.e 

Parietiil~ 

Cervical vertebra 

Lumbar vertebra 

R i b  

Ili.ac crest 

Femur head 

Femur neck 

C 9-year-old child 

Parietal. 

Cervical vertebra 

Lumbar vertebra 

Kih 

Iliac crest 

Femur, head & neck 

b 2 0 - inon th - o 1 d chi 1 d 
Parietal bone 

L,umb ar vert eb ra 

Rib 

Iliac crest 

Femur 

a a Trabeculae Marrow C av i t i e s 

<t>. <c> v <c> <t> :<c> 
P P 1 r’l P 1 !J P 

<t> v 

51.1 

279 

247 

265 

242 

232 

3 l / t  

539 

16 2 

168 

231 

180 

249 

566 

188 

191 

181 

197 

0.570 401 

0.719 240 

1.11 260 

1.h9 330 

0.675 203 

0.665 193 

0.914 301 

1.21 625 

1.04 1.92 

1.22 212 

1.43 206 

0.865 184 

389 0.784 347 

910 0.894 861 

1228 1.12 1.299 

1706 1.09 1786 

904 0 .647  745 

1157 0.901 1099 

1655 0.905 1576 

306 

906 

857 

1123 

744 

616 

255 2.90 500 

736 0.987 7 3 1  

559 1.04 569 

575 0.873 539 

789 1.1.0 830 

1.31 

0.307 

0.201. 

0.155 

0.268 

0.200 

0.190 

0.272 

0 . 1 7 9  

0.196 

0,204 

0.242 

0.404 

2.22 

0.255 

0 . 3 4 2  

0.315 

0.250 

a Notation: (<t>p,V ) and (<c> ,V ) denote the mean and iile 

fractional variance under p-randomness f o r  the trabeculae and marrow 
cavities, respectively. <t>. and <c> denote the mean ray-length for 

1 i 
trabeculae and cavities, respectively. LcngtXs are in units of p m .  

,‘L P P 

bCornputed from the chord-length distributions of Whitwell (1973) . 
C See Tables 1 and 3 of Beddoe (1977). 
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Table 2. Absorbed f r a c t i o n ,  4 ,  i n  a r t i v e  m a r r o w ,  K X ,  froiii a 
uniformly d i s t r i b u t e d  source of monDenerget i c  e l e c t r o n s  i n  t r a b e c u l a e ,  T B ,  
and marrow of the  p a r i e t a l .  bone and lumbar v e r t e b r a e  o f  a G4-year-old male. 

E 1 e c tr o n  

ene rgy 

0.010 

0.01s 

0.020 

0.030 

0.040 

0. CSO 

0.060 

0.080 

0.10 

0.15 

0.20 

0.30 

0.40 

0.50 

0.60 

0.80 

1.0 

2.0 

3 . 0 
4.0 

P a  r i e t a 1 bo  ne Lumbar Vertebrae 

1.95( -3) 

3.29 (-3) 

5.77(-3) 

1.23 ( -2) 

I .  98 ( -2) 

2 . 9 4  ( - 2) 
4.03( -2) 

6.34( -2) 

8.80( -2) 

1.53 (-1) 

1.99 (-1) 

2.58( -1) 

2.71( -1) 

2.76( -1) 

2.82( -1) 

2.88( -1) 

2.93( -1) 

2.97( -1) 

3.00(-1) 

3.01(-1) 

0.994 

0.990 

0.983 

0.969 

0.950 

0.927 

0.901 

0.854 

0 . 7 9 4  

0 . 6 5 4  

0.538 

0.415 

0.376 

0.358 

0.346 

0.335 

0.327 

0.317 

0.311 

0.308 

3 .94 ( - 3 ) 

7.8 1 ( - 3 ) 

1.29( -2) 

2.59( -2) 

4 . 3 4  ( - 2) 
6.26(-2) 

8,25( -2) 

1.31(-1) 

1,83(-1) 

3.12 (-1) 

4.17( -1) 

5 . 4 7 ( - 1 )  

5 .9 7 ( - 1 ) 
6.25 (-1) 

6.48( -1) 

6.74( -1) 

6.90( -1) 

7 . l 7  ( - 1) 
7.22( -1) 

7.27(-1) 

0.999 

0.997 

0.996 

0.991 

0.985 

0,979 

0.971 

0.953 

0.935 

0.888 

0.848 

0.808 

0.793 

0.779 

0.767 

0.765 

0.757 

0.747 

0.747 

0.744 
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Table 3. Absorbed f r a c t i o n ,  4 ,  i n  a c t i v e  marrow, RM, from a 
uniform1.y d i s t r i b u t e d  source o f  monoenergetic e l e c t r o n s  i n  t r a b e c u l a e ,  T B ,  

and marrow o f  t he  p a r i e t a l  bone and lumbar verte1:)rae o f  a 20-month-old c h i l d .  

E l e c t r o n  
P a r i e t a l  Bone Lumbar Vertebrae 

energy . . . . . . ... ... - 

0.01 

0.015 

0.02 

0.03 

0 . 0 4  

0.05 

0.06 

0.08 

0.10 

0.15 

0.20 

0.70 

0.40 

0.50 

0.60 

0.80 

1.0 

2.0 

3.0 

4.0 

1.62( -3) 

3.44( -3) 

6.09 (-3) 

1.24( -2) 

1.91( -7) 

? .80( -2) 

3.46(-2) 

5.12 (-2) 

7.09( -2) 

1.06( -1) 

1.30( -1) 

1.54(-1) 

1.68 ( - I.) 
1.76 ( -1) 

1.79( -1) 

1.81(-1) 

1.88 (-1) 

1.96 (-1) 

1.99(-1) 

2.01(-1) 

0.990 

0.981 

0.969 

0.947 

0.920 

0.889 

0.858 

0.789 

0.724 

0.591 

0.501. 

0.401 

0.354 

0.328 

0.308 

0.283 

0.267 

0.238 

0 . 2 2 4  

0.221 

4.66( -3) 

9.90( - 3) 

1.65( -2) 

3.39( -2) 

5.67( -2) 

8.01.( -2) 

1.12( -1) 

1 . 7 4 (  - 1) 

2.34(-1) 

3.74(-1j 

4.70( -1 j 

5.58( -1) 

5.94( -1) 

6.26 ( -1) 

6.38( -1) 

6.51( -1) 

6.62( -1) 

6.78( -1) 

6.81(-1) 

6.84(-1) 

0.997 

0.995 

0.992 

0.984 

0.973 

0.962 

0.949 

0.922 

0.892 

0.829 

0.786 

0,750 

0.730 

0.722 

0.718 

0.706 

0.708 

0.698 

0.696 

0.696 



ESTIMATING DOSE I N  ACTIVE MARKOW AND OSTEOGENIC TISSUE FROM PHOTONS 

FROM INTERNAL OR EXTER-WAI, SOURCES 

The r a d i a t i o n  t r a n s p o r t  computer program AZGPJfP employs Monte Carlo 

techtii ques to sirnul.ate t h e  t r a n s p o r t  of- photons through t h e  body (Ryrnan, 

Warner, and Eckei-inan 1 9 8 7 ) .  I t  i s  used wi th  any of a s e r i e s  o f  

mat:heinatical. phantorns r e p r e s e n t i n g  chiI.clren and a d u l t s  ( s e e  s e c t i o n  

" S P E C I F T C  ABSOKREII FRACTIONS OF ENERGY A T  VARIOUS AGES FROM INTERNAL 

PliOTCjN SOURCES" appearing e a r l i e r  i n  Par t  2 of t h i s  r e p o r t )  and can be 

used wi th  photon sources  e i t h e r  in te rna l .  o r  e x t e r n a l  t o  t h e  hody. 

ALGMlP recognizes  t h r e e  d i f f e r e n t  t i s s u e  types - - l ung ,  s k e l e t a l ,  and 

sof ti t i s s u e s ,  each with i t s  own d e n s i t y  arid chemical Composition. 

s k e l e t a l  t i s s u e  i n  our phantoms i s  a homogenized mixture  o f  mine ra l  bone 

and the s o f t  t i s s u e s  w i t h i n  t h e  s k e l e t o n ,  and i n  t h e  p a s t  t h i s  has l e d  

t:o p o o r  e s t i m a t e s  o f  dose t o  the s o f t  t i s s u e s  w i t h i n  t h e  s k e l e t o n .  

I n  c a l c u l a t i n g  t h e  dose i n  an  organ,  w e  assume t h a t  t h e  energy 

t r a n s f e r r e d  t o  e l e c t r o n s  by t h e  p h o t o n  i n t e r a c t i o n s  i s  absorbed by the 

organ i n  which t h e  i n t e r a c t i o n  occ rx red ,  i . e . ,  t h e  t r a n s p o r t  o f  energy 

by secondary e l e c t r o n s  i s  not: t r e a t e d .  This  approach i s  reasonab1.e i f  

t h e  ainourit o f  energy t r a n s p o r t e d  by se,condary e l e c t r o n s  ou t  of  the 

r e g i o n  of i n t e r e s t  i s  balanced by t r a n s p o r t  i n t o  the  r e g i o n ,  i . e . ,  

e l e c t r o n i c  equ i l ib r ium e x i s t s .  However, i n  t h e  v i c i n i t y  of 

d i s c o n t i n u i t i e s  i n  t i s s u e  composi t ions,  e l e c t r o n i c  e q u i l i b r i u m  i s  not 

e s t a b l i s h e d  and s i g n i f i c a n t  e r r o r  cn dose e s t i m a t i o n  may be introduced 

i n  nssurning equ i l ib r iu in .  Examples of d i s c o n t i n u i t i e s  i n  t h e  body a r e  

t h e  boundaries  between s k i n  and t h e  surrounding a i r ,  between t i s s u e  and 

a i r  voi.ds w i t h i n  the r e s p i r a t x r y  t - c a c t ,  and between bone and s o f t  t i s s u e  

regi.ons o f  t he  s k e l e t o n .  I t  i s  t h i s  l a t t e r  boundary we addres s  h e r e .  

I n  each phantom the skeleton i s  r ep resen ted  a s  a uniEorm mixture  of  

i t s  component t i s s u e s ,  namely co r t i c n l  bone, t r a b e c u l a r  bone, f a t t y  

marrow, a c t i v e  (heniatopoiet ic)  illarrow, and v a r i o u s  connect ive t i s s u e s  

(see T a b l e  1 ) .  The t i s s u e s  o f  i n t e r e s t  f o r  dosi1netri.c purposes ( t a r g e t  

r eg ions )  are t he  a c t i v e  m a r r o w ,  which li.es w i t h i n  t h e  c a v i t i e s  o f  

t r a b e c u l a r  bone, and os t eogen ic  c e l l s  adjacen; t o  t h e  s u r f a c e s  of both 

c o r t i c a l  and tzrnbecular bone; t h i s  l a t t e r  t a r g e t  i s  r e f e r r e d  t o  as 

e n d o s t e a l  t i s s u e  o r  "bone s u r f a c e s " .  To e s t i m a t e  t h e  energy depos i t ed  



i n  t h e s e  t a r g e t s ,  one must cons ide r  t h e  energy t r a n s p o r t e d  by secondary 

e l  ectror is  a r i s i n g  f rom photon i n t e r a c t i o n s  withi-n t h e  t a r g e t  and from 

e l e c t r o n s  entei-i-np, the i a r g e t  from i n t e r a c t i o n s  occurr i i ig  j.n t he  

immediate v i k i n i t y  , e .  g .  , bone adj dcent  t o  tile a c t i v e  marrow. 

A number o f  i n v e s t i g a t o r s  (Sp ie r s  1 9 4 9 ,  1 9 5 3 ;  Woodard and  Sp i . e r s  

1953; Char l ton  and Corlnack 1 9 6 2 ;  Aspin and Johns 1963; Howarth 1965) ,  

u s ing  s imple geometr ica l  models ( e . g . ,  t h i n  slabs, c y l i n d e r s ,  and 

spiieri  c n l  c a v i t i e s )  t o  approximate t h e  geometry, have demonstrated t h a t  

f o r  photon energi-es l e s s  i.ha:i about 200 keV e l e c t r o n i c  equ i l ib r ium does 

no t  ex i -s t  and  e l e c t r o n s  l i b e r a t e d  i n  bone minera l  c o n t r i b u t e  

s u b s t a n t i a l l y  t o  t h e  ab.sorbed dose i n  soft: tissuer, o f  t h e  s k e l e t o n .  

Snyder,  F o r d ,  and Warner (19.78) encountered t h e  i n t r a c t a b l e  geometry of  

t he  s k e l e t o n  i n  t h e i r  Monte Carlo s tudi-es  o f  photon t r a n s p o r t  and 

formulated t h e i r  ca Icu la - t lon  o f  absorbed dose i n  marrow i:n a 

conse rva t ive  manner. They p a r t i t i o n e d  the  energy depos i t ed  i n  t h e  

s k e l e t o n  t o  v a r i o u s  s k e l e t a l  t i s s u e s ,  incl.iiding act i .ve marrow, accord ing  

t o  t:he f r a c t i o n  o f  t h e  s k e l e t a l  mass a t t r i b u t e d  t o  t h e  t i s s u e .  The 

poten t i -a1  f o r  an overes t imate  o f  absorbed dose i n  t h e  a c t i v e  marrow was 

noted  by them ( p .  2 0 ) :  

" .  . . it  i s  assumed that: t h e  marrow absorbs energy p e r  gram as 
e f f i c i e n t l y  as does bone. This  assumption i s  not g r o s s l y  wrong a t  
ene rg ie s  of  200 keV o r  more, b u t  i s  i n c r e a s i n g l y  i n a c c u r a t e  a t  
e n e r g i e s  below 100 keV. The e f f e c t  i s  t o  somewhat overes t imate  t h e  
dose t o  ~iiarrow and t o  somewhat underes t imate  &he dose t o  bone. 
T h i s  d i f f i c u l t y  r e s u l t s  from tilie f a i l u r e  t o  f i n d  ways t o  program 
t h e  i n t r i c a t e  mixture  o f  bone and marrow spaces i n  a iiiore rea1i.stj.c 
f a s h i o n .  " 

The overesti.mate o f  the dose t o  a c t i v e  marrow witli t h i s  assumption can 

be as much as 300-400% f o r  photon ene rg ie s  less t han  100 keV. 

Tine c o n s i d e r a t i o n  o f  os teogenic  c e l l s  a s  t h e  t a r g e t  t i . s s u e  f o r  bone 

cancer  ( I C R P  1977) and the  overes t imate  of  tile dose t o  the  a c t i v e  marrow 

r e q u i r e d  a n e w  cornputati.ona1 approach which formulated t h e  absorbed dose 

i n  t i e r m s  of t h e  r e l e v a n t  p h y s i c a l  and anatomical  v a r i a b l e s  governing the  

energy d e p o s i t i o n .  The geometry problem, noted  by Snyder and c o -  

workers ,  i s  also encountered i n  the  dosimetry o f  bets-eini t:ting 

radi.onuclides inco rpora t ed  i n  bone,  f o r  which S p i e r s  and co-workers 

reduced t h e  i n t r a c t a b l e  three-dimensional.  geometry t o  one diinensi-on 
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through use of measured d i s t r i b u t i o r - < s  of chord l e n g t h s  i n  t r a b e c u l a e  and 

marrow cavi t ies  o f  t r a b e c u l a r  bone (Spi-ers 1 9 6 9 ;  Beddoe, Darley,  and 

S p i e r s  1 9 7 6 ;  Beddoe 1 9 7 7 ;  and see pi-eced-ing s e c t i o n ) .  We have a p p l i e d  

S p i e r s  ' methodol.ogy t o  secondary e l e c t r o n s  l i b e r a t e d  by photon 

i n t e r a c t i o n s  i n  the  s k e l e t o n ,  Although t h e  new computational approach 

uses information on the  microscopic s t r u c t u r e  of  bone t o  f o l l o w  e lec t ron  

t r a n s p o r t ,  it w a s  p o s s i b l e  t o  r e t a i n  t h e  homogeneous r e p r e s e n t a t i o n  o f  

t h e  s k e l e t o n  i n  the Monte Carlo calcul .a t ions o f  photon t r a n s p o r t .  Thus, 

only minor r e v i s i o n s  were made t o  t h e  Monte Carlo t r a n s p o r t  code. 

The absorbed dose from photon r a d i a t i o n  v a r i e s ,  of cour se ,  w i th  the 

number- o f  photons pas s ing  through t h e  r eg ion .  I n  t h e  d i s c u s s i o n  below 

we r e f e r  t o  t h e  "dose per  u n i t  f l uence"  as a fluence-coriversi-on 

ftinct.ioii, R ,  and assume that: such functi .ons can be c o n s t r u c t e d  t o  d e f i n e  

t h e  absorbed dose i n  the  a c t i v e  iiiarirow ( o r  i n  the  endosteal  t i s s u e )  per 

u n i t  fluencc o f  photons i n  t he  ske l -e ton .  The d e r i v a t i o n  o f  the  

f luence -conve r s ion  f u n c t i o n s  i.s p re sen ted  i n  an appendix whi.ch f o l l o w s  

t h i s  s e c t i o n .  The Monte C a r l o  t r a n s p o r t  code was modifi-ed t o  e s t i m a t e  

the  photon f l u e n c e  and t o  "score o r  t a l l y "  t h e  absorbed dose i n  the 

a c t i v e  marrow arid endosteal. t i s s u e s  based on the f luence  and the  

f l u e n c e  - conve r s ion  funct i .ons.  The photon f luence  i n  a r eg ion  of volume 

V caxi be r e l a t e d  t o  the nurnber o f  i n t e r a c t i o n s  occur r ing  a t  energy E ,  

N ( E ) ,  c a l c u l a t e d  f o r  tihe r e g i o n ;  

For an i n d i v i d u a l  photon h i s t o r y ,  i., t h e  c o n t r i b u t i o n  t o  t h e  absorbed 

dose i s  sco red  as 

, Ni wt, ( 2 )  

where 

j indexes the c o l l i s i o n s  i n  r eg ion  V experienced by the i t h  photon, 

V i s  t h e  volume o f  t he  r eg ion  over which t h e  f luence  i s  averaged,  
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-1. 

w t  i s  t h e  s t a t i s t i c a l  weight" o f  t he  phototr r n i e r i n g  tlie j t h  

c o l l i s i o n ,  

p ( E . )  i s  t h e  l i n e a r  a t t e n t u a t i o n  c o e f f i c i e n t  a t  energy E j ,  arid 

R ( E . )  i s  the absorbed dose p e r  u n i t  f l u e n c e .  

j 

J 

J 

I n  developing t h e  above procedure w e  found it necessa ry  t o  cons ide r  

two f luence -conve r s ion  func t ions  f o r  t he  a c t i v e  marrow. One f u n c t i o n  

p e r t a i n s  t o  marrow w i t h i n  the  skul.1 ( a  somewhat atzypical t r a b e c u l a r  

bone) and t h e  o t h e r  addresses  a l l  o t h e r  a c t i v e  marrow s i t e s .  PA s i n g l e  

f luence -conve r s ion  f u n c t i o n  w a s  found t o  be adequate for t he  endos tea l  

tissue ~ 
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'Table 1. Summary of  D e s c r i p t i v e  P a r a s e t e r s  f o r  t h e  S k e l e t o n  of  Man. 

_-____ Age (YL) 
__I______ 

D e s c r i p t i v e  
paramc t e r  0 1 5 1 0  1 5  A d u l t  

S k e l e  t o n a  

288 813 1935 3309 5466 7155 

Mass ( k g )  0 . 3 5 1  1 .140  2.710 4 .630  7.650 10 .0  

1 . 4 0  1 .40  1 . 4 0  1.40  1 . 4 0  D e n s i t y  ( g / c m  ) 1 . 2 2  

3 
Volume ( c n  ) 

3 

Bone m i n e r a l  

28 9 9 . 8  219 396 806 1000 
b 

Calcium ( g )  

MassC (k3) 0 . 1 4 0  0 .499  1 . 0 9 5  1 . 9 8 0  4 . 0 3 0  5.000 

Frac , t ion  0 .399  O.la38 0 . 4 0 4  0 . 4 2 7  0 . 5 2 7  0 . 5 0 0  

A c t i v e  mai-row 

Massa (k5) 0 . 0 4 7  0 . 1 5 0  0 . 3 2 0  0.610 1 . 0 5 0  1 . 1 2 0  

F r a c  t i d n  0 . 1 3 4  0 .132  0 . 1 1 8  0 .132  0 . 1 3 7  0 .112  

I n a c t i v e  marrow 

Massa (ks) 0 . 0 2 0  0 . 1 4 0  0 , 5 9 0  1 . 5 5 0  2 .380  

F r a c t i o n  0 .018  0 . 0 5 2  0 .127  0 . 2 0 3  0 . 2 3 8  

Othe r  t i s s u e s e  

Mass(kg) 0 .164  0 .469  1 . 1 5 4  1 . 4 5 3  1 . 0 2 2  1 . 5  

FL ,c t ion  0 .467  0 .412  0 426 0.31/& 0 . 1 3 3  0 . 1 5 0  
d 

f 
Trabecul.ar bone 

Mass (kg) 0 . 1 4 0  0 , 2 0 0  0 . 2 1 9  0 . 3 9 6  0 . 8 0 6  1.000 
0 .176  0 . 4 3 8  0 . 0 8 1  0.085 0 . 1 0 5  0 . 1 0 0  Fr. . a c t  i o n  

S/V' (cm /ca ) - 

Xass ( k g )  0 . 2 9 0  0 , 8 7 5  1.5R'! 3 . 2 2 4  4 . 0 0 0 .  

d 

2 3  
220 225 190  

C o r t i c a l  \,onee 

0 . 2 6 3  0 . 3 2 3  0.342 0 . 4 2 1  O . / + O O  
d 

F r a c t i o n  

2 
S u r f a c e  a r e a  ( m  ) 

1 . 5  2 . 1  2 . 1  ( 6  . 2 8 . 5  6 . 0  

0 . 4 5  1.3 2 . 4  4 . 8  6 . 0  

11 
Trabecu! ar 
C o r t i c a l  

T o t a l  1 . 5  2 . 6  3 . 6  6 . 6  13 1 2  

i 

.- . ....... ~ .. .. .. . ___- 
See Appendix B o f  C r i s t y  and Eckei-mzn ( 1 9 8 7 ) .  
See L e g g e t t  e t  a l .  1982 .  
Computed assuming 0 . 2  g-Ca p e r  6 hone m i n e r a l .  
Mass f r a c t i o n  i n  t h e  s k e l e t o n  

A l l  bone is t r a b e c u l a r  a t  b i r t h ;  4 0 %  a t  one y e a r ,  20% t h e r e a f t e r .  

Snsed  on t r a b e c u l a r  bone mass and S/V r a t i o  of  220 th rough  age 10,  
190 a t  age  1 5 ,  and 120 f o r  t h e  a d u l t .  
The a d u l t  S/V r a t i o  f o r  c o r t i c a l  bone w a s  a p p l i e d  t o  a l l  a g e s .  

'f D i f f e r e n c e  between s k e l e t a l  mass and i d e n t i f i e d  t i s s u e s .  

hg S u r f a c e  t o  vo lune  r a t i o  (Bcddoe rr a1. 1 9 7 6 ) .  

i 
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ESTIMATING DOSE I N  ACTIVE MARROW 4ND O S T E O G E N I C  TISSUE '?KO!{ PHOTONS 

FLUEXCE-CONVERSION FUNCTIONS. 

C a l c u l a t i o n s  of absorbed dose t o  soft: t i issues w i t h i n  t he  s k e l e t o n  

have been hampered by t l i . f f i c u l t i e s  i n  modeling the geometry of the 

h o n e - s o f t  t i s s u e  mixturn.  I n  t h i s  Appendix the  absorbed dose i n  the 

s o f t  t i s s u e  of t h e  s k e l e t o n  p e r  unit: p h o t o n  f luelxi?  i s  formulated i n  

terms of  t h e  phyr; i c a l  and nnntoiiiical parameters governing the  energy 

deposi t i -on.  We r e f e r  t o  t h e  r e s u l t i - n g  r e l a t io r ' sh ips  a s  f l u e n c e -  

conversion f u n c t i o n s ,  and WE? can e s t i m a t e  the absorbed dose by appl.ying 

them to estimates o f  photon f l u e n c e  i n  the  s k e l e t  or: deri.ved from Monte 

Carlo t ransport :  ca l . cu la t ions  . 

ABSORBED DOSE PER U N I T  FLUENCE 

Consider t h e  t r a b e c u l a t i o n  o f  a bone expe r i enc ing  a f l u e n c e ,  Q ( E ) ,  

o f  photons  o f  energy E .  Let: rn( 'TBj,  r n ( K N ) ,  and m(RS) denote the  mass o f  

t r a b e c u l a r  bone (TB), a c t i v e  ( r e d )  [narrow (JM), and endos tea l  t i s s u e  ( o r  

"bone s u r f a c e ,  I '  13s) ad jacen t  t o  the surface of t he  1:rabeculne. If we 

i.ndex t h e  type o f  i -nternct i -on by i and the r eg ion  i n  which i t  occurred 

by r ,  where r = TB or EM, then t h e  absorbed dose i.n a c t i v e  marrow, 

D(RM), and i n  endosteal t i s s u e ,  D ( R S ) ,  per u n i t  f l uence  can be expressed 

as 

w h e  1- e 

d(RM+r,T.) i s  t h e  abso-rhetl f r a c t i o n  i n  K M  from r f o r  e l e c t r o n s  of  

energy T 
1 

i' 

d(BS+r,T.)  i s  the absorbed, f r a c t i o n  i n  ES from r f o r  e l e c t r o n s  of 

energy T 
1 

i '  

( i / p ) , ,  i = r ,  0 ,  and I C ,  denotes  the  mass a t t e n u a t i o n  c o e f f i c i e n t s  

i n  medium r f o r  t he  p h o t o e l e c t r i c ,  Compton, and p a i r - p r o d u c t i o n  



100 

i n t e r a c t i o n s ,  r e s p e c t i v e l y ,  and 

11 (T.)dT. dPl13Le5 i l , ~ .  number of e l e c t r o n s  oP energy between T .  and r 1  1 1 

r 1  Ihc n i a s s  r ' i t i o s  appear ing  in t h e  above q U 3 ' i i C J I i S  can he i e l a t e d  t o  t h e  

mean c h o r d  l eng t l i s  o f  t h e  t r i 3 t J e C U l c a S ,  < t - i ,  ar1.d inarrow s p a c e ,  <c>, a s  

m c s s u r z d  by scanni-ng t h e  t rahecc l -a t ion  i n  ;in i s o t r o p i c  :nzniier (Keddoe,  

Darley, and Spiers 1371,). Information on tlie mean chord 1 e n g t h s  Lor 

TJari ous t r a b  i l n i -  bones of the body as a f u n c t i o n  o f  ~ g e  i s  given i n  

Table 1 o f  t h e  s e c t i o n  "AESORBED FKACTION I N  ACTLVE PIARROW E'OK ELECTRONS 

W I T I I i N  TRAKECIJLAR B O N l "  zippenring e z r l i e r  i n  P a r t  2 o f  tlhis report. 

Mote t h a t  f o r  a l l  ages tlie p a r i e t a l  boi-le o f  tlie skull appears  t o  be 

d i s t i n c t  from o t h e r  t r a b e c u l a r  bones,  a s  indicated by the r a t i o s  of t h e  

mean chord - l eng ths .  TIL& mass r a t i o s  i n  E q .  (1) arid ( 2 )  can h e  expressed 

i n  terms o f  t h e  measured chord Iengths  : 

i i l (RM) <c> .____ - .......... - 
i n ( R S )  4 d (5) 

where p T B  a i d  p denote  the  d e n s i t y  of h o n e  and m r r o w  and d i s  t h e  

di-s tance over  which the  dose  t o  endos tea l  c i ssue  i s  averaged.  We use -3 

va lue  f o r  d of  10 pin Prom Publication 30 of t h e  I n t e r n a t i o n a l  Commission 

o n  Radiological Proi-ect ion (ICKP 1 9 1 9 ) .  

FCM 

About: one -ha l f  o f  t he  mss of s o f t  t i s s u e  w i t h i n  10  p m  of t he  

siirfaces o f  honc: i s  a s s o c i a t e d  wi th  t ia 'oecular bone (ICKP 1975) .  The 

s o f t  t:issue of cortical. bone i s  conta ined  w i t h i n  siiiall c a v i t i e s  (mostly 

the Haversian c a n a l s  o f  about 50 pin d iameter )  w i t h i n  the bone m a t r i x .  

T h c  f1iielncz-con~'crr:ion f-unct ion f o r  this component o f  t h e  endos tea l  

t i s s u e  i.s computed as t h e  dose t o  a small c i s s u e - f i l l e d  cavit:y i n  an 

i n f i n i t e  e x i e n t  o f  bone. '1~11~- f l uence  -convers ion  f u n c t i o n  f o r  the 

endosteal ti~ssue o f  cor t icc j l  bone i s  gi.ven a s  



where S ( T .  ) d e n o t e s  t.he r a t i o  of  t 1 . 1 ~  mas:; s toppirig pown-~. f o r  s o f t  t:j.sst.re 

to t h a t  o f  bone a t  energy T Stopping power data \*iere comp:ited with 

the procedures  of S e l  tzcir arid Berger (1.982a , b )  and t h e  elemental  

corriposi t i o n  o f  marrow and bone from Kerr (1.982) . '[he dose t o  endos tea l  

t i s s u e s  i s  taken as t h e  average of t h a t  indicated by cquati-ons 2 and 3 ,  

s i n c e  trrabecul ar and co.r-tica1 bone each contiri l iutes e q u a l l y  t o  t h e  

s k e l e t a l  endos tea l  tissue. 

1 

i '  

ABS ORBED FRtlC'L' 1OWS FOR MONO KNEE GET 1 C ELEC'I'lIONS 

Because the geoinctry o f  t r abee . i l n r  bone could n o t  be described i n  

s i m p l e  t e rms ,  Spiers arid co-work.21-:; (Sp i . e r s  1969 ; Vhit-well a r i d  S p i e r s  

19.76; S p i e r s  et: al. 1978) in t roduced  a inethod o f  c a l c u l a t i n g  energy 

d e p o s i t i o n  u s i n g  the ps::h-lerigths i:t-aversed by pnrti .cl .es . The:r,e p a t h -  

l e n g t h s  a r c  based on chord-lengt:h d is t r ib lu t ions  f o r  t r a b e c u l a e  and 

marrow c a v i t i e s  ob ta ined  by optical l y  scann ing  the t r a b e c u l a t i o n  (beddoe 

e t  al. 1 9 7 6 )  . Absorbed f r a c t i o n  d s t a  f o r  iiio?ioFinergetic e l ec t  

r e q u i r e d  i n  E q .  (1) , were computed (Xclcer ina~~ 1 9 8 6 )  f o l l o w i n g  t:he methods 

o u t l i n e d  by T d i j . t w e l l  (1973) and Whitwell. and Spiers (1976) ; .see a l s o  t h e  

s e c t i o n  "ABSORBED FFQXC'TION IN ACTIVE L4RROL.J FOR 5LBCTKONS W I T H I N  

TKABECIJLAR BONE" appear ing  e a r l i e r  i n  Part: 2 o f  t h i s  r e p o r t ,  These 

absorbed f r a c t i o n  data, f o r  a c t i v e  marrow and f o r  eridoste;i l  t i s s u e ,  are 

t a b u l a t e d  i n  Table 1 for t h e  par i  11 . G G n e  a id  liml>ar v e r t e b r a  o f  the 

s k e l e t o n  of ii 44-year-old male; corresponding da ta  for a c h i l d  (age 20 

months) a r e  p re sen ted  i n  'Table 2 .  (The d a t a  f o r  act:i.vc marrow f o r  the 

4 4 - y e a r - o l d  male i s  a l s o  presented i.n Fig. 1 of the s e c t i o n  mentioned 

above.  ) I n  both  subjects the absorbed f r ac t i -on  da t a  f o r  o t h e r  niiirrow 

s i t e s  were s i m i l a r  t o  that f o r  tkme l.um%ar v e r t e h r a .  Although some age 

dependence i s  i n d i c a t e d ,  i t  apz4e.ars t o  be treak. ( I t  should he  

reinernbered however, t i h a t  t h e  i f o r  each age are  from o n l y  one 

person;  it would be u s e f u l  t o  have data from a d d i t i o n a l  persons.) 



1.02 

ENKRGY D rS 'TRIKU'1 ' ION OF SECONDARY ELECTKONS 

Photons t r a n s f e r  energy t o  e l e c t r o n s  through t h r e e  major 

i n t e r a c t i o n s :  t h e  p h o t o e l e c t r i c  e f f e c t ,  the Coinpton e f f e c t ,  and pai . r -  

p roduc t ion .  Photon c r o s s  s e c t i o n s  from Hubbell ( 1 9 8 2 )  and e lementa l  

composi t ion of  t i s s u e  from Kerr ( 1 9 8 2 )  were used i n  e v a l u a t i n g  t h e  

energy t r a n s f e r .  Photoe lec t rons  w e r e  assumed t o  be o f  d i s c r e t e  energy 

corresponding t o  t h e  i n c i d e n t  photon energy.  The energy d i s t r i b u t i o n  of  

Comptori e l e c t r o n s  was c a l c u l a t e d  fi.oIi1 tlie Klei n-n' ishina rel.at.ions11i.p 

(Evans 1 9 6 9 )  , and t h e  positron-electron energy d i s t r i b u t i o n  was de r ived  

froiii t h e  Be the -He i t l e r  theory  o f  p a i r - p r o d u c t i o n  ( H e i t l e r  1964). 

DOSE PER U?!IT FLUENCE 

A complete s e t  o f  f luence-convers ion  func t ions  f o r  t h e  a c t i v e  

marrow of each tral)t?cul.ar bone  o f  tile adult i ~ s  given i n  '1:abl.e 3 .  The 

c o n t r i b u t i o n s  o f  e l e c t r o n s  a r i s i n g  froin photon i n t e r a c t i o n s  i n  bone and 

marrow t o  t h e  absorbed dose i n  t h e  a c t i v e  marrow are shown i n  F ig .  1. 

The ~ l u e n c ~ - c o i - , v c r s i o n  fut ic t ion f o r  t h e  acti.ve inarrow of t h e  pa r i  e t a 1  

bone i s  d i f f e r e n t  f r o i n  t h e  f luence-convers ion  func t ions  f o r  t h e  o t h e r  

s i t e s .  Consider ing t h e  h igh ly  s t y l i z e d  model of t h e  s k e l e t o n  used i n  

photon t r a n s p o r t  cal .cul .a t ions,  we recoiniiiend t l ia t  the  s k u l l  be  i reatecl  as 

a s e p a r a t e  bone r eg ion  and d a t a  f o r  the p a r i e t a l  bone i n  Table  3 be 

a p p l i e d  t o  e s t i m a t e  marrow dose.  'l'he lumbar ver t e l i r a  appears  t o  be 

r e p r e s e n t a t i v e  o f  o t h e r  t r a b e c u l a r  s i t e s ,  Furthermore,  w e  n o t e  t l l a t  t h e  

age dependence i n  t h e  mic ros t ruc tu re  o f  t r a b e c u l a r  bone appears  n o t  t o  

s t r o n g l y  i n f l u e n c e  the  absorbed dose e s t ima tes  f o r  t h e  a c t i v e  marrow. 

We thus  recommend t h a t  the fluenc-t?-conversion func t ions  o f  Table 4 be 

tused for a l l  a g e s .  These d a t a  can be a p p l i e d  t o  e s t ima tes  o f  photon 

f luence  from t h e  Monte Carlo t r a n s p o r t  ca lcu l .a t ions  i n  a pharitoin t o  

esti inat-e absorbed dose .  Var i a t ions  wi th  i n c i d e n t  photon energy i n  t h e  

r a t i o  o f  absorbed dose i n  d c t i v e  illa1-cow t o  t h e  equi1.i.briuiii dose (kerma) 

i n  s o f t  iiissue a r c  indicat:cd i n  F ig .  2 .  The r a t i o s  a r e  l a r g e s t  a t  

photon e n e r g i e s  t o  50 t o  60 keV and a r e  h ighe r  f o r  the  tzhick t r abecu lae  

and sinal1 marrow cavit:i.es of  t h e  p a r i e t a l  bone than  f o r  t h e  t h i n n e r  

t r a b e c u l a e  and l a r g e r  marrow c a v i t i e s  of  o t h e r  bones.  The r a t i o s  a t  low 

e n e r g i e s  conform t o  t h e  general f e a t u r e s  i n d i c a t e d  by S p i  ~ T S  ( 1 9 6 9 )  . 
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Figure 2. Illustration o f  the effects of the microstructure 
of trabecular bone on energy deposition in active marrow for 
various bones of the adult skeleton. 
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Table 1. Absorbed fraction, 4, in active marrow, RM, and bone surface, BS, from 
a uniformly distributed source of monoenergetic electrons in trabeculae, TB, 

and marrow of the parietal bone and lumbar vertebra of a 44-year-old male. 
- 

Parietal bone Lumbar Vertebra El.ectron' 

- energy ____ 
(MeV) 

#J(RM+-TB) +(RM+RM) #(BS+KM) +(BS+TB) d(XM'-TB) @(XM+RM) +(BS+RM) q3 (BS-TB 1 

0 .010  

0,015 

0 , 0 2 0  

0 , 0 3 0  

0 . 0 4 0  

0 , 0 5 0  

0 .o i jo  

0 , 0 8 0  

0.10 

0.15 

0 .20  

0.30 

0 . 4 0  

0.50 

0.60 

0.80 

1 . 0  

2 . 0  

3.0 

4.0 

1.95(-3 

3.29(-3 1 

5.77 ( - 3 )  

1.23(-2) 

1.98(-2) 

2.94 ( -2)  

4.03(-2) 

6.34 ( -2)  

8.80 ( -2)  

1 .53 ( -- 1 ) 

1.99( -1 

2.58(-1) 

2.71(-1)  

2.76(-1) 

2.82(-1)  

2.88(-1) 

2.93(-1)  

2 ,97(-1)  

3.00(-1) 

3.01(-1) 

0.994 

0.990 

0.983 

0.969 

0.950 

0.927 

0.901 

0.854 

0.794 

0.654 

0.538 

0.415 

0.376 

0.358 

0.346 

0.335 

0.327 

0.317 

0.311 

0.308 

1.05(-1) 

9.67(-2) 

9.11(-2) 

7.88(-2) 

6.97(-2) 

6.55(-2) 

6.10(-2) 

5 .28 ( -2 )  

5 .09(-2)  

4.52(-2) 

4.08 ( -2)  

3.87(-2) 

3.60(-2) 

3 . 5 0 ( - 2 )  

3,35(  -2) 

3.37(-2) 

3.30 ( - 2 )  

3.19(-2) 

3.18(-2) 

3.15(-2) 

1.95(-3) 

3.29(-3) 

5.77(-3) 

1.14 (-2) 

1.54 (-2) 

1.85(-2) 

2.04(-2) 

2.18(-2) 

2.37(-2) 

2.65(-2) 

2.84 ( - 2 )  

2.98( -2)  

2.96( -2) 

3.00 (-2) 

3.05(-2) 

3.09(-2) 

3.09(-2) 

3.11( -2) 

3.11( - 2 )  

3.11(-2) 

3.94(-3) 

7.81(-3) 

1.29 ( - 2 ;  

2.59(-2) 

4.34( -2)  

6 .26( -2 )  

8 .25 (-2) 

1.31(-1) 

1.83(-1) 

3.12(-1) 

4.17(-1) 

5.47 (-1) 

5.97(-1) 

6.25( -1) 

6.48(-1) 

6.74(-1) 

6.90(-1) 

7.17(-1) 

7.22(-1) 

7.27(-1) 

0.999 

0.997 

0.996 

0.991 

0.985 

0.979 

0.971 

0.953 

0.935 

0.888 

0.848 

0.808 

0.793 

0.779 

0.767 

0.7.55 

0.757 

0.747 

0.747 

0.744 

3. a7 ( -2)  

3.77(-2) 

3.51(-2) 

3.06(-2) 

2 . 8 2 (  -2 )  

2.75( -2) 

2 . 6 8 (  -2) 

2.51( -2)  

2.58(-2) 

2.82(-2) 

2.78 ( -2 ) 

2.84 ( - 2 )  

2 .S0(-2) 

2.86 (-2) 

2.85 (-2) 

2.87(-2) 

2.88( -2 )  

2.94( -2)  

2.90 ( -2)  

2. 8a(-z) 

2.94(-3)  

6.56(-3 

1.17(-2) 

2 .08 ( -2 )  

2 .90(-2)  

3.32(-2) 

3.56(-2) 

3.91(-2) 

4.24 ( - 2 )  

4.24 ( - 2 )  

3.87(-2) 

3.44(-2) 

3.23 (-2) 

3.32( -2) 

3.30(-2) 

3.32( -2) 

3.23 ( - 2 )  

3.26(-2) 

3.23(-2) 

3.22( -2) 
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Table  2 .  Absorbed f r a c t i o n ,  4, in a c t i v e  marrow. RM, and i n  bone s u r f a c e ,  BS ,  from 

a un i fo rmly  d i s t r i b u t e d  source  o f  monoenezgetic electrons i n  t h e  t r a b e c u l a e ,  TB, and 

marrow space of  t h e  p a r i e t a l  bone and lunibar v e r t e b r a  o f  a 20-mouth o l d  c h i l d .  

E l e c t r o n  
P a r i e t a l  Bone Lunhar Ver t eb ra  

energy 

(MeV) 

0.01 

0 . 0 1 5  

0 . 0 2  

0 . 0 3  

0 .04  

0 . 0 5  

0 . 0 6  

0 . 0 8  

0 . 1 0  

0 . 1 5  

0 . 2 0  

0 .30  

0 .40  

0 . 5 0  

0 .60  

0.80 

1 . 0  

2 . 0  

3 . 0  

4 . 0  

1 . 6 2 ( - 3 )  

3 . 4 4 ( - 3 )  

6 .09 ( -3 )  

1 . 2 4  ( - 2 )  

1 . 9 1 ( - 2 )  

2 . 8 0  ( - 2 )  

3 .46(  -2) 

5 .12 ( -2 )  

7 .09( -2 )  

1,05(-1) 

1.30(-1)  

1.54(-1) 

1 . 6 8 ( - 1 )  

1 , 7 6 ( - 1 )  

1 .79 ( -1 )  

1.81(-1) 

1.88 (-1) 

1 . 9 6 (  -1) 

1 .99( -1 )  

2 .01 ( -1 )  

0 ,990  

0 .981  

0.969 

0 .947  

0 .920  

0 .889  

0.858 

0 .789  

0 .724  

0 .591  

0 . 5 0 1  

0 . 4 0 1  

0.354 

0 .328  

0 .308  

0 .283  

0.267 

0 .238  

0 .224  

0 . 2 2 1  

1 . 6 2  ( -3 ) 

3 .44( -3 )  

6 .09( -3)  

1 . 1 4  ( - 2 )  

1 . 4 7 (  -2) 

1 . 7 4  ( -2)  

1 .79( -2)  

2 . 0 0 ( - 2 )  

2.28( . -2)  

2 .44 ( -2 )  

2 .61( -2)  

2 .57 ( -2 )  

2 . 7 9 ( - 2 )  

2 .80  (-2) 

2 .75 ( -2 )  

2 .79( -2)  

2 . 8 0 ( - 2 )  

2 . 8 2 ( - 2 )  

2 . 8 2 ( - 2 )  

2 .82( -2 )  

1 .40 ( -1 )  

1 , 3 3 ( - 1 )  

1 .21 ( -1 )  

l.Ol(-l) 

9 .04( -2 )  

7 , 9 8 (  -2) 

6 .97 ( -2 )  

6 .28 ( -2 )  

5 . 7 3 (  -2)  

4 .67 ( -2 )  

4 .21( -2)  

3 .76 ( -2 )  

3 .49 ( -2 )  

3 . 3 4  ( -2)  

3 .26( -2)  

3 .18( -2)  

3 .09( -2)  

2 .95 ( -2 )  

2 .92( -2 )  

2 .89 ( -2 )  

4 .66( -3)  

9 .90 ( -3 )  

1 . 6 5 (  -2)  

3 .39 ( -2 )  

5 . 6 7 (  -2)  

8 . 0 1 ( - 2 )  

1 .12 ( -1 )  

1 .74 ( -1 )  

2 .34 ( -1 )  

3 .74 ( -1 )  

4 .70( -1)  

5.58(-1) 

5 . 9 4 (  -1) 

6 . 2 6 (  -1) 

6 .38( -1 )  

6 .51 ( -1 )  

6 .62( -  1) 

6 .78 ( -1 )  

6 .81( -1)  

6.84 (-1) 

0.997 

0 .995  

0 .992  

0.984 

0.973 

0.962 

0 , 9 4 9  

0.922 

0.892 

0.829 

0 .786  

0.750 

0.730 

0.722 

0 .718  

0 , 7 0 6  

0 .708  

0.698 

0.696 

0.696 

4 .66 (  - 3 )  

9 . 9 0 ( - 3 )  

1 . 6 5 ( - - 2 )  

3 .16(-2)  

4.24 ( - 2 )  

4 .83( -2)  

5 . 3 7 (  - 2 )  

5.83 ( -2) 

5.68(-2)  

5.30 ( - 2 )  

4 , 7 8 (  -2 )  

4.37(-2)  

4 .20( -2)  

4 .16( -2)  

4 .12( -2)  

4 .09 ( -2 )  

4 .18 ( -2 )  

4 .12 (  - 2 )  

4.12(-2)  

4 .09 ( -2 )  

5 .99 ( -2 )  

5 .68( -2)  

5 .26( -2)  

4 .62 ( -2 )  

4 .19 ( -2 )  

3 .94 (  -2)  

3 .75 ( -2 )  

3 .49 ( -2 )  

3 . 5 2 ( - 2 )  

3 .65 ( -2 )  

3 .95 ( -2 )  

4 .11 ( -2 )  

4 . 2 3  ( - 2 )  

4 .25( -2 )  

4 .11( -2)  

4 . 1 2 (  - 2 )  

4 .19 ( -2 )  

4.13( -2) 

4 .13 ( -2 )  

4 .10 ( -2 )  
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Table 3. Absorbed dose i n  a c t i v e  marrow, D(RM), pAr u n i t  f l u e n c e ,  " ( E ) ,  of 

monoenerget ic  photons i n  t r a b e c u l a r  bones c t f  t h e  s k e l e t o n  of a 44-year-old male 

energy ~ 

I l i a c  Head o f  Neck of  
Rib 

bone v e r t e b r a  v e r t e b r a  c r e s t  femur femur 

(MeV) P a r i e t a l  C e r v i c a l  Lmhar  

0.010 

0.015 

0.020 

0.030 

0.040 

0,050 

0 .060  

0.080 

0.10 

0.15 

0.20 

0.30 

0.40 

0.50 

0.60 

0.30 

1.0 

1.5 

2.0 

3.0 

4.0 

5.0 

6.0 

8.0 

10.0 

6.30(-16) 

2.71(-16) 

1.53(-16) 

7.49 (-17) 

5.04 (-17 ) 

4.18(-17) 

3.33 (-17) 

4 .15 ( -17 ) 

4.79(-17) 

7.16(-17) 

9.88(-17) 

1.57(-16) 

2.15(-16) 

2.72(-16) 

3.28 (-16) 

4 . 2 8 ( - 1 6 )  

5.19( -16 

7.12(-16) 

8.77(-16) 

1.16(-15) 

1.41(-15) 

1.64(-15) 

1.87 (-15) 

2.33(-15) 

2.79(-15) 

6.157 (-16) 

2.62(-16) 

1.45(-16) 

6.60(-17) 

4.27(-17) 

3.45(-17) 

3.26(-17) 

3.58(-17) 

4.33(-17) 

6.83(-17) 

9.63 (-17) 

1.54 (-16) 

2.12(-16) 

2.67 (-16) 

3.20 (-16) 

4.17 (-16) 

5.06(-16) 

6.95(-16) 

8.52(-16)  

1.11(-15) 

1.33(-15) 

1.52(-15) 

1.69(-15) 

2.02(  -15) 

2.32(-15) 

6.14 (-16) 

2.61!-16) 

1.4 3 - 16 ) 

6.4 4 ( .- 17 ) 
4.11(-17) 

3.31(-17) 

3.11(-17) 

3 . It  5 ( - 17 ) 

4.22(-17 ) 

6.74(-17) 

9.57(-17) 

1.54(-16) 

2.10 ( -16)  

2.66( -16) 

3.19(-16) 

4.15(-16) 

5.03(-16) 

6.90(-16) 

8.45(-16) 

1.10(-15) 

1.31(-15) 

1.49(-15) 

1.65(-15) 

1.94(-15) 

2.21(-15) 

6.12(-16) 

2,59( - 16) 

1,41(-16) 

6.29(-17) 

3.991-17) 

3.20 (-17 

3.01 (-17 ) 

3 36(-17) 

4.14(-17) 

6 f i 8 ( - 1 7 )  

9,52( -17) 

1.53 (-16) 

2.10(-16) 

2 . 6 5 (  -16) 

3.17(-16) 

4.14(-16) 

5.01 (-16) 

6.88(-16) 

8 . 4 3 ( - 1 6 )  

1.09( -15) 

1.29( -15) 

1.46(-15) 

1.62(-15) 

1 .89 ( -15 )  

2.14(-15) 

6.16(-16) 

2.63(-16)  

1.45(-16) 

6.61(-17) 

4.28(-17) 

3.45(-17) 

3.24(-17) 

3.57( -17) 

4.33(-17) 

6.83 (-17) 

'3.64 (-17 ) 

1.54 (-16) 

2.12(-16) 

2.68(-16) 

3.20 (-16) 

4.17(-16) 

5.06(-16)  

6.94(-16) 

8.50(-16) 

1.11(-15) 

1.32(-15) 

1.51(-15) 

1.68(-15) 

1.99(-15) 

2.29(-15) 

6.12(-16) 

2.60 ( -16) 

1,42(-l6) 

6.39(-17) 

4.08(-17) 

3.27(-17) 

3.08(-17) 

3.4 4 (-17 ) 

4.21(-17) 

6.72(-17) 

9.53 (--17) 

1.52( -16 1 

2.07 ( -  16) 

2. GO (-16) 

3.10(-16) 

4.04(-16) 

4.88(-16) 

6.69(-16) 

8.N-16) 

1.06(-15) 

1.26(-15) 

1.43 (-15) 

1. S8(-15) 

1 .86 ( -15 )  

2.10(-15) 

6.12(-16) 

2 .59 ( -- 16 

1.41(-16) 

6.31 (-17) 

3.99(-17) 

3.21(-17) 

3.01(-17) 

3.37(-17) 

4.15(-17) 

6.70 (-17) 

9.53 (-17) 

1.53(- 16) 

2.10(-16) 

2.65( -16) 

3.3 8(-16) 

4.14 (-16) 

5.02(-16) 

6.90( - 16) 

8.45(-16) 

1.10 (-15) 

1.30(-15) 

1.48( -15) 

1.64(-15) 

1.93( -15) 

2.19(-15) 
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Table 4. Absorbed dose in  ac t ive  marrow, D ( P N ) ,  and i n  bone surface,  

DORS), per un i t  f luence ,  * ( E ) ,  of monoenergetic photons in  the skeleton. 
......... ...... ........... ___ ...- ___ 

D(XM or BS)/I(E), Gy per photon/m 2 

Parieta l  Sone Lurnh ar Vertebra Cort ica l  Totala 
Photon 

0.010 

0.015 

0.020 

0.030 

0.040 

0,050 

0.060 

0.080 

0.10 

0.15 

0.20 

0.30 

0.40 

0.50 

0.60 

0.80 

1.0 

1.5 

2.0 

3.0 

4.0 

5.0 

6.0 

8.0 

10.0 

6.30 (-16) 

2.71 ( -16 ). 

1.53 (-16) 

7.49(-17) 

5.04(-17) 

4.18(-17) 

3.9%-17) 

4.15(-17) 

4.79(-17) 

7.16( -17 ) 

9.88( -17 

1.57 (-16) 

2.15(-16) 

2.72(-16) 

3.28( -16) 

4.28(-16) 

5.N-16) 

7.13(-16) 

8.79(-16) 

1.17(-15) 

1.43(-15) 

1.69( -15) 

1.94 (-15) 

2.46(-15) 

2.99(-15) 

8.47(-16) 

4.17(-16) 

2.98(-16) 

2.00(-16) 

1.42 (-16) 

1.09(-16) 

8.75(-17) 

6.61(-17) 

6,32(-17 ) 

7.96( -17 ) 

1.05(-16) 

1.65(-16) 

2.26(-16) 

2.85(-16) 

3.38(-16) 

4.37(-16) 

5.29(-16) 

7.23(-16) 

8.89( --16) 

1.18(-15) 

1.44 (-15) 

1.70(-15) 

1.95(-15) 

2.46(-15) 

2.99(  -15 

6.14(-16) 

2.6 L(- 16 ) 

1.43 (-16) 

6.44(-17) 

4.11(-17) 

3.31(-17) 

3.11(-17) 

3.45(-17) 

4.22(- 17) 

6.74 (-17) 

9.57 (-17) 

1.54(-16) 

2.10(-16) 

2.66(-16) 

3.19(-16) 

4.15(-16) 

5.03 (-16) 

6.91(-16) 

8.50(-16) 

1.12(-15) 

1.37(-15) 

1.59(-15) 

1.82(-15) 

2.26(-15) 

2.70(-15) 

9.43(-16) 

4.98(-16) 

3.39(-16) 

2.U-16) 

1.51(- 16) 

1. m-16) 

8 ,69 ( - 1.7 ) 

7.03(-17) 

6.76(-17) 

8,90(-17) 

1.22(-16) 

1.98(-16) 

2 .65 ( -16 )  

3.30 (-16) 

3.94 (-16) 

5.09( -16) 

6.12(-16) 

8.37 (-16) 

1.03(-15) 

1.36(-15) 

1.65( -15) 

1.93(-15) 

2.20(-15) 

2.74 ( -  15) 

3.28(-15) 

5.32( -15) 

2.45(-15) 

1.39(-15) 

6 :11( - 16 ) 
3.41(-16) 

2 .20 ( -16 )  

1.57(-16) 

1.03 (-16) 

8.51 (-17) 

8.80(-17) 

1.10(-16) 

1.67 ( -  16) 

2.24(-16) 

2.80(-16)  

3.34 (-16) 

4.33 (-16) 

5.22(-16) 

7.09(-16) 

8.69(-16) 

1.15( -15) 

1.42(-15) 

1.68(-15) 

1.94(-15) 

2.47 (-15) 

3.03 (-15) 

3.13 (-15 ) 

1.47 (-15) 

8.65 (-16) 

4.12(-16) 

2.46(-16) 

1.65(-16) 

1.22 (-16) 

8.67 (-17 

7.64(-17) 

8.85(-17) 

1.16(-16) 

1.83 (-16) 

2.45(-16) 

3.05(-16) 

3.64 (-16) 

4.71( -16) 

5.67(-16) 

7.73(-16) 

9.49(-16) 

1.26(-15) 

1.54(-15) 

1.81(-15) 

2.07 ( -  15) 

2.61(-15) 

3.16(-15) 

aTotal represents the bone surface response of the skeleton and i s  

computed as the average of the lumbar vertebra and cor t i ca l  responses.  



ELECTRON DOSE-RATE CONVERSION FACTORS FOR EXTERNAL EXPOSURE OF THE 

SKIN FROM UNIFORMLY DEPOSITED ACTIVITY ON THE BODY SURFACE 

INTKOCUCTLON 

Compilation of electron dose-rate conversion factors for external 

exposure of radiosensitive tissues of the skin from radionuclides 

dispersed in the environment are avzilable in the literature (Kocher 

1981.a; Kocher and Eckerman 1981). In this paper we described methods 

implemented to calculate electron dose-rate factors for the skin from 

radionuclides deposited uniformly o n  the body surface, The calculations 

a r e  based on the point kernel method (Foderaro 1968) and use electron 

scaled point kernels in water developed by Berger (1971; 1973; 1974). 

Similar calculations were presented previously by Henson (1972), but 

results were reported for only a few radionuclides. 

ELECTRON DOSE-KATE FACTORS FOR SKIN FROM 

MONOENERGETIC SOURCES ON THE BODY SURFACE 

We assume that radioactivity is deposited uniformly on the body 

surface; i.e., the source region is an infinite, uniformly contaminated 

plane surface at the boundary of a semi-infinite tissue medium. T h i s  

assumption is jiistif iable for most exposure situations because the 

electron range in soft tissue (NAS 1 9 6 4 )  is less than 2 cm for most 

electron energies that occur in radi-oactive decay (Kocher 1981b), and 

thus a contaminated area on the body surface as small as 15 cm is 

effectively infinite with regard to estimating electron dose to sk in  

along the centroid o f  the contamination. 

2 

Electron dose-rate factors are calculated at four locations below 

the body surface. First, we assume that the radiosensitive tissue is 

located at depths of 4 ,  8 ,  or 40 mg/cm below the body surface, as 

recommended by Whitton (1973). The smallest of these depths corresponds 

to an average epidermal thickness for the head, trunk, upper arm, and 

upper leg; the intermediate value applies to the lower arm, wrist, back 

of the hand, lower leg, ankle, and upper f o o t ;  and the largest value 

2 
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a p p l i e s  t o  t h e  palm of t h e  hand and s o l e  of t h e  f o o t  ( m i t t o n  1 9 7 3 ) .  

Thus, f o r  contaminat ion o any p a r t  o f  t h e  body s u r f a c e ,  t h e  dose r a t e  

f a c t o r s  f o r  t h e  a p p r o p r i a t e  depth may bc_ s e l e c t e d .  I n  a d d i t i o n ,  dose-  

r a t e  f a c t o r s  have been cal.cu1ated a t  a depth o f  7 mg/cmL, which 

average va lue  recommended by t h e  ICRP (1.977). 

i s  t:hc 

2 
The d o s e - r a t e  a t  a depth x i n  t i s s u e  ( t )  from a source (1. R q / c m  ) 

e l e c t r o n s  o f  energy E depos i t ed  uniformly on t h e  body of monoenergetic 

s u r f a c e ,  denoted by D ( x , E ) ,  is  c a l c u l a t e d  as 
t: 

(1) 
t t 

D ( x , E )  = kE Q ( r $ K )  do . 
(7 

2 
In  this equati .on,  t he  d o s e - r a t e  f a c t o r  i s  i n  u n i t s  of Gy/s p e r  H q / c m  ; k 

i s  a c o n s t a n t  t h a t  conve r t s  energy abso rp t ion  i n  MeV/kg t o  absorbed dose 

i n  Gy, and i s  equal  t o  1 . 6  x 1.0 kg-Gy/MeV; E i s  i n  u n i t s  o f  MeV p e r  

emi.i:ted elect i ron;  Q is  the  s p e c i f i c  absorbed f r a c t i o n  f o r  el.eclxons i n  

t i s s u e ,  de f ined  as the f r a c t i o n  of  t he  emi t t ed  energy E t h a t  i s  absorbed 

p e r  uni. t  mass of t i s s u e  a t  a d i s t a n c e  r from an i s o t r o p i c  p o i n t  sou rce ,  

i n  u n i t s  o f  kg ; and u denotes t h e  source r e g i o n ,  which i s  an i .nf ini . te  

p l a n a r  s u r f a c e  a t  t h e  boundary of the t i s s u e  medium. 

- 13 
t 

- 1~ 

Since an a n a l y t i c a l  expres s ion  f o r  t he  s p e c i f i c  absorbed f r a c t i o n  

f o r  e l e c t r o n s  has n o t  been developed, E q .  (1)  must be solved by 

numerical i.nt:egration over t he  source r eg ion .  W e  use t h e  e l e c t r o n  

s c a l e d  p o i n t  k e r n e l  devel-oped by Bnrger ( 1 9 7 3 ) ,  i n  which s c a l i n g  o f  t he  

s p e c i f i c  absorbed f r a c t i o n  i s  accomplished by express:i.ng t h e  source-  t o -  

r e c e p t o r  d i s t a n c e  r i n  torins o f  the s c a l e d  d i s t a n c e  r/r where r i.s 

(:he mean e l e c t r o n  range i n  t i s s u e  f o r  emi-ttied energy E eva lua ted  i n  t h e  

continuous -sl.owing-down approximation. The e l e c t r o n  s c a l e d  p o i n t  kerriej- 

i n  t i s s u e ,  F ( r / r o , E >  , i s  de f ined  by the  equa t ion  

0 ’  0 

‘t 

t 
F t ( r / r  0 ’  E )  d ( r / r  0 ) = 47rp t ( r , E ) r 2  d r  , ( 2 )  

whcrc i s  the  d e n s i t y  o f  t i s s u e .  Solving E q ,  ( 2 )  f o r  t h e  s p e c i f i c  

absorbed f r a c t i o n  Qt  and expres s ing  the element o f  a r e a  f o r  a plane 

s o u r c e ,  do, as do = 2nr d r ,  we o b t a i n  t h e  d o s e - r a t e  f a c t o r  i n  E q .  (1) i n  

t h e  f o r m  

Pt 
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t kE 
2 p  r D (x,E) = 6a(x,E)  , 

t o  
( 3 )  

where 

In evaluating E q .  ( 3 ) ,  we assume that the electron scaled point kernels 

in tissue are the same as the values in water, and we obtain these 

values from Berger’s tabulation (Berger 1973). Because of the finite 

range of electrons in tissue, the integrand in Eq. ( 4 )  is zero for 

values of  the scaled distance greater than about 1.25 (Berger 1973). 
2 

The electron dose-rate factors at depths of 4 ,  8 ,  and 40 mg/cm as: 

a function of emitted energy for s o ~ ~ r c e s  deposited uniformly on the body 

surface, as obtained from eqs. ( 3 )  and ( 4 ) ,  are shown in F i g .  1. The 

conversion from absorbed dose in Gy to dose equivalent i n  Sv assumes a 

quality factor of one. 

DOSE-RATE FACTORS FOR ELECTRON SPECTRA 

FROM REiDlOACTIVE DECAY 

F o r  a given radionuclide deposited uniformly an the body surface, 

the dose-rate factor as a function of depth in tissue i s  obtained by 

applying eqs. ( 3 )  and ( 4 )  f o r  monoenergetic sources to the particular 

energy spectrum of emitted electrons. In general, racionuclides may 

emit discrete Auger and internal conversion electrons and ii continuous 

spectrum Q E  electrons from beta decay. The energy distribution for a 

given beta transiti-on ranges from zero energy to the maxf.mun! endpoint 

energy. We define f ie  as the intensity of the ith discrete electron (e) 

a s  the energy of the ith discrete electron in in number per  decay, 

MeV, f as the intensity of the jth continuous beta transition ( p )  in 

number per decay, Emax as the endpoint energy in HeV for the jth beta 

transition, and N. (E) as the energy distributi.on function for the jth 
beta transition. The energy distri.Bution function Ls assumed to be 

normalized so that 

‘ie 

j P  

j P  

J B  



max 
E .  

J P  
N (E) dE = 1 

0 j P  

( 5 )  

Thein, for a giver, electroii spectrum, the dosz r a t < '  factor as a function 

of c l c p i h  in tissue is given by 

~~7he7-e t h e  summations over i and j include a11 discrete and contjnuous 

electron radiations in  he Beoay of the radionuclide, respe<,tively. 

RESULTS 

Electron dose-rate factors for t;hc ski.n from radionuclides 

deposited uniformly on the body surface were calculated for about 500 

radionuclides us ing  a riiodified version of the DOSFAGTEK computer code 

(Kocher 1981.a). The energies and inLcr.si.ii~es of the discrete and 

continuoas electrons erni  tted by each radionucltde were ob-tai~ned f r o m  a 

compilation of evaI.:iated nuclear decay da.ta (Koch.er 198l.b) . The energy 

distribution function N (E) for beta decay was tal-culated from the Fermi 

t-heory (Wu and Moskowski 1966) usi.ng an approximation technique 

descri-bed previously (Kocher and Eckerman 1 9 8 1 ) .  Integrals over scaled 

distance and eriergy in eqs .  ( 4 )  and (6) were evaluated by numerical 

m e  ~ l i o d s  ~ 

P 

The  calculated electron d o s e r a t e  factors in skin for selected 

racl.i.onuc-l.i.de..; a re  gglven in Tab1 c 1. The "L;.lbulatinn includes only the 

contributions from elec1:rons ; i.. e. , contributions fro111 a1ph.a particles 

and p h o t o n s  are not included. Possible coniributi.ons to the dose-rate 

factor from radioactive dai1ghtp.r products are not included i.n the values 

for a given radionuclide. In ezch such case ( e . g . ,  '06Ru,  and 

137C.2), the dose-rate factors for radioact:i.ve daughter products are al.so 

Listed i.n the tab1.e. The contributions from short-lived da.ughtcr 

products can be combined with the dose-rate f-actors for the parent using 

known brs rxh ing  fractions € o r  the pa'rtiLcu1 ar decay chain (Kocher 1981b) . 
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T a b l e  1. E l e c t I r o n  d o s e - r a t e  factors i n  ski-n f r o m  r ad ionuc l ides  
depos i ted  uniformly on the body SILT €ace 

Dose-rate  f a c t o r  vs depth i n  tissue" 
Half-life 4 mg/cm2 8 mg/cm2 40 mg/cm2 7mg/cm2 

Nuclide . 

C - 1 4  

P -  3 2  

C O - 6 0  

Z n -  6 5  

Sr-90 
Y - 9 0  

Z r - 9 5  

Nb-95 
Ku- 1 0 6  

Rh- 106 

T e - 1 3 1  

T e - 1 3 2 

I - 1 2 3  

T - 1 2 9  

I - 131 

2 - 1 3 2  

I - 133 

1 - 135 

cs - 134 

C S - 1 3 7  

B a -  137m 

B a -  140 

La-  140 

C e  - 144 

P r  - 14[+ 

Hg- 2 0 3  

P b - 2 1 0  

B i - 2 1 0  

Bi . -214  

Ra-22[+ 

R a - 2 2 6  

u - 2 3 4  

U - 2 3 5  

U - 2 3 8  

N p - 2 3 7  

N p - 2 3 8  

N p - 2 3 9  

5 . 7 3 E 3  y 

1 4 . 2 9  d 

5 . 2 7 1  y 

2 4 4 . 4  d 

2 8 . 5  y 
6 4 . 1  11 

6 4 . 0 2  d 
3 5 . 0 6  d 

3 6 8 . 2  d 

2 9 . 9 2  s 

2 5 . 0  m 

7 8 . 2  h 

13 .13  h 

1 . 5 7 E 7  y 

8 .04  d 

2 . 3 0  h 

2 0 . 8  h 

6 . 6 1  h 

2 . 0 6 2  y 

3 0 . 1 7  y 

2 . 5 5 2  m 

1 2 . 7 8 9  d 

4 0 . 2 2  h 

2 8 4 . 3  d 

1 7 . 2 8  m 

4 6 . 6 0  d 

2 2 . 2 6  y 
5 . 0 1 3  d 

1 9 . 9  m 

3 . 6 2  d 

1600 y 

2 . 4 4 5 E 5  y 

7 . 0 3 8 E 8  

4 . 4 6 8 E 9  y 
2 . 1 4 E 6  y 

2 . 1 1 7  d 

2 , 3 5 5  d 

7 . 9 E - 3  

2 . 4 E - 2  

1 . 6 E - 2  

3 . 3 E - 4  

2 . 1 E - 2  

2 . 4 E - 2  

I.. 7 E - 2  

6 . 4 E - 3  

0 . 0  

2 . 5 E - 2  

2 . 8 E - 2  

1 . 3 E - 2  

4 . 3 E - 3  

5 . 7 E - 3  

2 . 1 E - 2  

2 . 3 E - 2  

2.313-2 

2 . 2 E - 2  

1 . 6 E - 2  

2 . O E - 2  

2 . 4 E - 3  

2 . 2 E - 2  

2 . 4 E - 2  

1 . 5 E - 2  

2 . 4 E - 2  

I. 6 E - 2  

1 . 8 E - 5  

2 "  3 E - 2  

2 . 3 E - 2  

2 . 9 E - 4  

5 . 9 E - 4  

6 . 5 E - 5  

3 . 1 E - 3  

3 . 7 B - 5  

& . 3 E - 3  

1 . 8 E - 2  

3 . 6 E - 2  

2 . 1 E - 3  

2 .OE-2  
8 . 7 E - 3  

2.1.E-4 

1 . 5 E - 2  

2 . O E - 2  

1 . O E - 2  

1.. 7 E -  3 

0 . 0  

2 . 1 E - 2  

? . ? E - 2  

5 . 9 E - 3  

2 . 9 E - 3  

1 . 3 E - 3  

1 . 4 E - 2  

1 . 8 E - 2  

1 . 8 E - 2  

1 . - 7 E - 2  

l . l . E - 2  

1 . 3 E - 2  

2 . O E - 3  

1 . 6 E - 2  

1 . 9 E - 2  

7 . 6 E - 3  

2 . 1 E - 2  

8 . 5 E - 3  

0 . 0  

1 . 8 E - 2  

1 . 9 E - 2  

2 . 2 E - 4  

3 . 7 E - 4  

1 . 6 E - 5  

8 . O E - 4  

9 . 8 E - 6  

4 . 3 E - 4  

1 , l E - 2  

2 . O E - 2  

0 . 0  

l . I . E - 2  

2 . 5 E - 4  

1 . O E - 5  

3 . f t E - 3  

1 . 2 E - 2  

7 . 4 E - 4  

1 . 8 E - 5  

0 . 0  

1 . 4 E - 2  

I. OE-2 

4 . 7 E - 5  

0 . 0  

0 . 0  

3 I OE-3 

8 , 2 E - 3  

7 . 6 E - 3  

6 . 5 E - 3  

2 . 7 E - 3  

2 . 3 E - 3  

1. 2E- 3 

5 . O E - 3  

9 . 2 E - 3  

1 . 7 E - 4  

1.. 3 E - 2  

3 .  - r E - 4  

0 . 0  

7 . 4 E - 3  

9 . 6 E - 3  

1 . 5 E - 5  

0 . 0  

0 . 0  

2 . 9 E - 7  

0 . 0  

0 . 0  

3 . 5 E - 3  

1 . 2 E - 3  

2.9t.:- 3 

2 . 1 E - 2  

9 . 9 E - 3  

2 . 3 E - 4  

1 . 6 E - 2  

2 . 1 E - 2  

1 . ? E - 2  

2 . 3 E - 3  

0 . 0  

? 2 E - 2  

2 . 3 E - 2  

7 . O E - 3  

3 . 2 E - 3  

1 . 9 E - 3  

1 . 5 E - 2  

1 . 9 E - 2  

1 . 9 E - 2  

1 . 8 E - 2  

1 . 2 E - 2  

1 . 4 F - 2  

2 . 1 E - 3  

1. I E - 2  

2.oF: -2  

8 . 9 E - 3  

2 . 2 E - 2  

9 . 6 R - 3  

0 . 0  

1 .9fC-2  

2 . O E - 2  

2 . 4 K - 4  

4 .2E- lb  

2 . 1 E - 5  

l . l E - 3  

1 . 6 E - 5  

6 . 8 E - 4  

1 . 2 E - 2  

2 . 3 E - 2  

a 
Values i n  u n i t s  of s y / y  per  ~ q / c m 2 .  
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PART 3. APPLICATIONS OF THE HIOKINETTC AND DOSIMETRIC lPlODEJS 
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HOW COMPUTATIONS ARE PERFORMED 

The biokinetic and dosimetric inode1.s discussed in this report are 

implemented usi.ng a computer code called NEWAGE, which is an updated 

version o f  our origi.ria1 code called AGEDOS (Leggett et al. 198/+). 

NEWAGE generates a matrix of dose equivalent rates MATRIX(B,T) f o r  

selected "basic beginning ages" B, that is, ages at acute exposure, and 

for subsequzni t j r n t ' s  T chosen by t h e  user. (In the following we will 

use the shorter phrase "dose rate" in place of "dose equivalent rat-e".) 

The standard s e t  of basic beginning ages is B=O, 100, 365, 1825, 3650, 

5/1-75, and 7300 days, but NEWAGE will soon  be modified i:o izrent selected 

adult ages in addition to 7300 days. The generated matrix of dose r a t e s  

is based on a unit i n t a k e ,  U, of a radi.anuc1.i.de by inhalation, 

ingesti.on, or injection. Dose rates for arbitrary intake patterns 

occurring over any age interval(s) may be estimated from this matrix by 

convoluting aeainst- any specified intake function. The method of 

convolution i s  described in the ori.g,inal. AGEDOS report. (Leggett et al. 

1984). 

The coiilputiiti-onal. approach may be summarized in terms of izhree 

operations: (1) The user supplies a model f a r  the time-dependent uptake 

and distribution of the parent nucl.ide and any dosimetri ca1.l~ 

significant progeny. It is preferable that the compartments in this 

model be physically identifiable en t i ' l i e s  I but: provisions have been made 

to consider hypothetical compartments if needed. Parameter values must 

be given  €or the adult and shou1.d be supplied for as mdny of tile 

addit:i.onal basic beginning ages as information a l l o w s .  (2) For each of 

the basic beginning ages, the NEWAGE code pcrforms simple mathematical 

operations on the supplied age-dependent parameter Val-ues. The purpose 

is to approximate the redistribution of aci:ivi. 1:y ~ including recycling of 

material released from compartments, that should occur wi th in  the 

specif-i.ed compartmenLs during a period of a g i n g  that is relatively s h o r t  

compared with the entire time span considered. (3) The NEWAGE code 

converts the esr-imated activi.t:i.es in selected compartments to dose rates 

using s t ~ r e d  age-dependent, SEE values (see the first section in Part:  I1 

of t h i s  report) that account f o r  i-adiati.on transport and energy 

de.positioi1. In reg ra t ed  doses are also cal.cu1 a t e d .  



1 2 1  

Movement of 

assumed t o  be a 

a c t i v i t y  from one compartment t o  another  g e n e r a l l y  i s  

f i r s t  o rde r  p rocess .  For  removal of a c t i v i t y  from bone 

volume, a t empora ry  de lay  may be imposed by the  u s e r .  Flow r a t e s  must  

be s u p p l i e d  f o r  each o f  t h e  compartments f o r  a d u l t s  (persons  a t  l e a s t  

7300 days of a g e ) ,  and a g e - s p e c i f i c  €low r a t e s  may be de f ined  f o r  as 

many of t h e  o t h e r  s i x  b a s i c  beginning ages a s  in format ion  a l l o w s .  When 

i n p u t  in format ion  is  l a c k i n g  f o r  I b a s i c  beginning  age ,  t h e  code 

d e f a u l t s  t o  t h e  d a t a  f o r  t h e  nex t  h ighe r  b a s i c  beginning age .  

Data bases  of  dose r a t e s  genera ted  by NEWAGE a r e  f o r  acu te  u n i t  

i n t a k e s  a t  each age. Di f f e rences  wi th  age i n  the  amount o f  m a t e r i a l  

i n h a l e d  o r  i n g e s t e d  a r e  taken i n t o  account i n  a p p l i c a t i o n s  of  t hese  d a t a  

bases  t o  exposure s c e n a r i o s .  Di f fe rences  wi th  age i.n the f r a c t i o n  of 

i nges t ed  m a t e r i a l  absorbed i n t o  blood a r e  cons idered  w i t h i n  t h e  NEWAGE 

code whenever a g e - s p e c i f i c  abs3 rp t ion  f r a c t i o n s  a r e  s u p p l i e d .  

P rov i s ions  have been rnride t o  use a g e - s p e c i f i c  va lues  f o r  behavior  of 

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

age groups we c u r r e n t l y  apply parameter va lues  s p e c i f i e d  f o r  t he  

r e f e r e n c e  a d u l t  i n  t h e  I C R P  r e s p i r a t o r y  and G I  t r a c t  models (Eve 1966 ,  

Morrow e t  a l .  1 9 6 6 ,  I C R P  1 9 7 9 ) .  A s  i n d i c a t e d  e a r l i e r ,  we b e l i e v e  t h a t  

p r e s e n t  in format ion  on v a r i a t i o n  wi th  age i.n f r a c t i o n a l  d e p o s i t i o n  and 

rate o f  t r a n s p o r t  of m a t e r i a l  i n  t h e  r e s p i r a t o r y  t r a c t  o r  movement of  

m a t e r i a l  through t h e  G I  t r a c t  i s  s t i l l  t o o  u n c e r t a i n  t o  be o f  b e n e f i t  i n  

reducing  u n c e r t a i n t i e s  involved i n  apply ing  the  ICRP models  t o  a l l  age 

groups.  We w i l l  amend our  t r ea tmen t  of t h e  r e s p i r a t o r y  and 

g a s t r o i n t e s t i n a l  t r a c t s  as more suppor t ab le  age-dependent b i o k i n e t i c  

models f o r  t h e s e  reg ions  become a v a i l a b l e .  

NEWAGE proceeds i n  a sequence o f  " t ime s t e p s "  o r  " i n t e r v a l s " ,  wi th  

2 '  
each s t e p  be ing  de f ined  by a beginning t ime t and an ending time t 

These s t e p s  may be a l t e r e d  by the  u s e r  b u t  i d e a l l y  should s t a r t  ou t  

s h o r t  and g radua l ly  i n c r e a s e  i n  l e n g t h ,  from a f r a c t i o n  of a day 

immediately a f t e r  i n t a k e  t o  perhaps one year  a t  t imes remote from 

i n t a k e .  Such a p a t t e r n  i s  needed t o  o b t a i n  a reasonably accu ra t e  and 

e f f i c i e n t  approximation of bo th  t h e  t y p i c a l l y  r a p i d  changes i n  a c t i v i t y  

i n  organs soon a f t e r  exposure and t h e  r e l a t i v e l y  slow changes t h a t  occur 

a t  extended t imes a f t e r  exposure.  

1 
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Suppose t h a t  c a l c u l a t i o n s  a r e  be ing  made f o r  t h e  b a s i c  beginning 

age B ,  t.liat t h e  code has  made c a l c u l a t i o n s  up t o  some time t and t h a t  

t h e  nex t  time s t e p  i.s from time tl t o  time t The age o f  t he  exposed 

I f  B + t l  i s  ‘1300 days o r  g r e a t e r ,  input: person a t  time t i s  B+t 

parameters  f o r  t h e  adu1.t a r e  used during t h e  p r e s e n t  tinie s t e p .  I€ n o t ,  

1’ 
the  code f i n d s  c l o s e s t  b a s i c  beginning ages B and I3 bounding B- t - t  

a s s i g n s  a g e - s p e c i f i c  r a t e  cons t an t s  and/or d e p o s i t i o n  f r a c t i o n s  f o r  age 

B + t l  by 1inearl .y i n t e r p o l a t i n g  inpu t  d a t a  f o r  ages B a i d  B and 

a p p l i e s  the i n t e r p o l a t e d  d a t a  t o  t h i s  e n t i r e  t h e  s t e p .  

1. ’ 
2 ’  

1‘ 1 

1 2 

1 2’ 

tlie code d e f i n e s  an  i n i t i a l  

a c t i v i t y ,  an inflow r a t e ,  and an outflow r a t e  f u r  each compartment. The 

i n i t i a l .  a c t i v i t y  for a given compartment a t  time t i s  t h e  a c t i v i t y  

remaining i n  the  coinpartinent a t  t he  end of t h e  preceding time s t e p ,  i f  

any.  The r a t e  o f  inflow of a c t i v i t y  i n t o  the compartment i s  e s t ima ted  

us ing  t h e  l eng th  o f  t h e  time s t e p  toge the r  w i th  the  p o r t i o n  o f  t he  tot:al 

amount o f  outf low of m a t e r i a l  from a l l  o t h e r  compartments d e s t i n e d  f o r  

the given compartment du r ing  t h e  preceding time s t e p .  The r a t e  of 

outf low from t h e  compartment i s  t h e  r a t e  i n t e r p o l a t e d  from t h e  age- 

s p e c i f i c  i npu t  d a t a .  The inflow r a t e  and outflow r a t e  a r e  assumed t o  be 

c o n s t a n t  du r ing  a time s t e p  b u t  may vary from one time s t e p  t o  the n e x t .  

The c o n s t a n t  inf low and outflow r a t e s  du r ing  t h e  time s t e p  and the 

i n i t i a l  a c t i v i t y  a t  t he  beginning o f  t he  t i m e  st:c:p a r e  used t:o c a l c u l a t e  

t h e  a c t i v i t y  a t  t he  end o f  t he  time s t e p  as we l l  as the  i n t e g r a t e d  

a c t i v i t y  du r ing  the  time s t e p ,  based on  s t anda rd  methods f o r  f i - r s t - o r d e r  

d i f f e r e n t i a l  e q u a t i o n s .  The code advances t o  t he  nex t  compartment i n  

i t s  l i s t  and proceeds i n  t h i s  way u n t i l  a l l  compartments have been 

addressed du r ing  tlie time s t e p  from t t o  t 

2 ’  
For t h e  ti.me s t e p  front t t o  t 1 

1 

2’ 1 
A f t e r  a c t i v i t y  a t  t h e  r i g h t  endpoint of t h e  t i m e  s t e p  ( t ime  t ) has 

been c a l c u l a t e d  f o r  a l l  compartments, a g e - s p e c i f i c  SEE va lues  a r e  

r e t r i e v e d  by the  code from a permanent l i b r a r y  and used t o  convert  

i n s t an taneous  a c t i v i t i e s  t o  dose r a t e s  t o  s e l e c t e d  t i s s u e s  a t  time t 
2 ’  

For a given t i s s u e ,  t h e  S E E  val.ues a r e  used tic) account f o r  a l l  energy 

depos i t ed  i n  the t i s s u e  f rom r a d i a t i o n  emi t t ed  w i t h i n  the  t i s s u e  a s  we l l  

as from p e n e t r a t i n g  r a d i a t i o n s  emi t t ed  from o t h e r  r eg ions  o f  the body. 

These SEE va lues  have been c a l c u l a t e d  us ing  mathematical phantoms of  t he  

human body, one for each of t h e  ages 0 ,  3 6 5 ,  1825 ,  3 6 5 0 ,  5 h 7 5 ,  and 7 3 0 0  

2 
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days (Cristy 1980; Cristy and Eckerman, to appear). For a given age, 

the phantom has been constructed using volumes, masses, and geometries 

of organs that appear typical for t h a t  age. As with metabolic 

parameters, SEE values for age R+tl are determined using linear 

interpolation of SEE values for closest bounding basic beginning ages. 
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COMPARISON OF OUR AGE-SPECIFIC DOSE COMMI'TXENT FAC'L'OKS 

WITH VALUES PRODUCED BY OTHER APPROACHES 

I n  t h e  absence of  a g e - s p e c i f i c  b i o k i n e t i c  models f o r  most 

r ad i~onuc l ides  , two main approaches have a r i s e n  f o r  e v a l ~ u a t i n g  i n t e r n a l  

exposures  t o  the  general. p u b l i c .  (1) The assumption o f t e n  i.s made t h a t  

al.1 age groups r e c e i v e  t h e  same organ doses  a s  does a r e fe rence  a d u l t ,  

u s u a l l y  as  c u r r e n t l y  dep ic t ed  i n  models o f  t h e  I C R P  ( " . E . ,  S u l l i v a n  e t  

a l .  1981). This  approach i s  thought by some t o  be  j u s t i f i e d  on t h e  

b a s i s  thal: p o t e n t i a l  i nc reases  i n  dose due t o  siiialler organ masses i n  

chi- ldren might be  expected t o  be  o f f s e t  by more r a p i d  turnover  o f  t he  

r ad ionuc l ide  at: younger ages .  ( 2 )  Others  have taken  the  appa ren t ly  more 

conse rva t ive  approach of  assFgning b i o k i n e t i c  models f o r  a r e fe rence  

a d u l t  t o  all age groups (except  i n  s c a t t e r e d  cases  where a g e - s p e c i f i c  

h i -ok ine t i c  models a r e  a v a i l a b l e )  b u t  cons ide r ing  t h e  sma l l e r  organ 

masse:; o f  younger persons  i n  ca l .cu la t ion  of  organ doses  ( e . g .  Hoelies and 

So lda t  1977; Greenhalgh, F e l l ,  and Adarns 1985) .  A s  d i scussed  i n  this 

r e p o r t ,  our  approach i s  t:o cons ide r  no t  on ly  t h e  sma l l e r  organ masses of 

younger persons  i n  c a l c u l a t i o n s  o f  dose b u t  a l s o  t o  employ a framework 

f o r  b i o k i n e t i c  modeling t h a t  a l lows  inco rpora t ion  of  p e r t i n e n t  age- 

s p e c i f i c  r a d i o b i o l o g i c a l  o r  phys io log ica l  in format ion  as w e l l  a s  

p h y s i o l o g i c a l l y  based  assumptions where bli.nd assumptions might have t o  

be  made i n  more convent iona l  approaches.  

I n  Table 1 we compare our esti i i iated 50-year  dose commitment f a c t o r s  

w i t h  f a c t o r s  based  on t h e  o t h e r  two approaches.  Dose commitments from 

acu te  i n h a l a t i o n  o€  a uni.t: a c t i v i - t y  of  T h - 2 3 0 ,  U-238, o r  Pu-239 

(AMAD=1.0 micron) o r  from acute: i n g e s t i o n  of  a uni.t a c t i v i c y  of Cs-134, 

Cs-137, o r  U-238 a t  ages 0, 1, 5 ,  1 0 ,  and 1 5  yea r s  o r  dur ing  adul thood 

a r e  cons idered  f o r  s e l e c t e d  t a r g e t  organs .  All va lues  a r e  normalized L O  

t he  v a l u e  produced us ing  t h e  models and methods f o r  a r e fe rence  a d u l t  as 

desc r ibed  i n  I C R P  Pub l i ca t ion  30 .  Thus,  f o r  comparison wi th  t h e  

approach o f  apply ing  ICRP " r e fe rence  a d u l t "  dose cornmitinents t o  a l l  age 

groups ,  we need only  read  t h e  va lues  on t h e  l i n e s  l a b e l e d  " O R N L " .  For 

comparison wi th  t h e  second approach we have used a g e - s p e c i f i c  dose 

commitment f a c t o r s  publ i shed  i n  Report  NRPB-RI62 (1985) ,  where t h i s  

approach was used .  Note t h a t  the  NRPB va lues  f o r  t h e  a d u l t  a r e  n e a r l y  
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t h e  s a m e  as t h e  TCRP r e f e r e n c e  man v a l u e s ,  s i n c e  e s s e n t i a l l y  t h e  same 

models a r e  used i n  t h e  two cases.  - .  
INHALATION OF THORIUM- 230 

.- 

Our e s t i m a t e s  of dose t o  hone s u r f a c e  and acti-ve marrow from 

i n h a l a t i o n  of 'l'h-230 a r e  n o t  s t r o n g l y  age dependent,  f o r  two r easons .  

F i r s t ,  t h e  s m a l l e r  denominator i n  t h e  c a l c u l a t i o n s  ( m a s s  o f  i r r a d i a t e d  

t i s s u e )  is  o f f s e t  l a r g e l y  by a smal.ler numerator (depos i t ed  energy) 

because of more r a p i d  b u r i a l  of a c t i v i t y  i n t o  bone volume a t  younger 

a g e s .  Second, thorium i s  removed so  slowly from t h e  s k e l e t o n  t h a t  a 

s u b s t a n t i a l  p o r t i o n  o f  t h e  50-year  dose commitment arises from energy 

d e p o s i t e d  du r ing  adul thood,  r e g a r d l e s s  of age a t  i n t a k e .  

A s t r o n g e r  dependence on age i s  e s t ima ted  f o r  l i v e r .  This  r e s u l t s  

from our  assumption of i.ndependence of age i n  l i v e r  uptake and tu rnove r ,  

and t h e  f a s t e r  movement of  m a t e r i a l  from s k e l e t o n  t o  l i v e r  during 

younger ages .  

Our v a l u e s  f o r  bone s u r f a c e  and a c t i v e  marrow do n o t  d i f f e r  g r e a t l y  

froiii t hose  gene ra t ed  by t h e  o t h e r  two methods, b u t  t h e  reasonably c l o s e  

agreement i s  f o r t u i t o u s .  I n  t h e  ICKP (and hence t h e  NRPB) hi0kinet i .c  

model, thorium i s  assumed t o  be uniformly d i s t r i b u t e d  on bone s u r f a c e  a t  

a l l  t imes fo l lowing  i t s  d e p o s i t i o n  i n  t h e  s k e l e t o n ,  so  t h a t  r educ t ion  i n  

dose t o  bone s u r f a c e  and a c t i v e  marrow due t o  b u r i a l  i n  bone volume is  

ignored.  On t h e  o t h e r  hand, i n  t h e  ICRP model t h e  p o t e n t i a l  

ove res t ima te  from ignor ing  b u r i a l  i s  o f f s e t  by what w e  b e l i e v e  t o  he an 

unde res t ima te  i n  t h e  appa ren t  h a l f -  time f o r  removal. froiii t h e  s k e l e t o n  t o  

e x c r e t i o n .  The h i g h e r  dose commitments t o  l i v e r  a t  all ages e s t ima ted  

by our  methods r e s u l t s  l a r g e l y  f r o m  c o n s i d e r a t i o n s  of recycl.ing of 

a c t i v i t y  between s k e l e t o n  and l i v e r .  

INHALATION OR INGESTION OF URANIUM-238 

I t  i s  almost c e r t a i n  t h a t  much o f  t.he uranium depos i t ed  i n  t h e  

s k e l e t o n  does no t  move qiiick1.y t o  bone volume o r  pl-asma b u t  r e s i d e s  a 

f e w  weeks, months, o r  longer  o n  o r  nea r  bone s u r f a c e s  ( s e e  t h e  

d i s c u s s i o n  i n  I C R P  P u b l i c a t i o n  3 0 ,  1 9 7 9 ) .  I n  I C R P  P u b l i c a t i o n  30 f a i r l y  

s h o r t - l i v e d  i s o t o p e s  o f  uranium a r e  assumed t o  r e s i d e  on bone s u r f a c e  a t  

all times a f t e r  d e p o s i t i o n  i n  t h e  s k e l e t o n ,  b u t  r e s i d e m e  a n  bone 
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s u r f a c e  i s  ignored f o r  l o n g - l i v e d  i so topes  such a s  U-238. For  

c o n s i d e r a t i o n  of  young age groups i.t i s  c r i t i c a l  t h a t  r e s idence  o n  bone 

s u r f a c e  be  cons idered .  I f  more than  a few days a r e  a c t u a l l y  r e q u i r e d  

f o r  uranium t o  move from bone su r face  t o  bone volume and/or plasma i n  

young c h i l d r e n ,  t hen  ve ry  l a r g e  doses  t o  bone s u r f a c e  w i l l  r e s u l t .  This  

i s  sugges ted  by our  va lues  i n  Table 1, where l a r g e  f a c t o r s  a r e  e s t ima ted  

f o r  i n h a l a t i o n  o r  i n g e s t i o n  o f  U-238 a t  e a r l y  ages .  The l a r g e r  va lues  

f o r  i n g e s t i o n  a r e  due t o  our assumpti-on of  enhanced abso rp t ion  from t h e  

smal l  i n t e s t i n e  i n  c h i l d r e n .  We have assumed t h a t  movement: from bone 

s u r f a c e s  t o  bone volume occurs  f a s t e r  i.n youilg c h i l d r e n  than  i n  a d u l t s ,  

but: we can f i n d  no reason  t o  assume a f a s t e r  removal. from bone s u r f a c e  

t o  plasma a t  younger ages. We regard  our parameter va lues  f o r  bone 

s u r f a c e  and t~lie r e s u l t i n g  estziinates o f  dose t o  bone s u r f a c e  a s  ve ry  

u n c e r t a i n ,  b u t  we b e l i e v e  t h a t  our e s  t irnates a r e  more s t r o n g l y  supported 

than  those  de r ived  us ing  t h e  I C R P  b i o k i n e t i c  model. 

E leva ted  e s t ima tes  f o r  ki~dney a t  younger ages  r e s u l t  from our  

assumption t h a t  removal. from kidney i ~ s  independent of  age .  This  

assumption may be modi.fied somewhat a f t e r  f u r t h e r  i .nvesti .gations i n t o  

t h e  phys io log ica l  l i t e r a t u r e .  

INHAIA'I'ION OF PLUTONIUM- 239 

It i s  i n t e r e s t i n g  t h a t  t h e  t h r e e  approaches yie1.d f a i r l y  s i m i l a r  

e s t i m a t e s  a t  a l l  a ees  i n  t h i s  ca se  f o r  bone s u r f a c e ,  a c t i v e  marrow, and 

l i v e r .  Despi te  t h e  l a r g e  apparent  d i f f e r e n c e s  between o u r  b i o k i n e t i c  

model and t h a t  o f  t he  I C R P ,  t h e  n e t  r e t e n t i o n  i n  3.iver and nea r  hone 

s u r f a c e s  ( i n c l u d i n g  r e s idence  i n  marrow i n  our model) i n  a d u l t s  i s  n o t  

much d i f f e r e n t  i n  t h e  t w o  models. The e f f e c t  of  smaller organ masses a t  

younger ages  i s  l a r g e l y  o f f s e t  i n  our  e s t i m a t e s  by t h e  g r e a t e r  

remodeling r a t e s  f o r  bone. A s  i n  the case  of  i n h a l a t i o n  of thorium, age 

dependence i n  50-year  dose coinmitments i s  reduced cons ide rab ly  by t h e  

f a c t  t h a t  much o f  t h e  in t ake  a t  younger ages i s  s t i l l  a v a i l a b l e  f o r  

-trc:cycI e t o  bone s u r f a c e s  a f t e r  adul thood.  
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I N G E S T I O N  O F  CESIUM-134 OR CESIUM-137 

-. 

There do n o t  appear t o  be any l a r g e  u n c e r t a i n t i e s  i n  our  e s t i m a t e s  

f o r  Cs-134 and Cs-1.37, Cesium should be f a i r l y  completely absorbed from 

t h e  s m a l l  i n t e s t i n e  a t  all a g e s ,  so t h a t  no problem i s  i-ntroduced by 

having t o  e s t i m a t e  a g e - s p e c i f i c  v a l u e s  f o r  f Our b i o k i n e t i c  model f o r  

cesium appears  t o  be well fourided, a l though more i n v e s t i g a t i o n  o f  

behavior  i n  t h e  s k e l e t o n  i s  needed. There may be some escape of t h e  

decay produet  Ra-137m from Cs-1.37,  b u t  t h i s  i s  l i m i t e d  by t h e  s h o r t  

r a d i o l o g i c a l  h a l f - l i f e  of Ba-1.37m. For t h e  qypes o f  r a d i a t i o n s  and 

e n e r g i e s  involved ou r  SEE v a l u e s  should involve only sinal.1 

u n c e r t a i n t i e s .  

1’ 

The more r a p i d  turnover  of cesium a t  younger ages may more than 

o f f s e t  t h e  e f f e c t s  o f  smaller organ masses except  f o r  i n f a n t s ,  so t h a t  

t h e  I C R P  v a l u e  f o r  a d u l t s  may be an overest i rnate  f o r  most: non-adu l t s  and 

t h e  NKPIJ, approach may y i e l d  even g r e a t e r  ove res t ima tes  f o r  all non- 

a d u l t s .  Recall. t h a t  our b i o k i - n e t i c  model f o r  cesium inc ludes  a 

r e d u c t i o n  i n  t h e  b i o l o g i c a l  h a l f - t i m e  dur ing  t h e  f i r s t  6 months of l i f e  

and an i n c r e a s e  a f t e r  age 1 y e a r ;  we b e l i e v e  t h e  i n i t i a l  r e d u c t i o n  i n  

h a l f - t i m e  i s  a r e s u l t  of  a r educ t ion  of t h e  r a t i o  of s l o w  t o  f a s t  muscle 

f i b e r  a:Et:er b i r t h .  (See t h e  r epor t  by L e g g e t t ,  1983, €o r  a d i s c u s s i o n  

o f  t h e  d i f f e r e n t  r a t e s  of  t r a n s p o r t  of cesium from f a s t  and s l o w  

muscle. ) 
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Table  1. Comparison of our a g e - s p e c i f i c  e s t i m a t e s  of 50-year dose commitment 
with a g e - s p e c i f i c  e s t i m a t e s  of NXPB for i n t a k e  o f  v a r i o u s  n u c l i d e s .  

Values  are normalized t o  the ICRP v a l u e  for Refe rence  Man. 

Case Organ - 
0 

Ar;e a t  a c u t e  i n t a k e  ( y )  
Source --. ....-.. . 

1 5 10 15 Adult  

I n h a l a t i o n  of 
Th-230 

( C l a s s  W) 

I n h a l a t i o n  of 
u-238 

( C l a s s  D) 

I n g e s t i o n  o f  
U-238 

I n h a l a t i o n  of  
Pu-239 

( C l a s s  Y) 

I n g e s t i o n  of 
Cs-134 

I n g e s t i o n  of 
Cs-137 

Bane s u r f a c e  

Act,ive marrow 

L i v e r  

Bone s u r f a c e  

Kidney 

Bone s u r f a c e  

Kidney 

Bone s u r f a c e  

A c t i v e  marrow 

L i v e r  

Kidney 

L i v e r  

Ovary 

Kidney 

L i v e r  

Ovary 

2.0 

2.3 

15. 

53. 

11. 

160. 

34. 

0.83 

0.83 

1.2 

2.4 

2.5 

3.0 

2.9 

2.9 

3.7. 

1.6 
2 1  
1.7 
2.1 

5 . 0  
11. 

10. 
2.7 
3.6 

a 

20. 
2.6 
7.2 
a 

0.77 
1.4 
0.75 
1.4 
1.1 
1.4 

0.81 
a 

0.83 
4.2 
1.0 
4.1 

0.87 
a 
0.89 
5.1 
0.98 
5.1 

1.4 

1.1 

6.4 

2.7 

1.8 

3.7 

2.5 

0.74 

0.57 

0.92 

0.66 

0.68 

0.82 

0.68 

0.69 

0.77 

1.3 
1.1 
0.77 
1.2 
4.0 
1.7 

2.1 
1.2 
1.2 
a 

3.5 
1.2 
2.0 

a 

0 . 7 7  
1.0 
0.50 
1.0 
0.82 
1.1 

0.74 
a 

0.76 
1.8 
0.93 
1.8 

0.76 
a 
0.77 
2.0 
0.87 
1.9 

1.2 

0.59 

2.7 

2.1 

0.88 

3.7 

1.6 

0.80 

0.50 

0.79 

1.0 

1.0 

1.2 

1.0 

1.1 

1.2 

1.4 
1.0 
0.62 
0.98 
2.5 
1.0 

0.88 
0.99 
0.6s 

a 

0.88  
1.0 
0.65 

a 

0.83 
1.0 
0.50 
1.0 
0.83 
0.96 

1.0 
a 

1.0 
1.0 
0.99 
0.94 

1.0 
a 

1.1 
1.0 
1.0 
1.0 

ORNL 

ORNL 
NKPB 
ORNL 
NRPB 

ORNL 
NRPB 
ORNL 
NRPB 

ORNL 
NHPB 
ORNL 
NRPB 

om5 
NKPB 
OKNL 

ORNL 
NRPB 

OKNL 
NRPB 
ORNL 
NRPB 
ORNL 
NRPB 

ORNL 
NRPB 
ORNL 
NRPB 
0P.NL 
NRPB 

m P a  

mPa 

aNRPB d i d  n o t  i n c l u d e  k idney  as a t a r g e t  o rean  i n  t h e i r  r epor t  NRPE-R162 (1985) 



A CLOSER LOOK AI' AGE-SPECIFIC ES'I'TMATES OF DOSE TO 

BONE SURFACES FOLLOWING TN!-lhIATION Oh' THORIUM- 230 

I n  t-he previous s e c t i o n  we looked a t  dose commitment f a c t o r s  based 

on a unit inta.ke a t  c e r i a i n  ages .  I n  t h i s  s e c t i o n  we cons ide r  t h e  case 

of  i n h a l a t i o n  of  Th-230 il-t more d e t a i l .  I n  p a r t i c u l . a r ,  we examine how 

dose ( e q u i v a l e n t )  rates as w e l l  as dose commitments va ry  wi th  age a t  

int ; ike,  how va lues  a r e  affecirrd by f o l d i n g  i n  a g e - s p e c i f i c  i n t a k e  r a t e s ,  

and how e s t i m a t e s  va ry  wi.tl-1 va r i a t i -on  i n  L h e  i c o s t  u n c e r t a i n  parameter 

v a l u e ,  t h e  removal r a t e  from bone s u r f a c e .  

The i nha led  act: ivity i s  assumed t o  be c l a s s  IJ matci ' ial  wiLh an 

a c t i v i t y  medi-an aerodynaiiiic diameter o f  1.0 microns,  i n  t he  language of 

P u b l i c a t i o n  30 o f  the I C R P .  It i s  assumed t h a t  each a d u l t  i n h a l e s  one 

rni.crocurie o f  Th-230 over a s h o r t  pe r iod  and t h a t  each p r e - a d u l t  o f  age 

A i n h a l e s  f ( A )  mi-crocuries,  where f ( A )  i s  the  t y p i c a l  d a i l y  a i r  i n t a k e  

a t  age A d iv ided  by  he t y p i c a l  d a i l y  air i n t a k e  of an a d u l t .  

The amounfs o f  thor-lum inha led  a t  ages 0 ,  1 5 ,  1 0 ,  1.5, and 20 y 

a r e  assumed t o  be O . W ,  0 . 1 5 ,  0 . 4 5 ,  0 . 7 0 ,  0 . 8 5 ,  and 1 . 0  u n i t s  of 

a c t i v i t y .  These a re  based on d a t a  froict v a r i o u s  r e f s r e n c e s  ( e . g .  ~ s e e  

ICKP 1 9 7 5 ;  Hofmann, S t e i n h a u s l e r ,  arid Pohl 1 9 7 9 )  and inc lude  

consideratioin o f  r e l a t i v e  aniounts o f  r e s t i n g ,  light:; and heavy 

a c t i v i t i e s  a t  d i f f e r e n t  a g e s .  'Thorium in.t:akes f o r  i n t e rmed ia t e  ages a r e  

assi.grred by l i n e a r  interpol.atiori  o f  va lues  f o r  nearest: bounding ages 

from t h i s  l i s t ;  all a d u l t s  a r e  assumed t o  i n h a l e  1 . 0  mi.crocurie. 

Dose r a t e s  tr bone s u r f a  ~ based on t h e  models  desc r ibed  e a r l i e r ,  

a r e  indieaired i n  F i g .  1 f o r  tiiiree ages at: exposure: 1 y, 10 y ,  arid 

20 y .  The curves i n  F i g ,  1 include only high-LET r a d i a t i o n ;  t h e  

c o n t r i b u t i o n  from low-J .ET radiaizion i s  n o e l i g i b l e .  Si.nce the  d e p o s i t i o n  

f r a c t i o n  on bone s u r f a c e s  i.s assumed Lo depend only weakly on a g e ,  

di.EEerences i n  dose r a t e s  as a f u n c t i o n  o f  age at: i n t a k e  r e s u l t  

primari.1.y from d i f f e r e n c e s  i n  the amount o f  a c t i v i t y  i n h a l e d ,  i n  the 

iiiiiss o f  i r r a d i a t e d  t i s s u e ,  and i n  t h e  bone turnover  r a t e .  Persons of  

age 10 y a t  Exposure a r e  esirimated t o  c spe r i ence  the  g r e a t e s t  dose ralxs 

t u  bone s u r f a c e s  a t  e a r l y  t imes ,  Dose r a t e s  t o  t h e  bone s u r f a c e s  o f  

chi . ldren a r e  e s t ima ted  t o  be sma l l e r  than those f o r  a d u l t s  a t  ti-mes 

longer than a few yea r s  a f t e r  exposure. This  i s  due to  t h e  f a s t e r  
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removal of thorium from bone s u r f a c e s  i n  the  immature s k e l e t o n .  

Much of t he  u n c e r t a i n t y  i n  our e s t i m a t e s  o f  r e l a t i v e  va lues  of dose 

r a t e s  and committed dose to bone s u r f a c e s  f o r  d i f f e r e n t  ages a t  

i n h a l a t i o n  of Th-230 appears  t o  stem from t h e  p a u c i t y  of in format ion  on 

the  a g e - s p e c i f i c  r a t e  of removal. of thorium from bone s u r f a c e s .  We 

s h a l l  examine how r e l a t i v e  e s t i m a t e s  a r e  a f f e c t e d  as removal r a t e s  from 

bone s u r f a c e s  i n  a d u l t s  a r e  l e f t  f i x e d  and those  i n  c h i l d r e n  a r e  v a r i e d  

w i t h i n  reasonable  bounds. 

As d i sdussed  i n  e a r l i e r  s e c t i o n s ,  i t :  i s  we l l  known t h a t  bone 

turnover  occurs  a t  a much highn,r r a t e  i n  c h i l d r e n  than  i n  a d u l t s ,  

a l though the  r a t e s  have never been q u a n t i f i e d  wi th  much c e r t a i n t y .  A t  

one extreme we wil.1 assume t h a t ,  through age 15 y e a r s ,  t he  removal of  

Th-230 from bone s u r f a c e s  occurs  a t  a r a t e  t e n  t imes our p r e f e r r e d  

va lues  given i n  t h e  t a b l e  of parameter  va lues  f o r  the b i o k i n e t i c  model 

f o r  thorium; a l l  o t h e r  parameter va lues  i n  that t a b l e  are assumed t o  be 

c o r r e c t .  This  w i l l  be r e f e r r e d  t o  as the  RRS assumpti.on (Rapid Removal 

from S u r f a c e s ) .  A t  age one y e a r ,  f o r  example,  t he  KRS assumption 

impl i e s  a removal r a t e  from c o r t i c a l  bone s u r f a c e s  t h a t  i s  700 t imes the  

a d u l t  r a t e ,  and a t  age t e n  yea r s  the  removal rate would be 2 2 0  t imes the  

a d u l t  r a t e .  A t  t h e  o t h e r  extreme we w i l l  assume t h a t  the removal r a t e  

f o r  Th-230 from bone s u r f a c e s  i n  noriadults i s  only t w o  times the  r a t e  i n  

a d u l t s ,  and a l l  o t h e r  removal r a t e s  assumed i n  o u r  model f o r  thorium 

w i l l  be  l e f t  u n a l t e r e d .  This  w i l l  he r e f e r r e d  t o  as t h e  SRS assumption 

(Slow Removal from S u r f a c e s ) .  The parameter va lues  f o r  removal from 

bone s u r f a c e s  as given i n  the  s e c t i o n  on b i o k i n e t i c s  of thuri .um w i l l  be 

r e f e r r e d  t o  as the BRS assumption (Base l ine  Removal from S u r f a c e s ) .  For 

age one yea r  t he  removal rate from c o r t i c a l  bone i s  vari .ed by a f a c t o r  

of 350 between t h e  RRS and SRS assumptions; f o r  age t e n  y e a r s  i t  i s  

v a r i e d  by a f a c t o r  of 110. 

Es t imates  of dose r a t e s  corresponding t o  the  KKS and SRS 

assumptions a r e  i n d i c a t e d  i n  F igs .  2 and 3 ,  r e s p e c t i v e l y ,  f o r  l - y e a r -  

o l d s ,  1 0 - y e a r - o l d s ,  and a d u l t s  a t  exposure.  The r e l a t i v e  patterns a r e  

s i m i l a r  i n  t h e  f i r s t  few weeks a f t e r  exposure i n  the  t w o  extreme c a s e s ,  

b u t  dose r a t e s  f a l l  more r a p i d l y  aft :er that: time under the  RKS than  the  

SRS assumption. 



Comparative a g e - s p e c i f i c  l i f e t i h e  dose commitments t o  bone s u r f a c e s  

under the different assumptions a r e  l i s t e d  in Table 1 .  Note t h a t  tiit: 

int:c?grated dose commitments va ry  somewhat l e s s  froin one assumption t o  

the o t h e r  then do t h e  assumed bone turnover  r a t e s .  A1.so note  t h a t  i n  

each case  dose corniiii.tinent i.s an i n c r e a s i n g  f u n c t i o n  o f  age up t o  

adul.thood. Thi s is  a r e s u l t  o f  t h e  i n c r e a s i n g  inha la t - lon  r a t e  from 

b i r t h  t o  adul thood.  Reca l l  t h a t  t hese  calculatxions a r e  based on the 

assumption t h a t  t he  f r a c t i o n  o f  i nha led  ri iaterial  depos i t ed  i n  v a r i o u s  

r eg ions  o f  the lung and t h e  c l ea rance  time t o  bLood a r e  both independent 

of age.  Present indicatLons a r e  t.’nat t h i s  assumption does n o t  l e a d  t o  a 

seri-ous error i n  m o s t  cases ,  b u t  bett:et- informat:ion c e r t a i n l y  i s  needed. 
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Fig. 1. Estimated dose rates to bone suffaces  rafter acute inhalation of 

Th-230 at age 1, 10, O X  20 y (BRS assumption). 
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Fig. 2 .  Estimated dose r a t e s  to bone surfaces a f t e r  & c u t e  inhalation of 

Th-23Q a t  age 1, 10, or 20 y, assuming very rapid removal from bone sax- 

f a c e s  i n  c h i l d r e n  (WRS assumption). 
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Fig. 3. Estimated dose r a t e s  t o  bone susfa~as a f t s s  scute  inlaalatiaxl of 

Th-230 a t  age 1 ,  10 ,  or 20 y, assuming very slow removal from bone sur- 

f a c e s  in children (SRS assumptioa).  
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Table 1. Agp-specific es t imates  o f  I.ifetime* dose commitiiient t o  bone surfacer, 
following acute  inha la t ion  o f  Th-230, under d i f f e r e n t  assumptions concernj iig 
res idence on bone su r faces .  Values a r e  r e l a t i v e  t o  the value f o r  an a d u l t .  
Differences with age i n  amounts inhaled have been inc luded .  

Assumption 

Age Baseline removal Rapid removal Slow removal 
(yea r s )  f rom sur faces  from sur faces  f r o m  surfdces  

at: a l l  ages i n  ch i ldren  i n  ch i ldren  
(BKS) ( R R S )  ( SRS)  

0 0.05 
1 0.2 
5 0 . 4  

10 0 . 7  

1 5  0 . 8  

A d d  t 1 . 0  

0 . 0 1  

0 . 0 3  

0 . 0 9  

0.2 

0.5 
1 . o  

0.08 
0 . 3  

0 . 7  

0 . 9  

1.0 
1.0 

........ ............. ......... ........ __ .__.___ 

;?Relative values  a r e  s imi l a r  f o r  i n t eg ra t ion  over any per iod o f  
a t  l e a s t  50 yea r s .  
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A CLOSEK LOOK A T  AGX-SPECIFIC ESTINATES O F  DOSE TO BONE SURFACES 

FOLLOWING ACUTE INHALATION OR INGESTION OF URANIUM- 238 

In  R previous sec t ion  we considered age dependence? i n  d o s e  

commit:ment: f a c . t o r s  based on acute  inges t ion  o r  i nha la t ion  o f  a uni-t 

a c t i v i t y  of U - 2 3 8 .  In t h i s  sec.t;ion w e  examine how dose (equivalent)  

r a t e s  a s  wel l  a5 dose commitments vary wits11 age at i n t ake ,  how values  

a r e  aEEc.ct:ed by  fo ld ing  i n  age-speci-f ic  in take  r a t e s ,  and how est imates  

vary i f  impose di.-EEcrent assumptions concerriing residence o r  uraniua 

on  bone su r faces .  

ACUTE IPJI-IALATION OF' TJ-238 

Suppose that persons o f  a l l  ase groups a r e  exposed br i .e f ly  t o  

sol.uble IJ-238 i n  a i r ,  with the  inhaled mater ia l  being i n  the  form o f  

c l a s s  D ma te r i a l  with an ac t i -v i ty  rrwdinrl aerodynamic diameter o f  1 . O  

microns. Assume t h a t  adu l t s  inha le  one microcurie of  U-238  over a sho r t  

per iod and t h a t  nonatlul.t:s of age A inha le  f ( A )  microcuries ,  where f(A) 

i s  the  t y p i c a l  d a i l y  a i r  in take  a t  age A divided by the  t y p i c a l  da i ly  

a i r  i n t ake  o f  an adu1.t:. A s  i n  the example f o r  Th-230, the  r e l a t i v e  

intakes of  U - 2 3 8  a t  ages 0 ,  1, 5 ,  1 0 ,  1 5 ,  and 20 y a r e  assumed t o  be 

0 . 0 4 ,  0 . 1 5 ,  0 . 4 5 ,  0 .70 ,  0 . 8 5 ,  and 1.0 u n i t s  o f  a c t i v i t y .  Intakes f o r  

intermediate  ages a r e  assigned hy l i n e a r  i n t e r p o l a t i o n  o f  .valiies f o r  

nea res t  liounding ages i n  the  l i s t ;  a l l  adu l t s  are assumed t o  inha le  1 . 0  

microcurie .  

Dose r a t e s  t o  bone su r face ,  based on the  age - spec i f i c  b iok ine t i c  

model f o r  uranium and SEE value5 descr ibed e a r l i e r ,  a r e  ind ica ted  i n  

F t g .  1 f o r  t h ree  ages at exposure: 1 y ,  L O  y ,  and 20 y .  Note t h a t  

persons o f  age 1 y a t  exposure a r E  estimated t o  experience higher  dose 

ra tes  than the  o the r  age groups at :  Early t imes,  desp i t e  the  much smaller  

amount of  uranium inha led .  This i s  a result of the  l a r g e r  f r a c t i o n  of 

systemic uranium assumed t o  go t o  ske le ton  su r faces ,  combined with the  

much smaller mass o f  i r r a d i a t e d  t i s s u e  a t  younger ages .  Dose r a t e s  t o  

the bone sur face  of chi.l.drei1 a r e  es t imated t o  be smaller  than t:hose f o r  

a d u l t s  at: times longer than n few hundred days a f t e r  exposure. This 

r e s u l t s  from the  f a s t e r  removal of uranium assumed f o r  the surEaces and 

volume of the bones of ch i ld ren .  
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bJe n e x t  examine how e s t i h a t e s  of dose r a t e  t o  bone s u r f a c e  woii1.d be 

a f f e c t e d  by u s i n g  t h e  assuii lption, a s  i n  iCKP 30,  t h a t  l o n g - l i v e d  uranium 

i s  uni.formly d i s t r i b u t e d  i n  hone m i n e r a l  a t  a l l  t imes a f t e r  i t s  

d e p o s i t i o n  i n  t h e  s k e l e t o n .  This  w i l l  be  c a l l e d  t h e  RUD assumption 

(Rapid Uniform D i s t r i b u t i o n ) ;  our  p r e v i o u s ,  p r e f e r r e d  assumption w i l l  be 

r e f e r r e d  t o  as t h e  TRS assumption (Temporary Residence on S u r f a c e s ) .  

The RUD assumption was implemented i n  our  modeling scheme by i n c r e a s i n g  

t h e  removal r a t e s  from bone s u r f a c e s  t o  b lood  and from bone s u r f a c e s  t o  

bone volume by a f a c t o r  of  1.00 and keeping a l l  o t h e r  parameter  v a l u e s  a s  

b e f o r e .  

Estimates o f  dose r a t e s  t o  bone s u r f a c e  g e n e r a t e d  u s i n g  t h e  RUD 

assumption a r e  i n d i c a t e d  i.n F i g .  2 f o r  1 - y e a r - o l d s ,  1 0 - y e a r - o l d s ,  and 

adultis  a t  e x p o s u r e .  Note t h a t  dose r a t e s  t o  bone s u r f a c e  a r e  much lower 

i n  t h e  f i r s t  f e w  months a f t e r  exposure t h a n  was t h e  c a s e  wFth t h e  TKS 

assumption ( s e e  F i g .  l), and t h a t  t h e  dose r a t e s  f o r  a p e r s o n  of age 1 

y e a r  a t  exposure d e c r e a s e  below t h e  l e v e l  f o r  a d u l t  much more q u i c k l y  

f o r  t h e  KUD assumpti.on. 

Comparative a g e - s p e c i f i c  l i f e t i m e  dose coinmitments t o  bone s u r f a c e  

under t h e  a l t e r n a t e  assumptions a r e  l i s t e d  i n  Table  1. Dose r a t e s  were 

i n t e g r a t e d  over  1.1.0 y e a r s  t o  cover  t h e  naximuin l i f e t h e  i n  nssentia1.l.y 

any p o p u l a c i o n ;  because a lmost  all a c t i v i t y  h a s  been removed from t h e  

body by 50 y e a r s ,  approximate ly  t h e  same r e l a t i v e  v a l u e s  would be 

o b t a i n e d  by i n t e g r a t i n g  over  any p e r i o d  of  50 y e a r s  o r  g r e a t e r .  F o r  

exposed newborns and c h i l d r e n ,  t h e  e s t i m a t e d  l i f e t i m e  dose commitments 

were 1 . 3 - 2 . 3  t imes  h i g h e r  than  f o r  adul . ts  under t h e  TRS assumpt ion ,  

d e s p i t e  t h e  s m a l l e r  amounts i n h a l e d .  On t h e  o t h e r  hand ,  under  t h e  RUD 

assumpt ion ,  l i f e t i m e  dose commitments t o  persons  l e s s  t h a n  age 3.0 y at 

exposure were considerab1.y s m a l l e r  t h a n  f o r  a d u l t s .  

I n  t h e  remainder  of t h i s  s e c t i o n  we r e s t r i c t  a t t e n t i o n  t o  e s t i n i a t e s  

based  on t h e  T K S  assumption.  

INGESTION OF U-2.38 

Assume t h a t  each a d u l t  i n g c s t s  one m i c r o c u r i e  o f  U - 2 3 8  i n  d r i n k i n g  

w a t e r  over  a shorL p e r i o d  and t h a t  each nonadul t  o f  age A i n g e s t s  f(A) 

m i c r o c u r i e s ,  where f (A)  i s  t h e  d a i l y  i n t a k e  o f  w a t e r  iit age A d i v i d e d  by 

t lw  t y p i c a l  i n t a k e  by an a d u l r .  W e  assume r e l a t i v e  i n t a k e s  a t  ages  0 ,  
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1, 5 ,  1 0 ,  15, and 20 y of  0 . 4 5 ,  0 . 6 ,  0 . 7 ,  0 . 7 ,  0 . 7 ,  and 1..0 u n i t s  of  

a c t i v i - t y .  This  i s  based on "maximally exposed" ind iv idua l -s ,  t h a t  i s  , 
persons i n  each age group wi th  h igh  in takes  of wa te r .  For cons ide ra t ion  

of average i n t a k e s  a t  each age ,  va lues  o f  f(A) f o r  young ages A probably 

should be  reduced. Absorption f r a c t i o n s  from the  small. i n t e s t i - n e  t o  

blood f o r  these  s i x  ages a r e  assumed t o  be 0 . 1 6 ,  0 .10 ,  0 . 0 7 ,  0.08, 0 . 0 9 ,  

and 0.05 ( s e e  Cr i s ty  e t  al. 1.986). Note t h a t  t h e r e  i s  no t  much 

v a r i a t i o n  wi th  age i n  the  product of t he  in t ake  and the  absorp t ion  

f r a c t i o n ,  t h a t  i s ,  i n  the  amount of i nges t ed  uranium assumed t o  reach 

the  bloodstream. 

The temporal p a t t e r n  f o r  dose r a t e  t o  bone s u r f a c e  f o r  a given 

i n t a k e  age ,  I, 1.0, o r  20 y e a r s ,  i s  no t  too  d i f f e r e n t  from t h a t  shown f o r  

t h e  i n h a l a t i o n  case  i n  F ig .  1. However, t h e  r e l a t i v e  magnitudes o f  dose 

rates and i n t e g r a t e d  doses f o r  d i f f e r e n t  ages a t  i n t a k e  i s  much 

d i f f e r e n t  i n  t h e  case of  i n g e s t i o n  of  U-238 i n  dr inking  wa te r ,  as i s  

i n d i c a t e d  i n  Table 2 .  This  d i f f e r e n c e  stems from the  f a c t  t h a t  i n  the  

case  of  i n g e s t i o n  of U-238 i n  d r ink ing  wa te r ,  the  amount of 

environmental  contaminat ion reaching the  blood i s  n o t  assumed t o  vary  

s u b s t a n t i a l l y  wi th  age t o  o f f s e t  t he  s u b s t a n t i a l  age dependence i n  

e s t ima ted  dose t o  bone su r face  pe r  u n i t  i n t a k e .  
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U-238 a t  age 1, 10, QT 20 y, assuming temporary xcsidenee QXI b5ne SUK- 

f a c e s  (TBS assumptian). 

Estimated dose rates to bone surfaces a f t e r  a c u t e  inhalation o f  



Fig. 2 .  Estimated dose rates to bone sarfaces 5 f t e x  acute inhalation of 

U-238 at age 1, 10, or 20 y, assuming rapid  uniform distribution in bone 

( R U D  assumption). 



Table 1. Age-specific estimates of lifetime;? dose coniini+.inent to bone surfaces 
following acute inhalation of- U-238, under alternate assuinptioiis concernicg 
residence OR bone surfaces. Values are relative to the value for an adult. 
Differences with age in amounts inhaled have been included. 

Age Baseline case: 
(years) temporary residence 

on surfaces 
{ TRS ) 

ICRP 30 assumption: 
rapid unlform 

distribution in bone 
(RUD) 

Assumption 

0 
1 
5 

10 
15 

Adu? t 

2 . 3  

1 . 6  

1 . 3  

1 . 6  

2 . 1  

1.0 

0 . 1  

0 . 2  

0 . 3  

0 . 6  

1.6 
1 . 0  

kxelative values are similar f o r  integration over any period of  
at least 50 years. 
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Table 2. Age-specific estimates of lifetime>t dose commitment 
to bone surface following acute ingestion of  U-238 using our 
biokinetic model. Values are relative to the value f o r  an adult. 
Rifferdnces with age in amounts ingested have been included. 

Age (years) Relative dose commitment 

0 

1 
5- 

10 
15 

Adult 

79 
13 
2.8 
2.6 
3.1 
1.0 

*Relative values are sirnil-ar for integratf:on over 'any period o f  
at least 50 years. 
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PART 4 .  THE NEXT STE:P: CALCULATION OF F,ADTOGENIC RISK 
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FACTORS CONSIDERED I N  CALCULATIONS O F  KPSK 

We have developed the  computer code RISKAP (Lcgget t  1986) t o  

e s t ima te  r i s k  t o  a heterogeneous popul.ation exposed t o  a contaminant f o r  

which organ dose ( o r  accumulation) pe r  u n i t  exposlire and a dose-response 

(o r  accumulation-response) model a r e  avai1abl.e. Risk i ~ s  measured i n  

terms of  expected incidence o r  number of premature dea ths  r e s u l t i n g  from 

the  exposure,  t he  number o f  years  of  l i f e  l o s t ,  i.E any,  as  a r e s u l t  o f  

t hese  deatzhs, and the  average number of years  o f  l i f e  l o s t  p e r  premature 

dea th .  I n   he s p e c i a l  case t h a t  t he  popida t ion  c o n s i s t s  of a s i n g l e  

b i r t l i  cohort:, t h e  dncrease i n  l i f e  expectancy of the  cohor t  i s  a l s o  

computed. i n  t h e  fol lowing it w i l l  be  assumed t h a t  t h e  exposure i s  t o  a 

radi-oact ive contaminant and r i s k  is  iiieasured i n  t e r m s  o f  premature 

dea th .  

'The user de f ines  a popula t ion  by spec i fy ing  i t s  s i z e  and age 

d i s t r i b u t i o n  a t  refererice t i m e  0 ,  i t s  subsequent a g e - s p e c i f i c  mor t a l i t y  

r a t e s  assumtng no radi-ogenic d e a t h s ,  and i t s  subsequent b i . r th  r a t e s .  

Age-specifi .c dose r a t e s  generated by NEWAGE ( o r  by any o t h e r  rnznns) f o r  

acu te  i n t a k e s  are read  by a "hook-up" subrout ine  t h a t  conver t s  t hese  

r a t e s  t o  an average dose r a t e  f o r  each yea r  of age ,  based on an  in t ake  

func t ion  s p e c i f i e d  by the  u s e r .  For example, the u s e r  may wish to 

cons ider  an i n t ake  whFch i s  chronCc and which v a r i e s  wi th  age and t ime.  

RISKAP uses  a h i - s tory  of t hese  average yea r ly  dose r a t e s  t o  compute an 

aimual ,  a g e - s p e c i f i c  r i s k  of premature cancer  dea th ,  based on a dose- 

response func t ion  s e l e c t e d  by the  u s e r .  Ca lcu la t ions  o f  premature 

r a d i a t i o n  d e a t h s ,  dea ths  from a l l  causes ,  and t h e  new age d i s t r i b u t i o n  

o f  t h e  popula t ion  a r e  performed f o r  one-year i n t g r v a l s .  The popula t ion  

i s  t racked  over any s p e c i f i e d  pe r iod .  

For  many a p p l i c a t i o n s  it i s  reasonab1.e t o  assume t h a t  competing 

r i s k s  (as de f ined  by rnortal.ity rai.es f o r  a1.l caus t ?~  o f  death  not  r e l a t e d  

t o  t h e  r a d i a t i o n  exposure - - c a l l e d  "non- radiogenic"  i n  the  fol-lowing) do 

n o t  change a g r e a t  deal. dur ing  the  pe r iod  of rad iogenic  r i s k .  Depending 

on the  dose-response hypothes is ,  however, observed 01 a n t i c i p a t e d  

changes i n  non-radiogenic  r i s k s  duri.ng the  pe r iod  o f  i n t e r e s t  may have 

s i g n i f i c a n t  impact on t h e  e s t ima te  o f  t he  number o f  incremental  

( r ad iogen ic )  dea ths .  I n  p a r t i c u l a r ,  i f  the  assumption i s  made t h a t  t he  
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r i s k  of i ncu r r ing  a c e r t a i n  radiogenic  lieal.t:h e f f ec t  i s  r e l a t e d  to the  

n a t u r a l  inci.dence of  t h a t  h e a l t h  e f f e c t ,  then changes with t i m e  i n  the 

incidence of t he  h e a l t h  e f f e c t  cou1.d be la rge  enough over a few years t o  

a l t e r  es t imates  of  premature dear:hs subsl;a.rit:ially. A case i n  po in t  is 

lung cancer ,  whose incidence hzs  changed dramat ica l ly  i n  some 

populat ions during the l as t  f e w  dec.ades. To handle such s i t u a t i o n s ,  the  

code has  been designed t o  allow the use of  t:ime-dependexit m o r t a l i t y  

r a t e s .  The b i r t h  r a t e  i s  a l s o  allcwed t o  vary with t ime. 

The dose-response func t ion  o r  " r i s k  f imct ion" f o r  a r a d i a t i o n  

exposure i s  usua l ly  expressed i n  terms o f  ;-i l a tency  per iod  i n  which no 

radiogenic  cancers  a r e  expected t o  occur ,  followed by a s o - c a l l e d  

"p la teau"  o r  "expression" peri.ud Ln which trhe r i s k  of radiogenic  cancer 

p e r s i s t s .  d i s t r i .bu ted  

ac ross  t h e  p l a t eau  per iod  ( a s  the nams su.ggests) ,  b u t  RISKAP has been 

dcs igned t o  accommodate la tency  and plateau per iods  that vary  wi.th age 

a t  exposure and r i s k  Functi.ow?.s that. vary with  age at exposure as w e 1 1  as  

time a f t e r  exposure.  

I t  i s  usua l ly  assumed that the r i s k  i s  uniformly 

The genera l  forms of dose-respsnse func t ions  commnly used are a 

pure ly  l i n e a r  func t ion ,  a purely qcladratic func t ion ,  or a sun o f  '1.i.near 

and quadra t i c  t e r m s ;  these a r e  sometimes m u l t i p l i e d  by an exponent ia l  

f a c t o r  t h a t  accounts f o r  reduced x:Esk a t  very h igh  doses due t o  a c e l l -  

k i l l i n g  e f fec t .  The ver s ion  o f  R1S:KAP l i s t e d  i n  t he  r e p o r t  by Leggert: 

(1986) allows the  use o f  a Ii.near, quadra t i c ,  or l i n e a r - q u a d r a t i c  dose- 

response func t ion .  The use r  simply supp l i e s  t he  c o e f f i c i e n t s  to the 

l i n e a r  and quadra t ic  terms. The code i.s s t r u c t u r e d ,  however, s o  t h a t  

t he  user may inc lude  an exponent ia l  f ax to r  o r  s u b s t i t u t e  any pre fe r r ed  

dose-response func t ion  by e d i t i n g  a few l i n e s  t h a t  de f ine  the  func t ion .  
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POTENTIAL VARIATION WITH AGE AT INTAKE 

I N  RADIOGENIC R I S K :  SOME EXMPLES 

The concepts  of  dose commitment and committed e f f e c t i v e  dose 

eqiri.valent are f r equen t ly  used as su r roga te s  f o r  rad iogenic  r i s k .  

However, it is  o f t e n  quest ioned whether long-term i n t e g r a t e d  dose 

s u i t a b l y  r e f l e c t s  t he  poten t ia l .  express ion  of r i s k ,  even i n  the  contex t  

of  the r e fe rence  a d u l t .  The s u i t a b i l - i t y  o f  tliese concepts  seems 

p a r t i c u l a r l y  ques t ionable  when we consi-der changes i n  s u s c e p t i b i . l i t y  t o  

va r ious  types o f  radiogenic: r i s k  a t  d i f f e r e n t  st:ages o f  l i f e .  For 

example, depending somewhat on the type of dose -response hypothes is  

appl- ied,  t h e  use o f  long-term i-ri tegrated dose as a su r roga te  f o r  r i s k  

sometimes appears  t o  mask p o t e n t i a l l y  m u l t i p l i c a t i v e  e f f e c t s  of e l eva ted  

response and e l e v a t e d  dose r a t e s  during some s t ages  of l i f e .  

In  t h i s  s e c t i o n  w e  apply our computation approach t o  r i s k  anal-ysls 

( s e e  tzhe d i scuss i~on  of the  RISKAP computer code i n  the  preceding 

s e c t i o n )  t o  var ious  exposure scena r ios  to es t ima te  v a r i a t i o n  o f  c e r t a i n  

rad iogenic  r i s k s  as a func t ion  of age a t  acute in t ake  o r  beginning o f  

chronic  i n t a k e .  We a l s o  d i scuss  one epidemiological  s tudy o f  persons 

i n t e r n a l l y  exposed t o  a r ad ionuc l ide ;  i n  t h i s  case some f a i r l y  

de f in i - t i ve  s ta tements  concerning age dependence o f  rad iogenic  r i s k  can 

he made, independent ly  of  t h e o r e t i c a l  dosimetry and dose-response 

model s . 
I n  each of our  hypo the t i ca l  ca ses  w e  assume t h a t  m o r t a l i t y  r a t e s  

fo r  a l l  causes  (competing r i s k s )  a r e  s imilar  t o  those of the e n t i r e  

U .  S .  popula t ion  i n  the  ear1.y 1 9 8 0 ’ s .  Di f fe rences  wit:%) sex are ignored.  

The m o r t a l i t y  r a t e s  and r i s k  f a c t o r s  used r ep resen t  averages of va lues  

t h a t  have been es t imated  f o r  males and females .  

We r e t u r n  t o  the scena r io  d iscussed  i n  an k a r l j - e r  s e c t i o n  i.n which 

persons of all. ages a r e  exposed b r i e f l y  t o  the  same concentrati .on of  

Th- 230 i n  a i r .  A l l  assumpci.ons used e a r l i e r  concerning s o l u b i l ~ i t y  

c l a s s ,  . W D ,  and inhalation r a t e  a t  d i f f e r e n t  a<g,es are assumed to ho ld .  

W e  examine che r i s k  o f  dying prematurely from a radiogenic  bone sarcoma 

and t h e  expected number o f  years  o f  l i f e  l o s t  as a func t ion  o f  age a t  
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acute intake. Since we are interested only in comparative values, we 

will express our estimates only as a multiple of the value for a young 

adult, which will mean a person in his/her early 20's. 

We assume that. response is linear with dose and has no threshold 

level. For adults we use the following risk-rate coefficient for high 

LET radiation: 

I x sarcoma/person-year-rad 

This i s  based on observations of parsons receiving protractcd injections 

of Ra-224 and app l i e s  over n period of 27 years following a latency 

period of 4 years (REIR 1980). FOI persons less than 20 years of age we 

assume that incidence per unit dose i s  1.3 times higher than in adults 

(cf. Mays, Spiess, and Gerspach 1978); latency periods and periods of  

expression of risk (or "plateau" periods) are assumed to be independent 

of  age. 

This dose-response function, the age-specific dose rates for a unit 

inhalation of Th-230, and the age-specific inhalation rates described 

earlier were used to estimate, for different ages at intake, the risk of 

premature death from bone sarcoma and the expected number of years of 

life lost. We estimate that a person of age 1 year at intake may be 

about 0 . 3  times as likely as a yot.ng adult to experience a bone sarcoma 

and has a reduced life expectancy zbout  half that of a young adult. A 

person of age 10 years at intake may be about 0 . 6  times as likely as a 

young adult to experience a radiogenic bone sarcoma and has about the 

same reduced life expectancy as a young adult. Of course, the 

uncertainty in these comparative vclues is large, even for fairly high 

levels of intake, primarily because of uncertainties involved in the 

dose-response function. Still, we believe they represent best available 

estimates at t h i s  time. 

EXAMPLE 2 .  

We assume that persons of  all ages are exposed briefly to soluble 

U-238 in drinking water. The assumptions used earlier concerning the 

amount of  water consumed at different ages are assumed to hold. We 

again consider the comparative risk a t  different ages at intake of dying 

prematurely from a radiogenic bone sarcoma, using the same dose-function 
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as i n  Example 1. 

This  dose-respo1is.e func i i t on ,  t he  a g e - s p e c i f i c  dose rates f o r  a u n i t  

i n g e s t i o n  o f  so lub le  U - 2 3 8 ,  and i h e  age-speci.Eic in t akes  of dr inking  

water desc r ibed  ea r l i e r  wer?  us-d t o  e s t i m a t e ,  f o r  di-fEersnt  ages a t  

i n t a k e ,  t h e  ri .sk of prematizre deaTh from bone sarcoma and the expected 

number of yea r s  of  l i f e  l o s t .  We e s t ima te  that  a person i n  the  f i r s t  

year  o f  I j . f e  at. i n t ake  nay be 20-100 tilies as l i k e l y  as a young a d u l t  t o  

experience a bone sarcoma and  m a y  have n reduced l i f e  expectancy about 

30-200 t imes th.’it o f  a young adu1.i:. A person O F  age 10 years  a t  in t ake  

may be about  4 times as l i k e l y  as a young a d u l t  to experience a 

rad iogenlc  bone sarcon?a and Tilay have a reduced l i f e  expectancy about 5 

t imes h ighe r  than  a youns a d u l t .  NoiIe t h a t  i n  this ease  not: only the  

dose-response funct:i.on bu t  a l s o  the  dose rates underlying these  

est i rnatxs  involve l.arge u n c e r t a i n t i e s .  

For cons ide ra t ion  of  environmental  exposures we are o f t e n  

i n t e r e s t e d  i n  chronic  r a t h e r  than  acute  i n t a k e s .  We assume t h a t  t he  

i n t a k e s  of  U-238 i.n d r ink ing  water a r e  chronic  and t h a t  the  

concen t r a t ion  remains const-ant over the  l i f e t i m e  o f  the popula t ion  a f t e r  

some i n i . t i a 1  t i m e ,  and we exami-ne how r i s k  of a rad iogenic  bone sarcoma 

v a r i e r  as a func t ion  o f  age a t  beginning o f  i n t a k e .  Of course ,  

v a r i a t i o n  i n  r i s k  wi th  age a t  beginning of  chronic  in t ake  may be 

expected t:o be consitlt:rabI.y smal le r  than v a r i a t i o n  i n  r i s k  as a func t ion  

of age a t  acu te  i n t a k e ,  because i n  the  chronic  in t ake  scena r io  the  

in t ake  dur ing  adulthood r ep resen t s  a ’1-arge p o r t i o n  o f  t h e  t o t a l  i n t a k e .  

For the case of  chronic i n t ake  o f  U - 2 3 8  i n  d r ink ing  water w e  e s t ima te  

t h a t  the r i s k  of experiencing a radi.ogenic bone sarcoma i s  about 4 - 6  

t imes as h igh  and the  expected yea r s  o f  l i f e  l o s t  i s  about 8 -12  t imes as 

h igh  for  a person k7ho begins  in’iake during the f i . r s t  year o f  I . i fe  as f o r  

a person who begins  in t ake  as a young a d u l t .  

EXAMPLE 3 .  

Severa l  a u t h o r s  have es i imated  a g e - s p e c i f i c  doses t o  t h e  thy ro id  

from in t ake  of  1 - 7  3 1  ( s ee  Table 6 o f  Killouelr and Eckerman 1 9 8 6 ) .  There 

i s  genera l  agreement tliat tzhe dose i s  h igher  i n  i n f a n t s ,  young c h i l d r e n ,  

and adolcscents  than  i n  a d u l t s ;  i n  f a c t ,  e s t ima tes  f o r  t he  f i r s t  year  O K  

t w o  of l i f e  a r e  gene ra l ly  an order  of  magnitude h igher  than  those f o r  an 
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adult. Recent information indicates that children may be much more 

likely than adults to experience thyroid cancer from a given radiation 

dose (NIH 1955). Thus, short-term exposure to 1-131 might be expected 

to result in a much greater risk of thyroid cancer in young children 

than adults due to a multiplicative effect of elevated dose per unit 

intake and elevated response per unit dose. This is in contrast to the 

two preceding examples in which thc dose response function varied little 

with age; in those cases differenccs with age at intake in risk iesulted 

mainly from differences in dose rates as a function of age and time 

after intake and in mortality rates from all competing causes. 

We examine a scenario in which persons are exposed briefly to 

elevated levels of 1-131 in milk, and we examine the risk of eventually 

experiencing a radiogenic thyroid cancer as a function of  age at intake. 

We assume that the intake of milk is about the same at all ages. 

We assume that response is linear with dose and has no threshold 

level. The risk-rate coefficient f o r  adults is 

1 x lo-' thyroid cancer/person-year-rad, 

and that for persons less than 20 years of  age is assumed to be 3 . 3  

times as great (NIH 1985). A latency period of 10 years and a lifethe 

plateau period are used here. 

Using this risk function and dose rates generated by NEWAGE and 

based on the biokinetic model of Killough and Eckerman (1986), we 

estimate that the risk to an infant is on the order o f  100 times greater 

than that to a young adult, assuming equal intakes of  contaminated milk. 

The risk to a 10-year-old child may be about 20 times greater than that 

to a young adult. 

EXAMPLE 4 

Numerous measurements of Sr-90 in bone over the last three decades 

indicate that infants, young children, and teenagers accumulate 

considerably higher concentrations 3f this bone-seeking nuclide from the 

environment than do adults (Leggett, Eckerman, and Williams 1982). 

Studies of  the Japanese atomic bomb survivors indicate that persons very 

young or very old at the time of exposure may be more likely to 

experience radiogenic leukemia from a given dose to active marrow than 
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a r c  intermediate  age groups (NAS 1980). Thus, f o r  the  case o f  

cnvironmental contamination with S r -  9S ,  i t  seems l i k e l y  t h a t  persons 

very young a t  exposure may be a t  much higher  r i s k  o f  radiogenic. J-eukemia 

because of the  potenci.ally mult ipl icat3ve e f f e c t  of e levatxd dose t o  

a c t i v e  marrow per  u n i t  exposure and e leva ted  r i s k  of leukemia per  u n i t  

dose t o  a c t i v e  marrow. 

W e  examine a scenar io  i n  which persons  of a l l  ages a r e  acute ly  

exposed t o  Sr-30 i n  dr inking water ,  Assumptions concerning the anoun'i 

o f  water taken i n  as a funct ion o f  age a r e  the same as i n  the s c e n . u i o  

f o r  U - 2 3 8 .  The age-spec i f ic  dose-response funct ion w a s  based on  an 

average of the  values  f o r  males and females given i n  the L-T, model for  

leukemia i n  the  R E I R  I11 document (1980,  p .  2 0 4 ) .  

We es t imate  that a person i n  ::he f i r s t  y e a r  of 1.ife a t  in take  may 

be 2 - 5  times as l i k e l y  as; ZL young adu l t  t o  experience radiogenic 

leukemia and may have a reduced l i f e  expectancy about 4 - 9  tiirries t h a t  o f  

a young a d u l t .  Lite3.e d i f fe rence  i n  r i s k ,  incl.uding decreased l i f e  

expectancy, i s  es t imated f o r  p e r s o n s  5-30 years  o f  age a t  i n t ake .  

Follow-up s t u d i e s  of about 900 persons o f  all ages who were 

i n j e c t e d  with Ra-324 f o r  medical. purposes provide a valuable  data set: 

f o r  the  study o f  age and sex dependence i n  radiogenic r i s k  (Mays, 

Spiess ,  and Gerspach 1 9 7 8 ;  Leggete and Crawford-Brown 1.983). There have 

been ovev f i f t y  observed cases  o f  hone sarcoma i n  the  follow-up group, 

compared with an expected incidence of  0 . 2 .  Age dependence i n  these 

supposedly radiogenic  bone sarcomas i s  ind ica tcd  i n  F i g .  1, where i t  

becomes evident  t h a t  t h e  i n t e r p r e t a t i o n  o f  the  term "age dependence" 

depends st~ongly on the ui:it of  measut'c appl ied .  Bone sarcomas have 

occurred much more frequent ly  i n  those exposed as chi. ldren than as 

a d u l t s ;  t h i s  d i f f e rence  with age appears even more enhanced i f  one 

considers the  r e l a t i v e  l ike l ihood o f  a bone sa-fcorna per  u n i t  of in,jected 

R a - 2 2 4 .  On the  o ther  hand, j r ~ ~ i i g  ch i ld ren  general.ly received a much 

l a r g e r  amount of R a - 2 2 4  p e r  unit: oE body mass than d i d  a d u l t s ,  s o  t h a t  

the  d i f f e rence  w i t h  age i.s ROC a s  marked i.f one considers  the  

probability of  a bone sarcoma per uni-t  a c t i v i t y  of R a - 2 2 4  p e r  u n i t  of 

body mass. Mays and coworkers (1978)  a t t r i b u t e  the higher  incidence o f  
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bone sarcomas i n  young ch i ld ren  t o  a h igher  dose t o  bone sur faces  at: 

young ages and suggest t h a t  t h e  r i sk  per  u n i t  dose i s  nea r ly  Independent 

of age. Their  ana lys i s  is  based on a r a t h e r  crude bone dosimetry; a 

more d e t a i l e d  examination of the a g s - s p e c i f i c  dose t o  bone su r faces  from 

i n j e c t i o n  of  Ra-224 w i l l  be made l a t e r  i n  t h i s  r e p o r t .  

Other d i f f e rence  with age i n  d131eterious e f f e c t s  from Ra-224 were 

found' (F ig .  2 ) .  A s  with bone sfircornas, it i s  d i f f i c u l t  t o  unravel  t h e  

ex ten t  t o  which these  d i f f e rences  szem from v a r i a t i o n  with age in dose 

t o  p e r t i n e n t  t i s s u e s  o r  v a r i a t i o n  i n  e f f e c t  per  u n i t  dose,  A p a t t e r n  

somewhat s i m i l a r  t o  t h a t  f o r  bone sarcomas was seen f o r  exostoses  

(benign c a r t i l a g i n o u s  tumors of bone) except t h a t  t h i s  e f f e c t  d id  not  

OCCUK in a d u l t  p a t i e n t s .  Exostoses accurred about 3 times more 

f r equen t ly  i n  males than females ( i n  agreement: with the  p a t t e r n  seen i n  

the  h e r e d i t a r y  form oE the d i s e a s e ) ,  i nd lca t ing  t h a t  t he re  can also be 

s i g n i f i c a n t  s e x - r e l a t e d  d i f f e rences  i n  radiogenic  r i s k .  As with bone 

sarcomas and exos toses ,  t he  incidence o f  growth r e t a r d a t i o n  a l s o  f e l l  

with age t o  adulthood. The age dLs t r ibu t ion  of de l e t e r ious  e f f e c t s  i n  

t e e t h  was somewhat d i f f e r e n t ,  with the peak frequency of too th  breakage 

occurr ing  between 1 6  and 20 years  of age.  

The hypo the t i ca l  examples given above a r e  some of the  many 

ins t ances  i n  which a marked age dependence i n  r i s k  from in take  of  

rad ionucl ides  i s  suggested bu t  no t  confirmed by ava i l ab le  information. 

The epidemiological  study of  the  Rcr-224 p a t i e n t s  provides  an  example i n  

which it  can be e s t ab l i shed  with reasonable confidence that exposed 

c h i l d r e n  were a t  much h igher  r i s k  of radiogenic  bone sarcoma than were 

a d u l t s ,  whatever the d e f i n i t i o n  of "age dependence of  radiogenic  r i s k " ;  

it cannot be e s t a b l i s h e d  with any c e r t a i n t y ,  however, whether t he  reason 

was a g r e a t e r  dose per  u n i t  exposure,  a g r e a t e r  r i s k  per  u n i t  dose,  o r  a 

combination of  bo th .  
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