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INTRODUCTION 

This  r e p o r t  d e s c r i b e s  c u r r e n t  r e sea rch  e f f o r t s  w i t h i n  the  

Metabolism and Dosimetry Research (MDR) Group of the  Oak Ridge Nat ional  

Laboratory (OBML). The W)R group has  been funded cont inuously f o r  over 

two decades by the O f f i c e  of Heal th  and Environmental Research (0HF;R) of 

tbe Department of Energy (DOE) t o  develop dos ime t r i c  methods and 

support ing d a t a  f o r  t he  establ ishment  of r a d i a t i o n  p r o t e c t i o n  

g u i d e l i n e s .  The purposes of t h i s  r e p o r t  a r e  t o  inform OHER of our 

r e c e n t  p rogres s  and t o  provide o t h e r  r e s e a r c h e r s  w i th  summaries of many 

of our r e c e n t  r e s u l t s  t h a t  w i l l  appear i n  the l i t e r a t u r e  only a f t e r  the 

cons ide rab le  l a g  time t h a t  has  become standard f o r  j o u r n a l  a r t i c l e s  and 

proceedings.  

This  r e p o r t  i s  intended a s  the  f i r s t  i n  a new s e r i e s  of annual 

r e p o r t s  on our work. The work desc r ibed  here  i s  i n  t h e  form of b r i e f  

a b s t r a c t s  of p u b l i c a t i o n s  t h a t  appeared during the ca l enda r  yea r  1984 

and extended summaries of work ' i n  p rogres s ' ,  i nc lud ing  any m a t e r i a l  

t h a t  has been accepted f o r  p u b l i c a t i o n  o r  has gone t o  p r e s s  s i n c e  

January I ,  1985. 

The main t a s k  of t h e  Metabolism and Dosimetry Research Group i s  the 

development of r a d i a t i o n  exposure-dose r e l a t i o n s h i p s .  This  i s  
accomplished through the modeling of the metabolism of r ad ionuc l ides  

taken i n t o  the  body and t h e  modeling of t h e  d e p o s i t i o n  of i on iz ing  

energy wi th in  t h e  r a d i o s e n s i t i v e  t i s s u e s  from these i n t a k e s  o r  from 

exposures t o  r a d i a t i o n  e x t e r n a l  t o  the  body. Such r e l a t i o n s h i p s  provide 

a cornerstone f o r  development of r a d i a t i o n  p r o t e c t i o n  g u i d e l i n e s  f o r  the 

n m e r o u s  r a d i o n u c l i d e s  encountered in the  workplace and a l s o  serve an 

important r o l e  i n  e v a l u a t i o n  of d i a g n o s t i c  procedures involving 

radiopharmaceut icals  and d i a g n o s t i c  x-ray machines. 

P r i o r  t o  P u b l i c a t i o n  30 of the  I n t e r n a t i o n a l  Commission on 

Radiological  P r o t e c t i o n  (ICRP 301, most of our work had been aimed 

toward the  e s t i m a t i o n  of organ doses t o  Reference Man, a model of the 

human body t h a t  has g e n e r a l l y  been considered adequate for eva lua t ion  of 

occupat ional  exposures. I n  r ecen t  y e a r s  emphasis in r a d i a t i o n  

p r o t e c t i o n  has  s h i f t e d  somewhat from occupat ional  exposures t o  exposures 

of the general  pub l i c .  In response,  t h i s  group i s  now involved i n  the  
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development of metabolic and dosimetric models that allow consider 

of special characteristics of individuals or of se merits of the 

population, as well a s  in the continued improvement of models fos  the 

reference adult. 

The development of models far 'now-reference' hwans has reqaired a 

departure fro the curve-fitting approach c only used in the 

construction of metabolic: models. This is became there usaally is 

insufficient e1ement-speg:ific information to develop these models for 

special subgroups of the population by typical e pirical met~od$. As 

far as possible, metabolic a d e l s  currently being developed by this 

group are mechanistic rather than empirical in nature. That is, 

whenever feasible, these models are based strictly on components that 

correspond to physically identifiable structnres, pfocesse~, or 

quantities associated with the human body. We have fonnd th 

approach enables the modeler t o  use the basic pbysiological literature 

as an important source of information to sap lement any available 

element-specific data, In addition to the advantages that B 

physiologica~ly-based modeling approach provides in the consideration of 

biological variability ansp it appear to allow more meaningful 

extrapalstion of data from animals to humans, permit ore realistic 

treatment of daughter products of some xnaclides, yield better bioassay 

models of some nuclides by improving estimates of activity in excreta, 

lead to improved estimates of doses to hetecageneously distributed 

radiosensitive ti s sue s. 

In closely related works members of the soup are  ifivoivea in 

P task to revise the data. for Reference Man given in Publication 23 

of the ICRP. T h i s  revision is intended to give greater emphasis than 

did the original publication to the normal variations ong humans. In 
particular, increased attention sill be given t o  variations in 

ical and physiological characteristics with age or sex9 o r  of 

natural differences that may occur for persons of the same age  and sex, 

for example. 

In addition to our primary task of developing exposure-dose 

tionships for radiation exposnr~s, the group aids in the d ~ v e l ~ p ~ e n t  

of dose-response relationships throu h the evaluation of radiation d 

incurred by subjects of epidemiological studies. Currently, one of the 
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main t a s k s  of t h i s  group i s  a re-evaluat ion of t h e  gamma and neutron 

doses r ece ived  by the  Japanese A-bomb su rv ivo r s .  This  study was needed 

because of t he  i n c r e a s i n g l y  apparent u n c e r t a i n t i e s  i n  t h e  t o t a l  y i e l d  of 

t h e  b l a s t  a t  Hiroshima as w e l l  a s  t h e  r e l a t i v e  gamma and neu t ron  y i e l d s  

from the b l a s t .  It appears t h a t  t h e r e  may be important mod i f i ca t ions  of 

e a r l i e r  dose e s t i m a t e s  and subsequently of the dose-to-risk conversion 

f a c t o r s  based on epidemiological  s t u d i e s  of t he  A-bomb su rv ivo r s .  

The re-evaluat ion of t he  doses r ece ived  by the  A-bomb su rv ivo r s ,  

tho s h i f t  i n  emphasis i n  r a d i a t i o n  p r o t e c t i o n  from occupat ional  t o  

environmental exposures,  and the inc reas ing  a p p l i c a t i o n  of organ dose 

e s t i m a t e s  i n  such a r e a s  a s  risk assessment and p r o b a b i l i t y  of c a u s a t i o n  

have r equ i r ed  improvements and ref inements  i n  our methods fo r  e s t ima t ing  

doses  t o  r a d i o s e n s i t i v e  t i s s u e s  due t o  i r r a d i a t i o n  from both e x t e r n a l  

and i n t e r n a l  sources.  For example, t he  mathematical phantom developed 

s e v e r a l  y e a r s  ago f o r  e v a l u a t i o n  of energy d e p o s i t i o n  in t he  s tandard 

Western a d u l t  male has now been modified t o  y i e l d  r e p r e s e n t a t i o n s  of 

c h i l d r e n  of va r ious  ages,  of the Western a d u l t  female, and of the 

Japanese a d u l t  male. 

To improve our understanding of t h e  f a c t o r s  i n f luenc ing  the e f f e c t s  

of r a d i a t i o n  on b i o l o g i c a l  systems, we must cons ide r  not only the 

average energy depos i t ed  p e r  u n i t  mass of the organ (absorbed dose) bu t  

a l s o  i t s  magnitude and s p a t i a l  d i s t r i b u t i o n  with r e spec t  t o  t h e  va r ious  

b i o l o g i c a l  s t n c t u r e s  w i t h i n  the  organ. Prudent a p p l i c a t i o n  of hnman 

experience with r a d i a t i o n  i n  one exposure s i t u a t i o n  ( e .g . ,  t h e  A-bomb 

s u r v i v o r s )  t o  another  s i t u a t i o n  ( e . g . ,  i n t e r n a l  e m i t t e r s )  r e q u i r e s  

c a r e f u l  cons ide ra t ion  of t he  phys ica l  and b i o l o g i c a l  d e s c r i p t i o n  of the 

i r r a d i a t i o n .  In t h i s  regard,  cons ide rab le  e f f o r t  has  been made t o  

improve e s t ima tes  of dose and subsequent r i s k  due t o  i r r a d i a t i o n  of t h e  

ske le ton .  P a r t i c u l a r  a t t e n t i o n  has been given t o  improving e s t i m a t e s  of 

absorbed energy i n  the  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  c e l l s  

of the bone marrow and bone su r faces .  

In r ecen t  y e a r s  our funding from OHER has been supplemented through 

short-term c o n t r a c t s  w i th  o t h e r  agencies ,  including the Environmental 

P r o t e c t i o n  Agency (EPA), t he  Nuclear Regulatory Commission (NRC), t h e  

Food and Drug Adminis t ra t ion (FDA). and t h e  Department of T ranspor t a t ion  

(DOT). T h i s  a d d i t i o n a l  support  has been c r i t i c a l  t o  the development of 
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OMf" X"t?Sear@jh PrOgr has provided the  opportuni t y  t o  he lp  

s t anda rd ize  the  dos imet r ic  methods axsed by the var ious  f e d e r a l  a g e n c i e s ,  

In t he  present  f i s c a l  year ,  approxi rately 40% of OW t o t a l  funding i s  

frorn OH?B, with most of the  remainder aborat equal ly  s p l i t  between N 

and EPA. 

Work conducted f o r  agencies  other than ER i s  documented in a 

H P C ~ Z I I B P :  t o  meet t he  s p e c i f i c  information needs o f  thase agencies. 3[n 

genera l ,  our e f f o r t s  for a l l  of the  funding agelaeies emtr ibute  t o  and 

b e n e f i t  from a common pool of experience,  information,  and a n a l y t i c a l  

capabil i t y  . it5 few except ions,  each s mary o f  work given i n  this 

r e p o r t  r ep resen t s  a combination and d i s t i l l a t i o n  o f  work from seve ra l  

p r o j e c t s  supported by seve ra l  agencies ,  and no attempt is mado here  t o  

assign percentages of sappor t  t o  s p e c i f i c  smmar ies .  
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REVISION OF IeBP PUBLICATION 23 ON REFEWCE MAN 

M. C r i s t y  and G. D. Kerr 

INTRODUCTION 

A t  i t s  1984 meeting i n  Stockholm, Committee 2 of the I n t e r n a t i o n a l  

Commission on Radiological  P r o t e c t i o n  (ICRP) formed a t a s k  group t o  

r e v i s e  ICRP P a b l i c a t i s n  23 on Reference Man, and the  Main Commission 

approved t h i s  p l a n  a t  i t s  meeting l a t e r  in 1984. Members of the t a s k  

group a r e  C. R. Richmond, Chairman, M. C r i s t y ,  6. B.  Kerr,  and 

D. Michelson a t  Oak Ridge Nat ional  Laboratory ( U . S . ) ,  1. C. Thorne of 

t he  ICRP ( U . K . ) ,  L. Karhausen of t he  Commission of European Communities 

(Luxembourg), and G. V. Iyengar,  now a t  t h e  U. S. National Bureau of 

Standards.  C r i s t y  and Kerr a r e  members of t he  Metabolism and Dosimetry 

Research Group. 

The charge t o  t h e  t a s k  group i s  a s  fo l lows  : "General review and 

upgrading of ICRP P u b l i c a t i o n  23 (Reference Man) g iv ing  more emphasis t o  

t h e  normal v a r i a t i o n s  of persons and providing more information o n  young 

members of t he  popu la t ion  inc lud ing  age-dependent modelling." The work 

i s  expected to t ake  about t h r e e  yea r s .  

HISTORY 

The Report of t h e  Task Group on Reference Man. ICRP P u b l i c a t i o n  23, 

was publ ished t e n  y e a r s  ago, i n  1975. However, the r e f e r e n c e s  c i t e d  end 

about 1970, so t h a t  the r e p o r t  is about 15 y e a r s  out  of da t e .  It was i n  

December 1963 when Committee 2 of the ICRP requested t h a t  the Main 

Commission e s t a b l i s h  a t a s k  group f o r  the r e v i s i o n  and ex tens ion  of the 

Standard Man concept. Following a suggest ion from the Main Comiss ion ,  

the name was l a t e r  changed from Standard Man t o  Reference Man. The 

charge t o  t h e  o r i g i n a l  Task Group on Reference Man was a s  fol lows:  

Es t ima tes  of dose equ iva len t  r e s u l t i n g  from human exposure t o  
r ad ionuc l ides  t h a t  may e n t e r  the body depend upon many 
c h a r a c t e r i s t i c s  which must be i n d i c a t e d  c l e a r l y  i f  the 
commission's recommendations on dose commitment, body burden, 
and MPCs a r e  t o  be a p p l i e d  c o r r e c t l y .  For t h i s  reason the  



commission's recommendations r e l a t i n g  t o  dose equiva len t  f r o  
i n t e r n a l l y  depos i t ed  e m i t t e r s  have been s p e c i f i e d  i n  terms of a 
Re f e r  enc e c h a r a c t e r i s t i c s ,  so f a r  a5 relevant t o  t h e  

a t i o n s ,  a r e  c a r e f u l l y  s p e c i f  ied.  Because 
of the i n c r  h a s i s  on e x p o s u ~ e  of t h e  p~pulation, it  i s  
d e s i r a b l e  t h a t  the s p e c i f i c a t i o n s  o f  t he  previons Standard Man 

and r ev i sed  t o  take account of p re sen t  needs for  

The t a s k  group should review those c h a r a c t e x i s t i c s  of  man 
t h a t  r e l a t e  d i r e c t l y  o r  n d i r e c t l y  t o  in t ake ,  metabolism, 
d i s t r i b u t i o n  i n  t h e  body, an  r e t e n t i o n  o f  the  va r ious  i s o t o p e s  
of concern. I n  p a r t i c u l a r ,  i t  i s  des i r ed  t o  def ine  Reference 
ManP i n  t h e  f i r s t  i n s t ance ,  a s  a t y p i c a l  s ccupa t i sns l  
i nd iv idua l ,  and i t  i s  important t h a t  some i n d i c a t i o n  of 
v a r i  a b i l  i t y  of the occnpa ti  onral group about t h i s  no 
ind ica t ed .  I n  add i t ion ,  d i f f e r e n c e s  due t o  agen sex, or 
should be ind ica t ed  where p o s s i b l e  wi th  p a r t i c u l a r  em 
f e t u s e s ,  i n f a n t s ,  and ch i ld ren .  

It i s  expected t h a t  a separa  e t a s k  group w i l l  cons ider  t h e  
problem of devis ing  a lung mo e l ,  and thus  the  Task Group on 
Reference Atan need not  cons ider  the  mechanisms of i n h a l a t i  
depos i t i on ,  o r  lung r e t e n t i o n .  I t  i s  expected a l s o  t h a t  s 
independent a s s i s t a n c e  on t h e  g a s t r o i n t e s t i n a l  t r a c t  w i l l  be 
a v a i l a b l e  but t h a t  t h i s  w i l l  be o f f e r e d  t o  the  t a sk  gronp 
d i r e c t l y  I 

f exposure t o  r a d i a t i o n ,  

It was c l e a r  from t he  o u t s e t  t h a t  t h e  o r i g i n a l  Task Gxoup on 

Reference Man needed t o  produce informat ion  i n  two major a reas :  (1) a 

r e v i s i o n  and ex tens ion  o f  a Reference Man t h a t  represented  a t y p i c a l  

r a d i a t i o n  worker and ( 2 )  an ex tens ion  of the concept of cference Man t o  

g ive  a n  i n d i c a t i o n  of the  ex ten t  of i nd iv idua l  v a r i a t i o n  among g r o s s l y  

normal ind iv idua l s  inc luding  par  e t e r s  t h a t  depend on age, s e x a  and 

o t h e r  f a c t o r s  t h a t  must be considered i n  e s t ima t ing  dose ta i n d i v i d u a l s  

of a popula t ion .  

Information about exposed i n d i v i d u a l s  i s  r equ i r ed  for t he  

e s t ima t ion  of r a d i a t i o n  dose t o  the  huarnaa body whether f r  

i n t e r n a l  sources .  FOP ex te rna l  sonxces, t h e  s i t u a t i o n  is r e l a t i v e l y  

simple: a s   OR^ i s  p r imar i ly  coneesned wi th  geometric l o c a t i o n ,  

s i z e ,  and elemental  composition of var ious  organs and t i s s u e s .  I n  order  

t o  c a l c u l a t e  secondary l i m i t s  fox r a d i o a c t i v e  m a t e r i a l s  taken into the 

body, however, add i t iona l  information on phys io logica l  processes  that  

might i n f  lnence the  uptake,  t r a n s l o c a t i o n ,  res idence  times. r ecyc l ing ,  

and e x c r e t i o n  of r ad ionuc l ides  i s  necessary.  



The f i r s t  Standard Man d a t a  were p re sen ted  and formalized a t  t he  

Chalk River  Conference on Permiss ib l e  Dose, September 29-30, 1949. 

Three main a s p e c t s  of Standard Man were considered a t  t h a t  ioeeting: 

f i g u r e s  on the  mass of t h e  body organs; chemical composition of t he  

t o t a l  body and the  va r ious  t i s s u e s ;  and p a t t e r n s  of i n t ake  and e x c r e t i o n  

p l u s  d u r a t i o n  of occupat ional  exposure. 

A t  t h e  Chalk River Conference i t  was decided t h a t  these should be 

averages f o r  normal a c t i v i t i e s  i n  t h e  temperate zone. Data on water 

balance,  r e s p i r a t i o n ,  d u r a t i o n  of occupat ional  exposure, and r e t e n t i o n  

of p a r t i c u l a t e  ma t t e r  i n  lungs were included i n  these  c a t e g o r i e s .  

Standard Man va lues  were modified a t  t he  S i x t h  I n t e r n a t i o n a l  

Congress of Radiology i n  1950, a t  the T r i p a r t i t e  Conference on 

Permiss ib l e  Dose he ld  a t  Harriman, New Yorh, in 1953, and a t  the Seventh 

I n t e r n a t i o n a l  Congress of Radiology, a l s o  i n  1953. The 1959 r e p o r t  of 

ICRP Committee 2 (ICRP P u b l i c a t i o n  2, 1960) contained d a t a  on 46 
n a t u r a l l y  occurr ing r ad ionuc l ides  in t he  a d u l t  human body. This  

r ep resen ted  an i n c r e a s e  of 31 elements a s  compared with the  previous 

r e p o r t .  Also included was a t a b l e  l i s t i n g  t h e  concen t r a t ions  of 44 

n a t u r a l l y  occa r r ing  elements i n  35 t i s s u e s .  Deposi t ion parameters and 

e l i m i n a t i o n  h a l f t i m e s  were a l s o  compiled i n  ICRP P u b l i c a t i o n  2 .  

For purposes of r a d i a t i o n  p r o t e c t i o n  of workers, Reference Man was 

de f ined  a s  being between 20-30 yea r s  of age,  weighing 70 kg, measuring 

17Q cm i n  h e i g h t ,  and l i v i n g  i n  a c l ima te  c h a r a c t e r i z e d  by an average 

temperature of 10-20° C.  He i s  Caucasian and i s  a Western European ox 

North American i n  h a b i t s  and customs. The t a s k  group r e a l i z e d  t h a t  once 

de f ined  i t  remained f o r  l o c a l  or  n a t i o n a l  a u t h o r i t i e s  t o  determine what 

mod i f i ca t ions  of Reference Man might be appropr i a t e  f o r  the s p e c i f i c  

popu la t ion  a t  risk. 

In t h e  work of t he  p re sen t  t a s k  group, more a t t e n t i o n  w i l l  be given 

t o  members of the popu la t ion  who are not young male r a d i a t i o n  workers. 

PROGRESS To DATE BY QRNL MEIUDBERS OF TASK GROUP 

(1) To p repa re  for the  f i r s t  meeting of the Task Group, we have 

f a m i l i a r i z e d  ou r se lves  thoroughly with IICPP P u b l i c a t i o n  23 and, a s  f a r  

as p o s s i b l e ,  with the f i l e s  of t he  o r i g i n a l  Task Group on Reference Man. 
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"These files include photocopies of about 75% of the: publications cited 

in Publication 23. We have solicited opinions f r  Se lec tgd  eHgt2lts Q f B  

shortcomings, erroxs ,  or inconsisteneies i n  ICWP Publication 23 ,  and FA 

l e t t er  has been sent t o  journals and newsletters asking for  infor 

from users o f  this document. 

(2 )  A dedicated personal empntea ( I B I  PC3 has been acqaired by 

the 0 members of the Task Groplp t o  help  in this project. I t  

necessary  t o  acquire fixed memory and a mall  p r i n t e r .  

(39 We have begun searches OR j ou rna l  citations to ICRP Publication 

23 t o  see in what ways the data  in that  report have beem used. To date 

266 documents, published f r o m  1978 through 1983, have been i d e n t i f i e d ,  

rand photocopies o f  252 o f  these are i n  hand. A few of these report 

e r r o r s  i n  Publication 23. Approximately 3 of the citing doc 

were not related t o  radiation or radiation paote~tion, which indi@ates 
t h a t  the Reference Man report is of use to f p  wide audience, 

( 4 )  A proposed Table of Contents has been developed and circulated 

t o  all members of the Task Croup. A Table of Contents revised according 

to comments f r  these members will be presented t o  1 

approval at i t s  June,  1985, mating in Leningrad., 
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TBE DISTRIBUTION OF INTRACELLULAR ALKALI 

L. R. Williams and R. I. 

INTRWUCTION 

METALS IN IU?&'ERENCE MAN 

Legge t t 

It has been po in ted  out r e c e n t l y  by Mole (1984) t h a t  the XCRP 

Reference Man (ICRP 1 9 7 5 )  i s  a misleading guide t o  t h e  content  and 

d i s t r i b u t i o n  of sodium i n  t h e  human body, p a r t i c u l a r l y  with regard t o  

t h e  skeleton.  A review of t he  r e c e n t  l i t e r a t u r e  and a r e a n a l y s i s  of t h e  

d a t a  used i n  ICRP 23 (1975) have l e d  us t o  t he  conclusion t h a t  Reference 

Mart i s  a l s o  a misleading guide t o  t h e  d i s t r i b u t i o n  of the predominantly 

i n t r a c e l l u l a r  a l k a l i  me ta l s  potassium, ru$idium, and cesium, and t h a t  

e s t i m a t e s  of t h e  s k e l e t a l  con ten t  of t hese  metals and of t h e  t o t a l  body 

con ten t  of rubidium may involve e s p e c i a l l y  l a r g e  e r r o r s .  The ob jec t  of 

t h i s  s tudy is t o  improve e s t i m a t e s  of t he  content  and d i s t r i b u t i o n  of 

t h e  i n t r a c e l l u l a r  a l k a l i  me ta l s  i n  Reference Wan. To o b t a i n  an 

i n t e r n a l l y  c o n s i s t e n t  model of a s tandard a d u l t ,  some changes a l s o  a r e  

suggested i n  t h e  masses of some of t h e  components of Referenoe Man. 

SUGGESTED MODIFICATIONS TO ICRP REFERENCE MAN 

We consider  a r e fe rence  a d u l t  male of age 35  y e a r s  and t o t a l  mass 

70 kg. Suggested changes in t h e  masses of organs from those of t h e  ICRP 

Reference Man a r e  not l a r g e :  ( 1 )  muscle is assigned a mass of 2 9  kg 

i n s t e a d  of 28 kg; ( 2 )  adipose t i s s u e  i s  assigned a mass of 14 kg i n s t e a d  

of 1 5  kg; ( 3 )  t h e  s k e l e t o n  i s  assigned a mass of 10.5 kg i n s t e a d  of 10 

kg; ( 4 )  t h e  mass of miscel laneous t i s s u e  i s  decreased by 0 .5  kg. 

Proposed changes in K, Rb, and Cs con ten t s  i n  the  organs and 

t i s s u e s  of ICRP Reference Man a r e  l i s t e d  i n  Table 1. (These a r e  

p re l imina ry  e s t i m a t e s  and may be a l t e r e d  s l i g h t l y . )  The concen t r a t ion  of 

K, Rb, o r  Cs i n  each t i s s u e  was es t ima ted  a s  a weighted average of 
publ ished v a l u e s  ( f o r  example, see t h e  compilat ion by Iyengar ,  Killmer,  

and Bowen 1 9 7 8 ) .  Weighting f a c t o r s  were based on t h e  sample s i z e  

r ep resen ted  by each r epor t ed  value.  As n e a r l y  a s  p o s s i b l e ,  20% of t he  

h i g h e s t  publ ished v a l u e s  and 209b of the  lowest publ ished v a l u e s  f o r  each 
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compartment were e l imina ted  as p o t e n t i a l  o n t l i e r s  be fo re  the  weighted 
average vas co pa ted ,  For a few t i s s a e s  with  no a v a i l a b l e  experi  

&tta on natatal K f  Rb, or Cs, d a t s  on r a d i o a c t i v e  tracers  were 

cx t sapo la t ed  t o  e q u i l i b s i m  conditions, 

Po t a s 8 im 
1 1 1 1  

In% P u b l i c a t i o n  23 of the ICRP (1975s) ,  Reference M n i s  ass igned a 

t o t a l  body mass of 70  Bg and a. K content  of 140 g. T h i s  R content i s  

based p r i m a r i l y  on ex te rna l  measurements of the 1.46 MeV ga 

0 and appears  from ogag review t o  be a reasonable  c s t i  a t e  f o r  w 70-kg 

male of age 30-40 years. Thus ,  we have r e t a i n e d  t h i s  v a l  

suggested versiafn of Reference Man. ' f i e s o  appear t o  be problems, 

however, wi th  the  es t imated  K conten t  of some i nd iv idua l  organs and 

t i s s u e s  of XCRP Reference an. This  becomes evident  when one a t tempts  

t o  reprodace total-body K a s  t h e  sum of the p a r t s ,  which cannot be done 

unless an u n r e a l i s t i c a l l y  high concentration i s  assigned t o  t i s s u e s  not 

e x p l i c i t l y  l i s t e d .  B e  es t imate  o f  t o t a l  K i n  ske le ton  o f  I 

Reference Man appears  t o  us t o  be based on non-representa t ive  s k e l e t a l  

p a r t s  and t o  be t o o  high  by 40-50%. On t he  o the r  hand, t h e r e  appears  eo 
be a s u b s t a n t i a l  underest imate  of the K content  of s k e l e t a l  muscle. 

-__.. Itlab i d  i um 

The ICWP Reference Man h a s  a total.  m b i d i m  e o n t e s t  of 0.68 g s  of 

which 0.21 g i s  ass igned  t o  the ske le ton .  Both of these  e s t ima tes  were 

bresed on v e r y  l imi t ed  da ta ,  and t h e  s k e l e t a l  cantant ,  i n  p a r t i c n l a r ,  

appears  t o  have been based on nonrepresenta t ive  p a r t s .  We estimate a 

t o t a l  body c o n t e n t  of ahout 0.25 g Pb, a factor of nea r ly  3 below the  

e s t ima te  i n  ICRP h b l i c a h i m  2 3 .  The skeletal content  o f  Rb i s  

es t imated  t o  be a f a c t o r  of about 15 below the  I e s t ima te"  Our 

es t ima te  of I?% i n  muscle, which con ta ins  most of the body's Rb i n  our 

model and i n  animal experiments with radiornbidium, i s  i n  c l o s e  

agreement with the I C  

Cesia  
_I_- 

Modif ica t ions  of t h e  d i s t r i b u t i o n  of c e s i u m  are not  a s  l a rge  a s  

those for rubidium. The ICRP Reference Man is assigned a t o t a l  body 

content  of 0.0015 g Cs, o f  which aboat 10% i s  ass igned t o  the ske le ton .  
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We estimate a total-body content of about 0.0012 g Cs, with 

approximately 7% of this amount being in the skeleton. 

IMEELICATION FOR RADIATION DOSIMETRY 

With regard to radiation protection, the most significant 

modification of ICRP Reference Man discussed here concerns the 

propensity of Rb for the skeleton. In the metabolic model for Rb given 

in ICRP Publication 30 (19791, 25% of the body's Rb is assigned to the 
skeleton on the basis of the distribation of Rb described in ICRP 

Publication 2 3 .  We would assign only about one-fifth as much Rb to the 

skeleton, given a constant chronic intake. This would lead to a large 

reduction. in the estimated skeletal dose from most isotopes of Rb and 

some increase in the doses to other tissues. 

International Commission on Radiological Protection (ZCRP), 1975, Report 

--- of the Task Groue on Reference b, Publication 23, Pergamon Press: 
Oxford . 

Iyengar, 6. V., Kollmer, W. E . ,  and Bowen, B. J. M., 1978, a Elemental 
m o s i t i o n  of Human Tissues && Fluids, Verlag Chemie, New 

York. 

Mole, R. B., 1984, "Sodium in Man and the Assessment of Radiation Dose 

after Criticality Accidents, " pbvs. &&. Biol. 29, 1307-1327. 
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Table 1. Pre l '  * saggestions for changes i n  masses 
and contents  r tissues of ICBP Beferen;se Mana 

given as manltiplle of value l i s t e d  in 1 

T i  s sue Mass K content csntent  Ca content 

Adipose: ti ssae 0.83  0.75 a , b  Ib 
Baalixe. 1 .o 0.9 0.15 6.65 
Erythrocytes  1 .o 0.85 0 .B b 
GI t r a c t  1 .O 1 . 2  1 .o 1 .I 
Heart 1 .6  1.1 2 . 8  1.6 
Kidneys 1.0 1 .o 0 . B  1 . 5  
Liver 1 .o 1 .I 0.2 1.3 
L u g s  1 .0 0 . 9  0.4 a .0 

usc le  ( s k e l e t a l )  1.04 1 .I 1 .o 1.5 
Skeleton 1.05 0.7 6.88 6 . 6  
Skin 1 .o 1.1 b b 
Spleen 1.0 1.0 0.3 1-9 

Total body 1 .0 1 .0 0.35 0.8 

'Not estimated by Williams and Legget t .  
IbNot es t imated i n  ICRP hblicatian 23. 



REVIEW OF GASTROINTESTINAL ABSORPTION OF RADIONUCLIDES BY YOUNG ANIMALS 
AND THE DEVELOPMENT OF TEE 6. I. TRACT AS IT RELATES 'XT) mIS PROBLEM 

M. Cristy 

Absorption of several radionuclides present in high-level waste 

(for example, plutonium, americium, neptunium, and strontium) has been 

shown to be higher in neonates than in adults of several species by as 

much as three orders of magnitude. Less information is available on 

absorption in juvenile animals after weaning and befote sexual maturity, 

especially in animals that have a protracted juvenile period similar to 

that of humans. Except for strontium, no direct information on 
absorption by human infants and children of radionuclides present in 

high-level waste is available. Most of the information on absorption by 

neonates is from one animal model, the rat, but increased absorption by 

neonates does seem to be a general phenomenon -- other rodents (hamster, 
guinea pig) and mammals of other orders (swine, sheep, cow, dog) show 

increased absorption of plutonium, for example. Human infants and 

children absorb strontium more readily than do adults (Kahn et al. 

1969). 

In fact, neonates seem to absorb metals in general more than do 

adults -- this is true for nutritional metals such as iron and calcium 

as well as toxic, non-nutritional metals such as lead and cadmium. The 
reason(s1 for this general increased absorption is not completely clear. 

Many workers have suggested that the high rate of pinocytosis by the 

epithelial cells of the villi in the small intestine that occurs in some 

species in the immediate postnatal period (and is associated with 

absorption of immunoglobulins and other macromolecules) is the mechanism 

or one of the mechanisms involved. However, the evidence is better for 

some metals than others, and there may be species differences (Henning 

and Leeper 1984). Neonatal guinea pigs do not absorb immunoglobulins 

postnatally, although they do take up macromolecules into the intestinal 

cells by pinocytosis for the first 1-2 days of life (Clarke and Hardy 

1970; Lrecce and Broaghton 1973) ; Sullivan (1980) reported that guinea 

pigs 0.5-1 days old show increased absorption of plutonium, and Harrison 

(1985) recently found that neonatal guinea pigs older than 2 days, where 
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pinocytotic uptake has ceased, also show increased absorption. h a d  is 

one of the best characterized metals .  I n  neonatal mice, lead is 

absorbed primarily in the ileslsl (distal s all intestine!, by 

pinocytosis. but lead i s  also absorbed in the jejulczam ( j u s t  proxi 

1 by a different, but unknown, mechanism (Kelller and Doherty 

1980). In neonatal xats, lead is absorbed primarily in the dnadesnnm 

(extreme proximal small intestine), where pinocytosis is unimportant. 

In the ileum, lead i s  taken up by the intestinal wall. probably by 

pinocytosis, but little o f  this is absorbed into the general 

circulation. o s t  of th i s  lead is eventually returned t o  the contents 

of the intestine, by sloughing of senescent e p i t h e l i a l  cells, and 

eliminated witb the feces (Henrming and Leeper 1984). 

The  increased retention of metals in the sal1 of the neonatal small 

intestine may be important for r a d i a t i o n  protection, s ince  metal 

radionuclides may irradiate cells in the integtinal wall, including the 

radiosensitive crypt cells, for longer periods.  Several actinides have 

been shown to be retained tenaciously i n  the intestinal wall of neonatal 

rats and swine (Sullivan 1980; SuPlivan and Gorham 1982) 

Absorption of metals by neonates appears to be a process with at 

least two s t e p s :  (1) uptake of the metal by the epithelial c e l l  and (21 

transfer from the epithelial cell to the general circulation, en 

uptake is by pinocytosis, differences among metals a r e  probably sma8ller 

than when by other mechanisms. Greater d i f f e n c e s  a ong metals a r e  seen 

with transfer to blood or lymph; and for radiation protection, these 

differences are important both for irradiation o f  tissues distant from 

the intestine and for irradiation of cells in the intestinal wall. In 

addition, some metals may be absorbed in part  by rsatss other than 

through the epithelial cells. but these rontes sre not well 

characterized, Damage to the intestinal epithelium, as occurs in 

diseases such as  coeliac sprue, may lead t o  increased absorption. The 

mechanisms of absorption of heavy metals by a d u l t  animalsp either via 

the epithelial cells or other E O U ~ ~ S ,  a t e  a l s o  not well known. 

How this information on rats and other ma a l s  may be extrapolated 

to the human infant and child, for the paspose of estimating gut 

absorption factors for radiation protection, is problematical. How 

important pinocytosis is for absorption by human infants is not clear, 
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although i t  appears t h a t  i n f a n t s  do absorb macromolecules t o  a g r e a t e r  

e x t e n t  than do a d u l t s  (Walker and I s s e l b a c h e r  1974) .  The time per iod 

over which the g r e a t l y  inc reased  abso rp t ion  seen i n  neonates of o the r  

s p e c i e s  may occur i n  i n f a n t s  i s  a l s o  not c l e a r  -- i t  may occur f o r  only 

a few days or weeks, or i t  may occur u n t i l  weaning from a milk d i e t .  

For p r o t e c t i o n  of t he  p u b l i c  f r m  environmental contamination leading t o  

contamination of food and water ,  Harr ison (1982; 1983a,b) has  proposed 

inc reased  gut abso rp t ion  f a c t o r s  f o r  plutonium, americium, curium, and 

neptunium t h a t  apply to t he  f i r s t  yea r  of l i f e .  For a l l  chemical forms 

of plutonium o the r  than t h e  i n s o l u b l e  oxides and hydroxide, he 

recommends an average value of 1% be app l i ed  t o  the f i r s t  t h r e e  months, 

when t h e  i n f a n t  i s  assumed t o  be on a milk d i e t ;  and abso rp t ion  i s  then  

assumed t o  d e c l i n e  l i n e a r l y  during the  weaning p e r i o d  t o  0.05% ( h i s  

recommended a d u l t  v a l u e )  a t  nine months of age and remain a t  0.05% 
t h e r e a f t e r .  (The ICRP [I9793 recommends 0.01% f o r  wor%ers.) For an 

average value t o  apply t o  the  e n t i r e  f i r s t  yea r  of l i f e ,  he recommends 

0.5%.  For the i n s o l u b l e  oxides and hydroxide of plutonium, he 

recommends t h a t  average v a l u e s  of 0.1% and 0.05% abso rp t ion  be used f o r  

the f i r s t  t h r e e  months and f i r s t  y e a r ,  r e s p e c t i v e l y ,  and t h e  ICRP (1979) 

value of 0.001% be used a f t e r  nine months of age. Far  a l l  chemical 

forms of americium and curium, he recommends t h a t  average values  of 1% 

and 0.5% abso rp t ion  be used f o r  the f i r s t  t h r e e  months and f i r s t  y e a r ,  

r e s p e c t i v e l y ,  and t h e  ICPP (1979) value of 0.05% be used a f t e r  nine 

months of age. For a l l  chemical forms of neptunium, he recommends t h a t  

average va lues  of 1% and 0.5% abso rp t ion  be used f o r  t he  f i r s t  t h r e e  

months and f i r s t  yea r ,  r e s p e c t i v e l y ,  and 0.1% be used a f t e r  nine months 

of age -- note t h a t  t h i s  l a t t e r  va lue ,  which is 1/10 t h a t  recommended by 

the I C R P  (1980) f o r  workers, is based l a r g e l y  on da ta  published a f t e r  

t he  ICRP made i t s  recommendations. Har r i son  (1983a, p. 30)  s t a t e s  t h a t  

i n  ' eva lua t ing  the  enhancement i n  t h e  abso rp t ion  of t he  a c t i n i d e s  i n  

newborn animals,  e x t r a p o l a t i o n  of the a v a i l a b l e  animal data  t o  

abso rp t ion  i n  the  human i s  p a r t i c u l a r l y  tenuous. '  We agree wi th  t h i s  

statement and agree t h a t  h i s  proposed v a l u e s  a r e  reasonable  e s t ima tes ,  

given cu r ren t  knowledge. The Nat ional  Radiological  P r o t e c t i o n  Board of 
t he  U.K. has adopted these  recommended values  f o r  p r o t e c t i o n  of the 

p u b l i c  ENRW 1984). 



ed  t o  be reviewed periodically as the 

mechanisms of absorption of actinides in particular and in heavy metals 

in general become better ers i tood .  These estimates are probably 

conservativep except perhaps for children older than nine months. The 

question whether children older th onths absorb actinides and 

other radionnclides more readily than do adults has not been adeqa 

addressed in radiation protection. Children appear t o  absorb several 

times more iron and lead than do adults (Gorten et a1. 1863; Ziegler  e t  

al. 1978), bot whether this holds true for actinides and other 

unknown. we suggest that a s s  ing absorption of actinides by children 

older than nine months is 2-3 times that in adults wonld be prudent 

until this question has been tested in an animal ith a protracted 

juvenile period similar to that in h ans (it may bc necessary to os8 a 
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For evaluation of occapatioaa1 e x p o s p ~ r ~ s ,  the International 

on Radiological Protection (ICRIPI currently rec 

fox the fraction f1 of s0lubXe plntoni absorbed from the GI 

tract to blood ( I  is v d ~ e  is based on data derived in 

laboratory experi ents of ten  condacted under conditions much differeat 

from those expected in environmental expcasrnres to plutonim. Recent  

resn l t s  and reviews by several  authors ( B  i r  1979; Harrison 1982; 

Johansson 1983; Kocher and Ryan 1983; Lansen e t  al. 1981; Snllivan e t  

11. 1979; Sullivan 1980; SuEEivan et nl. 1980) indicate that c h r o a i ~  

intake of low levels o f  environarsntal forms of Ezz by 1 bsratory animal 8 

way l ead t o  observed values of f substantially larger tha 

recent reviews, B a i r  (1979) and Kocher a d  Ryan (19 

value o f  and Barriaon (1982) and ~ o h a n s s s n  (1983) r 

value of 5 x for GI uptake of envira en ta l  plutoni 

recommended by Harrison and JoPtttns~on appears to be intend 

likely' value based on the animal data ,  whi l e  the reconamendation of Rair 

and that of Kosher and Ryan may be intended as slightly conservative for 

considerations of radiation protection. In the present report an npper 

bound of  0.002 for fl is estimated from data  fer  BL group of adult humans 

who had ingested elevated levels of Pa, i n  their noma1 d i e t .  The value 

1 

may be a reasonable choice far fl f o x  use in a s s e s s  

environmental expo5nres to plutonf s iace  i t  is in close agreement 

with vatdues recommended in recent rev s o  and i t  is only B factor of 2 

below the upper; bound estimated here for the group o f  adnPt humans, 

The diet of the: Finnish Lapp popadation is known to contain 

ally high levels 0f plutoniun beeanse ~f the lichen-reindeer-man 

food chain peaxlirar t o  tho r e g i o n .  By estimating the qnwntitieo of 
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plutonium inges t ed  and inhaled by Lapps and t h e i r  whole--body con ten t s  

and comparing these  wi th  analogous q u a n t i t i e s  i n  Southern Finnsp 

Mussalo-lt%auhamaa and coworkers (1984) attempted t o  determine the  

f r a c t i o n  f l  of i nges t ed  plutonium absorbed t o  blood. The i r  approach was 

t o  solve t h e  simultaneous equat ions 

where Eq. (1) i s  f o r  Southern Finns and Ecp. ( 2 )  i s  fox  F inn i sh  Lapps, ai  

i s  t h e  l i f e t i m e  i n h a l a t i o n  in t ake  of Pu, bi i s  the  l i f e t i m e  

i n t a k e ,  c i  i s  the body burden a t  dea th  ( i n  1977-791, and t h e  unknowns X 

and Y a r e  the  f r a c t i o n a l  abso rp t ions  from the airways and from the 

g a s t r o i n t e s t i n a l  t r a c t  (fP), r e s p e c t i v e l y .  The i r  e s t ima tes  of a . ,  b i9  

and c were 18, 36, and 1.37 pCi, r e s p e c t i v e l y ,  f o r  Southern Finns and 

13, 5 3 5 ,  and 1.40  pCi, r e s p e c t i v e l y ,  for Lapps. An es t ima te  of 9.0 x 

was obtained f o r  II ( f l )  a f t e r  a s l i g h t  adjustment f o r  the f r a c t i o n  

of a c t i v i t y  assumed t o  be excreted.  "le au thor s  noted some problems 

wi th  t h i s  approach, but  i t  does none the le s s  y i e l d  a va luab le  prel iminary 

r e s u l t  s ince  i t  i s  the  only a v a i l a b l e  e s t ima te  of f 1  f o r  plutonium t h a t  

i s  based on da ta  f o r  humans. 

1 

i 

The main d i f f i c u l t y  with t h i s  approach is t h a t  the s o l u t i o n  f o r  Y 

w i l l  vary s u b s t a n t i a l l y  as  e s t ima tes  of the body burden and the  

i n h a l a t i o n  i n t a k e  vary w i t h i n  t h e i r  ranges of u n c e r t a i n t y .  In f a c t ,  

s ince  autopsy d a t a  do not e s t a b l i s h  a c l e a r  d i f f e r e n c e  between the  

whole-body burdens of the  two groups o r  between t h e i r  lung burdens,  one 

cannot ase t h i s  method t o  r u l e  out the value f l = Y = O ,  obtained i f  aB=aZ 

and c =c Although the e s t ima te  of 9 x PO agrees  well w i t %  c a r r e n t  

e s t i m a t e s  based on d a t a  f o r  non-humans, one must q u e s t i o n  whether the 

agreement i s  f o r t u i t o u s  in view of the u n c e r t a i n t i e s  i n  t h e  c o e f f i c i e n t s  

i n  Eqs. (1 and 2 ) .  I n  t h e  following i t  is shown t h a t ,  d e s p i t e  the 

-4 
1 2 '  

u n c e r t a i n t i e s  involved, t he  da t a  and genexal approach af S S S f O -  

Ranharnaa and caworkers may be used to o b t a i n  a reasonably r e l i a b l e  

e s t ima te  f o r  an upper bound of t he  G I  abso rp t ion  f r a c t i o n  f o r  

environmental plutonium. This upper bound i s  only a f a c t o r  of 2 higher  

than t h e i r  e s t ima te  f o r  f l .  
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The l a r g e s t  e r r o r  a s soc ia t ed  wi th  an e s t ima te  of the  wb~le-body 

burden of Pu based on autopsy d a t a  gene ra l ly  ar i ses  f r o  

uniformity of Pu i n  t h e  skeleton.  ~ ~ $ ~ a l ~ - . ~ u h ~ a ~  and cowarkers used 

r i b  samples t o  e s t  e s k e l e t a l  burdens,  Various r e s u l t s  i n d i c a t e  t h a t  

the coneentr a t  i on zly be higher th 

ske le ton ,  but  i t  i s  probably not lower than average 

aE. 1979). a t e v e r  the d i r e c t i o n  of error, t h i s  should be considered a 

systematic  erxor  and thus should apply equa l ly  to h p p s  and Southern 

Finns. We a r e  seeking a sma l l e s t  reasonable  upper bound f o r  f l ,  and, a s  

can be shown, the  est imate  of t h i s  value obtained from the approach used 

here  w i l l  change i n  p ropor t ion  t o  systematic  a d j u s t  e n t s  in est imated 

wholt-body burdens. T h e r  s k e l e t a l  burdens est imated by h s s a l o -  

aa and coworkers should not be ad jns t ed  s ince  t h e i r  ~ E E Q F ,  i f  anys 

would probably be on the  Xaigh side?. 

Autopsy d a t a  fo r  f i v e  a d u l t  male Lapps a r e  l i s t e d  by 

aa and coworkers (1984). The maxim estimated body b 

these  s u b j e c t s  ( t h r e e  xeindeer herders3 a fisherman, and a f a r  

1.56 pCi. Because of the r e l a t i v e l y  small sample sf L pps considered,  

t h i s  va l ae  i s  adopted h e r e  a s  a conse rva t ive ly  high estim 

whole-body burden of 8 t y p i c a l  a d u l t  male Lapp. The yeaage sshole-body 

burden of 1.37 pCi determined for d u l t  nnale S ~ u t B e r n  Finns; is based on 

a r e l a t i v e l y  l a rge  number of samples and w i l l  be adopted f o r  t h i s  

a n a l y s i  s e 

The est imated d i e t a r y  in t ake  of Pu f o r  the Lapps during t h e  per iod 

i s  535  pCi (Mussalo- uhamaa e t  a l .  1984). These i s  no way to  

determine whethes t h i s  is r e p r e s e n t a t i v e  of the sample popu la t ion ' s  

i n t a k e ,  but  i t  should be a s s  t h a t  S Q ~ B  error i s  invalved. Since the  

upper-bound e s t ima te  w i l l  i nc rease  a s  tho: sslmed h intake by the  

sample popu la t ion  decreases ,  i t  w i l l  be: assumed conse rva t ive ly  t h a t  t h i s  

higher  than the  r e a l  v ~ l ~ e ~  which would then be B 

368 pCi. The r e l a t i v e l y  smaPl d i e t a r y  in t ake  f a r  Southern Finns has  

l i t t l e  e f f e c t  on the  f i n a l  es t imate  of f when allowed t o  vary wi th in  B 1 
reasonable  range; the o r i  i n a l  e s t ima te  by BIP and 

coworkers (1984) o f  35 pCi i s  nsed he re ,  
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The i n h a l a t i o n  i n t a k e  f o r  t h e  e n t i r e  l i f e t i m e  of the  Lapps and 

Southern Finns was based on t h e  est imated a i r  concen t r a t ion  of Pu i n  

no r the rn  and southern Finland,  r e s p e c t i v e l y ,  and a b rea th ing  r a t e  of 20 

m /day (Mussalo-Rauhamaa e t  a l .  1984) .  It was noted t h a t  the b rea th ing  

r a t e s  of t he  Lapps may not  be the  same a s  those of t y p i c a l  Southern 

Finns,  s i n c e  the Lapps a r e  g e n e r a l l y  outdoor workers. The amount of 
plutonium inhaled by Lapps was est imated a s  13 pCi, compared w i t h  18 pCi 

f o r  Southern Finns,  w i th  the d i f f e r e n c e  a r i s i n g  from the  f a c t  t h a t  the 

average concen t r a t ion  of Pu i n  su r face  a i r  i n  t he  Lapp r eg ion  was 

es t ima ted  t o  be only 72% of t h e  c o n c e n t r a t i o n  i n  southern Finland.  It 
is assumed h e r e  t h a t  t h e  i n h a l a t i o n  i n t a k e  by Southern Finns i s  klQ and 

t h a t  Lapps i s  k2(0.72Q), where ki denotes  the appropr i a t e  b rea th ing  

r a t e  i n  each case and Q i s  t h e  i n t e g r a t e d  concen t r a t ion  of plutonium i n  

su r face  a i r  i n  southern Finland.  The following equat ions may then be 

without having t o  a s s ign  a used t o  o b t a i n  an  upper bound f o r  

numerical value t o  t h e  b rea th ing  r a t e :  

3 

of 

fl’ 

klQX + 36Y = 1.37 (3)  

0.72k2QX + 360Y = 1.56. (4) 

From Eq. (4) we know t h a t  Y<0.0043. S u b s t i t u t i n g  t h i s  i n t o  Eq. ( 3 )  

y i e l d s  X>1.22/klQ, and p u t t i n g  t h i s  back i n t o  Eq. ( 4 )  g i v e s  Y<0.0043- 

0.0024k2/k1. There a r e  two reasons why one might suspect t h a t  k2>kl: 

t h e  Lapps may perform heav ie r  work t han  Finns,  a s  an  average; and the  

l i m i t e d  autopsy d a t a  d i d  n o t  s h m  a lower concen t r a t ion  of h i n  lungs 

of Lapps than i n  lungs of Southern Finns,  d e s p i t e  t he  lower a i r  

concen t r a t ions  experienced by t h e  Lapps. An tipper bound f o r  Y can be 

found by assuming k =k t h i s  g ives  Y=f1<0.0019. An i t e r a t i o n  of t h e  

procedure descr ibed i n  t h i s  paragraph y i e l d s  f1<0.0017, and allowance 

for the  small amount of plutonium l o s t  from the  body (ICBP 1979) between 

1954 and 1978 would r a i s e  t h i s  upper bound t o  about 0.002. 

2 1; 

A s l i g h t l y  more d e t a i l e d  d e s c r i p t i o n  of t h i s  work w i l l  appear i n  

Heal th  Physics ,  probably i n  1986. 
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RELIABILITY OF THE DOSIMETRIC MODELS OF ICRP 30 

AND PROSPECTS FOR IMPROVED MODELS 

R.  W. Leggett, K. F. Eckerman, and M. Cristy 

INTRODUCTION 

Publication 30 of the ICRP represents the culmination of an 

extensive effort to characterize the metabolism and dosimetry of 

radionuclides in a reference worker. This is generally considered the 

most reliable comprehensive collection of internal dosimetric models now 

available and as such is often used in radiation risk analyses for 

environmental as well as occupational exposares, even though these 

models were not designed or intended for evaluation of exposures to the 

public. Thus, it is important to examine the reliability of the ICRP 30 

internal dosimetric models for use in radiation risk analyses for 

arbitrary populations, as well as for the reference adult f o x  which they 

were originally developed. The objects of this ongoing study are (1) to 

identify sources of uncertainty or error in the metabolic and dosimetric 

models of ICRP 30. (2) to quantify the reliability of these models for 

application to various subgroups of the population, and ( 3 )  to suggest 

improvements in specific models as well as in the general modeling 

approaches. 

In ICRP 30, estimates of absorbed energy per gram of tissue for 

various radiosensitive organs following internal exposure to a given 

radionuclide usually are derived by combining three models in series: 

(1) a model for the retention and translocation to blood of inhaled 

material by the respiratory or  gastrointestinal tract; (2) a "metabolic 

model!' of the allotment of activity among the various organs and 

retention in those organs; ( 3 )  a model of the dose received by each 

organ from the given distribution of the radionuclide and its 

radioactive progeny. During the past year much of our effort has been 

directed toward assessing the reliability of some of the metabolic 

models of ICRP 30 and considering ways of improving the present modeling 

approach, Some attention also has been given to improving estimates of 



specific absorbed fractions, particularly with re ard t o  the 

heterogeneously distributed radiosensitive t i s s a e s  af  the skelet~n. 

Derivation of metabolic odels was simplified considerably in 

ICRP 30 by restricting attention t o  the average adult, oonsi 

integrated doses over relatively Ion periods, not explicitly 

considering the recirculation of radionuclides a the organs, and 

ing that daughter radionuclides produced from their parent within  

the body stay with and behave metabolic Illy like their paxent, 

other assumptions. There are several advantages in imp 

restrictions: one may deal only with an 'avera 

and need not describe variation with age, sex, and other factors; it is 

not necessary to provide as detailed description of retention and 

excretion over the short term, sncb as in the first few days after 

exposure t o  a radionuclide; retention of nearly a l l  rwdionnclides cam be 

described using a relatively neat and simple format. namely, as am 

exponential function ox % s  a simple combination of p4 few exponential 

functions, each with constant coefficients and exponents. The retention 

functions are usually empirically derived as best-fitting curves 

relative to animal or human retention data. n u s  the advantages of this 

modeling approach are that the models have a simple, co On fOTm$t, they 

are easy to understand, they BKS: easy to use in the calculation of doser 

they need not be particularly accurate over the short tern, and they do 

not require information concerning variation o f  weta 

Several disadvantages and wesldrnesses in the ICRP 30 modeling 

approach have also became apparent. For exampler although the models 

have been constructed largely from animal dat , they are not constructed 

in such a way that extrapolation to humans bas strong la ical snppaart (I 

Also, doses to heterogeneously distributed radiosensitive tissnes of an 

organ ( e . g . ,  skeleton) cannot be esti ated accurately, since the a c t a  

movement of radionuclides in the body is ols~ally not accurately tracked, 

even in cases where the whole-body retention is estimated fairly 

Another weakness is that some radionuclides are assigned the model of an 

apparently related nuclide (for exa e r i c i m ,  CUPi 
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a r e  assigned t h e  model de r ived  f o r  plutonium) al though some d i f f e r e n c e s  

i n  metabolism a r e  known. A f o u r t h  problem i s  t h a t  the growth of 

r a d i o a c t i v e  daughters  i s  o f t e n  not handled r e a l i s t i c a l l y ,  and the format 

of t he  models makes i t  d i f f i c u l t  t o  apply a l t e r n a t e  assumptions. 

I f  one cons ide r s  t he  models w i th  regard t o  t h e i r  common 

a p p l i c a t i o n s  f o r  purposes o t h e r  than e s t i m a t i n g  dose commitments t o  

r a d i a t i o n  workers, then o t h e r  disadvantages become ev iden t .  Fo r 

example, t he  models o f t e n  do not y i e l d  a c c u r a t e  e s t i m a t e s  of e x c r e t i o n  

even f o r  t he  average a d u l t ;  t hus ,  b e t t e r  models a r e  needed f o r  bioassay 

programs. Perhaps t h e  major problem wi th  these models is t h a t  they a r e  

not f l e x i b l e .  The i r  c o n s t r u c t i o n  does no t  allow ex tens ion  t o  non- 

s t anda rd  man (any person w i t h  anatomical o r  metabol ic  c h a r a c t e r i s t i c s  

d i f f e r e n t  from Reference Man, such a s  a c h i l d ) .  Th i s  i s  because the 

components of the models u s u a l l y  were der ived a s  f i t s  t o  experimental  

d a t a  and hence do not correspond t o  i d e n t i f i a b l e  anatomical or 

phys io log ica l  e n t i t i e s .  There i s  g e n e r a l l y  i n s u f f i c i e n t  d a t a  with which 

t o  develop new models f o r  s p e c i a l  subgroups by the 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 of t he  standard-man models. 

We have eva lua ted  u n c e r t a i n t i e s  a s s o c i a t e d  w i t h  the  ICBP r e t e n t i o n  

models f o r  potassium, rubidium, cesium, s t ront ium, and plutonium and 

have suggested a l t e r n a t e  models based on a mechanis t ic  approach i n  which 

the  components of t h e  model a r e  de f ined  i n  terms of a c t u a l  anatomical 

and phys io log ica l  e n t i t i e s  and r e c i r c u l a t i o n  of a c t i v i t y  is considered 

e x p l i c i t l y .  Some of t hese  models a r e  desc r ibed  i n  o t h e r  summaries and 

a b s t r a c t s  i n  t h i s  r e p o r t .  

SPECIFIC ABSORBED FRACTIONS 

In ICRP 30, e s t i m a t e s  of absorbed dose from photon and neutron 

r a d i a t i o n s  a r e  de r ived  using a mathematical analogue of the body with a 

homogeneous r e p r e s e n t a t i o n  of the ske le ton .  While the assumption of a 

homogeneous s k e l e t o n  i s  adequate f o r  c o n s i d e r a t i o n s  of s c a t t e r  and t o t a l  

abso rp t ion  of energy by the  skeleton,  t he  assumption of charged p a r t i c l e  

( e l e c t r o n i c )  equ i l ib r ium which would hold i n  a homogeneous ske le ton  does 

not appear t o  be s a t i s f i e d  i n  t h e  v i c i n i t y  of the r e a l ,  inhomogeneous 

ske le ton .  The t r a n s p o r t  of energy by secondary e l e c t r o n s  must be 
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considered in deriving r e a l i s t i c  e s t imates  of absorbed dose in s o f t  

t i ssues  sixnounding the  bone mineral .  

Complexities involved i n  modeling the geometry o f  soft--.tissrpe 

xegions with in  the ske leton have Xed t o  a csnservativcly oversimplified 

for~ulatisn in PCEP 30 of energy degoaiticrss. i n  the skeleton. In 

particular, the io ta4  energy deposition i%a thc assme8 hmogeizsons 

skeleton usua l ly  is p a r t i t i o n e d  among the vsaflal~s skeletal tissues, 

including prct ive ltlar'~aw~ by s k e l e t a l  mass f r a c t i o n .  This results in 

overest imat ion sf the absorbed dose to  the a c t i v e  ;oaaf;row. Also, in 

ICRP 30 energy d e p o s i t i o n  in. endseteat, t i s s u e  i s  equated t o  that  of the 

s k e l e t o ~ ~  a s  a whole.  T h i s  probably leads  t o  w,dorestilPsatas of absorbed 

dose in the sndsstea]. tissue, 

'#e are developing a computational approach f ~ t  photon and nepatron 

irradiation t h a t  fotmnlates the absorbed dose i n  the s o f t  t i s s u e s  of the 

sxezetola  in t e r m s  o f  the physical and a n a t m l c a l  factors  t h a t  are 

thsnght  to  control. the location of energy deposition. This approach 

relics on infomatiota from the l i t e r a t n r e  on the microscopic structure 

of t rabcca la t ion  i n  the ske leton,  The results of our GO putations %LH% 

ergres;aed in terms o f  response functions ar photon flaenee-to-dose 

f a c t o r s  that  r e l a t e  absorbed dase in a c t i v e  marrow to particle fluennce 

in the skeleton. These fac tors  can be applied to f l u e m e  es t imates  

derived from Monte Carlo transport calculations i n  mathematical  

aneelognes o f  the body, with a homogeneous representat ion of the 

skeleton, to y i e l d  estimates o f  absorbed dose in a c t i v e  marrow from 

photon rad ia t ion  inc ident  npnn or emitted wi th in  the body. 
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A MODEL FOR 9HE KINETICS OF POTASSIUM IN HEALTBP HUMANS 

P,  W. Legget t  and L. 

The scheme c u r r e n t l y  recommended by the I n t e r n a t i o n a l  Commission on 

Radiological  P r o t e c t i o n  (ICRP 1979) f o r  e v a l u a t i o n  of occapat ional  

exposures t o  radiopotassium d e p i c t s  t he  body as  a s i n g l e  well-mixed pool 

from which I[ i s  l o s t  with a b i o l o g i c a l  half-t ime of 30 days.  More 

d e t a i l e d  models of t he  behavior  of K i n  t h e  body have appeared i n  the  

phys io log ica l  and medical l i t e r a t u r e ,  bnt t hese  models gene ra l ly  c o n s i s t  

of h y p o t h e t i c a l ,  mathematically de r ived  compartments t h a t  may not 

correspond t o  i d e n t i f  iabjle anatomical compartments. The purpose of t h i s  

study i s  t o  develop 81 model t h a t  d e s c r i b e s  t h e  normal movement of E[ 

through the 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 ,  Th i s  work arose a s  p a r t  of our 

e f f o r t s  t o  develop a small s e t  of general  scheanes t h a t  could be used t o  

improve the empi r i ca l  c u r v e - f i t t i n g  approach ased by the IGRP f o r  

d e p i c t i n g  the  r e t e n t i o n  of r ad ionuc l ides  i n  humans. Potassium was used 

a s  a s t a x t i n g  p o i n t  €or one of these schemes because of the l a r g e  body 

of information on t h i s  element and the  importance of some r a d i o i s o t o p e s  

t h a t  follow the movement of K. I n  subsequent work t h e  model framework 

w i l l  be app l i ed  t o  t h e  elements rubidium and cesium. 

DESCRIPTION OF TBE MODEL 

The conceptual framework f o r  t h i s  model is i n d i c a t e d  in Fig ,  1. 

Inflow and outflow r a t e s  chosen for the  v a r i o u s  compartments a r e  

summarized i n  Table R .  Plasma ( s o l i d  arrows) se rves  a s  a primary 

feeding compartment, al though i t  cannot be regarded a s  a c e n t r a l  

compartment s ince  t r a n s p o r t  of K among compartments by o the r  m a t e r i a l s  

(dashed arrows) is  a l s o  considered.  The r a t e  of flow of K from plasma 

i n t o  a compartment i s  viewed a s  being r e l a t e d  t o  blood flow but not 

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  the  t i s s u e -  

s p e c i f i c  f r a c t i o n  of IC e x t r a c t e d  by a compartment during a s i n g l e  

passage from a r t e r i a l  to venous plasma, a r e  considered whenever 

p o s s i b l e .  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 he  model where d a t a  f o r  
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a m  are sparse 01: nonexistent, extrapolation fr ata for other 
species is made by appealing as mucb as possible t o  the, apparent 

similarity m ~ n g  many spec ies  in t h e  behavior o f  K a t  the tissue level. 

~ o v e ~ ~ n t  of K amon eats is v i e  ed as a syste 

first-order processes. Based on Q. review o f  expeximental 

ans and comparisons of model predictions with data for h 

concluded that this approach is adeqaate pr v ided  attention is 

restricted to the net movement af K over  periods o f  at least 2-3 

inntes. Thai, no attempt was made to incorporate into the madel any 

delays o r  other pecaliarities assaciated tb tho extaacsllnlar-- 

membrane-intracel lular exehan B of R that ay BC@UIC 011 the order of 

seconds. For consideration of net ovement of K over periods af 2-3 

minutes or longerp it w s not a ~ e ~ e s s a r y  t o  consider cellala~ and 

extracellular fluids within an organ or tissue as sep 

except in the case of skeletal muscle, Skeletal muscle appears to be an 

exception due t o  8 combination of two factors:  (1) the cells of t h i s  

compartment equilibrate more slowly with ECF than do cells of 

tissues, SO that tho assaarption of naifsrm mixing over ~ 3 .  short period is 

less reasonable for skeletal muscle th %1 for most other c 

and ( 2 )  the assumption of unifor mixing  in skeletal mascle muPd lead 

to an unrealistic lly rapid increase of S in skeletgbl 

wanld lead t o  large errors for all co partments in the model because 

ast  of the body's K is in skeletal mlascle. 

Althongh the par etea values described in this paper are f o r  a 

typical, healthy, resting adult ale, the model fra ewwk has been 

designed for consideration of other conditions and sub POQ.ps of the 

popalation, provided the equilibri distribution of K, rsgi~naP blood 

flow rates, and K extraction fractions can be modified 

For example, to apply the model to le, we ~~~l~ 

alter blood flaw rates and change the extraction fraction for mascle 

to correspond to the greater blood flow. To apply the model to an a d a l t  

female or  to a child, we would reduce the fraction of total-body K in 

muscle and increase the fractions in other organs., modify the cardiac 

output and regional blood flow rates to the extent possible, and aliter 

the extraction fraction for muscle i f  necessary to corxespond to the 

different blood flow rate. 
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Comparisons of model predictions with observations of human 

subjects receiving oral or intravenous doses of radiopotassium (Burch, 

Threefoot, and Ray 1955; Corsa et al. 1950; Hamilton 1938) are made in 

Figs. 2 and 3. In Fig. 3 the model predictions are given in terms of a 

'disequilibrium factor'. For a given tissue, the disequilibrium factor 

is defined as the fraction of the unexcreted tracer K in the substance 

at a given time after ingestion or injection of a unit activity of 

tracer E, divided by the fraction of whole-body K in that compartment at 
equilibrium. Fox mine, the disequilibrium factor at any given time is 

the urinary excretion rate of the administered unit activity of tracer 
K, divided by the urinary excretion rate of tracer K after equilibration 
with body K has been attained. 
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]Figure: 1. Direction of flow of potassium among compartments of model. 
Solid arrows indicate plasma flow and dashed arrows indicate flow not 
involving plasma. Numbers next to compartments refer to percentages of 
cardiac output passing through the compartments. Numbers to the right 
of sweat, urine, and feces are  typical relative fractions of potassium 
excreted along these routes. 
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T a b l e  1 .  Inflow and o u t f l o w  r a t e s  f o r  compar tments  and subcompar tments .  

Out f low D e s t i n a t i o n  Compartment Inflaw" S o u r c e  
I_^_ 

RBC 

Kidneys  

Muscle  ECF 

Muscle  c e l l s  

S k e l e t o n  

H e a r t  

Lungs 

Stomach 
c o n t e n t s  

SI c o n t e n t s  

Ld c o n t e n t s  

GI t r a c t  
w a l l  s 

S p l e e n  

L i v e r  

S k i n  

B r a i n  

O t h e r  

6 

257 

242 
2 . 6 5  

SO0 

56 

6 7 . 5  

6 7 . 5  

3 . 3  
0 . 1 1  
0 . 4 8  

40  
0 . 3 6  
0 . 0 3  
0 .os 
1 . 6 5  
0 .13  

216 

P1 a sma 

Plasma 

Plasma 
Mnscle  c e l l s  

Muscle  ECF 

P1 a m a  

P1 asma 

PI a sma 

Food 
O t h e r  
G I  t r a c t  w a l l s  

Stomach c o n t e n t s  
G I  t r a c t  w a l l s  
O t h e r  
L i v e r  

S I  c o n t e n t s  
G I  t r a c t  w a l l s  

P lasma 

21 Plasma 

100.8 Plasma ( d i r e c t )  
1 0 . 5  Spleen '  
0.09 LI c o n t e n t s '  

17 S I  c o n t e n t s '  
3 5 . 4  GI t r a c t  w a l l s '  

67.5 Plasma 

0 . 3 8  

209.4 
4 . 6  

2 42 
5 00 

2 . 6 5  

2 . 9  

4 2 . 2  

3 3 . 8  

40 

1 1 . 3 5  
17 

1 . 6 5  

0 . 4 3  
0 -06  
0,09 

0 . 4 8  
0 . 3 6  
0.13 
2 3 . 6  
3 5 . 4  

7 
1 0 . 5  

0 .05  
2 6 . 3 5  

Plasma 

PI a sma 
U r i n e  

Plasma 
Muscle  c e l l s  

Muscle  ECF 

Plasma 

Plasma 

Plasma 

S I  c o n t e n t s  

P1 asma 
L i v e r  
L I  c o n t e n t s  

F e c e s  
P lasma 
L i v e r  

Stomach c o n t e n t s  
SI c o n t e n t s  
L I  c o n t e n t s  
PI. a sma 
L i v e r  

Plasma 
L i v e r  

S I  c o n t e n t s  
P1 asma 

8 .206  Plasma 
0.024 Sweat  

2 . 9  Plasma 0 . 3 8  Plasma 

120 Plasma 7 . 0 6  Plasma 
0 . 1 1  Stomach c o n t e n t s  
0 . 0 3  S I  c o n t e n t s  

aSourco  compartment  volumes o f  p o t a s s i m  p e r  d a y ,  e x c e p t  food ,  
w h i c h  i s  i n  g l d a y .  

bCompartment o r  snbcompartment  vo lumes  of p o t a s s i u m  p e r  day .  
'A b r i e f  i n t e r m e d i a t e  r e s i d e n c e  i n  p lasma is i g n o r e d .  
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Various f a c t o r s  have been offered t o  exp la in  the  wide v a r i a t i o n  i n  

t h e  retention of cesium BM Buazans and t o  p r e d i c t  retention p 

for t h i s  element i n  ind iy idu  . For example, t he  b i o l o g i c a l  Pial€-time 

of cesimn has been expressed 8s  am i nc reas ing  func t ion  of body mass and 

also a s  an i nc reas ing  func t ion  o f  age th rou  bout l i f e  (Eberhardt 1967; 

Cryer and Baveastock 1972; McCsas 1865). Some ea r ly  i n v e s t i g a t o r s  

a ~ ~ e ~ ~ t e a  t o  desc r ibe  accumulation of CS-437 i n  the  body i n  terms of 

d i s c r i  tion f a c t o r s  between c c s i  lcally s i m i l a r  element 

p o t a s s i m ,  such a s  t h e  r a t i o  of Cs/K i n  t h e  body t o  CsiK in t o t a l  d i e t ,  

milk, t o t a l  excreta,  ox ur ine  (Anderson 1957; Booker 1959; McNeill and 

Trojan 19501, but siaeh f a c t o r s  were found t o  overs impl i fy  the 

phys io log ica l  r e l a t i o n s h i p  between these  t w o  e l e  esnts and w e r e  soon 

ndoned. The goal of t h i s  stady was t o  co~ls tsnct  a p r e d i c t i v e  model 

f o r  r e t e n t i o n  of cesiliw. in the i nd iv idna l .  It was found t h a t  potassium 

i s  a amsefud index f o r  t h i s  p u r p ~ ) s e ~  a f t e r  a l l .  

Whole-body r e t e n t i o n  of c e s i w  i n  a person n s u a l l y  can be 

approximated c l o s e l y  by a two-exponential express ion  (ICBP 1979; NC 

19771 

( i t )  i s  the  f r a c t i o n  of a c t i v i t y  a t  refereace time zero 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 I-a m e  f r a c t i o n s  of t he  

i n i t i a l  a c t i v i t y  a s soc ia t ed  w i t h  two hypo the t i ca l  co partmennts th 

together make np the t o t a l  body, and T, and T, a r e  the b i o l o g i c a l  ha l f -  

t imes o f  cesium i n  those EO partmehats, A f t e r  a review and analysis of 

the phys io logica l  and r ad iob io log ica l  l i t e r a t a r e  on cesium and 

b i o l o g i c a l l y  s i m i l a r  elements, i t  was csn jec t a rcd  t h a t  the parameters a ,  

T,. and T, o f  Eq. (1) could be expressed i n  terms of K the amount of IC 

i n  t h e  t o t a l  body. It W A S  suspected t h a t  each of these  parameters  

depends on the f r a c t i o n  F of K t h a t  i s  i n  s k e l e t a l  muscde, where most 

t' 

t 
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of t he  body's K r e s i d e s ;  i n  t u rn ,  F appears  t o  inc rease  with K It has  

been found t h a t  the s k e l e t a l  muscles exchange Gs wi th  plasma a t  a slow 

r a t e  i n  comparison wi th  most of t he  o t h e r  t i s s u e s ,  p a r t i c u l a r l y  the 

v i s c e r a .  In r e l a t i v e  termsI a smaller  value of P should correspond t o  a 

sma l l e r  slow-exchange pool f o r  Cs and a l a r g e r  amount of Cs e n t e r i n g  

plasma and a v a i l a b l e  f o r  e x c r e t i o n  over the f i r s t  few days a f t e r  

exposure. Thus, dec reas ing  v a l u e s  of F should correspond t o  inc reas ing  

va lues  of the  short-term f r a c t i o n  a i n  Eq. (1). Also, a smaller value 

of F means a smaller  muscle pool,  which should correspond t o  a smaller  

valne of T, i n  Eq. (11, not only because 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 bu t  a l s o  because of a smaller  

f r a c t i o n  of m a t e r i a l  being r ecyc led  t o  t h a t  pool .  A s i m i l a r  argument 

a p p l i e s  t o  the eorrespondence between decreasing values  sf F and 

i n c r e a s i n g  v a l u e s  o f  T,, although the argument may be weaker i n  t h i s  

case because of t he  more heterogeneous n a t u r e  of the fast-exchange 

' p o o 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  suggested by some 

s e s a l t s .  D i f f e rences  wi th  sex i n  the  r e l a t i o n s  between Kt and the 

parameters of Eq. ( I )  might be expected s ince  t h e r e  GOUld be d i f f e r e n c e s  

wi th  sex i n  the r e l a t i o n  between the  f r a c t i o n  F def ined  above and K 

t' 

t 

t '  
The r e l a t i o n  between Kt and t h e  parameters of Eq. (1) was 

i n v e s t i g a t e d  using da ta  from a study by Lloyd and coworkexs (1 

measured the  r e t e n t i o n  of Cs-137 and Rb-83 i n  38 persons of va r ious  

ages,  some hea l thy  and some with muscle d i s e a s e .  It was found t h a t  'T, 

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 s h i o n  W i g .  11, and a l  so 

i n c r e a s e s  wi th  Kt but i n  a nonl inear  f a sh ion  (Fig.  2 ) .  A r e l a t i o n  

between K and T, i s  revealed i n d i r e c t l y  by f i r s t  r e l a t i n g  K and a and 

then  r e l a t i n g  a and TI ( F i g -  3 ) .  The p a i r s  (Kt.T,) for hea l thy  males 

a r e  approximated by the l i n e  

t 

t t 

T, = -1.22 + 0.72K (R-0,91). (29 t 

The p a i r s  (Kt,T,) f o r  hea l thy  males may be b e t t e r  approximated by an 

exponen t i a l ly  d e c l i n i n g  curve: 

Carves (2) and ( 3 )  in te rsec t .  a t  about K t  = 20 g, which i s  the o f  

K t  a t  approximately one yea r  of age ,  A t  K t  I= 20 g, T r  = T, = 13. For 

value 
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smaller  values  of K i t  w i l l  be a s s m e d  t h a t  T, = T,; based on empir ical  

d a t a ,  t h i s  co on value i s  assumed t o  decrease l i n e a r l y  with K from 22 

days a t  K t e ly  6 months 
of a g e ) ,  and then  remain a t  13 days through Kt  = 20 

males, t he  p a i r s  (Kt,a) a l s o  may d e c l i n e  

than  a l i n e a r  one, with the b e s t - f i t t i n g  exponent ia l  func t ion  being 

t 

t 
= 5 g ( b i r t h )  t o  13 days a t  Kt = 1 5  g (appxoxi t 

o r e  i n  an exponent ia l  p a t t e r n  

Because of t he  small number of d a t a  p o i n t s  for females,  e s p e c i a l l y  

fox m a l l  values  of K t h e  infoxmation f o r  males was used as a po in t  o f  

depa r tu re  f o r  cons t ruc t ing  a model f o r  females; by appe l i n g  to t h e  

apparent l a c k  of d i f f e r e n c e  with sex i n  IC and in r e t e n t i o n  o f  cesinm i n  

'young c h i l d r e n .  The  model f o r  females v a s  taken t o  be the same a3 t h a t  

f o r  males through age 6-7 yea r s  ( K  =43 g ) ,  and f u n c t i o n s  agreeing wi th  t 
the model fo r  males a t  K =43 g and r ep resen t ing  t h e  data  f o r  females €or 

higher  ages were found. These are iven i n  Eqs. ( 5-79 . 

t 0  

t 

t 

The da ta  of Lloyd and coworkers a l s o  were used t o  comp 

r e l a t i v e  va lues  of the i n d i c e s  age, t o t a l  body mass, and total .  body 

potassium i n  p r e d i c t i n g  t h e  equivalent  b i o l o g i c a l  half-t ime T of cesium 

i n  humans. The equivalent  b i o l o g i c a l  half-t ime for an ind iv idua l  i s  

def ined  as t he  average of a l l  the component half- t imes i n  h i s / h s r  

r e t e n t i o n  func t ion ,  each weighted by the r e l a t i v e  component s i z e  

( c o e f f i c i e n t ) .  The c o e f f i c i e n t  of c o r r e l a t i o n ,  8, between T f o r  c e s i  

i n  Lloyd 's  s u b j e c t s  and t he  f a c t o r  age, weight, or Ix i s  given i n  

Table 1 for each o f  t h r e e  c a t e g o r i e s :  c h i l d r e n ,  a l l  s u b j e c t s ,  and 

a d u l t s  (age 18 yea r s  o r  g r e a t e r ) .  In a l l  three c a t e g o r i e s  T is more 

h igh ly  c o r r e l a t e d  wi th  K than wi th  e i t h e r  age or t o t a l  body mass. 

Q 

Q 
t 

Q 

t 
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Table 1 .  C o e f f i c i e n t s  of c o r r e l a t i o n  between the  equivalent  b i o l o g i c a l  h a l f -  
time Ta of Cs and age, weight ,  and Kt based on data of Lloyd e t  a l .  

Correlat ion coef f i c i s n t  

A1 1 sub j ec t s Children Adults Par m e t e r s  

Age vs TQ 0.53 0.45 0.05 

Weight YS T 0.74 0.69 0.52 Q 
E vs T 0.89  0.97 0.78 t Q 

P w 



For some radionuclides, es t imates  of dose to  r a d i o s e n s i t i v e  t i s s u e s  

depend s t r o n g l y  on a s s m p t i s n s  regarding retantian of decay products, 

Examination o f  enperimentaP dgta  revea l s  that  a v a r i e t y  o f  complcx 

r e l a t i o n s h i p s  e x i s t s  between the , - ~ t e ~ i t i o n  of parent  and daughter 

n u c l i d c s ,  and t h a t  broad anssa-mptiosns conacarnfng decay p r ~ d ~ ~ t ~  such IS 

those ased i n  Publ i ca t ion  2 (Imp 1959) or Publ i ea t ion  30 (I@rraP 19793 o f  

the LCRP cannot aaeqnatc iy  C W ~ T  a11 impsatam parent naciide~. me 
puxpo5a of t h i s  study i s  t o  exnm.ine problems r e l a t e d  t o  modeling 

rctention o f  decay products and to snggese ways 0f improving present  

methoas. 

\Ye have ~ x m i n e d ~  for various p a i a a t  r~disnnclides, the change i n  

e s t imates  of a c t i v i t y  and dose aqaivalenk as assnmptiorns concerning 

behswiox of decay products ISB a l t e r e d .  T h e  c h a r a c t e r i s t i c  r e t e n t i o n  

function used f o r  each nuclide Ithat  is, tba re tent ion  flaraction t h a t  

vsn ld  apply t o  the xlnclide i f  i t  were Injected i n t o  the bloodstream) is 

that  ivena inn ICRP 30,  although some computationally convenient 

approximations have been used t o  descr ibe  r e t e n t i o n  of  the a l k a l i n e  

ear th  elements,  To make: our analysis manageable we res tr i c ted  attention 

t o  a choice among the  fo l lowing  s imple  a s s  p t i o n s  concerning decay 

prodrae t s : 

Assumption A :  Growth of the datlghter i s  viewed a s  w fresh d e p o s i t  i n  

the  organ from body f l u i d s ,  and tbe daughter i s  assigned i t s  own 

c h a r a c t e r i s t i a  r e t e n t i o n  function for tbc organ.. 

Asomgtion B :  The danghter i s  a s s w e d  t o  follow the mekaebiolic pathways 

of the parent,  and each term of tho r e t e n t i o n  funct ion  for  the 



paren t  i s  assumed t o  r e p r e s e n t  an a c t u a l  phys i ca l  compartment. The 

daughter i s  assumed t o  remain i n  t h e  compartment where i t  was born 

u n t i l  removed wi th  the same removal r a t e  a s  t he  pa ren t .  

Assumption C: The daughter i s  assumed t o  fol low the metabol ic  pathways 

of t h e  pa ren t ,  but  t h e  terms of the p a r e n t ' s  r e t e n t i o n  f u n c t i o n  a r e  

not  considered a s  a c t u a l  phys i ca l  campartments. I n  t h i s  case the 

t o t a l  a c t i v i t y  of the pa ren t  i n  the organ i s  cont inuously pooled, 

and each daughter atom i s  assigned t h e  t o t a l  r e t e n t i o n  f u n c t i o n  of 

t he  p a r e n t ,  r a t h e r  than a s i n g l e  t e r m  from t h a t  func t ion .  ( I f  the 
r e t e n t i o n  f u n c t i o n  has only one term, then t h i s  assumption i s  the 

same a s  Assumption B . )  

Assumption A was used in ICRP 2 and Assumption B was used i n  
ICRP 30. Because of the u n c e r t a i n t y  regarding t h e  phys ica l  s i g n i f i c a n c e  

of the m u l t i p l e  terms of t he  r e t e n t i o n  f u n c t i o n s  i n  ICRP 30,  Assumption 

C may be a s  reasonable  a s  Assumption B f o r  use wi th  those r e t e n t i o n  

func t ions .  These assumptions a r e  by no means exhaust ive;  they were 

chosen f o r  our a n a l y s i s  simply because of t h e i r  common use and because 

t h e i r  dos ime t r i c  i m p l i c a t i o n s  can be determined using t h e  ICRP 30 

modeling approach. 

The committed e f f e c t i v e  dose equ iva len t  ( t h a t  is ,  t b e  sum of the 

dose e q u i v a l e n t s  i n  i n d i v i d u a l  organs, each weighted by an organ- 

weighting f a c t o r  as desc r ibed  i n  P u b l i c a t i o n  26 of the  ICRP (ICRP 1917) 

f o r  a f i f t y - y e a r  p e r i o d  fol lowing i n j e c t i o n  of a pa ren t  nuc l ide  i n t o  

blood was c a l c u l a t e d  f o r  e i g h t  pa ren t  nuc l ides  using t h e  above 

Assumptions A, B, and C.  R e s u l t s  a r e  l i s t e d  i n  Table 1. It i s  apparent 

t h a t ,  depending on t h e  pa ren t  nuc l ide ,  e s t i m a t e s  of dose may be s t rong ly  

a f f e c t e d ,  s l i g h t l y  a f f e c t e d ,  or v i r t u a l l y  una f fec t ed  by t h e  choice among 

the  se t h r e e  a s  sump t i ons . 
IMPROVING PRESENT DosrmmIc METHODS FOR CHAINS OF BADIONUCLIDES 

We have concluded t h a t  dosimetry f o r  cha ins  of r ad ionuc l ides  could 

be improved i n  many c a s e s  by avoiding the  type of b lanke t  a s s m p t i o n s  

made i n  ICRP 2 o r  ICBP 30 and by cons ide r ing  pa ren t  r ad ionuc l ides  on a 

case by case b a s i s .  This could be done most e f f e c t i v e l y  i f  metabolic 

models were r e v i s e d  t o  r e f l e c t  t h e  a c t u a l  p rocesses  involved i n  the 



r e t e n t i o n  and t r a n s l o c a t i o n  of nac l ides .  For t he  most p a r t  the models 

ended i n  TClPP 30 axe not f l e x i b l e  e n ~ a g h  t o  ak lo  inco rpora t ion  of 

phys io log ica l  cons ide ra t ions ,  This  i s  becaase these models lnsaally were 

der ived  as f i t s  t o  e ~ ~ ~ ~ ~ ~ ~ ~ t a ~  da ta ,  and the terms of t h e i r  

mathematical r e p r e s e n t a t i o n s  do not correspond to i d e n t i f i a b l e  

anatomical or phys io log ica l  e n t i t i e s .  n n s ,  we have @omladed t h a t  the 

problem more a c c u r a t e l y  d e s c r i b i n g  the behavior o f  r a d i o a c t i v e  progeny 

born i n  tho body c a m o t  be da res sea  a d e q u ~ i t e i y  withaat changing t he  

b a s i c  modeling approac used i n  ICRB 30 f o x  paren t  nucl ides .  

Phys io log ica l  c o n s i d e r a t i o n s  appear t o  be p a r t i c u l a r l y  important i n  

the  case of bone-seeking r ad ionuc l ides .  I f  a lanclide produced on bong: 

surfaces; is c l a s s i f i e d  as a ' surface-seeking '  m c l i d e ,  then i t  m y  be 

reasonable  t o  assume t h a t  i t  remains on bone sarfaces u n t i l  removed by 

processes  of b u r i a l  and r e so rp t ion .  I f  the nncl ide i s  not a sxwfacs- 

seeker ,  than i t s  mig ra t ion  from the pa ren t  mi t be l i m i t e d  by t39e 

h a l f - l i f e  of t he  nucl ide and t h e  r a t e  o f  e n t r y  of s a t e r i a l  into 

t he  bone volume. Except where there  i s  in fom i o n  t o  khle con t ra ry  

(such as for noble g a s e s ) ,  r ad ionuc l ides  produced in bone volume should 

probably be assumed to remain t h e r e  u n t i l  ~ e l ~ a s e ~  by bone re 

processes. In gene ra l ,  the daughter may be l e s s  l i k e l y  t o  remain with 

the pa ren t  over an extended pesiod i n  trabecgllar bone volaane than i n  

c o r t i c a l  bone volume, becaase t x a b e c d a r  bone i s  CQ fa1 e t e l y  remodeled i n  

a few years1 a d t h e  daughter may not Be xecycled t o  t h e  same e x t e n t  

t h e  pa ren t .  It appears t h a t  metabol ic  ode l s  w i l l  have t o  include 

(1) c o r t i c a l  and t r a b e c u l a r  bone a s  s epa ra t e  eo p a r b e n t s  (s 

models a l r e a d y  do t h i s )  and ( 2 )  e x p l i c i t  c o n s i d e r a t i o n  of the  processes 

of bone a d d i t i o n  and r e s o r p t i o n  be fo re  the  problem of the  mig ra t ion  of 

daaghter  products  from the ske le ton  can be? handled adsqnately.  

Examples i n d i c a t e  t h a t  some xa i o n n c l i d e s  prodaced i n  s o f t  t i s s u e s  

may migrate e x t e n s i v e l y  an qu ick ly  from the pa ren t ,  while o t h e r s  remain 

wi th  the parent  t o  a l a rge  e x t e n t .  I f  t h e r e  i s  i n s a f f i c i c n t  

experimental  and/or phys io log ica l  i n f o m a t i o n  t o  guide the development 

of a model for a p a r t i c u l a r  daughter i n  s o f t  t i s s n e  os in bone, then. one 

conse rva t ive  approach would be t o  e s t i  a t e  doses an ex d i f f e r e n  

p l a u s i b l e  assumptions regarding decay products,  and apply the  h ighes t  

e s t ima te  of dose. 
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A METflQD M)B ESTIMATING TEE SYSTEMIC 

BURI)EM OF PLUTONIUM FROM URINALYSES 

R. W. Legget t  and K. F. Eckerman 

INTRODUCTION 

For many y e a r s  Langham's u r i n a r y  e x c r e t i o n  model (1950) s e w e d  a s  

t h e  primary t o o l  f o r  e s t ima t ing  i n t a k e s  and systemic burdens of 

plutonium from u r i n a l y s e s ,  but i t  has  g radua l ly  become evident  t h a t  t h i s  

model s u b s t a n t i a l l y  ove res t ima tes  systemic burdens a t  extended t imes 

a f t e r  exposure. In t h i s  study we compare t h r e e  r e c e n t  approaches t h a t  

a r e  be l i eved  t o  produce more a c c u r a t e  bioassay models: (1) modi f i ca t ion  

of Langham's model u s ing  autopsy and u r i n e  d a t a  f o r  former plutonium 

workers, ( 2 )  empi r i ca l  curve f i t t i n g  t o  updated d a t a  f o r  humans i n j e c t e d  

with plutonium, and ( 3 )  modeling of the r e t e n t i o n  and e x c r e t i o n  of 

plutonium using general  phys io log ica l  c o n s i d e r a t i o n s  combined wi th  

plutonium-specif ic  r a d i o b i o l o g i c a l  da t a .  These t h r e e  approaches a r e  

shown t o  y i e l d  f a i r l y  c o n s i s t e n t  e s t i m a t e s  of the urinary e x c r e t i o n  r a t e  

for s e v e r a l  decades s i f ter  contamination of blood. Est imates  from the 

t h r e e  approaches a r e  combined t o  o b t a i n  a s e t  of p r e d i c t e d  u r i n a r y  

e x c r e t i o n  r a t e s  f o r  1 t o  20,000 days a f t e r  c o n t m i n a t i s n  of blood. A 
simple method is developed f o r  using these e x c r e t i o n  r a t e s  t o  c a l c u l a t e  

i n t a k e  r a t e s  and systemic burdens from exposures i n  which the general  

p a t t e r n  of i n t a k e  t o  blood i s  known. 

C(PMPARIS(%N OF TEE THREE APPROACHES 

Over the  p a s t  few y e a r s  i t  bas become evident  t h a t  Langham's 

equa t ion  underest imates  t h e  r a t e  of e x c r e t i o n  of Pu by a f a c t o r  F ( t )  

t h a t  i n c r e a s e s  wi th  time t. This conclusion i s  based i n  p a r t  on 

comparative autopsy and e x c r e t i o n  d a t a  for plutonium workers exposed 

s e v e r a l  y e a r s  ago (Norwood and Newton 1975; McInroy 1976). While 

f r a u g h t  with u n c e r t a i n t i e s ,  t hese  d a t a  i n d i c a t e  t h a t  Langham's equa t ion  

may underest imate  the u r i n a r y  e x c r e t i o n  r a t e  f o r  Pu by a f a c t o r  of 

perhaps 2-3 a t  4-8 yea r s ,  by a f a c t o r  of perhaps 4-7 a t  10-15 yea r s ,  and 

roughly by an o rde r  of magnitude a t  25-30 yea r s .  A r e v i s i o n  of 

Langhm's  model based on our a n a l y s i s  of these d a t a  i s  i n d i c a t e d  in 

Fig. 1. 



Updated information on Lannghm's &- in jec ted  s u b j e c t s  a l s o  

i n d i c a t e s  t h a t  t he  u r i n a r y  e x c r e t i o n  of h i s  $ r e  an o r i g i n a l l y  

p ro jec t ed .  In p a r t i c u l a r ,  Rundo and coworkers (1976) c o l l e c t e d  samples 

of exc re t a  from two of Eangh 's s u b j e c t s  a t  27 years a f t e r  i n j e c t i o n .  

e ~ ~ u s e ~ ~ ~ ~ $  i n d i c a t e  t 'S equation ~ n a ~ ~ ~ ~ ~ i ~ a ~ e s  the  

u r i n a r y  e x c r e t i o n  r a t e  by a f a c t o r  of 7-13 a t  27 years.  

Recently S. R. Jones (1985) reanalyzed t h e  h an i n j e c t i o n  d a t a  and 

developed an  empir ical  model ( ca rve  f i t )  from the ad jns t ed  d a t a .  This  

carve i s  compared wi th  the Langh made1 i n  Fig.  2 .  The v e r s i o n  of 

e l  shown he re  inc ludes  the  t e n t a t i v e  a d j u s t  

ease a t  times g r e a t e r  than 3 y e a r s )  t h a t  Jones added 'in 

proof '  a f t e r  l e  rning of w. D. o s s '  expected c o r r e c t i o n s  and a d d i t i o n s  

's published d a t a  on t h e  - i n j e c t e d  s u b j e c t s .  

Another es t imate  of the a r i n a r y  e x c r e t i o n  of w1 OVBE an extended 

p e r i o d  can be made using a r ecen t  model of Le g e t t  (1985) which was 

cons t ruc t ed  us ing  general  physiologic  B c o n s i d e r a t i o n s  and Pn-specif ic  

i o b i o l o g i c a l  infoxmation r e l a t e d  t o  the  r e t e n t i o n ,  t r a n s l o c a t i o n ,  and 

e x c r e t i o n  of Fu t h  t bas  reached t h e  bloodstre A comparison of 
e s t ima tes  der ived from the  model of Legget t ,  t h  ade l  of s. B. Jones, 

and the r e v i s i o n  of the  Langh model based on r e c e n t  d a t a  f o r  former P 

workers i s  made i n  Fig.  3 .  

The va lues  de r ived  f ro  the t h r e e  d i f f e r e n t  approaches have been. 

combined i n  Table 1 t o  y i e l d  a u r i n a r y  e x c r e t i o n  ode1 &Bat $ i V e J S  

c o n s i d e r a t i o n  t o  p l n t o n i m  i n j e c t i o n  da ta ,  aatopsy and u r i n a r y  d a t a  f o r  

p l a t  oni nm workers , and phy s i o l  og i c a 1. and rad i  obi sl o 

t h e  behavior of p l a t o n i  ia the  body. 

~ ~ ~ ~ ~ ~ c h e $  for a given pe r iod  of t i m i :  wa 

concerning the  r e l a t i v e  s t r e n g t h  of the l o g i c a l  support  for each 

ch over t h a t  per iod.  

The l a s t  column i n  Table 1, the  t o t a l  f r a c t i o n  of the i n j e c t e d  

exc re t ed  i n  w i n e  and f e c e s  by the  end of the given i n t e r v a l ,  i s  based 
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on t h e  e s t i m a t e s  given i n  Table 1 for u r i n a r y  e x c r e t i o n  t o g e t h e r  with 

the  time-dependent urine-to-feces r a t i o  E p r e d i c t e d  by t h e  model of 

Legget t .  These r a t i o s  a r e  i n  c l o s e  agreement wi th  measured v a l u e s  of I? 

a t  1-138, 340, and 10,000-12,000 days a f t e r  exposure. 

To es t ima te  systemic burdens and i n t a k e s  of plutonium, the va lues  

B { i )  i n  Table  1 may be used i n  t h e  fol lowing formula: 

U = A ( i ) B ( i ) L ( i )  

i 

where 

U is t h e  measured u r i n a r y  e x c r e t i o n  of plutonium a t  

some r e f e r e n c e  time t = O ,  

i is  t h e  index f o r  t he  i n t e r v a l s  i n d i c a t e d  i n  Table  1, 

L ( i )  i s  the l eng th  of i n t e r v a l  i, 

A ( i )  i s  t h e  average inflow r a t e  of platoniuat t o  blood 

from t h e  r e s p i r a t o r y  or g a s t r o i n t e s t i n a l  t r a c t  or wounds 

during i n t e r v a l  i. 

Note t h a t  time i s  measured backwards from t h e  time t h a t  t he  a r i n e  sample 

is taken. 

The expres s ion  f o r  A ( i )  should c o n t a i n  only one unknown, which i s  

t o  be found by so lv ing  t h i s  equat ion.  Usually i t  is  assumed t h a t  the 

'shape'  of the curve f o r  inf low t o  blood is known, perhaps because of a 

knowledge of r e l a t i v e  changes i n  t h e  environment of the exposed person. 

The equa t ion  would t h e n  be used t o  e s t i m a t e  t h e  magnitude of the i n t a k e  

func t ion ,  which would i n  t u r n  be used t o g e t h e r  with the l a s t  column of 

Table 1 t o  e s t ima te  the  c u r r e n t  body burden. 
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Table 1. Values for the urinary and total excretion rates for plutonium 
recommended for estimating intakes and systemic burdens. Values are related 

to an initial uni t  activity in blood a t  t i m e  zero. 

Interval Period prior to Length o f  Average urinary Fraction excreted 
nnmber urine sample interval in excretion rate by end of interval 

( i )  (days) days (L(i)) per day ( R ( i ) )  (urine plus feces) 

1 
2 
3 
4 
5 
6 
I 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
31 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 

0 -1 
1-2 
2 -3 
3-4 
4-5 
5 -6 
6 -7 
7-8 
8-9 
9-1 0 
10-1 2 
12--14 
14-16 
16-18 
18-20 
20-25 
25-30 
3 0-3 5 
35-40 
40-50 
50-60 
60-70 
70-80 
80-90 
90-100 
100-110 
110-120 
120-130 
13 0-1 40 
140-150 
150-200 
200--300 
300-400 
400-500 
500-600 
600-800 
800--1000 
1000- 1500 
1500-2000 
2000-2500 
2500-3000 
3000-4000 
4000--5000 
5000-6000 
6000-6000 
8000-10,000 
10,000-12,500 
12,500-15,000 
15,000-17,500 
17,500-20,000 

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
5 
5 
5 
5 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
50 
100 
100 
100 
100 
200 
200 
500 
500 
500 
500 
1000 
1000 
1000 
2000 
2000 
2500 
2500 
2500 
2500 

0.004 
0.002 
0.0015 
0.0010 
0.0007 
0.0006 
0.0005 
0.00045 
0.00040 
0.00035 
0.00030 
0.00028 
0.00026 
0.00023 
0.00020 
0.00018 
0.00016 
0.00015 
0.00013 
0.00012 
0.00011 
0.000105 
0.000100 
0.000095 
0.000090 
0.000085 
0.000080 
0.000075 
0.00007 0 
0.000065 
0.000060 
0.000050 
0.000045 
0.000040 
0.000035 
0.000030 
0.000025 
0.000022 
0.000020 
0.000018 
0.000016 
0.000015 
0.000015 
0.000015 
0.000015 
0.000015 
0.000015 
0.000017. 
0.000011 
0.000010 

0.0075 
0.012 
0.015 
0.017 
0.019 
0.020 
0.022 
0.023 
0.024 
0.025 
0.026 
0.028 
0.029 
0.031 
0.032 
0.034 
0.036 
0.038 
0.039 
0.041 
0.043 
0.044 
0.046 
0.047 
0.049 
0.050 
0.051 
0.052 
0.053 
0 .OS4 
0.058 
0.064 
0.069 
0.074 
0.079 
0.086 
0.092 
0 .ll 
0.12 
0.13 
0.14 
0.16 
0.18 
0.21 
0.25 
0.29 
0.34 
0.38 
0.42 
0.46 
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ABSOBBED FRACTION IN ACTIVE MARROW FOR ELECTRONS WITHIN 'IRABECULAR BONE 

K. 5'. Eckerman 

INTRODUCTION 

Because the structure of trabecular bone could not be described in 

simple geometrical terms, Spiers and coworkers (Spiers 1969; Whitwell 

and Spiers 1978) introduced a method of calculating the energy 

deposition i n  which the geometries of the trabeculae and marrow cavities 

are? represented by measured distributions of the chord-lengths across 

them. If the track of a particle is assumed to be straight then the 

total track in trabeculation is represented by path-lengths alternately 

selected in a random manner from the chord-length distribution for 

trabeculae and cavities. The energy loss of the electrons in the 

trabeculae and cavities can be computed from the range-energy 

tela ti onship. 

DISTRIBUTION OF CHORD-LPNG7ES 

There are many ways in which randomness of chords may arise in 

convex bodies, however only two are of interest here: 

Mean~free-path randomness (or y-randomness). A chord of a convex 
body is defined by a point in space and a direction. The point and 
direction are chosen randomly from independent, uniform 
distributions. This kind of randomness results, for example, if a 
convex body is exposed t o  a uniform, isotropic field of straight 
lines. 

Interior radiator randomness (or I-randomness). A chord is defined 
by a point within the interior of the convex body and a direction. 
The point and direction are chosen randomly from independent, 
uniform distributions. This kind of randomness results, for 
example, if the convex body contains a uniform distribution of 
point sources, each of which emits radiation isotropically. 

If charged particles (electrons) originate in a uniform-isotropic 

manner outside of a convex body (trabeculae or marrow cavity) one is 

dealing with p-randomness, which is the situation under which chord- 

length distributions were measured by Spiers and coworkers (Spiers 1969; 

Beddoe et al. 1976; and Beddoe 1977). However, for particles 
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within a convex body I-randomness is applicable. The chord 

distributions under 11- and I-randomness have Been showsl to be related as  

(Kelle~er 1871); 

where 

fI(x) and f (x) denote the probability density fumtions for 

chord-lengths under I- and p-randomnesso respectively, 

<x> denotes the mean value of the f ( X I  distzibutiow. 

P 

P P 

Equation. (1) refers to the full chord; however, we are interested 

in ‘half-chords’ at rays formed by particles originating within the 

coxlvox body. The probability density function for the ray-length 

distribution, f , ( x ) ,  can be shown to be x 

where F (I) is the cumulative distribution fmction given as 
Y X  

r; (XI = 4 f ( s )  as. 
P O P  

From the preceding it is apparent that the m a n  ray--lexl 

particles emitted internally to B convex body is one-half the mean 

chord-length for I-randomness, i.e., < x > ~  = “/z < x > ~ -  The mean chard- 

length mder p-randomness# <x> 

surface area, S, of 8 convex ’body by Cauchy’s theorem: .(x> 

is related to the vo1 
P S  

= 4 s . 
P 

As an example, consider a sphe+e whose chord-length distribution 

for p-randomness is simple and well-known, i . e . #  f (E) = 2 ;, with mean 

chord-length <x> = - d .  Fro Eq, (1). the distribution for I- 

ness in R sphere is f (XI =- -  3 x a  for which the wean chord length 

is < x > ~  = - d .  The probability density function of ray-lengths, 

obtained from Eq. (21, is 

X 
P d 2 

JI 3 

I a3 ’ 3 
4 

3 
i 8  with mean ray-length of <x> = - d .  The various distributions of chord- 

and ray-lengths in a sphere are depicted in Pi 
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Mean chord and ray-lengths for the trabeculae and marrow cavities 

of several trabecular bones of the skeleton of man are summarized in 

Table 1. Note that the parietal bone appears to be distinct from the 

other bones in that its thick trabeculae and small marrow cavities lead 

to a high <t> : < c >  ratio. 
P P 

ABSORBEI], FRACTIONS FOR MONOENERGETIC ELECraaJS 

The absorbed fraction in v from rr Q(vtr), is defined as 

(4 )  energv absorbed in target region K 
q(vcr) = energy emitted by source region r 

Thus Ci embodies the transport of the radiation under consideration as 

well as the geometric relationship of the regions. "he absorbed 

fraction data developed here 0re for monoenergetic electrons emitted 

uniformly (by mass) and isotropically within the trabeculae and cavities 

of trabecular bone. The target region of interest is the active or red 

marrow (denoted as RM) for which we average the energy deposition over 

the marrow cavities. 

The representation of paths for an electron of energy E and range 

in marrow % are illustrated in Fig. 2. By use of chord-length 

distributions the three-dimensional geometry has been reduced to one 

dimension. Furthermore the two media (bone and marrow) nature of the 

problem can be reduced to a single media as the ratio of the range of 

electrons in marrow (RBI) to that of bone (TB) is nearly constant over 
electron energies of interest here, that is: % 1.75 . 

For irradiation of the active marrow by electrons orginating within 

trabeculae, Monte Carlo sampling is used to select a chord-length, t, 

from the probability density function, fI(t), for the bone under 

consideration. A ray-length, t', is then determined as t' = f t D  where 

5 is a random number uniform on the region 0 < <l. The electron is 

tracked as it alternately passes through marrow cavities along lengths 

. . . , selected by Monte cl, c2, ..., and trabeculae along chords tl, 
Carlo sampling of the probability density functions f (c) and f ( t ) ,  

respectively. The electron is tracked until 

t2 * 

P P 
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i . e . ,  i t s  enezgy has  been depos i ted .  The  eaergy daposition i n  

trabecnlaa: ( t ' s l  and marrow c a v i t i e s  ( e ' s )  i s  c a l c n l a t e d  as t h e  

difference between the ee;ergy on ~ ? ~ a t & ; P i ~ g  ana i e ~ i t n g  B t r a ~ ~ ~ a i k ; l  or 

c a v i t y ,  i n  esch case being determined Prom the  residual ran 

e l e c t r o n  a t  t h a t  point i n  i t s  t r ack ,  %%e range-energy relationship was 

takev from Berger (1973). By t r ack ing  B l a rge  number of  electsons i n  

t h i s  mannerp the absorbc fraictiora ts obtained by d iv id ing  t h e  t o t a l  

energy depos i ted  i n  marrow cavities by the tots1 energy o f  electrons 

s i m a t e a .  

For e l e c t r o n s  emittad withln ~ ~ P F O W  c a v i t i e s r ,  t he  catcuBations 

proceed R S  above wi th  f i r s t  selection o f  a. chord-length f r o m  the  

p r o b a b i l i t y  density function f ( € 1  and determination of a sag---l@n 

1 s  noted above, The elcctroas i s  t racked  until 
IC 

The energy depos i t i on  i n  the  marrow c a v i t i e s  and the  absorbed f r a c t i o n  

~ F C  determined a s  discarssed above. Typ ica l ly ,  ten- t o  seyenty-tkonsand 

e l e c t r o n s  were t racked  i n  each of t he  two atasoxbed fraction 

calenlations. The s t a t i s t i c a l  errors i n  the  Monte C a r l o  c a l c a l a t i o n s  

were less than I%# 

T h e  absorbed fraction da ta  for t he  parietal bone rand lmibax 

vertebra of the  ske le ton  of a 44-year-old m a l e  are shown i n  Fig.  3 ,  A t  

low e l e c t r o n  ene rg ie s ,  Sri +-m1 approaches zero and q Q  

approaches unity.  This l i m i t i n g  behavior r e f l e c t s  the f a c t  t h a t  a t  low 

energy the  range af  e l e c t r o n s  i s  small r e l a t i v e  t o  the mean ray-lengths, 

< t > i  and <di. and thus t h e  energy is l o c a l l y  depos i ted .  A t  h igh  

energiesp q(RM 6- 1 2' q(Hf tY331 and t h e  behavior is descr ibed  R S  

< C > .  
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i , e . ,  the absorbed fraction is simply the fractional track length in the 
marrow cavities. Tlne equality of the absorbed fractions at high energy 

arises as electrons traverse multiple trabeculae and cavities thus 

establishing an energy deposition pattern which is largely independent 

of the electron's origin. 

The results of the calculations for the parietal bone of the skull 

and the lumbar vertebra are given in Tables 2 and 3 for a 44-year-old 
male and a 20-month-old child, respectively. The atypical structure of 

the parietal bone is reflected in the absorbed fraction data for either 

the child or the adult, however, difference with age appears to be l e s s  

pronounced. 
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p-randomness ( a ) ,  I-raada ness (b), ray-length distribution ( c ) .  

For a sphere of unit diameter, chord-length distribntians for 
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Figure 2. Schematic illustration of the track of an electron throngh 
trabecular bone. Monte Carlo sampling of chord-length distributions is 
used to determine the t's and c's defining the total track. 
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Table 1. Mean chord- and ray-lengths (p) for trabeculae and marrow cavities 
in various bones of man. 

Tr ab e cn 1 ae a Marrow Cavitiesa 

Wi <c>  v <di <t> :<c> 
P P P P 

Bones < t >  vp 
P 

b 44-year-old male 

Parietal 

Cervical vertebra 

Lumbar vertebra 

Rib 

Iliac crest 

Femur head 

Femur neck 

9-year-old childC 

Pari et a1 

Cervical vertebra 

Lumbar vertebra 

Rib 

Iliac crest 

Femur, head I# neck 

b 20-month-old child 

Parietal bone 

Lumbar vertebra 

Rib 

Iliac crest 

Femur 

511 

27 9 

247 

265 

2 42 

232 

314 

53 9 

162 

168 

231 

180 

249 

566 

188 

191 

181 

197 

0.570 401 

0.719 240 

1.11 260 

1.49 330 

0.675 203 

0.665 193 

0.914 301 

1.21 625 

1.04 192 

1.22 212 

1.43 206 

0.865 184 

389 0.784 347 1.31 

910 0.894 861 0.307 

1228 1.12 1299 0.201 

1706 1.09 1785 0.155 

904 0.647 745 0.268 

1157 0.901 1099 0.200 

1655 0.905 1576 0,190 

306 

906 

85 7 

1123 

744 

616 

8.272 

0.179 

0.196 

0.204 

0.242 

0.404 

255 2.90 508 2.22 

736 0.987 731 0 "255 

559 1.04 569 0.342 

575 0.873 539 0.315 

789 1.10 830 0.250 

a Notation: (<t> ,V 1 and (<c> ,V ) denote the mean and the 
fractional variance under p-randomness for the trabeculae and marrow 
cavities, respectively. < t > i  and < c > ~  denote the mean ray-length for 
trabeculae and cavities, respectively. Lengths are i n  uni ts  of pm. 

P P  P P  

bCompnted from the chord-length distributions of Whitwell (1973). 

See Tables 1 and 3 of Beddoe (1977). C 



Table 2. Absorbed f r a e t i  
mi distributed soulcce of 
and of the p a r i e t a l  bone 

El ec t ron Parietal bone 

0.010 

0 .Of5 

0.020 

0 . O W  

0.040 

0.050 

0.060 

0.080 

0.10 

0 . 1 5  

0.20 

0.30 

0.40 

0.50 

0.60 

0.80 

1.0 

2 -0 

3 .O 

4.0 

1.95(-3) 

3.29(-3) 

S.97(-3 1 
1.23(-2) 

1.98(-2) 

2.94 (-2 

4.03(-2) 

6.34(-2) 

8 . 8 0 ( - 2 )  

1.53 (-1) 

1.99(-1) 

2.58(-1) 

2.71(-1) 

2.76(-1) 

2.82(-1) 

2 .$$(-I) 

2.93(-1) 

2.97(-1) 

3 .OO(--l) 

3 .Ol(-I) 

0.994 

0.99 

0.983 

0.969 

0.950 

0.929 

0,981 

0.854 

0.794 

0.654 

0 -538  

0.415 

0.376 

0.358 

0 .346  

0.335 

0.327 

0.31'1 

0.311 

0.308 

0.999 

0.997 

6.996 

0.991 

0.985 

0.979 

6.971 

0.953 

0.935 

0.848 

0 . 7 9 3  
0.779 

0.757 

0.765 

0.757 

0.749 

0.744 
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Table 3 .  Absarbed fraction, d ,  in active marrow, RM, from a 
uniformly distributed source of monoenergetic electrons in trabeculae, TB, 

and marrow of the parietal bone and lumbar vertebrae of a 20-month-old child. 

E l  e c t r on 
energy Parietal Bone Lumbar Vertebrae 

0 . 0 1  

0.015 

0 . 0 2  

0 "03 

0 "04 

0 ,05  

0.06  

0 . 0 8  

0 . 1 0  

0 . 1 5  

0 . 2 0  
0 . 3 0  

0 . 4 0  

0 .50  

0 . 6 0  

0 . 8 0  

1 .Q 
2 .o 
3 .o 
4 .Q 

1 .62( -3 )  

3 .44 ( -3 )  

6 .09( -3)  

1 .24 ( -2 )  

1 . 9 1 ( - 2 )  

2 .80( -2)  

3 .46( -2)  

5 .12 ( -2 )  

7 .09( -2)  

0 . l o 6  

0 .130  
0 .154  

0 .168  

0 .176  

0 .179  

0 .181  

0 .188  

0 .196  

0 .199  
0 .201  

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 .224  
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 ( -1 )  

4 .70 ( -1 )  

5 .58(-1)  

5 .94( -1)  

6 "26 ( -1 
6 .3  8(  -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 A22  

0 .892  

0 .829  

0 .786  

0 . 7 5 0  
0 .730  

0 .722  

0 .718  

0 .706  

0.708 
0 "698 

0 .696  
0 .696  
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G. D. $err, K. F. Eckeman, J .  S. Tan I J. @. Rynm, and 891. C r i s t y  

b r a d i a t i o n  dosimetry PEL Hiroshimra 

y both i n  Japan and t h e  U.S. (Bond axad T l b i e s s e ~  

ormpssn 1983; Kats  e t  alia 1984). The U.S.  e f f o r t  invo lves  the  

Oak Ridge  Nat iona l  ~ ~ b o ~ ~ ~ ~ E y ~  othor  national laboratories, t h e  

University of Utah, and seve ra l  p r i v a t e  c a n s a l t i n g  f i rms ,  One of oar 

a i n  t a s k s  i s  t h e  reassess en$ of various orgala-dose parmeteas 

r e l a t e d  t o  a survivor's expp4~sure to neutrons and g a  B f 8 J r S .  me 
i c a i  m i o w - ~ p  studies OE the i ~ o s l n i m a  and Nagasaki. popula t ions  by 

t he  Rad ia t ion  E f f e c t s  Keseaach Palandation provide data on dose-related 

parameters such as the l o c a t i o n  o f  su rv ivo r s  and t h e i r  s h i e l d i n g  by 

surrounding strwtures a t  the t imes o f  the ~ ~ ~ ~ ~ ~ ~ $ .  Only very 

pre l iminary  resn l t s  a r e  BV 8 se 8 sment s t u a i  B B  c ~ n c e r n i  tlg 

the  delayed fiaeball r a d i a t i o n s  from the  ~ e ~ ~ ~ ~ s  and the s h i e l d i n g  by 

houses wad otpale~ structnres.  ~ 1 ~ n c t 3 ,  our c a i c a i a t i ~ n s  sf organ doses  

p r e s e n t l y  l imi t ed  t o  t he  prompt: r a d i a t i o n s  f r o  the: weapons i n  t he  

i d e a l i z e d  sitla t i s n  of an A-bomb survivor  exposed in the open ( o r  i n  the 

absence of any s h i e l d i n  by stn.?Zctures or terrai l l ) .  

Absorbed doses  i n  sallected organs hapre been i n v e s t i g a t e d  r e l a t i v e  

t o  i n - a i s  t i s s u e  X-ema. The following t h r e e  components of the  absorbed 

doses  are considered: prmp 

a s  proaaesa by pp entron i n t e r a c t i o n s  i n  the body ( n , g ) ,  

In our organ-dose c a l c u l a t i o n s ,  we are ~ u r r e n t l g  using D s s x i a s  of s i x  

thematical phantoms of t he  body and principal. internal organs ( C r i s t y  

1980). T h i s  s e s i e s  Bas total-body masses ranging from 3 . 5  kg for R 

newborn infant  t o  78 kg for in rpdalt Caucasian male  a s  def lnsd  by t h c  

InteraationaP ea ission o n  Radiologica l  P r ~ t @ ~ t i ~ n ,  T%e maatbematlcaX 
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phantom with a total-body mass of 55 kg was used i n  our or  

c a l c u l a t i o n s  for A-bomb S Z I ~ V J V Q X ~  exposed a s  a d u l t s .  

Our organ-dose c a l c u l a t i o n s  employ a d j o i n t  Monte Carlo techniques 

embodied i n  our computer code, ~ ~ S E - S G ~ ~ ~ ~ ~ ~ ~ ~  which is 8 modified 

v e r s i o n  of t he  MORSE-SGC code (F ra l ey  1976). Compilation speed and 

p r e c i s i o n  a r e  improved by using ( a )  f i c t i t i o u s  s c a t t e r i n g  i n  the  Monte 

Carlo t r a c k i n g  of g a m a  r a y s  and neutrons ( C r m e r  1978) and 

(b) mathematical equat ions,  i n s t e a d  of the s tandard combinatorial-  

geometry package of t h e  MORSE-SGC code, t o  desc r ibe  the geometrical  

c o n f i g u r a t i o n  of the  t o t a l  body and v a r i o u s  i n t e r n a l  organs 

a l e  1985). Our computer code, FOLD, is t hen  used t o  couple the 

Monte Carlo r e s u l t s  t o  t h e  d i f f e r e n t i a l  energy and angular  f luence of a 

r a d i a t i o n  f i e l d  of i n t e r e s t  by t he  use ~f 8 su r face  i n t e g r a l  

approximation (Hoffman e t  a l .  1972). The FOLD code f i r s t  c a l c u l a t e s  t h e  

s p e c t r a l  f luence o f  unsca t t e red  and s c a t t e r e d  neutrons o r  photons w i t h i n  

a s p e c i f i c  organ of i n t e r e s t ,  and t h e n  u s e s  fluence-to-dose response 

f a c t o r s  t o  o b t a i n  t h e  absorbed dose i n  t h a t  organ f o r  t he  r a d i a t i o n  

f i e l d  of i n t e r e s t  (Kerr 31982; Kerr and Eckenaan 1 9 8 5 ) .  The r a d i a t i o n  

f i e l d s  of i n t e r e s t  h e r e  come from a i r  transport;  c a l c u l a t i o n s  f o r  the 

prompt r a d i a t i o n  froan the  A-bomb exp los ions  i n  Hiroshima and Nagasaki 

(Kerf,  Pace, and S c o t t  1983). 

Examples from our c a l c u l a t i o n s  of organ doses i n  a d u l t  su rv ivo r s  

a r e  given i n  Table 1 f o r  a deeply s e a t e d  organ (small. i n t e s t i n e s ) ,  a 

widely d i s t r i b u t e d  organ ( a c t i v e  bone marrow), and a s u p e r f i c i a l  organ 

of the body (female b r e a s t s ) .  E f f e c t s  of body o r i e n t a t i o n  r e l a t i v e  t o  

the  hypocenters of the explosions appear t o  be important only i n  the 

de t e rmina t ion  of the g a m a  component ( g )  and neutron component (n) of 
the absorbed dose in s u p e r f i c i a l  organs of the body ( e . g . ,  t 

b r e a s t s ) .  The autogamma component (n,g) of absorbed dose i n  a l l  organs 

is Pound t o  be i n s e n s i t i v e  to body o r i e n t a t i o n ,  and. the  neutron 

component. (n) and gamma component ( g )  of absorbed dose i n  deeply seated 

organs of an a d u l t  ( e .g . ,  small i n t e s t i n e s )  a r e  found t o  be i n s e n s i t i v e  

t o  both body o r i e n t a t i o n  (Table 1) and body s i z e  (F ig .  1). Hence, the 

Japanese-adult  phantom developed by Mark C r i s t y  (19853 w i l l  be ~ a ~ p ~ ~ a  

f o r  c a l c u l a t i o n s  of organ dose f o r  s u r v i v o r s  above the age of 12 y e a r s  

a t  the t imes of the bombings. For s n r v i v o r s  aged 4 t o  12 years8 we will 
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use  the 5-year-old phantom developed by Cristy (1980) and his 1-year-01 

phantom for survivors less than 3 years of IP e at the time of the 

bombings. The use of the two additional mathematical phantoms will take 
reasonable account of the age-dependence of organ doses at young ages, 

while not overly complicating the dosimetry system for the A-bomb 

survivors. 
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Figure 1, E f f e c t  of body s i z e  on absorbed dose in swalS intestines 
r e l a t i v e  to in-a ir  tissue k e m a  at a ground d i s t a n c e  of 1100 m in 
Hiroshima, 



Table 1. Absorbed dose (D) relative to in-air t i s sue  kerma from prompt radiation In Hiroshima and Nagasaki 

Orgah City Distance Orientrtion t o  hypocenter of explosions 
from 

hypocenter Pacfng toward Facing away Un kn ow na 
in meters D 

B Dn D 
B Dn D 

g Dn 

Breast6 Hiroshima 700 

3100 

1500 

Nage s a k i  700 

1100 

1500 

Active marrow Eiroshima 700 

1100 

1500 

Nagasaki 700 

1100 

1500 

Intestines Hiroshima 700 

1100 

1500 

Nggasaki 700 

1100 

1500 

0.92b 0.55' 

0.95 0.59 

0.97 0.63 

0.93 0.62 

0.96 0.64 

0.96 0.66 

0.77 0.22 

0.79 0.24 

0.80 0.27 

0.77 0.27 

0.79 0.28 

0.79 0.30 

05.75 0.099 

0.78 0.14 

0.78 0.18 

0.76 0.17 

0.77 0.20 

0.77 0-22 

0.6Sb 0.32' 

0.68 0.33 

0.68 0.34 

0.66 0.35 

0.47 0.35 

0.47 0.35 

0.82 0.28 

0.84 0.32 

0.87 0.36 

0.83 0.35 

0.84 0.37 

0.87 0.39 

0.71 0.080 

0.75 0.11 

0.78 0.14 

0.72 0.14 

0.75 0.16 

0.78 0.18 

0.83b 0.43' 0.41' 

0.84 0.46 0.26 

0 .85  0.49 0.18 

0.82 0.50 0.13 

0.83 0.51 0.13 

0.85 0.52 0.12 

0.79 0.25 0.50 

0.81 0.28 0.33 

0.83 0.31 0.23 

0.79 0.31 0.18 

0.81 0.32 0.17 

0.83 0.34 0.16 

0.70 0.083 0.51 

0.72 0.11 0.33 

0.74 0.14 0.24 

0.69 0.14 0.19 

0.72 0.15 0.18 

0.74 0.17 0.17 
~~ 

'All standing orientations of body relative t o  hypocenter are considered equally likely. 

bApply these factors to in-air tissue kerma from gamma rays. 

'Apply these factors to In-air tissue karma from neutrons. 



UATIONS FOR TOTAL AND PARTIAL D 

G. D. Kerr and J .  V. P a m ,  111 

INTRODUCTION 

A s e t  of equat ions  i s  given whish can be used t o  catbcnlete the 

t o t a l  dens i ty  of moist  a i r  and the  p a r t i a l  d e n s i t i e s  of d ry  a i r  rand 

w a t e r  vapor. me t o t a l  ana p r t i a l  d e n s i t i e s  of moist ( n a t u r a l )  a i r  are  

needed i n  a v a r i e t y  of atmospheric radiation transport problems,, 

e s p e c i a l l y  those involv ing  f a s t  neutrons (Banks, Klem, and L i c h t e n s t e i n  

1978; Karr 1981; Pace, Knight, and Bartine 19821, 

The equat ion  o f  s t a t e  for an i d e a l  gas  an be written as:  

where P is the  p re s su re ,  T i s  the  tern i s  t h e  s p e c i f i c  gas 

cons tan t  (or Bnivessal  gas cons tan t  d iv ided  by the  molecnlar I 

the  g a s ) ,  and p is the d e n s i t y  of the  gas under cons idera t ion .  I f  w e  

e t h a t  the eqnat ion  of s t  t e  for an i d e a l  g a s  ca be a p p l i e d  t o  

moist ( n a t u r a l )  a i r ,  then  w can use Dal ton ' s  law of p a r t i a l  pressmses 

t o  w r i t e  ( I r i b a r n e  and Godson 1973): 

where the  s n b s c r i p t s  m, d,  and v r e f e r  t o  t h e  moist  a i x ,  dry  a i r r  and 

water vapor,  r e s p e c t i v e l y ,  A more eonvcnis 
i s  

aher e 

= 0.622 , 
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The mixing r a t i o ,  r, def ined  as t h e  r a t i o  of the  p a r t i a l  d e n s i t i e s  of 

water  vapor t o  dry a i r ,  can be w r i t t e n  a s  ( I r i b a r n e  and Godson 1973; 

Houghton 1977) : 

where P i s  t he  barometr ic  p re s su re ,  e i s  the  p a r t i a l  p re s su re  of water 

vapor,  To c a l c u l a t e  the  

p a r t i a l  d e n s i t i e s  of dry  a i r  and water  vapor i n  moist  a i r ,  we use the  

r e l a t i o n s h i p  

V 
and P - ev i s  t he  p a r t i a l  p re s su re  of dry a i r .  

and the  d e f i n i t i o n  of the  mixing r a t i o  t o  w r i t e  

WTAL DENSITY OF MIST AIR 

Note from Eq. ( 3 )  t h a t  the  s p e c i f i c  gas cons tan t  of moist a i r  i s  

not  r e a l l y  a cons tan t  but  a v a r i a b l e  s ince  the  water vapor i n  moist  a i r  

i s  v a r i a b l e .  It is ,  the re fo re ,  convenient t o  w r i t e  the  t o t a l  dens i ty  of 

moist a i r  as :  

where 

The v i r t u a l  temperature,  T*, i s  def ined  as the  temperature of dry a i r  

having the  same p res su re  and dens i ty  a s  t he  moist  a i r .  We can s impl i fy  

Eqs. (10) and (11) by ignoring small second-order c o r r e c t i o n s  involving 



F i n a l l y ,  w e  c a n  use the standard atmospheric condit ions for dry  ai^ a t  

m s m  s e i  l e v e l  to w r i t e  (Valley 1965; NACA 1 9 5 5 ) :  

T is aqua~l t o  1 5 0  C ( 2 8 8 . 1 6 ~ ~ ) .  Po i s  eqnnl to 7 S O  m of marciaspy 

(1013.25 m i l l i b a r ) ,  and po is eqna~l to 1.225 kg m 3 .  This equation is 

sonsisterit  with the: squation found in CXC Bandbooks for the total 

density o f  moist e4r (Yeast 19651. 

0 

The above set of equations outlines a convenient means of 

~ a l c n t  aitfng the t o t a l  an p a r t i a l  d e n s i t i e s  of m o i s t  a i r  m s r ,  pace. 

and S c o t t  1 9 8 3 ) .  In psaGtica1 applications, vs f i r s t  csllcul 

mixing r a t i o  and total density of moist air by use  of Eqs, (6) rend (1.4;) 

and then calcnlate the partial densities o f  dry aim: and w a t e r  vapor by 

use of Eqs. ( 8 )  and ( 9 ) .  
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DOSES FROM EXPOSURE To I S m O P I Q :  FIELDS OF G s 
ASIS ON ACTIVE ENZC TISSUE OF THE SmLEmN 

G ,  D. Kerr, Ka F. Eckermanr and J. c. wy 

ost recent estimates of absorbed dose in internal organs of the 

body are derived from Monte Carlo calculations of the radiation 

transport within mathematical phant s of Reference Man (Snyder et a l .  

1969; Cristy 19801. For ease of application in the Monte Carlo 

lculations, the total body and internal organs sf Reference 

modeled by the use of simple ge etrical shapesr and three distinct 

regions o f  vasying c position and density are defined: skeleton, 

lungs. and other soft tissues (ice., total body minus the skeleton and 
lungs). T&e densities o f  the skeleton, lungsI and other soft tissnes of 

the body are assnaned t o  be 0 . 2 9 6 ,  1 . 4 ,  and 1.04 gm ~nr.-~, respectively. 

Various complexities involved in modeling the intricate geometry of the 

s o f t  tissue in bone have led to the use  of a hmogena 

approximation for the skeleto (i.e. , connective tissa s, bone, and soft 

tissues in bone). The homogenized skeleton provides appropriate 

radiation transport characteristics, but i t  ignores the effects of the 

microstructure of bone on absorbed dose in soft tissues of the skeleton 

(Ashton and Spiers 1979; Kern 1980). We have co new s e t  of 

state-of-the-art calculations for exposure: to isotropic fields of ga 

rays with an emphasis on improving the estimates of absorbed dose in. 

active marrow and osteogenic tissue of the skeleton. Organ doses fxorn 

isotropic fields of g a m a  rays are of special interest in assessing 

risks from both low-level exposures t o  en-viromental radiation and 

high-level exposures t o  nuclear-weapon fal%omt. 

CALCULATIONAL 

Our organ-dose calculations employ Monte Carlo t ~ a ~ s ~ Q ~ t  techniques 

embodied in our computer code, Kl ~ ~ - S ~ ~ ~ ~ ~ ~ ~ M ,  which is a 

version of the MORS SGC computer code (Praley 1976). Corn ilation speed 
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and p r e c i s i o n  a r e  improved by t h e  use of ( a )  mathematical equat ions,  

i n s t e a d  of t h e  s t anda rd  combinator ia l  geometry package, t o  r ep resen t  t he  

t o t a l  body and i n t e r n a l  organs ( R p a n .  Warner, and Eckerman 19851, and 

(b) f i c t i t i o u s  s c a t t e r i n g  i n  t h e  Monte Carlo t r a n s p o r t  of the photons 

(Cramer 1978). The Monte Car lo  t r a n s p o r t  of photons i s  based on the  38 

eaergy-group s e t  of c r o s s  s e c t i o n s  from the Vitamin-E (ENDF/B-V) Library 

(Weisbin e t  a l .  19791, but  t h e  f i n a l  r e s u l t s  a r e  co l l apsed  i n t o  a 

somewhat sma l l e r  31 group s e t  of photon ene rg ie s .  We f i r s t  use our 

MQRSE-SGC/PHANToM code t o  c a l c u l a t e  the s p e c t r a l  f luence of unsca t t e red  

and s c a t t e r e d  photons i n  a s p e c i f i c  organ from an i s o t r o p i c  f i e l d  of 

gamma rays.  and then use fluence-to-dose response f a c t o r s  t o  ob ta in  the 

absorbed dose i n  t h a t  organ (Kerr 1982; Kerr and Eckerman 1985; Eckerman 

and C r i s t y  1984). The dose response f a c t o r s  f o r  a c t i v e  marrow and 

os t eogen ic  c e l l s  a r e  de r ived  from microdosimetr ic  c o n s i d e r a t i o n s  of the 

e f f e c t  of bone on absorbed dose t o  the  s o f t  t i s s u e s  i n  bone. A complete 

s e t  of r e s u l t s  from our s ta te-of- the-ar t  c a l c u l a t i o n s  of absorbed dose 

i n  twenty organs and t i s s u e s  of a Reference Man phantom a r e  summarized 

i n  Table 1. The f r a c t i o n a l  s tandard d e v i a t i o n s  a s s o c i a t e d  with our 

Monte Carlo c a l c u l a t i o n s  vary from about 2% a t  the h ighes t  photon 

e n e r g i e s  t o  about 5% a t  t he  lowest photon ene rg ie s .  

VERIFICATION STUDIES 

We have attempted t o  v e r i f y  our organ doses by making ex tens ive  

comparisons wi th  r e s u l t s  from a v a r i e t y  of o t h e r  t h e o r e t i c a l  and 

experimental  s t u d i e s .  For example, we f i n d  reasonably good agreement 

between t h e  va r ious  t h e o r e t i c a l  d a t a  on absorbed dose i n  a c t i v e  marrow 

a t  photon ene rg ie s  of more than seve ra l  hundred keV,  bu t  t h e r e  i s  a 

gene ra l  l a c k  of agreement a t  lower photon e n e r g i e s  a s  shown i n  Fig.  1. 

Several  d i f f e r e n t  homogeneous mixtures  of t he  s o f t  t i s s u e s  and bone in 

t h e  s k e l e t o n  were used in t h e  active-marrow c a l c u l a t i o n s  of Poston and 

Snyder (19741, O'Brien (19801, and Kaul (19821, while  T. Ls. Jones (1977) 

simply used a a o f t - t i s s u e  approximation in h i s  a c t i v e  marrow 

c a l c u l a t i o n s .  Note t h a t  we show two s e t s  of c a l c u l a t e d  va lues  f o r  t h e  

absorbed dose i n  a c t i v e  marrow from exposure t o  i s o t r o p i c  f i e l d s  of 

g a m a  rays .  One s e t  is based on dose response f a c t o r s  f o r  the 



homogeneous ske le ton  approximation used in the  mathsmatical ~ ~ a ~ t o ~ s  s f  

Reference Man ($err 1986)) and reproduces the  well-kn n r e $ u l t s  of 

Fostsn  and Snyder (19773, while  the o ther  se t  i s  b sed on our r e c e n t l y  

publ ished dose response f a c t o r s  f ~ r  a c t i v e  marrow i n  bone c a v i t i e s  of 

t h e  ske le ton  ($err and Ecksre II? 198%) .  OW calculated values  for a c t i v e  

marrow i n  bone c a v i t i e s  are a l s o  c pared i n  F i g .  2 t o  measured values  

of Ashton and Spie r s  (19791, A. It. Jones (19781, Beck et a l .  (1969, 

19'71) and C l i f f o r d  and Yacey (1970). The vbtrions measured va lues  3re i n  

c lose  agreement wi th  our c a l c u l a t i o n s  f o r  gam B rays i nc iden t  

i s o t r o p i c a l l y  on the  body from a l l  d i r e c t i o n s  in s a c e .  Only ga 

inc iden t  i s o t r o p i c a l l y  fr directions above the  horizon Po a standing 

phantom were considered in the  measnaements by C l i f f o r d  and Facey 

(19701, b a t  t h e i r  measnred values  provide important ~ e r i f i c a t i o n  o f  our 

ca l cu la t ed  energy response for absorbed Boss i n  act ive  

ca lcu la t ed  ener  y-response curves f o r  a c t i v e  mrrow and s e v e r a l  o ther  

organs of the  body have shapes t h a t  are  s i g n i f i c a n t l y  d i f f e r e n t  ant low 

photon ene rg ie s  than the r e c e n t l y  proposed energy-response curves o f  

Ashton and S p i e r s  (18793. 

DISCUSSION 

( h e  s u r p r i s i n g  result of our organ-dose s a l e n l a t i o n s  is t h a t  the 

osteogenic  t i s s u e  of the  ske le ton  appears  t o  be the  

i r r a d i a t e d  t i s s u e  o r  organ of the body.  T h e  International Co 

Radiological  P ro tec t ion  (ICWP) has reeonmended a system of dose 

l i m i t a t i o n  which i s  based on dose equiva len t  t o  var ious  organs weighted 

by a given s e t  of r i s k  f a c t o r s  (ICRP 1977; Grovans and Goodard 1981; 

Kraarer and Drexler  8 9 8 2 ) .  We have used the results o f  our organ-dose 

c a l c u l a t i o n s  (Table 1) t o  i n v e s t i g a t e  the e f f e c t i v e  dose eqii ivalent  from 

exposures t o  i s o t r o p i c  f i e l d s  o f  gamma rays  (Table  26. The weights f o r  

the r i s k  f a c t o r s  ass igned t o  var ious  organs are as fol lows:  s k i n  

(0.011, a c t i v e  marrow (8.121, os teogenic  t i s s u e  (0.031, thyro id  (0,03), 

lungs (0.12) t e s t e s  (0 .12)  , ovar i e s  (0.121, female b r e a s t s  (0.15) , 
kidneys (0.061, l i v e r  (0.061, sp leen  (0.061, st ach (0.061 , wad thyra1as 

(0.061. Another surprising r e s u l t  is t h a t  exposure t o  i s o t r o p i c  f i e l d s  

a rays with  energ ies  between 0.1 and 20 MeV give  va lues  f o r  the 
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effective dose equivalent (Table 2) and active-marrow dose (Table 1) 

which agree to within approximately 5 5%. "he active marrow has always 

been of special interest in assessing risks from both low-level 

exposures to environmental radiation and high-level exposures t o  

nuclear-weapon fallout. 
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Figure 1. Comparison o f  calculated active-marrow doses in 
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Table 1 .  Calculated organ doses  i n  Reference Men from exposure t o  i s o t r o p i c  f i e l d s  of gamma rays 

Absorbed dose per unit i s o t r o p i c - f i e l d  f l n e n c e  (rad/photon/cm’) Gamma Epper 
energy bound 
gronp (MeV) Skin Female Lungs Testes Ovaries  Smell Active  Osteogenic Thyroid Brain 

i n t c s t  i n e s  marrow t i s s u e  b r e a s t s  

1 
2 
3 
4 
5 

6 
7 
8 
9 
10 
11 
12 
1 3  
1 4  
1 5  
16 
1 7  
I 8  
1 9  
20 
2 1  
22 
23 
24 
25 
26 
27 
28 
2 9  
3 0  
31 

20.0 
14 .0  
1 2 . 0  
10.0 
8 .O 
7.5 
7 .O 
6 . 5  
6 .O 
5.5  
5 .O 
4.5 
4.0 
3 . 5  
3 .O 
2.5  
2 .o 
1 .s 
1 .O 
0.80 
0.60 
0 . 4 5  
0.30 
0.20 
0.15 
0.10 
0.075 
0.060 
0.045 
0.030 
0 .020a 

3.49E-09 
2.77E-09 
2.36E-09 
2.04E-09 
1.83E-09 
1.78E-09 
1.61E-09 
1.57E-09 
1.5OE-09 
1.31E-09 
1.25E-09 
1 I14E-09 
I .04E-09 
9.688-10 
8.45E-10 
3.32E-10 
5.98E-IO 
4.63E-10 
3.46E-10 
2.81E-10 
2 . I lE - lO  
I.46E-10 
9.56E-11 
6 .28E- l l  
4.44E-11 
2.97E-11 
2.57E-11 
2.5OE-11 
3.258-11 
5.1 98-11 
I .04E--PO 

3.49E-09 
2.763-09 
2.35E-09 
1.95E-09 
1.81E-09 
1.69E-09 
1.62s-09 
1 .54E-09 
1.43E-09 
1.29E-09 
1.21E-09 
1.16E-09 
1.04E-09 
9.40E-10 
8.27E-10 
7 .OfE-lB 
5.95E-10 
4.41E-10 
3.36E-10 
2.61E-10 
1.95E-10 
1 .35E-10 
8.03E-11 
5.79E-11 
3.94E-11 
2.76E-11 
2.23 E-11 
1.79E- l l  
1 .15E-ll 
2.21E-12 

3.06E-09 
2.43E-09 
2.11E-09 
1.8OE-09 
1.64E-09 
1.48E-09 
1.42E-09 
1.33E-09 
1.23E-09 
1.16E-09 
1.05E-09 
9.91 E-1 0 
8.53 E-1 0 
8.06E-10 
7.3 4E-10 
6.02 E-1 0 
4.73E-10 
3.51E-3-10 
2.62E-10 
I. 94E-90 
1.49E-10 
1.02E-10 
6.7 1E-11 
4.44E-11 
3.13E-1% 
2.11E-1% 
1.60E-11 
1.15E-11 
6.99E-I2 
1 .5OE-12 

3.47E-09 
2.68E-09 
2.42E-09 
2.01E-09 
1.778-09 
1.62E-09 
1.56E-09 
1.47E-09 
1.39E-09 
1.3OE-09 
1.23E-09 
1.09E-09 
1.01E-09 
8.82E-10 
7.7 6E-10 
6.58E-10 
5.33E-10 
4.02 E-1 O 
2.89E-10 
2.33E-3-10 
1.7OE-PO 
l.24E-10 
7.54E-1l 
5.18E-11 
3 .SbE-11 
2.29E-11 
1.79E-14 
1.37E-11 
9.74E-12 
4.80 E-1 2 
I .03E-12 

4.20E-09 
3.35E-09 
2.77E-09 
2.35E-09 
2.06E-09 
1.898-09 
1.78E-09 
1.73E-09 
1.62E-O9 
1.47E-09 
1.41E-09 
P .29E-09 
1.12E-09 
1.03E-09 
8.76E-10 
7 .51E-10 
6.42E-10 
4.83 E-1 0 
3.51E-10 
2.9OE-10 
2.22E-10 
1.59E-10 
1.17E-10 
8.47E-11 
7.58E-l l  
7 . I 9E- 11 
7.12E-11 
7.16E-11 
5.54E-11 
2.93 E-11 
S .41 E-1 2 

3.37E-09 
2 .7  SE-09 
2.25E-09 
1.93E-09 
1.77E-09 
1.67E-09 
1.58E-09 
1 .51  E-09 
1.40E-09 
1.27E-09 
1 A8E-09 
1.12E-09 
9.82 E-1 0 
9.3 5E-10 
8.2 1 E-1 0 
6.  Y9E-10 
5.76E-IO 
4.3 2E-I0 
3.18E-10 
2.50E-10 
1.9IE-10 
1 .36E-10 
9.3 BE-1 1 
5.58E-11 
4.04E-11 
2.6 9E-11 
2.29E-11 
2.13E-l l  
2.09E-1% 
1 .9OE-11 
2.8OE-12 

3.44E-09 
2.65E-09 
2.27s-09 
1.93E-09 
1.74E-09 
1.68E-09 
1 .57E-09 
1.48E-09 
1.4OE-09 
1.298-09 
1 .I 8E-09 
1 .POE-09 
9.86E-10 
8.83 E-1 0 
7 .97E-10 
6.7713-10 
5.45E-10 
4.14E-10 
3 .OlE-10 
2.4613-10 
1.75E-10 
1.23E-10 
8.2 2 E-l 1 
5.2 98-11 
3.818-11 
2.6 5 E-11 
2.22E-11 
1.9lE-11 
1.46E-l l  
5.56E-12 

3.298-09 
2.591-09 
2.3 OE-09 
1.91E-09 
1.72E-09 
1.64E-09 
1.528-09 
1.422-09 
1.32E-09 
1.28E-09 
l.15E-09 
1 .F5E-09 
9.4 DE-1 0 
8.6 BE-10 
7.80E-10 
6.64E-10 
5.448-10 
4.02E-10 
2.92E-10 
2.47E-10 
9.89E-IO 
1.24E-10 
8.68E-11 
5.33s-11 
3.72E-11 
2.69E-11 
2.25E-11 
2.10E-11 
2.26E-I1 
2.2lE-1% 
6.2OE-12 

2.98E-09 
2.368-09 
2.13E-09 
1.991-09 
1.56E-09 
1.468-09 
1 .42E-09 
1.33E-09 
1.25E-09 
1.19E-09 
1 .O8E-09 
1.01E-59 
8.7 5E- I O  
8.02E- 10 
7.10E-10 
5.84E-10 
4.7 5E-10 
3.46E-10 
2.4EE-10 
1.96B-10 
1 . 5 3  E- 1 0 
9.  Y6E- 11 
6.49E-11 
4.23 E-91 
J.06E-11 
2 .05E- l l  
5 .52s-11 
1.19E-11 
5.6 9E-12 
5.42E-13 

3.30E-09 
2.71E-09 
2.3 5E-09 
2.D4E-09 
1.778-09 
1.66s-09 
1.62E-09 
1.49E-09 
1.44E-09 
1.34E-09 
1.29E-09 
I .1@E-09 
1.02E-09 
9.4 5E- 10 
8.3 6 E- I O  
7.22E-10 
5 .E 9E- 10  
4.57E-10 
3.32E-IO 
2.73E-10 
2.05E-10 
I.47E-10 
9.13E-11 
6.08E-11 
4,. 0 9E-I 1 
2.93E-11 
2.5OE-11 
2.49E-11 
2.8 5 E-11 
3.39E-11 
1.83E-11 

%oror bound €or the gamma energy of J l s t  group is 0.090 MeV. 



Table 1 .  Continued 

Absorbed dose per u n i t  i s o t r o p i c - f i e l d  f l u e n c e  (rad/photon/cm') 
Gamma Cpper 
energy bound 
group (MeV) Kidneys Liver  Pancreas Spleen Stomach Thymus IJpper l arge  Urinary Uterus Lower large  

i n t e s t i n e s  i n t e s t i n e s  biacidar 

1 
2 
3 
4 
5 

6 
7 
8 
9 

10 
11 
1 2  
1 3  
1 4  
1 5  
1 6  
1 7  
18 
1 9  
20  
2 1  
22 
23 
2 4  
25  
26 
27 
28  
2 9  
30  
31 

20.0 
14 .0  
12 .0  
10.0 

8 .O 
7 . 5  
7.0 
6.5 
6 .O 
5 . 5  

5 .O 
4.5  
4 .O 
3.5 
3 .O 
2.5  
2 .o 
1 . 5  
1 .o 
0.80 
0.60 
0.45 
0 .30  
0 .20  
0 .15  
0.10 
0 .075  
0.060 
0.045 
0 .030  
0.020 

3.18E-09 3.24E-09 
2.548-09 2.52E-09 
2.20E-09 2.14E-09 
1.85E-09 1.78E-09 
1.638-09 1.668-09 
1.53E-09 1.54E-09 
1.48E-09 1.528-09 
1.35E-09 1.39E-09 
1.32E-09 1.34E-09 
1.19E-09 1.22E-09 
1 . l lE -09  1.05E-09 
1.01E-09 1 .O2E-09 
9.04E-10 9.08E-10 
8.40E-10 8.33E-10 
7 .4 8E-10 7.3 9E-10 
6.22s-10 6.21E-10 
5.08E-10 5.09E-10 
3.86E-10 3.78E-10 
2.62E-10 2.82E-10 
2.22E-10 2.18E-10 
1.64E-10 1.67E-10 
1.13E-10 1.15E-10 
7.373-11 7.548-11 
4 .92 E-1 1 4 8 8 E-1 1 
3 .SOE-ll 3.49E-11 
2 .SOE-ll 2.42E-11 
1.89E-11 1.95E-11 
1 A7E-11 1.62E-11 
1.35E-11 1.12E-11 
7.67E-12 3.95E-12 

3.15E-09 
2.53 E-0 9 
2.13E-09 
1.768-09 
1.6OE-09 
1.52E-09 
1.44E-09 
1.36E-09 
1.26E-09 
1.12E-09 
1.08E-09 
9.77E-10 
8.926-10 
8.3 OE-10 
7.06E-10 
5.94E-IO 
4.91E-10 
3 .SlE-lO 
2.68E-10 
2.07E-10 
1.51E-10 
1 .05E-l0 
6.72E-11 
4.61E-11 
3.25E-11 
2.16E-11 
1.65E-11 
1.21E-11 
7.22E-12 
1.2OE-12 

3.04E-09 
2.42E-09 
2.06E-09 
1.75E-09 
1.62E-09 
1.48E-09 
1.4OE-09 
1.35E-09 
1.238-09 
1.14E-09 
1 . l lE -09  
9.62E-10 
8 .7  3E-I 0 
8.2OE-10 
7.01E-10 
5.90E-10 
4.78E-10 
3.52E-10 
2.53E-10 
1.96E-10 
1.45E-10 
1.02E-10 
6.45E-11 
4.368-11 
3.07E-11 
2.14E-ll  
1.60E-11 
1.27E-11 
6 .16E-12 
5.46E-13 

3.26E-09 
2.52E-09 
2.20E-09 
1.798-09 
I .68E-09 
1.51E-09 
1.478-09 
1.39E-09 
1.32E-09 
1 .19E-0 9 
1.09E-09 
1.03E-09 
9.22E-IO 
8.3 1 E-3 0 
7.49E-10 
6.4OE-10 
5.278-10 
3.86E-10 
2.80E-IO 
2.17E-10 
1.59E-10 
1.16E-10 
7.57E-ll  
4.878-11 
3.44E-11 
2 .4 1 E-1 1 
1.96E-11 
1.568-11 
1.09E-11 
3.88E-12 

3.19E-09 
2.44E-09 
2.17E-09 
1.79E-09 
1 .6 lE-09  
1.49E-09 
1.458-09 
1.41E-09 
1.30E-09 
1.21E-09 
1.12E-09 
9.86 E-10 
9.13E-IO 
8.2 4 E-1 0 
7 .1  9E-10 
6.3 7 E-1 0 
5.02E-10 
3.73E-10 
2.638-10 
2.1SE-10 
1.68E-10 
1.12E-10 
7.33E-11 
4.8 6 E-1 1 
3.38E-11 
2.448-11 
1.88E-11 
1.59E-11 
1.20E-11 
4.4 9E-12 

3.31E-09 
2 .5  7E-09 
2.23E-09 
1.87E-09 
1.67E-09 
1.63E-09 
1 .5 lE-09  
1.458-09 
1.34E-09 
1.23E-09 
1.15E-09 
1.06E-09 
9.5 1 E-1 0 
8.76E-10 
7.73 8-10 
6 .4 9 E-1 0 
5 . 3  OE- 10 
4 .OSE-lO 
2.9OE-10 
2.35E-10 
1.738-10 
1.24E-10 
7.85E-11 
5.2 8 E-1 1 
3.72E-11 
2 .  56E-11 
2.1 5 E-1 1 
1.84E-11 
1.46E-11 
7.3OE-12 

3.09E-09 
2.45E-09 
2.14E-09 
1.78E-09 
1.56E-09 
1.54E-09 
1.39E-09 
1.38E-09 
1.25E-09 
1.14E-09 
1.08E-09 
1.03E-09 
9.03E-10 
7.998-10 
6.97E-10 
6.01E-10 
4.82E-10 
3.49E-10 
2.69E-10 
2.06E-10 
1.49E-10 
1.04E-10 
6.74E-11 
4.5OE-11 
3.22E-11 
2.1SE-11 
1.70E-11 
1.32E-11 
8.5613-12 
2.17E-12 

3.01E-09 
2.51E-09 
2.13E-09 
1.76E-09 
1.68E-09 
1.528-09 
1.43E-09 
1.39E-09 
1.248-09 
1.20E-09 
1.08E-09 
1 .OlE-09 
9.16E- 10 
8.05E-10 
7.21E-10 
6.04E-10 
4 .91  E-1 0 
3.59E-10 
2 . 5  9E- 10 
2.07E-10 
1.53E-10 
1.07E-10 
6.7 4E-11 
4 . 6 l E - l l  
3.34E-11 
2.31E-11 
1.85E-11 
1.60E-11 
1.08E-11 
4.376-12 

3.05E-09 
2.54E-09 
2.02E-09 
1.73E-09 
1.55E-09 
1.48E-09 
1.398-09 
1.31E-09 
1.238-09 
1.16E-0 9 
1.05E-09 
9.96E-10 

8.87 E-1 0 00 
4 8.2 1 E-1 0 

7.00E-10 
5.95E-10 
4.75E-10 
3.57E-10 
2.52E-10 
1.93E-10 
1.49E-10 
9.7 OE-11 
6.45E-11 
4.16E-11 
3 .OOE-ll 
2.09E-11 
1.63E-11 
1.23E-11 
6.85E-12 
1.09E-12 
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Table 2. Effective dose equivalent from exposure i o  
isotropic fields of ga 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 

20.0 
14 .O 
12 .o 
10.0 

8 .Q 
4.5 
7 .O 
6 .§ 
6 .O 
5.5 
5 .o 
4.5 
4 .o 
3 . 5  
3 . 8  
2 - 5  
2 .o 
1.5 
1 .O 
0.80 
0.60 
0.45 
0.30 
0.20 
0.15 
0.10 
0.075 
0.060 
0.045 
0.O3Oa 
0.020 

3.31E-09 
a 0 5 9E-09 
2.28E-09 
1 s 92E-09 
1 71E-09 
1 AOE-09 
1 §3E-09 
1.44E-09 
1.36E-09 
1.268-09 
1 " 16E-09 
1.07E-89 
9.51E-10 
8 * 7 5E-Id) 
7.76E-IO 
6.59E-PO 
5.373-10 
4.04E-10 
2.92E--PO 
2.37E-PO 

1.24E-18 
8 .07E-l1 
5.29E-PI. 
3.76E-11 
2 ., 67E-15 
2 *21E--ll 
1 I96E-11 
1.69E-11 
1.27E-11 
4.94E-12 

a Lower bound for $a a energy of 31st gronp i s  
0.010 MeV. 



NEUTRON AND PHO'IQN FLIJENCE-TO-DOSE CONVERSION FACTORS 

POR ACTIVE MARROW OF TEE SKELETON 

G. D. Kerr and I(. F. Eckerman 

Most e s t i m a t e s  of absorbed dose i n  va r ious  organs of the body a r e  

de r ived  from r a d i a t i o n  t r a n s p o r t  c a l c u l a t i o n s  i n  anthropomorphic 

phantoms with a homogeneous r e p r e s e n t a t i o n  of the s o f t  t i s s u e s  and bone 

i n  the ske le ton .  The homogenized s k e l e t o n  i s  adequate f o r  r a d i a t i o n  

t r a n s p o r t  purposes s ince  i t  provides  c o r r e c t  s c a t t e r i n g  and abso rp t ion  

p r o p e r t i e s .  However, t he  e f f e c t s  of the  m i c r o s t r u c t u r e  of bone must be 

considered i n  de r iv ing  r e a l i s t i c  e s t i m a t e s  of the absorbed dose i n  s o f t  

t i s s u e s  of the ske le ton ,  p a r t i c u l a r l y  t h e  a c t i v e  ( r e d )  marrow, which i s  

one of the  most r a d i o s e n s i t i v e  t i s s u e s  of t he  body. 

We have i n v e s t i g a t e d  t h e  e f f e c t s  of t he  m i c r o s t r u c t u r e  of bone on 

absorbed dose i n  a c t i v e  marrow f o r  a v a r i e t y  of a c t i v e  marrow s i t e s  i n  

t h e  ske le ton  and a wide range of neutron and photon ene rg ie s .  I n  

previous c a l c u l a t i o n s  f o r  neutrons and photons,  s p e c i f i c  geometrical  

models have been used f o r  the marrow c a v i t i e s  ( e .g . ,  t h i n  s l a b s ,  

c y l i n d e r s ,  and s p h e r e s ) .  These s t u d i e s  i n d i c a t e  c l e a r l y  t h a t  the 

presence of bone a l t e r s  t h e  absorbed dose i n  a c t i v e  marrow from photons 

with ene rg ie s  l e s s  t han  s e v e r a l  hundred BeV and neu t rons  with ene rg ie s  

g r e a t e r  than seve ra l  MeV, but  t h e  r e s u l t s  cannot be app l i ed  gene ra l ly .  

We! avoid t h e  assumption of a s p e c i a l  gecmetry by using measured chord- 

l eng th  d i s t r i b u t i o n s  t o  r e p r e s e n t  t h e  m i c r o s t r u c t u r e  of the t r a b e c u l a r  

bones con ta in ing  t h e  a c t i v e  marrow (e .g . ,  p a r i e t a l  bone, lumbar 

v e r t e b r a ,  c e r v i c a l  v e r t e b r a ,  i l i a c  c r e s t ,  r i b ,  and both the head and 

neck of t he  femur). 

R e s u l t s  of our c a l c u l a t i o n s  f o r  neutrons and photons wi th  ene rg ie s  

up t o  20 MeV a r e  provided a s  fluence-to-dose conversion f a c t o r s ,  f o r  

a p p l i c a t i o n  i n  r a d i a t i o n  t r a n s p o r t  c a l c u l a t i o n s  of absorbed dose in 

a c t i v e  marrow from photons and neutrons e x t e r n a l l y  inc iden t  on t h e  body, 

and photons produced by neutron i n t e r a c t i o n s  w i t h i n  t h e  body. Our 



resu l t s  saggest  that the neutron rand photon flnence-to-dose conversion 

factors for 1 bar vertebra can be nsed 8 s  a raprsseatative exa 

all active marrow sites exce It those in parietal bone o f  the skull. 

These results 8re to be pablished in the proceedings of the F i f t h  

s p p s  s i on Nentroa. Dosimetry, Ne 

September 17-21, 1984, 
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SPECIFIC ABSORBED FBACTIONS OF ENERGY 

AT VARIOUS AGES FROM INTERN& PHOTON SOURCES 

1. C r i s t y  and K. I?. Eckeman 

IN'IRODUCTION 

A s e r i e s  of r e p o r t s  t o  be publ ished l a t e r  t h i s  yea r  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  ( 8 ' s )  f o r  monoenergetic photon sources  

uniformly d i s t r i b u t e d  i n  organs of mathematical phantoms r ep resen t ing  

humans of va r ious  ages and d e s c r i b e s  t h e  methods used t o  compute them 

(Cris ty  and Eckerman 1 9 8 5 a , b , c , d , e , f , g ) .  Procedures f o r  choosing the  

' b e s t '  e s t i m a t e s  o€ 1) from the e s t i m a t e s  generated by the va r ious  

methods a r e  desc r ibed  i n  t h e  f i r s t  volume, and the  a's c a l c u l a t e d  by 

t h r e e  methods and t h e  ' b e s t '  e s t i m a t e s  recommended by us a r e  t a b u l a t e d  

i n  t h e  remaining volwnes for t he  newborn, f o r  ages 1, 5 ,  10, and 1 5  

y e a r s ,  f o r  an a d u l t  female, and f o r  an a d u l t  male. These 0 ' s  w i l l  be 

used i n  c a l c u l a t i n g  dose equ iva len t  r a t e s  from rad ionuc l ides  i n  the  body 

a t  v a r i o u s  ages,  which w i l l  be  publ ished s e p a r a t e l y .  

The methods used t o  c a l c u l a t e  Q's a r e  s i m i l a r  t o  those used by 

Snyder, Ford, Warner, and Watson (1974) €or  t h e i r  a d u l t  phantom. 

However, more use i s  made of t h e  converse Monte Carlo e s t ima te ,  P(S4-T) 

( S  = source organ, I" = t a r g e t  o rgan) ,  as an a p p r o x i a s t i o n  t o  t h e  d i r e c t  

Monte Carlo es t i laa te ,  # ( T t S ) .  More ex tens ive  use i s  made of empir ical  

c o r r e c t i o n  f a c t o r s  for t h e  e s t i m a t e s  generated by the p o i n t  kernel  (or 
buildup f a c t o r )  method. Also, a b e t t e r  method t o  c a l c u l a t e  the f r a c t i o n  

of energy depos i t ed  in t h e  a c t i v e  marrow and the  endosteal  c e l l s  has 

been employed. 

The phantoms desc r ibed  p rev ious ly  by C r i s t y  (1980) a r e  designed 

l i k e  the a d u l t  phantom of Snyder e t  a l .  (1974) and 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  lung, s k e l e t a l ,  and s o f t  

t i s s u e s .  ( ' S o f t  t i s s u e s '  a r e  a l l  near-unit-density t i s s u e s ,  i . e . ,  
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d e a s i t y  - 1 g/cm3.) The age 15 phantom has been redesigned so t h a t  i t  

represents  both B 15-ysaa-nId manla and an a d d t  female .  

Three methods are used eo c a l c u l a t e  the for  ai g i v e n  sortt'ce srgan- 

t a r g e t  organ p a i r  at a given i n i t i a l  photon enrargy. (1) 

@aIeEmliated w i t h  the  Monte Car la  r a d i a t i o n  transport compntcr progrm. 

( S t T )  i s  c a l c n l a t e d  wi th  the h n t e  C ~ t r l ~  c o m p p ~ t e ~  program,, and 

this value  i s  used t o  e s t i  ( T e S ) ,  somsreitfmes a f t e r  applying a 

correction f a c t o r .  ( 3 )  (THS) i s  caalcnlated w i t h  the p i n t  kernel ( o r  

bai ldup f a c t o r )  e thod .  A c o r r e c t i o n  f a c t o r  may a l so  be a p p l i e d  t o  this 

es t ima te .  For t he  special. c a s e  o f  the a c t i v e  manhrsw ~r the eadrasteal. 

c e l l s  a s  t he  t a r g e t  organ, a foilrth method i s  employed, This  method i s .  

a ref inement  o f  method (1). 

Monte Carlo Radia t ion  Transpor t  Compsater Progr 

A r a d i a t i o n  transport  computer program employing Monte Car la  

techxiqnes,  s i m i l a r  t o  t h a t  of Snyder e t  a % .  (1974), s i m d a t e s  the 

t r a n s p o r t  of 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  P 

orgaiz  (soarce organ:. The photon emission i s  uniformly d i s t r i b u t e d  i n  

the soimce organ. The s p e c i f i c  absorbed f r a c t i o n ,  i . e . ,  the energy 

absorbed i n  another organ ( t a r g e t  organ), Paormaliasd a s  the f r a c t i o n  of 

i t t e d  energy and par ki logram of t a r g e t  organI  i s  ca lcu la t ed ,  and the 

r e l i a b i l i t y  of t he  i s  c a l c a l a t e d  as  a c o e f f i c i e n t  of v a r i a t i o n .  T h e  

d e t a i l s  of the method and t h e  computer ptogrsm may be found in Rynan, 

Warner, and Eskerman Il985a) 

For a given source- ta rge t  p a i r ,  we ob ta in  two nmbera;: t h e  direct 

4 T t S ) ,  obtained when t h e  photon emission i s  i n  t h e  o rgan  

labe led  ' S O U R C C , '  ana the C O W V ~ P S ~  es t ima te ,  (SfT), obta ined  when t h e  

photon emission i s  i n  the organ l abe led  ' t a r g e t . '  Each of these  numbers 

i s  from a Monte Car lo  co p u t o r  con: what i s  l abe led  the  d i r e c t  e s t ima te  

and what i s  Iabe led  t he  converse estimate depend upon which or 

l a b e l  the t a r g e t  organa. According t o  t h c  reciprocal dose theorem, t h e  

converse es t ima te  should be a good approximation t o  the d i r e c t  estimate 
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under i d e a l  cond i t ions .  The use fu lness  of t h i s  theorem i n  providing 

more r e l i a b l e  e s t ima tes  of @ has been documented ( C r i s t y  19836. 

Point  Kernel Method 

I n  t h i s  method, t he  equa t ion  d e s c r i b i n g  the abso rp t ion  of energy a t  

a d i s t a n c e  r from a p o i n t  source of monoenergetic photons i n  an i n f i n i t e  

homogeneous medium (wa te r )  i s  employed: 

where 

@(r)  = p o i n t  i s o t r o p i c  s p e c i f i c  absorbed f r a c t i o n  a t  r ,  

= l i n e a r  energy-absorption c o e f f i c i e n t  a t  t h e  source energy, 'en 
p = 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  the  source energy, 

p = d e n s i t y  of medium, 

B ( p r )  = energy abso rp t ion  bui ldup 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  the 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 .  

Equations d e s c r i b i n g  B(pr) f o r  p o i n t  photon sources i n  water  have been 

publ ished by Spencer and Simmons (1973). 

This equa t ion  is i n t e g r a t e d  over the volumes of the source and 

t a r g e t  organs,  with numerical methods, t o  y i e l d  B(TCaS1. Note t h e  

double arrow: t h e  c o n d i t i o n s  of the  r e c i p r o c a l  dose theorem a r e  met, 

and the  r e c i p r o c a l  doses a r e  equal.  

I n  t h i s  method, t h e  phantoms a r e  composed of water throughout and 

a r e  embedded i n  an i n f i n i t e  water  medium. In t he  Monte Carlo r a d i a t i o n  

t r a n s p o r t  method, t he  phantoms have d i f f e r e n t  d e n s i t i e s  and chemical 

compositions f a r  lung, s k e l e t a l ,  and s o f t  t i s s u e  and a r e  embedded in 

vacuum, Thus t h e r e  may be systematic  e r r o r s  i n  t h e  po in t  ke rne l  

e s t i m a t e s  of 6. 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  ke rne l  e s t i m a t e s  a r e  necessary when the Monte 

Carlo e s t i m a t e s  a r e  s t a t i s t i c a l l y  u n r e l i a b l e .  

D e t a i l s  of the p o i n t  ke rne l  computer program a r e  given i n  Ryman, 

Warner, and Eckerman (198Sb1. 
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Special  Case: 

Active Marrow and Endosteal C e l l s  8 s  Tasget  Organs 

The Monte Carlo t r a n s p o r t  code a s s i g n s  the  average energy l o s t  by 

photons i n  i n t e r a c t i o n s  i n  t h e  body t o  the  organ i n  which the 

i n t e r a c t i o n  occurredt  i . e . ,  the  t r a n s p o r t  of  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  reasonable  i f  e l e c t r o n i c  

e q u i l i b r i  i s  e s t a b l i s h e d  such that t he  t r a n s p o r t  o f  enex 

secondary e l e c t r o n s  o a t  of the organ is balanced by transport i n t o  the 

organ, However, i n  t h e  r eg ion  of d i s c o n t i n u i t i e s  i n  t i s s u e  compositions 

such as  t h a t  between bone and s o f t  t i s s u e s  wi th in  

e r r o r s  may Bc int roduced.  

In each phantom the ske le ton  i s  r ep resen ted  a s  a uniform mixture of 

i t s  component t i s s  e s ,  namely, c o r t i c a l  bone, t r a b e c u l a r  bone, a c t i v e  

marrow, f a t t y  marrow, and v a r i o u s  connect ive t i s s u e s ,  The t i s s u e s  o f  

i n t e r e s t  a s  t a r g e t  r eg ions  a r e  the a c t i v e  marrow of trmbecalar bone and 

os teogen ic  c e l l s  ad jacen t  t o  t h e  s u r f a c e s  of both c o r t i c a l  and 

t r a b e c a l a r  bone; t h i s  t a r g e t  i s  r e f e r r e d  t o  a s  'bone s u r f a c e ' .  To 

es t ima te  the energy d e p o s i t i o n  i n  these  r eg ions ,  one ust consider  the 

energy t r a n s p o r t  by secondary e l e c t r o n s  a r i s i n g  from photon i n t e r a c t i o n s  

w i t h i n  the  r eg ions  and from e l e c t r o n s  e n t e r i n g  t h e  r eg ions  from s k e l e t a l  

c o m ~ ~ n e n t s  i n  the  i e d i a t e  v i c i n i t y  o€ t he  t a r g e t ,  e.g. ,  bone ad jacen t  

t o  t h e  t a r g e t  region.  

The energy d e p o s i t i o n  by photon r a d i a t i o n  i n  s o f t  t i s s u e  regio 

the ske le ton  was f i r s t  s tud ied  i n  1949 by S p i e r s  and l a t e r  by S p i e r s  and 

o t h e r s  using simple geometrical  models (e .g . ,  t h i n  s l a b s ,  c y l i n d e r s ,  and 

s p h e r i c a l  c a v i t i e s )  t o  approximate the i n t e r f a c e  geometry ( 

S p i e r s  1953; Cbarl ton and Cormack 1962; Aspin and Johns 1963; Howarth 

1965). These s t u d i e s  demonstrated t h a t  f o r  photon ene rg ie s  l e s s  than 

about 200 keV e l e c t r o n i c  equ i l ib r ium does no t  e x i s t  and e l ec txons  

l i b e r a t e d  in mineral  r eg ions  may Contr ibute  s i g n i f i c a n t l y  t o  the  

absorbed dose i n  s o f t - t i s s u e  r eg ions  of t he  skeleton.  

The problems i n  formulat ing t h e  absorbed dose i n  s k e l e t a l  t i s s u e s  

a r e  s i m i l a r  t o  those enconntered i n  t h e  dosimetry o f  b e t a  e m i t t e r s  

incorporated i n  bone. For be ta  e m i t t e r s  S p i e r s  and so-workers xedamd 

t h e  i n t r a c t a b l e  three-dimensional geometry t o  one dimension through use 
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of measured d i s t r i b u t i o n s  of chord-lengths i n  t r a b e c u l a e  and marrow 

c a v i t i e s  of t r a b e c u l a r  bone ( S p i e r s  1969; Beddoe e t  a l .  1976; Beddoe 

1977) .  C lea r ly  t h i s  approach t o  t h e  geometry can be app l i ed  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  t h e  skeleton.  

We have developed a computational approach using a v a i l a b l e  

information on t h e  microscopic s t r u c t u r e  of bone a s  a means of de r iv ing  

r e a l i s t i c  e s t i m a t e s  of t he  absorbed dose. The approach i s  formulated i n  

a manner which r e t a i n s  t h e  homogeneous r e p r e s e n t a t i o n  of t he  ske le ton  

and r e q u i r e s  only a minor mod i f i ca t ion  t o  t h e  Monte Carlo t r a n s p o r t  code 

t o  y i e l d  the a d d i t i o n a l  information. The b a s i c  f e a t u r e  of the approach 

i s  a s e p a r a t i o n  of t h e  photon-to-electron t r a n s f e r  of energy from the  

d i s s i p a t i o n  of energy by the  e l e c t r o n s .  
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IUA'IXEMATICAL PHANTOMS FOR USE IN REASSESSMENT OF 

RADIATION DOSES TO JAPANESE ATOMIC-BOMB SURVIVORS 

M. Cristy 

In 1972 committees of the United Nations and the U.S. National 

Academy of Sciences emphasized the need for organ dose estimates on the 

3apanese atomic-bomb survivors. These estimates were then supplied by 

workers in Japan and the U.S., and they were used with the so-called 

T65D estimates of a survivor's radiation exposure to assess  risk from 

radiation. Recently the T65D estimates have been questioned, and 

programs for reassessment of atomic-bomb radiation dosimetry have been 

started in Japan and the U.S.  As a part of this new effort a 

mathematical analogue of the human body (or 'mathematical phantom'), to 

be used in estimating organ doses i n  adult survivors, has been 

developed. Recommendations on organ dosimetry for juvenile survivors 

have also been made. This work will appear as Oak Ridge National 

Laboratory Report ORFa/TM-9487, 1985, 
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A COMPARISON OF V ET& DOSE QUANTITIES 

IC. ip. Eckerman 

With the issuance of XC Publication 30 (1979), the dosimetry of  

e-seeking radionuclides has changed f x o m  direct comparison with 

radium in the skeleton, as used i n  1 Pablication 2 (19601, to 

consideration of the dose equivalent in specific cell populations within 

the skeleton. The stage for this change had been sat wit the issaancle 

of ICBP Pnblication 11 (1968); however, it was not -til the issuance of 

Pnblication 30 that official status was iven to these reco 

In the literature, various dose quantities are found repr 

dose in the marrow-free skeleton ( 9  kg mass) and in ineral bone ( 5  kg 

mass), as well as assorted ratios of doses in skeletal tissues employe 

by researchers in bone dosimetry. The purpose of this work is t o  

compare the dose averaged over mineral bone with the dose in the 

skeletal tissues addressed in ICRP Publication 30. This is part of an 

effort to facilitate the a licatisn in the workplace o f  the 

iation protection guidance in XCKP blieation 36 and 0s put this 

guidance into perspective with re ara to previous guidance that be 

iliar to operational health physicists. 

"HE DISlRIBUTION OF CELLS AT R I S K  IN 1IIE 1 

The bone dosimetry model used in XCR 30 focuses QII t 

cell populations i n  the skeleton: the hematopoietic stem cells of marrow 

and the osteogenic cells. It has been a s s  ed that the he 

cells axe uaifomly distributed within the arrow space of 

trabecular bonep and the dose eqlnivalent i n  these c e l l s  is taken a s  the 

average dose equivalent in the asxow space. For the o s t e o  

it is recommended that the dose e ~ ~ ~ ~ a l ~ ~ t  be calcaxlated 8 %  an average 

over endosteal tissues up to a distance of 10 prm fro bone slorf ace s II 

n u s ,  although the dose: to the osteogenic c e l l s  co nly  is referred to 

a s  the borne surfaee dose, it is actnally a.rerag@d over the soft-tissne: 

mass (120 g in the adult) adj one-soft tissae i n t e r f a o e ,  
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The active marrow space is contained within the trabecular bone of 

the. skeleton, and the endosteal tissues are associated with both 

cortical and trabecular bone. (Cortical bone is the hard mineral region 

on the exterior of the bones of the skeleton while trabecular bone is 

the soft, spongy mineral lying in the interior of bone, particularly the 

vertebrae, ribs, flat bones, and the ends of the long bones of the 

skeleton.) To implement the dosimetric formulations far these two 

target regions, it is necessary to consider nuclear transformations 

occurring within both cortical and trabecular bone and the distribution 

of these transformations within the volume or along the bone surfaces. 

EXJUATION FOE ESTIMATION OF DOSE EQUIVALPNT 

Following the notation of ICRP hblication 30, we express the 

committed dose equivalent in target organ T by the equation 

= Ir 2 U 1 YiEi AF(T t SI i  Qi 
i '50,T h$ s 

where 

'LgT = mass of target organ T (g), 

Us = number of transformations in source region s, 

Yi = yield of radiation i per transformation, 

Ei = average or unique energy of radiation i (MeV), 

AF(TfSli = fraction of energy absorbed in target organ T 
from radiation i originating in s, 

Qi = quality factor appropriate for radiation i. 

The numerical constant k has a value of 1.6 x if the desired unit 

of dose equivalent is the seivert. It is convenient to consider the sum 

over i in Eq. (11, divided by the target mass BAT, as a separate quantity 

called the specific effective energy, SEE(T4-SI.  Thus Eq. (1) can be 

rewritten as 
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where 

Our discussion here is res tr i c ted  t o  alpha awlel beta radiations and we 

assme  that only one radiation type is present .  Thus, the sum OVBP 

radiation i in Eq, (1) will be neglected in the discussion. I t  shnald 

be noted that Eq. (1) applies only t o  a s i n g l e  nalcclide; an additionwt 

a t i o n  is aeoded to consider each ember of a decay chain, 

Xn principle, rs value Tor Usr where s i s  cortical bone OE 

trabecular boner is required in evstization of Eq- (1). For mast  

radionnclides, however, the metabolic information is not sufficient to 

y i e l d  explicit estimates of these quantities. The following estimating 

procedures have been employed in ICBP 30. (We denote trabecular bone as 

cortical bone 1 s  a, and mineral bone as B. )  

Urn = 0 . 5  U for radionuclides assumed t o  remain on bone - 
B 8 .  urn - 

snrfacesI i.a., surface seekers; 

b. Urn = 0 . 2  U and Urn = 0 . 8  U for radionuclides assumed t o  be R B 
uniEomjly distributed thfonghout the: volume o f  

i. e.  volume seekers e 

me: above fractional values arise from considering taabeclnlrsr and 

cortical bone to be of eqnal surface area and the ir  masses to be 1000 g 

and 4000 g ,  respectively; the t o t a l  mass of beme is taken t o  he 5000 g. 

The absorbed fraction data, A I 7 I ’ f f - S ) .  recta ended for use in 

Eq. (1) m e  given in Table I, Those working in bone dosimetxy 

historically have not  used the absorbed fraction qnantity, but rather 

the ratio o f  the: dose in the relevant target t issue t o  the d ~ s e  in bone 

mineral. In ICRP Publication 30 ( s e e  Chapter 7 of that publication) 

values for the absorbed fraction were ex trac ted  from rat ios  reported in 

the l i t e r a t u r e .  Care must be taken hcra as individual researchers often 
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d e f i n e  q u a n t i t i e s  i n  s l i g h t l y  d i f f e r e n t  manners, and d e f i n i t i o n s  ev 

i n  t he  c o ~ ~ r s e  of r e sea rch .  For example, S p i e r s  and coworkers (1 

1976, 1978) i n i t i a l l y  r e p o r t e d  t h e  dose t o  r ed  marrow and endosteal  

t i s s u e s  a s  normalized t o  a u n i t  dose i n  bone, while in l a t e x  work they 

r epor t ed  v a l u e s  r e l a t i v e  t o  the dose i n  a s o f t - t i s s u e  c a v i t y  wi th in  bone 

wi th  i n f i n i t e  dimensions. Furthermore, the r epor t ed  r a t i o s  f o r  

endosteal  t i s s u e s  o f t e n  addressed only the  endosteal  t i s s u e s  of the bone 

type being considered.  Thus, i n  Table 7.2 of P u b l i c a t i o n  30, the 

endos tea l  t i s s u e  absorbed dose r a t i o s  f o r  b e t a  e m i t t e r s  i n  bone volame 

c i t e d  t o  be from S p i e r s  and coworgers a r e  a c t u a l l y  one-half the au tho r s '  

va lues .  S p i e r s  and coworkers formulated t h e i r  r a t i o  only f o r  the 

endos tea l  t i s s u e  of t he  bone type i n  ques t ion ,  which i s  one-half of the 

t o t a l  endosteal  t i s a n e  of t he  skeleton.  No  note t o  t h i s  e f f e c t  i s  

included w i t h i n  t h e  d i s c u s s i o n  i n  P u b l i c a t i o n  30. We o i n t  t h i s  out 

only t o  i n d i c a t e  t h a t  one must be c a r e f u l  i n  de r iv ing  r e l a t i o n s h i p s  f r  

t h e  l i t e r a t u r e .  It appears  t h a t  sach r e l a t i o n s h i p s  can b e s t  be 

by cons ide ra t ion  of t h e  dos ime t r i c  formulat ions,  a s  below. 

RELATIONS OF DOSES RED E 

The dose t o  bone f o r  alpha and b e t a  r a d i a t i o n s  is computed assuming 

t h e  emit ted ene rg ie s  w i l l  be absorbed w i t h i n  t h e  masst , of bone. m e  

dose t o  bone, from r a d i a t i o n  i i s  given a s  

Thus t he  r a t i o s  of i n t e r e s t  he re  a re  given by Eq. (1) and Eq. ( 2 )  a s  

where f denotes the  appropr i a t e  f r a c t i o n  of t he  ~ ~ ~ ~ ~ ~ o ~ ~ ~ t i ~ ~ ~  I n  bane s 
assigned t o  source r eg ion  s as d i s m s s e d  above, . ($1  and the  
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absorbed fraction data of Table 1 are used to establish the ratios given 

in Table 2 .  The masses of the target organs T were taken as 1500 g and 

120 g for the red marrow and bone surfaces, respectively, and 5000 g for 

mineral bone. Although we have reported the rat ios  using the symbol for 

dose equivalent, it should be noted that these values can be applied to 

absorbed dose as well as  to absorbed dose rates and dose equivalent 

rates, 

Application of the data of Table 2 to bone dose ~ s t i ~ a t ~ s  in the 

literature is quite simple, in principle; howevers the resultant values 

will be meaningful only if bases for the original estimate are 

understood. That is, one must know what mass the bone dose was based OR 

and, if dose equivalent is reportedp what modifyin and quality factors 

were used to compute the reported value. 

International Commission on Radiological Protection (ICCIRP), 1960, R ~ ~ o r ~  

- of Committee II on Permissible Dose for Internal f IC 

Publication 2,  Pergamon P r e s s I  Oxford. 

International Commission on Radiological Protection (ICRP), 1968, Task 

Group on Radiosensitivitv of Tissues in Bone, ICRP Publication 11, 
Pergamon Press, O x f o r  

International Commission on Radiological Protection (1 1979, Limits 

- for Intakes af Radionnclides Workers, Annuals of the * -  2 

( 3 / 4 ) ,  ICRP hb1.ication 30, Perg on Press, Oxford. 

Spiers, F. W., 1968, Radioisotopes the Human Body, Academic Press, 

New York. 

Spiers, I;. W., Whitwell, J. R., and Beddoe, A. B , ,  1978, '~C~lcxrla~~d 

Dose Factors for Radiosensitive Tissues in Bone ~ ~ r ~ d i a t ~ d  by 

Surface-Deposited Radionuclides,'* h. m. Biol. 
Whitwell, J .  R. and Spiers, F. W,, 1976. ''Cslcnlated Beta- 

Factors for Trabecxrlar Bone," b. w. u. 16-38. 
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Table 1. 
of r ad ionuc l ides  in bone* 

Absorbed f r a c t i o n s  recommended by Committee 2 f o r  t he  dosimetry 

Class  of r ad ionuc l ide  AF(RM t IB) AF(BS t TI31 AFtBS t CB) 

a e m i t t e r s  
Volume seeke r s  0 .05 
Surf ace seekers  0.5 

0.025 
0 -25  

0.01 
0.25 

#I e m i t t e r s  
Volume seeke r s  0.35 0.025 0.015 
Surface seekers  
E < 0.2 MeV 0.5 0.25 0.25 
E 2 0.2 MeV 0.5 0.025 0.015 

*BM, BS, TB, and CB denote r ed  marrow, bone su r faces ,  t r a b e c u l a r  
bone, and c o r t i c a l  bone, r e s p e c t i v e l y .  Note t h a t  AF(RMCCB) is  t aken  
a s  ze ro  for a l l  r a d i a t i o n s ,  

Table 2.  R a t i o  of the  dose t o  r e d  marrow and bone s u r f a c e s  t o  t he  dose 
t o  bone mineral* 

Class  of r ad ionuc l ide  'r ed ma T r ow 'bo ne Hbone surf  ace :Hbone 

a e m i t t e r s  
Volume seekers  
Surface seeke r s  

0.033 
0 . 8 3  

0.54 
10 

B e m i t t e r s  
Volume seekers  0.23 0.71 
Surface seeke r s  
E C 0.2 MeV 0.83 10 
E 2 0.2 MeV 0 . 8 3  0 . 8 3  

*The mass of bone i s  assumed to be 5 kg. If the  bone dose was 
computed f o r  the 7 kg-marrow-free ske le ton ,  t h e  t a b l e  e n t r i e s  should 
be m u l t i p l i e d  by 1.4. 
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K, F. Eckerman 

IN ION 

A s u b s t a n t i a l  increase  i n  t h e  es t imated  dose t o  the lung i s  noted 

when comparing dos imet r ic  d a t a  o f  I P h b l i c a t i o n s  2 and 30. The 

purpose of t h i s  no te  i s  t o  examine the  o r i g i n  o f  t h a t  increase .  

I n  P u b l i c a t i o n  2 of t he  I n t e r n a t i o n a l  Co 

P r o t e c t i o n  ( I C R P ,  1959) a s i  

the  en t rance  of inhaled m a t e r i a l  i n t o  t h e  body and t h e  dose eo t h e  lung,  

That model d i d  not  r e f l e c t  t h e  dependence of lung d e p o s i t i o n  on p a r t i c l e  

s i z e ;  75% o f  t he  inha led  a c t i v i t y  was assmed  t o  be depos i ted  i n  the  

lung, r e g a r d l e s s  of the  s i z e s  of p a r t i c l e s  i n  t h e  inha led  m a t e r i a l .  ' f ie  

physical-chemical n a t a r e  of t he  aerosol, which detexmjnes Its c l e  

r a t e  from the  lnng, was G l a s s i f i e d  in a r e l a t i v e  ~ ~ a a a a e ~  by t h e  terms 

' so lub le  or  i n s o l u b l e . '  Soluble  m a t e r i a l s  were considered to c l e a r  

r a p i d l y  from the  lung so t h a t  the  dose to t he  lung @ o d d  be ignored. On 

t h e  o thes  hand, i n so lub le  m a t e r i a l s  were assumed not  t o  be absorbed by 

the  body, so t h a t  only the  dose t o  t h e  lung and segments o f  the  

g a s t r o i n t e s t i n a l  t r a c t  were considesed. 

e l i m i t a t i o n s  of the  i n h a l a t i o n  odel  of P u b l i c a t i o n  2 w e r e  

recognized and t h e  IctRP e s t a b l i s h e d  a Task Group on Lung Dyn 

formnlated and publ i shed  ( i n  19661 a more d e t a i l e d  d e p o s i t i o n  and 

c lea rance  model. That model ( r e f e r r e d  t o  a s  the Task Group Lung Model - 

TGEM) considers: t h e  r e s p i r a t o r y  system t o  c o n s i s t  of t h r e e  reg ions ,  the 

nasopharyngeal ( W ) ,  t racheobronchia l  (I'll), andl pulmonary ( E " ) ,  wbich are 

in te rconnec ted  wi th  one another  8s w e l l  a3 connected with b 

(b lood) ,  t h e  g a s t r o i n t e s t i n a l  t r a c t ,  and t h e  Iyimphati~: system, ' f i e  

f r a c t i o n  of inhaled a c t i v i t y  depos i ted  i n  each r e g i o n  i s  a func t ion  o f  

the  a c t i v i t y  median aerodynamic diameter  ( A  ) of t h e  ae roso l .  

Clearance o f  the  depos i ted  a c t i v i t y  i s  d e f i n e d  i n  terms of t h ree  

c l a s s e s ,  corresponding t o  c learanea from t he  pulmonary reg ion  on t h e  

o rde r  of days (D), weeks (W), and years (Y). 
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I n  1978, two decades a f t e r  issuance of P u b l i c a t i o n  2 ,  t he  IeRP 

updated t h e  numerical va lues  of i t s  secondary l i m i t s  us ing the  E L M .  
Although the  TGLM was publ ished a decade e a r l i e r ,  it had never r ece ived  

' o f f i c i a l  s t a t u s '  as  i t  awaited a p p l i c a t i o n  i n  recommendations of the 

Imp. (The limbo s t a t u s  app l i ed  a s  w e l l  t o  t h e  e f f o r t s  of o the r  IGRP 

Committee 2 t a s k  groups, e.g. ,  metabolism of a l k a l i n e  e a r t h  elements 

[ P u b l i c a t i o n  201 and Reference Man [ P u b l i c a t i o n  231 . I  Thus, although 

the  'ELM. has  been a v a i l a b l e  f o r  a p p l i c a t i o n  i n  r a d i o l o g i c a l  assessments 

f o r  a decade, i t  has  been used spa r ing ly .  This  was due not only t o  the  

l a c k  of ' o f f i c i a l  s t a t u s '  b u t  a l s o  because t he  P u b l i c a t i o n  2 model was 

e a s i e r  t o  use and t h e  ELM fo rmula t ions  were sub jec t  t o  i n t e r p r e t a t i o n s .  

Although the ICRP has o u t l i n e d  and app l i ed  t h e i r  approach i n  

P u b l i c a t i o n  30, ques t ions  concerning i n t e r p r e t a t i o n  s t i l l  remain. 

APPLICATION OF LUNG MODELS 

Various t o p i c s  r e l a t e d  to lung dosimetry a r e  under c u r r e n t  

i n v e s t i g a t i o n ,  For our purposes h e r e  i t  w i l l  s u f f i c e  t o  addres s  t h e s e  

i s s u e s  r a t h e r  broadly.  In  gene ra l ,  t h e  i s s u e s  cen te r  around t h e  

ques t ion ,  'Which r e s p i r a t o r y  t i s s u e s  ( c e l l s )  a r e  a t  r i s k  with regard t o  

lung cance r? '  I n  a p r a c t i c a l  and ve ry  narrow sense,  these ques t ions  

r e l a t e  t o  the manner i n  which one might apply the  TGLM o r  any o the r  lung 

model. 

A f r a c t i o n  of the a c t i v i t y  depos i t ed  i n  t h e  lung i s  t r a n s f e r r e d  t o  

pulmonary lymph nodes from which l i m i t e d  c l ea rance  occurs ,  p a r t i c u l a r l y  

f o r  i n s o l u b l e  (C las s  Y) compounds. Since the mass of t he  pulmonary 

lymph i s  small (about 15 g )  t h e  dose (absorbed energy pe r  gram of 

t i s s u e )  d e l i v e r e d  t o  t h i s  t i s s u e  from Class  Y a e r o s o l s  may be many times 

g r e a t e r  than t h a t  r ece ived  by o t h e r  lung t i s s u e s .  I n  IGRP P n b l i c a t i o n  

26 ( s e e  paragraphs 52-54 of t h a t  p u b l i c a t i o n )  t h e  Commission decided 

t h a t  i r r a d i a t i o n  of the  lung i s  l i k e l y  t o  be more l i m i t i n g  than t h a t  of 

lymphoid t i s s u e  f o r  i n s o l u b l e  r a d i o a c t i v e  p a r t i c l e s .  Thus. t he  

Commission considered t h a t  f o r  r a d i a t i o n  p r o t e c t i o n  purposes i t  would be 

s a t i s f a c t o r y  t o  consider  t he  t racheobronchial  region,  pulmonary region,  

and pulmonary lymph nodes a s  one composite organ of mass 1000 g .  This  

d e c i s i o n  has  been a ma t t e r  of controversy,  p a r t i c u l a r l y  s i n c e  i t  was 

somewhat i n d e c i s i v e  regarding pulmonary lymph ( t h e  dose t o  t h i s  t i s s u e  



p l y  'smeared' over the  r e s t  of the lung)  and the Co 

r e s o r t e d  t o  a more a d v ~ ~ ~ ~ a  lung model, i n  b l i c a t i o n  32, eo deal  with 

the sho r t - l i ved  radon. daughters  where a t t e n t i o n  i s  d i r e c t e d  t o  s p e c i f i e  

c e l l s  a t  r i s k .  
8 

The committed dose eqnivaleslt B €or  the: lang par  plslit a c t i v i t y  lung 
inhaled can be expressed a s  

where U i s  the  number of nuc lea r  t r a n s f o r  t i o a s  inn t h e  58 year  pe r iod  

fol lowing the i n h a l a t i o n  o f  a anit a c t i v i t y  (nt/Bq,l ,  

Q is the  r a d i a t i o n  q u a l i t y  f a c t o r ,  

E is the energy e i t t e d  per n t  ( l e V / ~ t ) ,  

M i s  the  mass,  i n  g B  Q V ~ ~ C  which the deposi ted enelrgg i s  averaged, 

Mote t h a t  the above formulat ion i s  a p p l i c a b l e  t o  p a r t i c n l a t e  radiations, 

i . e . ,  alpha and b e t s  p a r t i c l e s .  

I n  P a b l i c a t i o n  2 the f r a c t i o n  0.12 of the inhaled i n s o l u b l e  

a c t i v i t y  was assumed t o  be r e t a i n e d  i n  the  lung. "This a c t i v i t y  was 

assorned t o  be r e t a i n e d  with  a h a l f - t i  c of 120 days f o r  a l l  i n s o l u b l e  

r ad ionuc l ides  except plntonium and t h o r i  for which h a l f t i m e s  of 1 and 

4 y e a r s B  r e s p e c t i v e l y ,  were used, The a m b e r  of mwleaa txansformations 

pes u n i t  inhaled a c t i v i t y  i s  p ropor t iona l  t o  the ti 

r e t e n t i o n ,  which f o r  t h i s  model corresponds t o  

I n  P u b l i c a t i o n  30, t r ans fo rma t ions  i n  compartments c thraa 

(somprising t he  TB, P, and 1 ph--see Fig. 5 . 2  of P u b l i c a t i o n  38) of the 

lung model a r e  considexed in t h e  computation o f  U, with I t aken  

* Paragraph 17 of P u b l i c a t i o n  32 s t a t e s p  'In i t s  b a s i c  recommendations 
t h e  Commission has proposed t h a t  the t o t a l  l m g  (NP+aB+P+L r e g i o n s )  
should be considered as BL c p o s i t e  organ, '  T h i s  statement i s  
i n c o r r e c t .  



107 

1000 g. The number of nuc lea r  t r ans fo rma t ions  i n  each r eg ion  of t h e  

' E L M  i s  shown below. (The assumptions a r e  made t h a t  t he  h a l f - l i f e  of 

t he  inha led  r ad ionuc l ide  i s  long r e l a t i v e  t o  b i o l o g i c a l  c l ea rance  and 

t h e  i n i t i a l  d e p o s i t i o n  i s  t h a t  of a one micron AMAD ae roso l . )  

Nuclear Transformation pe r  Bq inhaled 

Note t h a t  t he  number of nuc lea r  t r ans fo rma t ion  i n  t h e  lung f o r  c l a s s  Y 

compounds i s  about an o r d e r  of magnitude h ighe r  than t h a t  f o r  

r a d i o n u c l i d e s  i n  t h e  Note a l s o  t h a t  about one-half of t h i s  i n c r e a s e  i s  

a s s o c i a t e d  wi th  the ICRP's d e c i s i o n  t o  smear the nuc lea r  t r ans fo rma t ion  

w i t h i n  t h e  pulmonary lymplh t i s s n e  a c r o s s  t h e  'composite lung'. The 

q u a l i t y  f a c t o r  for alpha emitters inc reased  from 10 t o  20 between 

P u b l i c a t i o n s  2 and 30. This  r e s u l t s  i n  dose e s t i m a t e s  per u n i t  i n t a k e  

f o r  uranium now being about a f a c t o r  of twenty higher  than those 

e s t ima ted  from the  simple model of P u b l i c a t i o n  2 .  For plutonium the  

c u r r e n t  e s t i m a t e s  of t b e  number of nuc lea r  t r ans fo rma t ions  i n  t h e  lung 

f o r  c l a s s  Y compounds i s  inc reased  by about a f a c t o r  of 4. For c l a s s  Y 

compounds of thorium the  new es t ima tes  a re  s i m i l a r  t o  t h e  e a r l i e r  va lues  

based on a r e t e n t i o n  half- t ime of 4 yea r s .  

COMPARISON WITH EPA'S APPROACH 

EPA averages t h e  dose over t he  pu lmonary  r eg ion  of t he  lung model, 

i . e ,  compartment e through h, t o  which they a s s i g n  a mass of 570 g. The 

r a t i o  of t h e  committed dose equ iva len t  per  unit  i n t a k e  as c a l c u l a t e d  by 

EPA t o  t h a t  of t he  ICRP i s  t h e n  



which yields t h o  fol lowing values:  

Thus, the  EPA wpproach y i e l d s  ' lung '  dose e s t i m a t e s  a?rousst 50% highm 

thaK those o f  PITBIE) for  c l a s s  D vnd W aeaosols  and about 2Wo lower for 

class P. 

TBc most s i g n i f i c a n t  changes i n  lung dose e s t ima tes  have been shown 

t o  be assoc ia t ed  w i t h  the use of  the IGLM in p lace  o f  the  simple lung 

model of h b l i c a t i o n  2 ,  The scope of the d i s c u s s i o n  has been l i m i t e d 8  

gene ra l ly .  t o  long-lived r ad ionnc l ides  and i n s o l u b l c  mater ia l ,  The %nng 

d o s i m t r y  approach of EPA r e s u l t s  i n  valnes within 5 

valacs i n  Publ i ca t ion  38 .  Although nwero-as i s s u e s  i n  lung dosimetry 

cen te r  arsaand limg models, i t  i s  c l e a r  that the ase  of the model of 

h b l i c a t i o n  2 m u s t  be abol i shed  and c h a r a c t e r i z a t i o n  of a e r o s o l s  i n  

E e m s  O S  p a r t i c l e  s i z e  and a p p r o p r i a t e  c learance  class w a s t  be parszled. 

The l a t t e r  needs g a r t i c a l a n  attention a s  i t  can s i g n i f i c a n t l y  inf luence  

lung dose es t ima tes  a s  wel l  as t h e  dose estimates for other  organs.  

Limited informat ion  i s  a v a i l a b l e  i n  the l i t e r a t u r e  regard ing  dose 

es t ima tes  f o r  i n d i v i d u a l s  athen: than adults. h b l i s h e d  i n f o m a t i o n  on 

t h e  d e p o s i t i o n  of ae roso l s  i n d i c a t e s  that  t h i s  aspec t  i s  no t  h igh ly  

age-dependent; however, l i t t l e  o r  no in format ion  r c l e v a ~ t  t o  c learance  

i s  a v a i l  ab1  e 



STOPPING POWER AND POINT Isonoprc SPECIFIC ABSORBED 
FBACTIBN DATA FOB ALPHA PARTICLES IN TISSUE 

A. Taner and K. F. Eckerman 

INTRODUCTION 

Information on the energy loss of alpha particles is fundamental t o  

many areas of radiation dosimetry since it characterizes the transfer of 

kinetic energy from the particle to the medium. Stopping power 

estimates are usually obtained from theoretical calculations based an 

the Sethe formulation; however, a number of empirical Considerations, 

such as the variation in the effective charge of the particle as it 

slows down, are necessary for an accurate assessment (Harley and 

Pasternak 1972). Although the theory is quite complete, it is necessary 

to rely on a combination of experimental and theoretical considerations 

when estimating stopping powers (Harley and Pasternak 1972; Thorne 1977; 

Walsh 1970). Recently Ziegler (1977) completed an analysis of the 

available stopping power information. Be tabulated, by element, the 

coefficients of an empirical function representing the stapping power, 

thus providing a convenient formulation to estimate stopping power for a 

wide range of materials. Our application of this information to some 

fundamental dosimetric considerations involving alpha particles is 

discussed here. 

EMPIRICAL EXPRESSIONS FOR STOPPING POWER 

For alpha particles of energy between 1 keV to 10 MeV, Ziegler 

expressed the elemental electronic stopping power as a f ive-parameter 

function of energy. The elemental. electronic stopping power, S (eV- 
cma/l0ls atoms), as a function of energy, E (MeV), is given as 

e 

where 



A2 SI = An E and 

S2 = A3/E ln(1 -+ A4/E f A5E) . 

At low alpha particle energy (less than 10 keV in tissue) Coalomb 

interactions with the nucleas contributes significantly to the stopping 

power. We use the fomul  tion suggested by Ziegler to evaluate the 

nuclear component o f  the stopping power, Sn, 

where 8 ,  the reduced energy o f  the alpha particle, is given as 

E =  

Z(4+M.) (1.587+2 

In the above equations the at ic and mass amber of the element a r e  

denoted by Z and M n  respectively. Tbe its of the nuclear stopping 

power are eV-cmz/lOls a t  

STOPPING POWER VALUES FOR 03 

Assuming Bragg additivity, the mass stopping power for a compound 

( S / p )  is evaluated as 

where fi i s  the mass fract ion of element i in the ca is 

the molecular wei ht a f  element i. The numerical OQnstant, 602.3, 

represents the product of Avagadro's constant, the conversion from eY to 
MeV, and the factor QE l o a s .  e unit of mass stopping power is 
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MeV-cm%/g. Stopping power estimates from various sources are compared 

i n  Fig. 1. 

RANGE OF ALPHA PARTICLES 

The range of the alpha particle in the medium of interest can be 

estimated by numerical integration of the stopping power; i.e., 

where the lower integration limit represents an initial energy, Eo, with 
a corresponding range R(E 1 .  I n  the calculation presented here we have 

taken E t o  be the loner range of the empirical relationships, i.e., 

1 keV. The residual range was approximated as E divided by S/p(Eo). 

As suggested by Ziegler, the range-energy relationship for various 

materials can be fitted to a fifth-order polynomial, 

0 

0 

0 

5 
B(E) = exp 2 Ai 1n(Eli 

i=O 
. ( 5 )  

Coefficients for several materials of interest are given in Table 1. 

POINT ISOTROPIC SPECIFIC ABSORBED FRACTION 

The energy deposition per unit mass in a medium as a function of 

distance from a point isotropic source is referred to as the point 

isotropic specific absorbed fraction. This is the most basic form of 

the radiation transport consideration. This quantity has been tabulated 

for electron and photon radiations, but no such tabulations exist for 

alpha particles. The point isotropic specific absorbed fraction, 

O(r .Eo) ,  at distance r from a source of monoenergeic particles of energy 

E is given as 
0 

# (6) 
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where S f p  is the mass stopping power of the! particle a f t e r  traveling E 

distance r and Eo is the emi t ted  energy. A tabnlation o f  

tissue i s  given in Table  2 for alpha particles of 4 ,  6, and 8 MeV; this 

is i l l u s t r a t e d  in F i g .  2. 

Harley, N. %I. and Pasternak, B. S., 1972, "Alpha Absorption 

Applied t o  Lung Dose f r  Radon Daughters, p p  Bhvs. a, Ill- 

Thon'no, M. C . ,  1977, "Aspects of the Dosimetry sf a-e 

dionaclidea in Bone with Particnlar Fmghasis on ax6R8a and a 3 9 P u , p B  

m. l e d .  Eliol. 2 2 ,  36-46. 

B.sh. P, J. 1970, "Stopping Power and Range sf Alpha P 

Health &. 18, 312-316, 
~iegler, J. F . ,  1977, Helium: & g g i ~  Powers .a& Waaraes in A l l  

Elemental Matter (Perganron Press, New Yon&). 
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POINT ISOTROPIC ABSORBED FRACTION 
SOFT rissm 

ENERGY (MeV) 
4 

6 
8 

“(4 
27.5 

49.8 
77.4 

0 0.2 0.4 0.6 0.8 1 .O 1.2 1.4 
W/R, 

Figure 2 .  Point isotropic absorbed fraction for a lph  psnrti@les in soft tissua* 



Table 1. Coefficients of the Range-Energy Relationship for Various Materials 

Compounds 
S. Tissue Bone Coef f i- 

cients (Kerr) (ICRU) (Kerr) (IrntJ, Dry Air Water 

-7.376664 -7.334316 -7.153502 -7.281057 -7.263134 -7.321865 
0 

A 

0.a67641 0.850616 0.847353 0.871201 0.a28772 0.839046 

0.127010 0.126893 0.127340 0.1273ia 0.144029 0.1~7250 
A1 

A2 

A3 

A4 

2.226E-2 2.3003-2 2.2183-2 2.16OE-2 2.452E-2 2.3433-2 

1.2443-4 2.267E-4 1.932E-4 7.0073-5 9.6873-5 2.292E-4 

-1.0723-4 -1.025E-5 -9.6633-5 -1.059E-4 -1.1623-4 -1.0573-4 

* Range R (g/cms) is given as R = e=p[ $ Ai In(E)i-l ] where E is the 
alpha particles energy (MeV). i =O 
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Table 2 .  Po in t  I s o t r o p i c  Absorbed F r a c t i o n  f o r  Alpha P a r t i c l e s  i n  Soft Tissue .  

r / rn  4 MeV 6 MeV 8 MeV r lr ,  4 MeV 6 MeV 

0.01 

0 . 0 2  

0 . 0 4  

0 . 0 6  

0.08 

0 . 1 0  

0 .12  

0 .14  

0 . 1 6  

0 . 1 8  

0 . 2 0  

0 . 2 2  

0 . 2 4  

0 .26  

0 . 2 8  

0 . 3 0  

0 . 3 2  

0 .34  

0.36 

0 . 3 8  

0 . 4 0  

0 .42  

0 .44  

0 .46  
0 .48  

0.50 

2.62ElO 

6.58Eo9 

1.66E09 

7.45E08 

4.23E08 

2 . 7 4 M 8  
1 . 9 2 M 8  

1.42B08 

1.10EO8 

8.80FA7 

7.21E07 

6.03Eo7 

5.13807 

4.42B07 

3.86EO7 

3.41EO’i 

3.04EO7 

2.73807 

2.47FDl 

2.25FB7 

2.06E07 
1.90Eo7 

1.76Eo7 

1.64EO7 
1.53Eo7 

1 . 4 4 M 7  
. . . . .. . . .- 

4.14E09 

1.04E09 

2.62EO8 

1.18E08 

6.68&07 

4.31E07 

3.02EQ7 

2.24EOT 

1 .74E07 

1.38E07 

1.13E07 

9.48E06 

8.05EO06 

6.94B06 

6.06FA6 

5.34E06 

4.75E06 

4.27E06 

3.86Eo6 

3.51E06 

3.21FB6 

2.96E06 

2.74EO6 

2.55FKlfi 
2.3 8FA6 

2 . 2 3 M 6  
~ ........... 

1.06E09 

2.67Eo8 

6.73E07 

3.02EO7 

1.71E07 
1.11EO7 

7.76E06 

5.76FB6 

4.46EO6 

3.56E06 

2.91E06 

2.43EO6 

2.07FB6 

1 .78806 

1.55EO6 

1.37E06 

1.22E06 

1.09FB6 

9.88Eo5 

8.99E05 

8.23805 

7.58EO5 

7 .OlEOS 

6.51EO5 
6 .OSEO5 

5 . 7 0 E 0 5  
. .. . . . - 

0.52  

0 .54  

0.56  

0 . 5 8  

0 .60  
0.62 

0.64 

0.66 

0 . 6 8  
0.70 
0.72 

0 .74  

0 .76  

0 . 7 8  

0.80 

0.82 

0.84 

0 . 8 5  

0.88 

0 .90  

0 .92  

0 . 9 4  

0 .96  

0 . 9 8  
0 . 9 9  

1 .o 

1.35807 

1.28807 

1.22807 

1.16E07 

1 . l l E 0 7  
1.07E07 

1.03E07 

9.95E06 

9.64806 

9.31806 
9.13806 

8.92EQ6 

8.71E06 

8.50E06 

8.29E06 

8.05FD6 

7.75E06 

7.34sO6 

6.81EO6 

6.11E06 

5.24E06 

1.24EO6 

3.16306 

1.98FAC 
1.37EOfi 

0 .o 

2.10E06 

1.99Eo6 

1.88EO6 

1.79EO6 

1.72eO6 

1.64FB6 

1.58HJ6 

1.53E06 

1.48EO6 
1 .44306 

1.41FB6 

1 .38306 

1.36EO6 

1.35E.06 

1 . 3 4 M 6  

1.34E06 

1.35EO6 

1 . 3 6 W 6  

1.37EO6 

1.36EO6 

1.32FB6 

1.15EO6 

9.28B05 

5.76EO5 
3.76B05 

0.0 

8 loQ 
~ ...._.... 

5.36805 

5 .06W5 

4.80FB5 

4.57m05 

4.36E05 
4.18FX5 

4 .O2EO5 

3.87E05 

3 .7SF335 

3.64EO5 

3.55FB5 

3.48E05 

3.42F.05 

3.39Eo5 

3.37FB5 

3 . 3 7 m 5  

3.4OEOS 

3.46EO5 

3.56EO05 

3.70EO5 

3.85FD5 

3.91E05 

3.56EOS 

2.37EO5 
1.50FflS 

0 .o 
.. . -. .._I - 

Ihe range i n  t i s s n e  i s  denoted a s  r o ;  ro is 27.54 ,  49.76.  and 77.37 pm 
f o r  alpha p a r t i c l e s  of  4 ,  6 .  and 8 MeV energy.  
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GLOBAL ENVIRONMENTAL TRANSPORT MODELS FOR ~~~~~~ 

6 .  6. Killough and D. C. Kocher 

The purpose of this study is to identify sane of the obstacles to 

the construction of credible models of tritium transport for use in dose 

assessments. These difficulties are illustrated by comparing model 

predi c ti ons of envi ronrnental tritium level s with measurement s . 
Environmental monitoring of tritium has shown that specific 

activities in precipitation over land are typically higher by a factor 

of three to four than those in precipitation over the oceans. Experience 

with modeling CO2 turnover in the oceans has led to the conclusion that 

two-box reservoir models of the ocean often give unsatisfactory 

representations of transient solutions. Failure to consider these 

factors in global models can lead to distorted estimates o f  collective 

dose and create difficulties in validation of the model against real 

data. 

We illustrate these problems with a seven-box model recommended by 

the National Council on Radiation Protection and Measurements (NCBP). in 

which we forced the atmospheric compartment to reproduce an exogenous 

function based on historic observations of HTQ in precipitation at 50 

degrees N. The fresh water response Underestimates data from the 

River by nearly an order of magnitude and the ocean surface response 

overestimates tritium data from the surface waters of the Northern 

Pacific by a factor of about three (Fig. 1). Revision of the model to 

include (1) separate over-land and over-ocean compartments of the 

atmosphere and (2) a box-diffusion model of the subsurface ocean brings 

the discrepant responses into good agreement with the environmental 

data, as  the solid curves in Fig. 1 indicate. 

IR a second exercise, we used a latitudinally disaggregated model 

and replaced a tropospheric Compartment in the northern bemisphere by 

historic precipitation data ( F i g  2.1. Tbe model's response greatly 

underestimates the tritium specific activity in the southern hemisphere. 

The large discrepancy probably indicates that much of the xelease from 

weapons testing occnrred in the stratosphere and that a significant 



11 

f r a c t i o n  of  the r e l e a s e  occurred as HT rather than e These e x e r c i s e s  

l ead  us t o  doubt t h a t  a propel: g loba l  transport model for tritim i s  

a v a i l a b l e  a t  present  for c o l l e c t i v e  dose assessment.  

These r e s u l t s  were presented a t  the Second Topical Meeting on 

T r i t i m  Technology i n  Fiss ion,  Fusion and I s o t o p i c  Appl i ca t ions ,  D 

Ohio, April ?)+May 2 ,  1985 and w i l l  a p ~ ~ ~ ~  i n  a s p e c i a l  supplement t o  

the  September 1985 i s s u e  of Fnsion Technology. 
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Figure 1. NCRP model predictions compared with observations o f  
enviromnental tritium levels. 
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Figure 2. Bergman model predictions compared with observations of 
tritium levels i n  precipitation. 
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PROBLEMS IN ESTABLISHING ANNUAL INTAKE L I M m  FOR AN ANNUAL DOSE SYSTEM 

K. F. Eckerman 

INTRODUCTION 

In Publication 2 of the International Commission on Radiological 

Protection (19591, restrictions on the intake of radionuclides by 

workers and members of the public were based on limiting the dose 

eqrnivalent rate in body organs after 50 years of continoas intake. In 

the dose limitation system of IQZP Pablication 26 (ICRP 1975), intakes 

are restricted by limiting the committed dose equivalent, a s  is evident 

in ICBP Publication 30 (ICRP 1979). It is generally acknowledged that 

these systems are mathematically equivalent and embody comparable 

conservatism with regard to cumulative dose equivalent from intakes of 

tenaciously retained long-lived radionuclides relative t o  radionuclides 

briefly retained. 

Recently an alternative system has been discussed where intakes are 

restri~ted by applying the limit on dose equivalent to the annual rather 

than the committed dose equivalent. This system and the committed dose 

equivalent system of the ICRP have been compared by considering the 

intake of hypothetical radionuclides with very short or very long 

biological retention times in various organs. For radionuclides briefly 
retained, the dose equivalent rate following an instantaneous intake 

decreases rapidly with increasing time and the annual and committed dose 

equivalent systems are comparable. The dose equivalent rate following 

the intake of a radionuclide with infinite retention would be constant 

with time, thus restricting intake of this hypothetical radionuclide t o  

the first year only; i.e., the concept of an annual intake limit has no 

meaning for  such radionuclides. It is assumed that actual radionuclides 

will be encompassed by these extremes. We note that the dose equivalent 

rate following intake of some radionuclides is not bound by the 

hypothetical examples discussed above; the dose equivalent rate may 

actually be an increasing function of time. We show below that no 

solution exists t o  the dosimetric formulations of the annual dose 
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equivalent system for such radionaslides and illustrate this failure by 

considering the Pzp-241/ 

The function describin the dose aquivallcmt r a t s  fala 

i~$t.antaneo~~ intake of PI u e activity of a B: dionnclide rat time 

zer0,referred t o  here 1 s  the re  onse function, is a complex function of 

time. The 6ol33pleXitg ar ise$  fr the k i n e t i c s  associated with 

translocation of the radionuclide from the respiratory or 

strointestinal tract and metabolic processes occurring in the, organ of 

interest (and in a l l  other organs in the case of photon e 

Additionally, the function reflects the k i n e t i c s  associated with the 

fomatiorm and translocation of daughter radionuclides, Analyticaa,B. 

representation of the response functions are general ly  not available; 

erica1 tabulations are readily o b t ~ t n e d  from a dosimetry 

computer code fomrnlated in a general manner ( s e e  Leggett et aL. 1984). 

( t )  represent the dose eiqaiv lent rate in organ T a t  time t 

instantaneous intake o f  a m a i t .  aetivity at t i m e  zero, i . e . ,  

i (t) is the  response function, me co i t t e d  dose equivalemt p e ~  

-30 is simply the integral. of the response unit intake, 

function over 50 years. The dose equivalent r a t e  in tissue T, I $ ( t ) .  

an arbitrary intake I ( t )  can be expressed in terms of the 

I * T  
14SQ ,TJ 

COnVQlutiOn inte  

* 
The annrnaP dose eqnivalent in the nth year of intake is 

1 system has the desirable aspect that annaaal dose 

activity residing in the body, assuming the dose e ~ ~ i ~ ~ l e ~ ~  r a t e  is 
generally directly proportional t o  the activity present.  It i s  
often not. appreciated that the dose equivalent rate in an organ 
be independent of the activity of the inhaled or ingested 
radionuclide present in that organ or in the body a t  the t i m e  s f  
i n t e x e s t  

could, in principle, be based on ~ e ~ ~ ~ ~ ~ ~ e n t s  of the 
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- 
The cumulative dose equ iva len t  HT(n), f o r  n y e a r s  of intake,, can be 

ob ta ined  from Eq. ( 2 )  with a z e r o  lower l i m i t  of i n t e g r a t i o n  o r  by 

summation of t he  annual dose equ iva len t  f o r  y e a r s  1 through n. 

R e s t r i c t i n g  t h e  annual dose equ iva len t  HT(n) i n  any yea r  t o  t h e  dose 

equ iva len t  l i m i t  H sugges t s  t h a t  i n t a k e s  must s a t i s f y  t h e  following: L. T 

Equation (3) p l a c e s  no c o n s t r a i n t s  on t h e  form of the  i n t a k e  f u n c t i o n  

i(t); e.g., i t  might be s i n u s o i d a l .  For the purpose of developing 

l i m i t s  on in t ake ,  one might assume t h a t  t h e  i n t a k e s  w i t h i n  any yea r  were 

uniform o r  t h a t  the in t ake  occurred in s t an taneous ly  on t he  f i r s t  day of 

t he  year .  However, b e f o r e  developing Eq. ( 3 )  f u r t h e r  one might q u e s t i o n  

whether it is reasonable  t o  expect t h a t  a meaningful s o l u t i o n  e x i s t s ,  

cons ide r ing  t h e  f u n c t i o n s  involved. In p a r t i c u l a r ,  we note t h a t  t he  

response f u n c t i o n  H I , T ( t )  i s  g r e a t e r  than o r  equal t o  z e r o  f o r  a l l  t, 

may o r  may not  be z e r o  a t  time t = O ,  and may decrease or i nc rease  wi th  

time. Any i n t a k e  func t ion ,  I ( t ) ,  which s a t i s f i e s  Eq. ( 3 )  must be such 

t h a t  I ( t )  2 0 f o r  t 2 0 ;  i . e . ,  nega t ive  i n t a k e s ,  while  mathematically 

pe rmis s ib l e  i n  Eq. (3), have no meaning. X t  i s  t h i s  r e s t r i c t i o n  which 

r e s u l t s  i n  f a i l u r e  of Eq. ( 3 ) .  

The s o l u t i o n  t o  Eq. ( 3 )  w i l l  be meaningless ( i . e . ,  I(t)<O f o r  some 

v a l u e s  of t )  i f  t he  pe rmi t t ed  i n t a k e s  of a r ad ionuc l ide  during a p o r t i o n  

of a workers l i f e t i m e  by themselves ( i n  t h e  absence of e x t e r n a l  

i r r a d i a t i o n  and f u r t h e r  i n t a k e s )  r e s u l t  i n  annual doses  i n  subsequent 

y e a r s  exceeding t h e  l i m i t .  Prime cand ida te s  a r e  r ad ionuc l ides  which 

head decay cha ins  of d o s i m e t r i c a l l y  s i g n i f i c a n t  daughter products  while  

they themselves a r e  of minor dos ime t r i c  s i g n i f  icance. Such decay cha ins  

a r e  w e l l  known, e.g. ,  t h e  Pb-210/P0-21O chain;  however, we e l e c t e d  t o  

S 
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consider the h-241/ -241 chain.  FOP a discnssion of t he  problems 

involved i n  modeling t he  behavior o f  decay chains inn the body w e  r e f e r  

t he  reader t o  Leggett e t  a l .  (19841, 

P l n t o n i u - 2 4 1  $2 A 14.4 y) decays by b e t a  decay t o  the: a lpha  
eKie t iw daughter The c o m ~ ~ ~ i t t a d  dose from Pu-241 
i n t akes  i s  dominated hy the alpha smissions of Am--241. Response 

func t ions  for endosteal tissue (bone sarface)  f o r  i d . ~ l a t i a n  and 

i n g e s t i o n  of b-241 a r e  shown i n  F i g .  I ,  Each CPEPVE o f  F i g .  1 starts a t  

one yea r ;  t h e  dose r a t e  a t  t=O i s  zcr0  s ince  no h-249 a c t i v i t y  has 

t r a n s f e r r e d  from the organ of i n t ake  (lung o r  stomach) .  The annual 

doses  i n  the first y e a r  pe r  TBq o f  i n t ake  a t  t .4  a r e  4 4 . 1 ,  48100, and 

3610 Sv/TBq, r e s p e c t i v e l y ,  f o r  oral in take  ( f ,  = 1 0 - 6 )  , i d a l a t i o m  of 

G B P I I I ~ O I P X P ~ S ,  and i n h a l a t i o n  of class Y C Q D I ~ O U X I ~ S ,  The form of t he  

response functions i s  su& t h a t  t h e  m;iu.ximm in t h e  ann~a 1 dose i s  not  

raachcd u n t i l  about y e a r  38,  a t  wbieh time the vsalaes arc  1070, 

1-28 x 106, and 5.54 x 105 Sv/TBq of in t ake  a t  t ime zero. Thus t h e  

annna4. dose some 38 yea r s  a f t e r  the i n t ake  a r e  2.4, 2 5 ,  and 150 t imes 

higher than t h e  dose i n  t h e  yea r  f o l l ~ ~ l n g  the  in t ake .  If the permi t ted  

i n t a k e s  i n  the f i r s t  yea r  r ep resen t  an annna.1 dose in t h a t  y e a r  equal t o  

t h e  dose equ iva len t  l i m i t .  then  i n  subsequent y e a r s  the dose limit w i l l  

be exceeded, e ~ e n  i n  t h e  absence o f  f u r t h e r  i n t a k e s .  

-2681 (Ty2 -- 432-2 y). 

The Base  equ iva len t  r a t e  per u n i t  intake of 5 r ad ionuc l ide  may or 

may n o t  decrease w i t h  i nc reas ing  time, T~us, one cannot a s s  

highest annu81 dose fol lowing an i n t ake  w i l l  occur i n  the  year  of 

i n t ake ,  For tbc Pu-241/Am-241 decay cha in  t h e  annual dose i n  subseegneaat 

yea r s  may exceed t h a t  for the y e a r  of intake. by one t o  two orders o f  

magnitude. T h i s  i s  not a n  i s o l a t e d  observa t ion ;  we have i d e n t i f i e d  

about 20 decay cha ins  of p o t e n t i a l  concern i n  t h i s  respect ,  

Limi ts  on t h e  annual intake: of rad ionucl ides  cannot be e o n s t r w t e d  

f o r  the  annual dose equ iva len t  system, i . e . ,  Ear some r ad ionuc l ides  no 

s o l n t i o n  e x i s t s  t o  t h e  underlying ma themat i ca l  express ions ,  
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Furthermore, consideration of the annual dose in the present and the 

past years is not a sufficient b a s i s  for managing the radiological 

protection of workers. 
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A COMPUTER CODE FOR ANALYSIS OF INCREASED 

RISK To ARBITARY POPULATIONS 

R. W. Leggett  

INTROIDUCTION 

In t he  l a t e  1978's  t h e  computer code CAIRD was developed by the  

Environmental P r o t e c t i o n  Agency t o  be used f o r  e s t i m a t i n g  r i s k ,  i n  terms 

of the  number o f  premature d e a t h s  and y e a r s  of l i f e  l o s t .  t o  a 

h y p o t h e t i c a l  cohort  of persons,  a l l  s imultaneously l i veborn  and a l l  

s u b j e c t  t o  t h e  same competing r i s k s  throughout l i f e  (Cook, Bunger, and 

B a r r i c k  1978; Bunger, Cook, and B a r r i c k  1981).  This  code was used, f o r  

example, in t h e  development of concen t r a t ion  g u i d e l i n e s  f o r  

r ad ionuc l ides  i n  a i r  and water  and i n  popu la t ion  ana lyses  made for the 

BEW 111 document (19801, but  i t  has t h e  important l i m i t a t i o n  t h a t  i t  

cannot be app l i ed  i n  a s t r a i g h t f o r w a r d  way t o  an a r b i t r a r y  popu la t ion  or 

f o r  an i n d e f i n i t e  per iod.  This l i m i t a t i o n  was overcome by the code 

SPABR, developed for t he  Nuclear Regulatory Commission and Department of 

Energy by C o l l i n s  and coworkers (1982, 1983). The main drawback of 

SPAHR is i t s  l eng th ;  t h e  use r  must absorb a l a r g e  amount of 

documentation b e f o r e  becoming f u l l y  conversant w i th  the code. 

The purpose of t h i s  study was t o  develop a s h o r t ,  elementary 

computer code t h a t  could be app l i ed  t o  popu la t ions  wi th  a r b i t r a r y  age 

d i s t r i b u t i o n s ,  b i r t h  r a t e s ,  and m o r t a l i t y  r a t e s  t o  e s t ima te  r i s k  

r e s u l t i n g  from exposures t o  r a d i a t i o n .  

DESCRIPTION OF 'IEE CODE 

The computer code RISKAP (RISK t o  A r b i t r a r y  Populat ions)  was 

designed t o  be r e a d i l y  a p p l i c a b l e  by anyone f a m i l i a r  w i th  elementary 

For t r an .  Ease of a p p l i c a t i o n  and g r e a t  f l e x i b i l i t y  were a t t a i n e d  by 

p r e s e n t i n g  a concise ,  e a s i l y  understood computational package, and 

al lowing t h e  u s e r  t o  a l t e r  t he  mode of input t o  the  code t o  s u i t  h i s f h e r  

own purposes and p re fe rences .  Moreover, t h e  code i s  s u f f i c i e n t l y  s h o r t  

and elementary t h a t  i t  may be e a s i l y  e d i t e d  t o  meet s p e c i a l  needs,  
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P i s  used t o  es t ima te  r i s k  t o  a popa la t ion  exposed t o  

r a d i o a c t i v i t y .  Risk i s  measured in terms of the  expected number o f  

prematazre deaths  r e s u l t i n g  from radiogenic  cancers ,  the fp bea of yea r s  

of f i f e  l o s t  as a r e s u l t  o f  these dea ths ,  the  average n u b e x  of yea r s  of 

l i f e  l o s t  per  premature death,  andp in the  spec ia l  ease t h a t  the 

popula t ion  c o n s i s t s  of a s i n g l e  b i r t h  cohort ,  the  decrease i n  l i f e  

expectancy of the cohort .  

i n s  with a popula t ion  having s p e c i f i e d  s i z e  and age 

d i s t r i b u t i o n  a t  r e f e rence  time 0. Radia t ion  doses t h a t  nag vary with 

inning a t  time 0 or l a t e r ,  a r e  ass igned  by the  user. 

These doses a r e  used to compute an annual,  age--specif ic  r i s k  o f  

premature cancer  dea th ,  based on a dose-response func t ion  s e l e c t e d  by 

the  m e r .  The popula t ion  ga ins  newborns according, t o  an. assigned bir th  

rate and loses persons of a l l  ages according t o  an assigned a 

m o r t a l i t y  p a t t e r n ,  toge ther  wi th  the incremental  ~ i s l c s  from the  

r a d i a t i o n  exposure,  Ca lcu la t ions  of prematare r a d i a t i o n  dea ths ,  deaths 

from a l l  causes ,  and of the new age d i s t r i b u t i o n  of the populat iot i  a r e  

performed for one-year i n t e r v a l s ,  The popula t ion  i s  t racked  over any 

s p e c i f i e d  per iod .  

An important f e a t a r e  i s  t h a t  the  p o p u l a t i o n  mag be assigned any 

i n i t i a l  age d i s t r i b u t i o n  and any subsequent b i r t h  m ~ r t a l i t y  r a t e s .  

Thus, age-spec i f ic  m o r t a l i t y  r a t e s  may be derived f a s i n g l e  l i f e  

t a b l e  t h a t  i s  thought t o  be r c p r e s e n t a t i v e  of t h e  study populat ion,  or 

m o r t a l i t y  r a t e s  for each age group may be decreased or increased with 

time i n  accordance with recent  t r ends  o r  a n t i c i p a t e d  changes. Although 

i t  s u f f i c e s  f o r  many a p p l i c a t i o n s  t o  assume t h a t  competing r i s k s  do not 

change a g r e a t  dea l  during the  per iod  of i n t e r e s t ,  i t  may sometimes be 

the  case t h a t  observed o r  a n t i c i p a t e d  changes i n  non-radiogenic r i s k s  

daring t he  study pexiod have s i g n i f i c a n t  impact on the  es t imate  of the 

n m b e r  of premature deaths .  I n  p a r t i c u l a r ,  i f  t he  assumption i s  made 

t h a t  the r i s k  of i ncu r r ing  a c e r t a i n  h e a l t h  effeGt i s  r e l a t e d  t o  i t s  

n a t u r a l  incidence,  then changes wi th  time i n  tbe incidence of t h a t  

h e a l t h  e f f e c t  could be l a r g e  enough over a few years t o  a l t e r  es t im3tes  

of premature dea ths  s u b s t a n t i a l l y .  A case  i n  po in t  i s  lung cancer ,  

whose incidence has  changed d rama t i ca l ly  in SQIQ~:  popula t ions  during the  

l a s t  few decades,  
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A p re -pub l i ca t ion  copy of the  code RISKAP, along with u s e r ' s  guide,  

can be obtained from the author .  

REJFERENCES 

Cook, J. R. ,  Bunger, B. M . ,  and Bar r i ck ,  M., 1978, "A Computer Code f o r  

Cohort Analysis  of Increased Risk of Death," U. S. Environmental 

P r o t e c t i o n  Agency Rep. LSPA 52014-78-012. 

Bunger, B. M . ,  Cook, J. R . ,  and Bar r i ck ,  M., 1981, "L i fe  Table 

Methodology f o r  Evaluat ing Rad ia t ion  Risk: An Applicat ion Based on 

Occupational Exposures, " Health Physics  a, 439-455. 

C o l l i n s ,  J. J., Lundy, R. T., and Grahn, D.,  1983, " A  Demographic Model 

for Performing S i t e -Spec i f i c  Heal th  Risk P r o j e c t i o n s l "  Heal th  

Physics  45, 9-20. 

C o l l i n s ,  J. J., Lundy, R. T., Grahn, D . ,  and Ginevan, M. E.,  1982, 

" P r o j e c t i o n  Models f o r  Heal th  E f f e c t s  Assessment i n  Populat ions 

Exposed t o  Radioact ive and Nonradioact ive P o l l u t a n t s , "  U. S .  

Nuclear Regulatory Commission, NuREG/CR-2364, h&-81-59, v o l s .  1-5. 
National Academy of Sciences,  Advisory Committee of the E f f e c t s  of 

Ion iz ing  Radiat ion,  1980, "The E f f e c t s  on Populat ions of Exposure 

t o  Low Levels of Ion iz ing  Rad ia t ion"  (BEIR I11 Report) ,  Washington, 

D. C. ,  National  Academy of Science.  





131 

PART XI. Abstracts of publications appearing in calendar year 1984 





133 

. C r i s t p  

S p e c i f i c  absorbed f r a c t i o n s  (SAP'S) given h e r e i n  provide da t a  

u s e f u l  f o r  c a l c u l a t i n g  r a d i a t i o n  doses fsm i n t e r n a l l y  depos i t ed  radio-. 

nuc l ides  t o  t h e  b r e a s t s ,  an  organ important because o f  i t s  

r a d i o s e n s i t i v i t y .  These d a t a  were generated using a mathematical. 

phantom which has the  dimensions and weight of a r e fe renee  a d u l t  female 

and has a b r e a s t  t i s s u e  compartment. Dose t o  t h e  b r e a s t s  i s  weighted 

h e a v i l y  by the I i n  i t s  P u b l i c a t i o n  30 in determining annual l i m i t s  

of i n t ake  of r ad ionuc l ides  by workers (ALI's) The mathematical phantom 

used by the  IclRp t o  e s t ima te  the amount of energy absorbed by va r ious  

t a r g e t  organs from a source of photons i n  some organ of the body has the  

dimensions and weight of a r e fe rence  a d u l t  male and does not  have 8 

def ined  b r e a s t  t i s s n e  compartment. Consequently, the I 

b r e a s t  t i s s u e  f o r  the purpose of c a l c u l a t i n g  ALI*s. Althoag 

t o  the b r e a s t  compartment of fhe a d u l t  female phantom and t h e  S M ' s  t o  

the! remaining t i s s u e s  compartment of t he  phantom used by the ICRP may 

d i f f e r  g r e a t l y ,  use of t hese  newer d a t a  should not change t 

more than 2096 i f  t he  SAF's f o r  o t h e r  t a r g e t  organs from the 1 

a r e  r e t a i n e d .  The &Its t hus  computed v a r i e d  from 82 t o  104% of t he  

1's published by the I E', If S&*s f r m  the smaller  a d u l t  female 

phantom a r e  used f o r  a l l  t a r g e t  organs, t he  & I p s  v a r i e d  from 6 2  t o  9% 

of t h e  ALI's published by the IeRIp. These conclusions a r e  base 

c a l c u l a t i o n s  with 3 7  n u c l i d e s  which a r e  p r i m a r i l y  photon e m i t t e r s ;  these 

t e s t s  should demonstrate maximal d i f f e r e n c e s .  Using metabolic models 

s p e c i E i c a l l y  designed f o r  females and us ing  a d i f f e r e n t  weighting scheme 

f o r  t a r g e t  organs in females (iee,8 not an average f o r  both sexes) conld 

e i t h e r  enlarge or diminish t h e  ALI'S, bu t  t ese e f f e c t s  were not 

i n v e s t i g a t e d .  

This  appeared i n  Heal th  m. 46: 283-291. 1984. 



BIOASSAY DATA AND A RETENTION- 

A model i s  developed t o  descr ibe  r e t e n t i o n ,  t r ans loca t ion ,  and 

exc re t ion  of systemic plutonium by humans. The i n t e n t  was t o  cons t ruc t  

t he  model i n  such a way a s  t o  i prove p resen t  e s t ima tes  o f  the  

d i s t r i b u t i o n ,  r e t e n t i o n ,  and exc re t ion  of Pm i n  t he  average a d u l t ;  allow 

cons ide ra t ion  of changes i n  r a t e  cons t an t s  a s  a fnnc t ion  of age of the  

ind iv idua l  during adalthood; allow b e t t e r  c h a r a c t e s i z a t i o n  of 

u n c e r t a i n t i e s  regarding r e t e n t i o n  and e x c r e t i o n  of h by humans; 

i l l umina te  a r e a s  where f u r t h e r  r e sea rch  i s  needed; an 

improvements o f  i s o l a t e d  r a t e  cons t an t s  without  a l t e r a t i o n  ~f the  model 

framework. In orde r  t o  meet these  goa ls ,  i t  w s necessary  t o  csnstrrnct 

t h e  model on a mechanis t ic  r a t h e r  than an empir ica l  Bas is .  That. i s ,  the  

empir ical  curve f i t t i n g  procedures t h a t  asxially c h a r a c t e r i z e  r e t e n t i o n  

models f o r  r ad ionuc l ides  were avoided, and c o ~ p ~ ~ ~ m ~ ~ t s  and flow of 

a c t i v i t y  were descr ibed  a s  much as poss ib l e  i n  t e  s Qf the primary 

anatomical and phys io logica l  e n t i t i e s  inyolved i n  the  emenlt of h i n  

t h e  body. P l n t o n i m - s p e c i f i c  information,  p r imar i ly  f r o  

s t u d i e s ,  was used t o  i d e n t i f y  these e n t i t i e s .  Suggested parameter 

va lues  f o r  so luble  Pn were based mainly on information for B 
including genera l  phys io logica l  and a n a t m i c a l  information about the 

compartments involved 8 5  wel l  a s  Pu--specif ic  data  f o r  humans. 

appropr ia te  modi f ica t ions  i n  some o f  the  r a t e  const  n t s ,  the model i s  

app l i cab le  t o  o the r  a c t i n i d e s  and t o  i n s o l a b l e  forms of Pm. 

The work descr ibed  he re  was publ ished as  OIWL/TM-8795, l a y  1984, 

and w i l l  a l s o  appear a s  a journa l  a r t i c l e  i n  Heal th  Phvsics .  
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A MODEL POR TEE AGE-DEPENDENT SKELETAL RETENTION OF PLUTONIUM 

It. W. Legget t  and K. P. Eckerman 

ABSTRACT 

A model of t h e  age-dependent r e t e n t i o n  of plutonium i n  t h e  body i s  

desc r ibed ,  with p a r t i c u l a r  a t t e n t i o n  given t o  the  heterogeneous 

d i s t r i b u t i o n  of plutonium i n  the ske le ton .  (Th i s  is an ex tens ion  of t h e  

model f o r  a d u l t s  desc r ibed  i n  the  previous a b s t r a c t . )  The main purpose 

of t h i s  paper i s  t o  examine the  i m p l i c a t i o n s  of t h i s  model concerning 

t h e  dose t o  r a d i o s e n s i t i v e  t i s s u e s  o f  t h e  ske le ton  fol lowing exposure t o  

plutonium a t  v a r i o u s  ages and t o  compare model p r e d i c t i o n s  wi th  those 

obtained using the  ICRP metabol ic  model for plutonium. I n t e g r a t e d  doses 

over 50 y e a r s  were c a l c u l a t e d  f o r  v a r i o u s  age groups, assuming t h a t  m e  

u n i t  of a c t i v i t y  of Pu-239 was i n j e c t e d  i n t o  the  bloodstream. It i s  

es t ima ted  using t h i s  model t h a t  about three-fourths  of the alpha energy 

r e l e a s e d  i n  the  ske le ton  over a pe r iod  of 50 yea r s  i s  deposi ted i n  non- 

s e n s i t i v e  t i s s u e s ,  fo r  a l l  ages a t  i n j e c t i o n .  For an a d u l t ,  t he  ICRP 

model l e a d s  t o  an est imated dose commitment t o  a c t i v e  marrow t h a t  i s  

about 2 t imes h i g h e r  than t h a t  e s t ima ted  using t h e  p re sen t  model. 

According t o  our model, t h e r e  is l i t t l e  age dependence i n  50-year dose 

commitments t o  s e n s i t i v e  s k e l e t a l  t i s s u e s ,  mainly because of the l a r g e  

amonnt of r e c y c l i n g  t h a t  oocu3;s over 5 0  yea r s  among t h e  ske le ton ,  l i v e r ,  

and o t h e r  t i s s u e s .  These e s t ima tes  r e f e r  only t o  an i n i t i a l  u n i t  

i n j e c t i o n  and thus  do not  r e f l e c t  t h e  p o t e n t i a l l y  l a r g e  d i f f e r e n c e  with 

age i n  t h e  amount of l?u-239 t h a t  may reach the  bloodstream i n  a more 

t y p i c a l  exposure s i t u a t i o n ,  p a r t i c u l a r l y  through the  i n g e s t i o n  pathway. 

This paper appeared i n  Proceedings of t he  IRPA,  a I n t e r n a t i o n a l  

Congress, May 7-12, 1984, vol .  1, pp. 454-457. 
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a d i a t i o n  doses received by the swvivars  of the  Hiroshima and 

Nagasaki bombings were e s t i  ated i n  i nc reas ing ly  s o p h i s t i e a t s  

'setween IHQ ana 19 5 ,  The l a t e s t  of these e s t ima tes ,  des igna ted  as 

Tentative 1965 Doses or simply T65D values, were nsed as a b a s i s  for 

r i s k  assessment thrornghoglt the  1 9 7 0 ' ~ ~  The T65D values have recently 

been snbjec ted  t o  critical review a s  a r e s a l t  ~f coneem over p o s s i b l e  

changes in r a d i a t i o n  p r o t e c t i o n  standards. 

A con t rove r s i a l  1978 study of leukemia r i s k s  ind ica t ed  a large 

r e l a t i v e  b i o l o g i c a l  effectiveness (RBI31 for n e n t ~ o n s  a t  low r a d i a t i o n  

doses i n  Hiroshima. The U.S. National C o m e i l  on Radiation P r ~ t e e t i ~ n s  

1 i s sued  w cautionasy statement in Pabruary 19810 ~ ~ v ~ ~ i ~ ~  of 

p o t e n t i a l  changes i n  neutron dose limits. At the time, i t  was believed 

t h a t  h e a l t h  e f f e c t s  observed among t he  Pliroshi a popaXatfon %Yere 

pr imar i ly  due t o  nentrsn r a d i a t i o n ,  while  those observed i n  the Nagasaki 

pupalation r e s u l t e d  from ga 

ern studies of  the  atmic-bomb explos ions  i n  Japan using newer 

c a l c a l a t i o n a l  teehniqrnes have indicated, however, that the neutron 

r a d i a t i o n  in Hiroshi  a was grossly overestimated a ~ d  the RBE far 

neutrons cannot be obttli @d from the  da t a  on health effects among the 

fa-bomb surv ivors .  Hence, numerous p r o  s f o r  reassessment ST A-bomb 

radiation d o s i  @try have been i t a t e d  recently at na t iona l  

l a b o r a t o r i e s ,  universities, an p r i v a t e  consu l t ing  f ims nitlhiln the: U.S. 

anad Japan.  

Review and oversight o f  the reassessment are being provided by 

i t t e a s  appointed by the  Ires. National  Academy of Sciences and 

Japanese Minis t ry  of Health and e l f a r e ,  Thei r  xols i s  Po ensure: that 

the prOgESLII§ have a f im S C i e n t i f i C  baSi$, that  I l P O  @§SePleibal @ l e  

a r e  overlooked, and t h a t  the f i n a l  results a t e  formulated f o r  s p e c i f i c  

a p p l i c a t i o n  i n  the epidemiological  s t a d i c s  on the A-bomb su rv ivo r s  by 



t he  j o i n t  U.S.-Japan i n s t i t u t i o n  known a s  t h e  Rad ia t ion  E f f e c t s  Research 

Foundation (BEBF). 
The epidemiological  d a t a  from t h e  BEXF' s t u d i e s  form t h e  l a r g e s t  

resoErce of information on hnman r a d i a t i o n  responses ,  p a r t i c u l a r l y  

leukemogenesis, ca rc inogenes i s ,  and mutat ional  e f f e c t s .  ' B e  value of 
t hese  data i s  dependent, however, upon t h e  accuracy of t h e  r a d i a t i o n  

dose e s t i m a t e s  for each i n d i v i d u a l  i n  t h e  a f f e c t e d  popu la t ions  of the 

two c i t i e s .  Thns, it i s  e s s e n t i a l  t h a t  t he  reassessment of A-bomb 

r a d i a t i o n  dosimetry i s  well-documented and t h a t  the r e s u l t s  a r e  

convincing t o  t he  s c i e n t i f i c  community. This bibl iography provides  a 

keyword index, author  index, and master  l i s t i n g  of over 100 published 

r e p o r t s  dea l ing  wi th  d i f f e r e n t  a s p e c t s  of t h e  dosimetry xeassessmeat 

e f f o r t .  

Although the  programs a r e  s t i l l  i n  p rogres s ,  p re l imina ry  r e s n l t s  

suggest t h a t  t he  h e a l t h  e f f e c t s  among t h e  a f f e c t e d  popu la t ions  i n  both 

Hiroshima and Nagasaki xesu l t ed  p r i m a r i l y  from gamma radiation. Henee, 

the c u r r e n t  s t u d i e s  addres s  a m i t i c a l  issue of p u b l i e  concerns namely, 

the r i s k s  a s s o c i a t e d  wi th  low l e v e l s  of exposure t o  g a m a  r a d i a t i o n .  It 

was suggested by seve ra l  1981 news items i n  t h e  popular s c i e n t i f i c  p r e s s  

t h a t  the r e v i s i o n s  i n  the  A-bomb r a d i a t i o n  dosimetry may lead t o  

s u b s t a n t i a l  changes i n  t h e  dose l i m i t s  f o r  gamma and x r ays .  %be j o i n t  

e f f o r t  of t he  v a r i o u s  s t u d i e s  underway in t he  U.S,  and Japan  appears t o  

o f f e r  the l a r g e s t  and most s i g n i f i c a n t  resource which can be brought t o  

bea r  on t h i s  s p e c i f i c  i s s u e .  

This  a b s t r a c t  is from a r e p o r t  which was publ ished as ORNL/TM-9138 

(Apr i l  1984) .  
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6. G .  Killoogh and K. F. Eckes 

i c  models t h a t  a r i s e  i n  h e a l t h  physics  a p p l i c a t i o n s  are  o f t e n  

expressed i n  t e r  ;5; of ordinary  d i f f e r e n t i a l  equations.  1x1 

such ins box models t h a t  desc r ibe  rn t t ~ i a l  exchange among r e s e x v ~ i r s ~  the  

d i f f e r e n t i a l  eqaatiorrs are l i n e a r  with constant c o e f f i c i e n t s ,  and the  

a n a l y s i s  can be reduced t o  the  examination o f  s o l u t i o n s  o f  i n i t i a l - v a l u e  

problems f e r  such systems. T h i s  paper desc r ibes  w conversa t iona l  code, 

t h a t  permits  t h e  user  t o  spec i fy  the  c o e f f i c i e n t  matrix and an 

i n i t i a l  vec tor  of the  system; DIPSOL prints out closed-form solutions 

[ i . e . ,  expressed as l i n e a r  combinations of t e r  s of the  form ,-at, 

e-atcos be, and e-a ts In  b t l  and t a b l e s  o f  the  sol.ution, i t s  derivative, 

and i t s  i n t e g r a l  fo r  any s p e c i f i e d  lijnear combination of s t a t e  

v a r i a b l e s .  The p ~ o g r m  l og ic  pe r  its menu-driven control .  We have 

operated a. FOR IV ver s ion  of the  code on -18 f o r  s eve ra l  

years .  A t r a n s l a t i a n  i n t o  i n t e r p r e t e r  BASXC has proved practical on 

S-88 Model I and III an PC personal  ComplntSPs f o r  

smaller systems of d i f f e r e n t i a l  eqnat ians  (fewer than about 12 s t a t e  

Varriablesa. 

This pager was proseated a t  T h e  Seventeenth Midyear Topical  Meeting 

of the Wealth Physics  S o c i e t y ,  Comalnter Amll icat ions in Health Physics, 

Pasco, Washington, Feb. 5 - 9 ,  1984,  and was  published i n  the  proceedings.  



13 9 

L. R. Williams and R. W. Leggett 

ABSTRACl’ 

A method for evaluating predictive models is developed by giving a 

precise and statistically meaningful interpretation to the statement 

that a model is accurate within a certain factor. This method is 

applicable to any model for which there is a set { ~ ~ ~ y ~ , ~ . . , y  1 of 
observations corresponding to a set Exl,x 2,...,~ 1 of model predictions. 
The reliability index developed here considers two types of 

uncertainties that may arise in the evaluation of models. First, there 

is an observational uncertainty that may arise from variability inherent 
in the phenomenon being observed and from inaccuracies and imprecisions 

in the measurement procedure. Second, there is a type of uncertainty 

characterized in terms of the difference between the predicted value x 

and a representative or optimal value z;  this uncertainty is associated 

solely with the model and usually arises from incomplete understanding 

of the phenomenon being modeled. Our reliability index is an estimate 

of e~pl(V~+V~fl”~, where V describes the observational variance and V2 

describes the variance of the model predictions from their optimal 

values. If the observations are made independently and, for a given 

prediction x, follow a lognormal distribution whose variance does not 

depend on x, then the probability distribution of the reliability index 

can be completely specified in terms of V and V2. These statistical 

assumptions are often satisfied by quantities of interest in metabolism 

and dosimetry of radionuclides, such as radionuclide concentrations in 

human tissue or external radiation levels from a contaminated 

environment. 

n 

n 

1 

1 

This work appeared i n  Health Physics 46, 1984, pp. 85-95.  



A methodology Pass been developed to R S S S S S  potential hazsrds  from 

law--PewcX e x p o s u r ~ s  t o  rad ioac t ive  po:lntants, Estimates  of dose s a t e s  

t o  refercncci organs from inha la t ion  of contaminated a i r ,  i n g e s t i o n  of 

contaminated food or water ,  immersion i n  cowtminsted W % T ,  ani! exposure 

i o  csntamiim.&ed prolaad surfaces a r e  compnted = s i n g  currant dosimetric 

models.  These dose r a t e s  are used i n  a l i f e - t a b l e  a n a l y s i s  t o  ~ s t i m a t e  

the  rgdietfon-induced cancer deaaths and. resnlting years of l i f e  l o s t  i n  

axi exposed cohort o f  1Q0,000 persons, a l l  born a t  the same time and a l l  

subject  t o  the sm“t competing r i s k s  of dcnnth. R a d i a t i o n  r i s k  f a c t o r s  
a x e  based on conclus ions  reached i n  ehc 1992 and 1980 BEIR reports and 

i n  the 1977 UTJSLCEM report.  Bstimad-ew of Prsalth risk are tabulated for 

a p p r o x i m t c l y  150  rad5onnclides for asch of the exposure perthvayo. 

T h i s  work appeared in &?altB PJhx-gicz. gy 1884,  pp, 1035-1051. 
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ON ESTIbLATMG DOSE RATES TO ORGANS AS A FUNCTION OF AGE 

FQLLWING INTEBNAL EXPOSURE "0 RADIONUCLIDES 

Et. W. Legget t ,  K. F. Eckeman, D. E. Dunning, J r . ,  M. CrPsty, 

D. J. Grawford-Brown, and L. R. Williams 

ABSTRACT 

This  r e p o r t  d e s c r i b e s  a method f o r  e s t ima t ing  dose r a t e s  a s  a 

f u n c t i o n  of age t o  t i s s u e s  of t he  human body a t  a r b i t r a r y  t imes during 

o r  a f t e r  i n t e r n a l  exposure t o  r a d i o a c t i v e  m a t e r i a l .  E s s e n t i a l l y  any 

i n t e r n a l  exposure pathway may be considered,  including i 

i n g e s t i o n ,  and d i r e c t  e n t r y  i n t o  the  bloodstream o r  a body organ through 

an open wound or  an i n j e c t i o n .  The exposure may be e i t h e r  acute  or 

chronic .  In t he  case of a chronic exposure, v a r i a b l e  in t a%e  r a t e s  a s  a 

f u n c t i o n  of time may be considered.  

The methodology allows c o n s i d e r a t i o n  of d i f f e r e n c e s  with age i n  

uptake of r ad ionuc l ides  from environmental souxces, metabolism of these 

r ad ionuc l ides  by t he  body, and dose t o  t a r g e t  organs per  u n i t  a c t i v i t y  

i n  a source organ due t o  changes wi th  age i n  t h e  masses and r e l a t i v e  

geometries of t he  organs. A t  p re sen t  t h e r e  a r e  few rad ionuc l ides  f o r  

which s u f f i c i e n t  information i s  a v a i l a b l e  t o  allow f a l l  use of a l l  

f e a t u r e s  of t h e  methodology. The i n t e n t i o n  has been t o  c o n s t r u c t  t h e  

methodology and t h e  accompanying computer cade ( c a l l e d  AGEDOS) so t h a t :  

(1) f u l l  u s e  can be made of t he  r e l a t i v e l y  spa r se  age-dependent, 

nuclide-specif  i c  d a t a  now a v a i l a b l e ;  ( 2 )  proper c o n s i d e r a t i o n  can be 

given t o  the  g e n e r a l l y  p l e n t i f u l  age-dependent phys io log ica l  

information; ( 3 )  dose r a t e s  e s t ima ted  f a r  a d u l t s  a r e  a t  l e a s t  a s  

a c c u r a t e  a s  those based on ICRP models f o r  t he  r e fe rence  a d u l t ;  and 

(4 )  c o n s t a n t l y  accumulating metabol ic  information can be incorporated 

w i t h  minimal a l t e r a t i o n s  i n  t h e  AGEDOS code. 

This  work appeared as ORNL/TM--8265 (March 1984). 
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B SEI[IEmD BONE-SE 

M, C r i s t y ,  B. W. Legget t ,  D. E. Dunning, J r . ,  and B;, F. Eckemaa 

Tlhe t r ansu ran ic  elements and the  ra s are p o t e n t i a l l y  

important c o n t r i b u t o r s  t o  bone dose from r e l e a s e s  from a breeder  

r e a c t o r .  Curren t ly  a v a i l a b l e  age-specif ic  dose-conversion f a c t o r s  f o r  

these  nue l ides  a r c  based on methods of TCRP Pub l i ca t ion  2 #  pzpblishe 

P Pub l i ca t ions  26 and 30, published in 1977 and 1979, o u t l i n e  

methodology incorpora t ing  new models and new conc@pts  of r i s k I  inc luding  

cons ide ra t ion  o f  dose t~ endosteal  snrfaces and act ive  bone rn~~frow 
r a t h e r  than dose t o  whole bone. This r epor t  g ives  dose-conversion 

f a c t o r s  fo r  acute  in t ake  of B given rad ionucl ide  by i n g e s t i o n  or 

a l a t i o n  a t  var ious  ages fn b i r t h  t o  adulthood, using the 

methodology of XCRP 26 and 30, but  modified and extended as  appropriate 

t o  inclnde age-dependence. Results for 32 i so topes  of strontium, 

plutonium, americium, and cusIum a r e  t aba la t ed .  

This work was published as Oak Ridge Nat ional  Labor 

8929 ( a l s o  NUREG/CR-35359, 1984. 
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ELECTRON EXTERNAL AND INTERNAL. BREMSSTRAHLUNG SPECTRA 

L. T. Dillman and K. F. Eckerman 

ABSTRACT 

Tables  of e l e c t r o n  e x t e r n a l  bremsstrahlung s p e c t r a  a r e  given for 
thi r ty- two e l e c t r o n  k i n e t i c  e n e r g i e s  ranging from 1 keV t o  10 MeV. 

These d a t a  a r e  based on r e c e n t  t a b u l a t i o n s  of exact  bremsstrahlung c r o s s  

s e c t i o n s .  At each i n i t i a l  e l e c t r o n  energy T, the t a b l e s  g ive  va lues  of 

S ' (k ,T) ,  t h e  number of bremsstrahlung photons pe r  MeV per i n i t i a l  

e l e c t r o n  m u l t i p l i e d  by a s c a l i n g  f a c t o r  o f  100 k/T where k is t he  photon 

energy, for a s e r i e s  of 12 k/T r a t i o s  ranging from 0 . 0  t o  0 . 9 5 .  Data of 

t h i s  type are provided f o r  absorber  media corresponding t o  each of t h e  

atomic numbers Z = l  through 92 and f o r  s e v e r a l  compounds of i n t e r e s t  i n  

i n t e r n a l  dosimetry.  Methods of ob ta in ing  corresponding d a t a  f o r  any 

d e s i r e d  compound a r e  discussed.  

Methods f o r  computing t h e  spectrum of i n t e r n a l  bremsstrahlung p e r  

t r ans fo rma t ion  i n  the  case of beta-minus decay a r e  a l s o  discussed and 

comparisons a r e  mads with experimental  d a t a  and o t h e r  t h e o r e t i c a l  

c a l c u l a t i o n s .  The i n t e r n a l  bremsstrahlung c a l c u l a t i o n s  of t h i s  work 

show good agreement wi th  experimental  measurements f o r  t he  s e l e c t i o n  of 

allowed, non-unique and unique f i r s t - fo rb idden  b e t a  decaying 

r a d i o n u c l i d e s  where comparisons have been attempted; r a t h e r  poor 

agreement was observed f o r  t he  second fo rb idden  b e t a  decay of I a ' l C s .  

This  work is p r e s e n t l y  i n  review and w i l l  be published as Oak Ridge 

Nat ional  Laboratory Report OBNL/TM--9125, 1985. 
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s. B. Bernard and P. hrduki 

Following the oaetbreah: o f  mercury poisoning in Minimmta, Japan 

(1953-601, much work has been done on the t o x i c o l o g y  of memc~zy - in 
ethyl maacury, In th is  paper we derive c 

models for the atabolism of methyl mercury and inorganic miercary based 

upon the d a t a  which have been collected since 1960. Simple three- rind 

partnaent micadels fit the shoat-ter data very well. )lIowever, i t  

was necessary t o  add long-term compartments so %ha model would be in 

keeping with the long-terrm data  a s  observed in Refexence Nan. (IrCRJ? 

hblicatioa 23) nd in industrial experience. A aodel  incorporating 

biotransformation of mercury would be s sa fn l  but  it m u s t  await fusthsr 

experimental evidence.  

This work appeared in e a l t h  Physics g ,  1984, pp. 595-699. 
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FOUR-URN 

,bel, S. B.  Bernar' 

CATENARY MODEL FOR 

, V. tz. B. Uppulur 

ABSTRACT 

A chain-like arrangement of fonx urns 

EXCRETION 

, and C. W. ..>stor, Jr. 

(a catenary system) into 

which different color balls (white, corresponding to radio-atoms, and 

black, corresponding to stable atoms) are being transferred is used to 

simulate the transport of atms down the 61 tract of man and animals. 

Into the first urn (stomach) are placed wo white balls and r black balls 

while in the 2nd (small intestines) and 3rd (large intestines) urn, only 

r blacks are put i n ,  with no whites. A sample of size r is transferred 

from the lst, 2nd, and 3rd urns t o  the 2nd, 3rd,  and 4th (infinite 

universe) urns. From the random variable difference equations the first 

and second moments for the distribution sf the number of radio-atoms 

present in each urn are obtained. The model indicates R bigher variance 

than is indicated by actual data. 

This work appeared in Ball. Math. Biol. 46, 1984, pp. 219-229. 
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