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The computer program REDIQ c a l c u l a t e s  t he  r i s k  equiva lence o f  dosage 

from i n t e r n a l  l y  depos i ted  rad ionuc l  i d e s  t o  dosage f rom e x t e r n a l  who1 e-body 

i r r a d i a t i o n .  The c a l c u l a t i o n  g i ves  an es t ima te  o f  t h e  m i c r o c u r i e  i n t a k e  
w 

p e r  n u c l i d e  t h a t  would r e s u l t  i n  a  r i s k  e q u i v a l e n t  t o  r e c e i v i n g  1  rem of 
v 

e x t e r n a l  whol e-body i r r a d i  a t i o n .  The program a1 1  ows f o r  i n t e r n a l  d e p o s i t i o n  

r e s u l t i n g  f rom e i t h e r  i n h a l a t i o n  o f  r a d i o a c t i v e  aeroso ls  o r  i n g e s t i o n  of  con- 

taminated food. The i n h a l a t i o n  p o r t i o n  o f  REDIQ was taken f rom t h e  computer 

program DACRIN, ( I )  which uses t h e  models o f  t h e  r e s p i r a t o r y  t r a c t  adopted 

by t h e  Task Group on Lung Dynamics. REDIQ a l s o  uses a  s imp le  exponent ia l  

model f o r  r e t e n t i o n  by an organ o f  i n t e r e s t ,  and t h e  g a s t r o i n t e s t i n a l  t r a c t  

model o f  t h e  I n t e r n a t i o n a l  Commission on Radio1 o g i  c a l  P r o t e c t i o n  (ICRP) . (3 )  

For  each nuc l  i d e  s p e c i f i e d ,  t h e  program f i r s t  c a l c u l a t e s  t h e  r a d i a t i o n  

dose pe r  m i c r o c u r i e  i n t a k e  by i n h a l a t i o n  o r  i n g e s t i o n  t o  any o f  23 organs 

and t i s s u e s .  A maximum o f  10 organs may be s p e c i f i e d  f o r  any one case. The 

va lues f o r  dose pe r  m i c r o c u r i e  i n t a k e  a re  then  coupled w i t h  r e l a t i v e  r i s k  

values f o r  each organ be ing  considered, t o  a r r i v e  a t  t h e  es t imated  i n t a k e  

e q u i v a l e n t  t o  1  rem o f  e x t e r n a l  whole-body i r r a d i a t i o n .  
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REDIQ - A  COMPUTER PROGRAM FOR ESTIMATING HEALTH EFFECTS FROM 

INHALATION AND INGESTION OF RADIONUCLIDES 

INTRODUCTION 

People a r e  c o n t i n u a l l y  exposed t o  r a d i a t i o n  f rom Inany sources (e.g. , 
cosmic r a d i a t i o n ,  x - ray  niach-ines, t e l e v i s i o n  se t s  and rad ionuc l  ides  i n  t h e  

env i ronment)  t h a t  r e s u l  t s  i n  r e c e i p t  o f  an ex te rna l  dose. I n t e r n a l  expo- 

sure, r e s u l t i n g  i n  dose r e c e i p t  by i n d i v i d u a l  organs w i t h i n  t h e  body, occurs 

when rad ionuc l i des  a r e  a s s i m i l a t e d  through r e s p i r a t i o n  o f  a i r  and i n g e s t i o n  

o f  f ood  and water.  The purpose o f  t h i s  r e p o r t  i s  t o  desc r i be  a  con~puter  

program f o r  e s t i m a t i n g  t h e  rad ionuc l  i de i n t a k e  t h a t  produces an i n t e r n a l  

exposure e q u i v a l e n t  t o  1  rem o f  whole-body e x t e r n a l  exposure. 

The " i n t a k e  equ i va len t "  i s  expressed as t he  m ic rocu r i es  t o t a l  i n t a k e  

o f  a  g iven  nuc l i de ,  v i a  i n h a l a t i o n  o r  i n g e s t i o n  ( n o t  bo th ) ,  t h a t  produce a  

r i s k  e q u i v a l e n t  t o  t h a t  f rom 1  rem o f  ex te rna l  whole-body i r r a d i a t i o n .  "R isk"  

means t h e  danger t h a t  a  p a r t i c u l a r  e f f e c t ,  such as death f rom cancer, may occur.  

The i n t a k e  e q u i v a l e n t  i s  es tab l i shed  us ing  r i s k  f a c t o r s  t o  we igh t  t he  dose 

f o r  each organ, and equat ing  t h e  t o t a l  r i s k  t o  t h e  e x t e r n a l  whole-body expo- 

sure r i s k .  The computer program REDIQ was developed t o  c a l c u l a t e  t h e  va lues 

f o r  organ dose p e r  m ic rocu r i es  o f  i n t ake ,  and t o  use these va lues t o  e s t i -  

mate t h e  e q u i v a l e n t  i n t a k e  amounts. 

The program makes no assumptions about t h e  va lues t o  be used f o r  r i s k  

f a c t o r s ;  these  must be supp l i ed  by t h e  user .  The Adv isory  Committee on B io -  

l o g i c a l  E f f e c t s  o f  I o n i z i n g  ~ a d i a t i o n ' ~ )  ( t h e  BEIR Committee) has repo r ted  

i t s  b e s t  es t imates  o f  t he  cancer death r i s k  f o r  t h e  U.S. popu la t i on  from 

exposure t o  i o n i z i n g  r a d i a t i o n .  ( 4 )  Use o f  t h i s  i n f o r m a t i o n  i s  discussed i n  

Appendix G as p a r t  o f  t h e  sample problem. 

( a )  O f  t h e  Na t i ona l  Academy o f  Sc iences--Nat ional  Research Counci l .  



MATHEMATICAL MODELS AND METHODS 

The mathematical models used by REDIQ are those of the computer program 

DACRIN")  plus the ingestion pathway model presented in ICRP Publication 2. (3  

These models are used to  determine the dose to specific organs per microcurie 

intake via inhalation or ingestion. A detailed discussion of each model i s  

given in Appendix A .  The normal i zed organ dose values are used to  determine 

the equivalent intake values for each nuclide of in teres t ,  using the method 
that  i s  described below following a general discussion of the inhalation and 

ingestion model s . 

INHALATION PATHWAY 

The model of the respiratory t r ac t  adopted by the Task Group on Lung  

Dynamics forms the general basis for  the mathematical models developed to cal- 

culate the dose from the inhalation of radionuclides.(l) In the Task Group's 

model, the respi ratory t r a c t  i s  divided into three regions, the nasopharyngeal 

( N P ) ,  the tracheobronchial (TB), and the pulmonary ( P ) ,  as shown in Figure 1.  
Deposition i s  assumed to  vary with the aerodynamic properties of the aerosol 

distribution fo r  each inhaled radionuclide, and i s  described by the three - 
parameters D3, D 4 ,  and D5. These parameters represent the fraction of the 

inhaled material, Q I ,  i n i t i a l l y  deposited in each of the three regions. 

The NP, TB and P regions of deposition are further subdivided into two 

or more subcompartments. Each subcompartment represents the fraction of a 

compartment's i n i t i a l  radionuclide content that  i s  subject t o  a particular 

clearance process. This fraction i s  represented by f where j indicates 
j ' 

the clearance pathway. For example, the quantity of material in the TB 

region that  i s  cleared by process ( c )  i s  represented by the product f c D 4 Q I .  

For each clearance process in the three trans1 ocation or aerosol sol ubi 1 i ty 

groups, the values of f .  and T (the clearance half-time) are those suggested 
J 

by the I C R P ' ~ )  (see Appendix A ,  Table A-1 ) .  Values of the deposition frac- 

t ions D3, D4, and D5 have been pub1 ished in graphic form(2) as a function of 

ac t iv i ty  median aerodynamic diameter (AMAD).  



FIGURE 1. Schematic Diagram o f  t h e  Task  Group Lung Model 



Routines t o  generate these va lues d i r e c t l y  f rom the  AMAD have been 

i nc l uded  i n  t h e  code and y i e l d  e s s e n t i a l l y  t h e  same values as those presented 

by t h e  Task Group. 

REDIQ expands t he  Task Group l ung  model t o  i n c l u d e  c a l c u l a t i o n  o f  organ 

doses, u s i n g  t h e  l u n g  model t o  desc r i be  e n t r y  o f  r a d i o a c t i v e  m a t e r i a l s  i n t o  

t h e  body. Radionucl i des  a r e  assumed t o  be t r anspo r ted  v i a  t h e  b lood,  moving 

f rom t h e  r e s p i r a t o r y  t r a c t ,  t h e  l ymphat i c  system, and t h e  g a s t r o i n t e s t i n a l  (GI) 

t r a c t  t o  o t h e r  organs and t i s s u e s  where s i g n i f i c a n t  accumulat ions o f  i n h a l e d  

rad ionuc l  i des  occur .  Th i s  t rans1  o c a t i o n  f r o11  t h e  r e s p i  r a t o r y  t r a c t  and lym- 

p h a t i c  system t o  t h e  b lood  has been descr ibed  i n  some d e t a i l  by t h e  Task Group. 

O f  t h e  m a t e r i a l  c l e a r i n g  f r om t h e  r e s p i r a t o r y  t r a c t  through t h e  G I  t r a c t ,  a  

cons tan t  f r a c t i o n ,  f,, i s  assumed t o  be taken up by t h e  blood. The p o r t i o n  

moving t o  t h e  nth o r i a n  o r  t i s s u e  i s  assumed t o  be a  cons tan t  f r a c t i o n ,  f;, o f  

t h e  amount t h a t  en te r s  t h e  b l ood  stream a t  any t ime t. Once i n  t h e  nth organ, 

t he  r a d i o a c t i v e  m a t e r i a l  i s  assumed t o  c l e a r  t h e  organ (and t h e  body) a t  a con- 

s t a n t  r a te ,  A,. Th i s  expanded model can thus be used t o  determine organ doses 

a t  any t ime f o l l o w i n g  acu te  o r  ch ron i c  exposures. A schematic r e p r e s e n t a t i o n  

o f  t he  REDIQ me tabo l i c  model descr ibed  above i s  shown i n  F igu re  2.  
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FIGURE 2. Schematic Diagram o f  t he  REDIQ Me tabo l i c  Model 



M a t e r i a l  e n t e r i n g  t he  G I  t r a c t  f rom t h e  r e s p i r a t o r y  system can cause 

p o r t i o n s  o f  t h e  G I  t r a c t  t o  be exposed t o  r a d i a t i o n .  The I C R P  G I  t r a c t  

model(3) i s  used t o  desc r i be  movement o f  m a t e r i a l  w i t h i n  t h e  t r a c t ' s  compart- 

ments. A  diagram o f  t h i s  model i s  g iven  i n  F igure  3. M a t e r i a l  f rom t h e  

r e s p i r a t o r y  t r a c t  en te r s  t he  G. I. t r a c t  through t h e  stonlach (S) ,  which i s  

assumed t o  be u n i f o m ~ l y  i r r a d i a t e d  f o r  a  mean res idence  t ime  o f  1  hour. Absorp- 

t i o n  o f  m a t e r i a l  i n t o  t h e  blood i s  assumed t o  occur  f rom t h e  smal l  i n t e s t i n e  

( S I )  on l y .  Using an exponent ia l  abso rp t i on  model, t he  r a t e  cons tan t  i s  de f i ned  

so t h a t  a f r a c t i o n  fl i s  absorbed d u r i n g  passage through t he  S I .  Values o f  fl 

a r e  those recommended by t he  I C R P .  ( 3 )  

The dose c o n t r i b u t i o n  t o  t h e  pulmonary p o r t i o n  o f  t h e  l ung  i nc l udes  r a d i a -  

t i o n s  f rom daughter  nuc l i des  formed there .  The daughter c o n t r i b u t i o n s  a re  com- 

puted i n d i r e c t l y  us i ng  weighted va lues o f  t h e  e f f e c t i v e  energy em i t t ed  by t he  

daughter  n u c l i d e s  i n  t h e  chain.  Weighted values were c a l c u l a t e d  f o r  each of  t h e  

decay cha ins  t a b u l a t e d  by t h e  I C R P  ( 3 y 6 )  f o r  res idence  ha l f - t imes  o f  1  day, 

50 days and 500 days. These values a r e  i nc l uded  i n  t h e  organ da ta  l i b r a r y  

d iscussed i n  Appendix D. 

FIGURE 3. Schematic Diagram o f  t he  G I  System Model 
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INGESTION PATHWAY 

The ICRP GI t r a c t  model descr ibed  above i s  a l s o  t he  bas is  f o r  t he  

i n g e s t i o n  pathway model used by REDIQ. M a t e r i a l  i s  assumed t o  e n t e r  t he  

body v i a  i n g e s t i o n  t o  t h e  stomach (ar row DI i n  F i gu re  2 ) .  T rans fe r  t o  o t h e r  

organs i s  assumed t o  occur  through abso rp t i on  o f  m a t e r i a l  f rom t h e  smal l  

i n t e s t i n e .  

EQUIVALENT INTAKE 

The c a l c u l a t i o n  o f  e q u i v a l e n t  i n t a k e  va lues depends on a  care fu l  de te r -  

m ina t i on  o f  r e l a t i v e  r i s k  va lues.  A l l  r i s k  va lues must be r e l a t e d  t o  t h e  

same b i o l o g i c a l  e f f e c t ,  f o r  example, death f rom cancer.  Values a r e  de te r -  

mined f o r  t h e  r i s k  f rom 1  rem o f  whole-body i r r a d i a t i o n ,  p l u s  t h e  r i s k  pe r  

rem f o r  each organ t o  which a  n u c l i d e  c o n t r i b u t e s  a  s i g n i f i c a n t  dose. R isk  

va lues a r e  expressed as events  per  rem. The e q u i v a l e n t  i n t a k e  i s  then c a l -  

c u l a t e d  as t h e  r a t i o  o f  t h e  whole-body exposure r i s k  t o  t h e  sum o f  t h e  

p roduc ts  o f  organ dose t imes t h e  organ r i s k  f a c t o r .  The e q u i v a l e n t  i n t a k e  

i s  expressed as m ic rocu r i es  per  rem o f  whole-body exposure. D e t a i l s  o f  t h e  

c a l c u l a t i o n  a re  g iven  i n  Appendix A. 
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APPENDIX A 

D E S C R I P T I O N  OF MATHEMATICAL MODELS 



DESCRIPTION OF MATHEMATICAL MODELS 

T h i s  appendix descr ibes  mathematical  models used t o  c a l c u l a t e  i n h a l a t i o n  

and i n g e s t i o n  doses and t h e  r i s k  equ iva lence  va lues .  Equat ions a r e  presented 

f o r  bo th  acu te  and c h r o n i c  uptake modes. 

INHALATIOIV DOSE MODEL 

The mathematical  model f o r  c a l c u l a t i n g  t h e  dose t o  an organ o f  i n t e r e s t  

v i a  i n h a l a t i o n ,  us i ng  t h e  ICRP Task Group Lung Model (TGLM), i s  d e s c r i  bed 

here.  I n  t h e  TGLM, t h e  r e s p i r a t o r y  t r a c t  i s  d i v i d e d  i n t o  t h r e e  reg ions ,  t he  

nasopharyngeal (NP), t h e  t racheobronch ia l  (TB), and t h e  pulmonary (P) .  The 

schematic r e p r e s e n t a t i o n  o f  t h i s  model i s  shown i n  F i gu re  1  o f  t h e  main t e x t .  

Depos i t i on  o f  i n h a l e d  n u c l i d e s  i s  assumed t o  va r y  w i t h  t h e  aerodynamic p ro -  

p e r t i e s  o f  t he  aeroso l  d i s t r i b t u i o n  f o r  each n u c l i d e ,  and i s  descr ibed  by t h e  

t h r e e  parameters D3, D4, and D5. These parameters r ep resen t  t h e  f r a c t i o n  o f  

t h e  i n h a l e d  m a t e r i a l  QI i n i t i a l l y  depos i ted  i n  t h e  NP, TB, and P  reg ions ,  

r e s p e c t i v e l y .  Each of t h e  t h r e e  reg ions  o f  d e p o s i t i o n  i s  f u r t h e r  subd iv ided  

i n t o  two o r  more subcompartments, each rep resen t i ng  t h e  f r a c t i o n  o f  ~ i i a t e r i a l  

i n i t i a l l y  i n  a  compartment t h a t  i s  s u b j e c t  t o  a  c e r t a i n  c lea rance  process. 

Th is  f r a c t i o n  i s  represen ted  by f where j i n d i c a t e s  t h e  c lea rance  pathway. 
j ' 

For  example, t h e  q u a n t i t y  o f  m a t e r i a l  i n  t h e  TB r e g i o n  c l e a r e d  by process 

( c )  i s  rep resen ted  by t h e  p roduc t  f C D 4 Q I  M a t e r i a l  f rom pulmonary compart- 

ment ( h )  c l e a r s  th rough  t h e  l ympha t i c  system (LM). 

Table A-1") shows t h e  va lues o f  f; and t h e  c learance  h a l f - t i m e s  Ti f o r  
J J 

each c learance  process i n  t h e  t h r e e  t r a n s l o c a t i o n  c lasses  o f  ae roso ls .  The 

t h r e e  t r a n s l o c a t i o n  c lasses  i n d i c a t e  t h e  e x t e n t  t o  which m a t e r i a l  i s  r e t a i n e d  

i n  t h e  r e s p i r a t o r y  compartments: f o r  days (D) , weeks ( W ) ,  o r  yea rs  (Y 1. 
Values of t h e  d e p o s i t i o n  f r a c t i o n s  D3, D4, and D5 as a  f u n c t i o n  o f  a c t i v i t y  

median aerodynamic d iamete r  (AMAD) have been pub l i shed  i n  t h e  form of a  

graph. ( 1  ) 

Radionucl  i d e s  a r e  assumed t o  be t r a n s p o r t e d  v i a  t h e  b lood,  moving from 

t h e  r e s p i r a t o r y  t r a c t ,  l ympha t i c  systems, and G I  t r a c t  t o  o t h e r  organs and 



TABLE A-1 . Val ues o f  t h e  Clearance Parameters 
f o r  t h e  Task Group Lung Model 

TRANSLOCATION CLASS 

COMPARTMENT D W Y 

j(a') T j b )  
- - - j Tj j Tj --- 

(a) Me tabo l i c  pathways f rom l ung .  

( b )  Ha l f - t ime  ( i n  days) f o r  removal f rom compartment v i a  pathway j. 

( c )  F r a c t i o n  removed f r om compartment v i a  pathway j. 

t i s s u e s  where s i g n i f i c a n t  accumulat ions o f  i n h a l e d  r a d i o n u c l  i des occur .  Th i s  

t r a n s l o c a t i o n  f rom t h e  r e s p i r a t o r y  t r a c t  and l ymphat i c  system t o  t h e  b l ood  

has been desc r i bed  i n  cons ide rab le  d e t a i l  . ( ' I  Of  t h e  m a t e r i a l  c l e a r i n g  f rom 

t h e  r e s p i r a t o r y  t r a c t  th rough  t h e  G I  t r a c t ,  a  cons tan t  f r a c t i o n  i s  assumed 

t o  be taken  up by t h e  blood. Uptake by t h e  nth organ o r  t i s s u e  i s  assumed 

t o  be a  cons tan t  f r a c t i o n  of t h e  amount e n t e r i n g  t h e  b l ood  s t ream a t  any 

t ime.  Once i n  t h e  nth organ, t h e  a c t i v i t y  i s  assumed t o  c l e a r  t h e  organ and 

t h e  body a t  a  cons tan t  r a t e .  



N o t a t i o n  f o r  t h e  equa t ions  found i n  t h i s  s e c t i o n  i s  as f o l l o w s :  

i s  t h e  dose i n  rem r e c e i v e d  by t h e  n t h  organ o r  t i s -  

sue by t i m e  T1 d u r i n g  cont inuous uptake o f  r a d i o a c t i v e  

m a t e r i a l .  

i s  t h e  dose i n  yen1 r e c e i v e d  by t h e  n t h  organ o r  t i s s u e  

by t i m e  T2 f o l l o w i n g  t h e  t e r m i n a t i o n  o f  con t inuous  up take  

o f  r a d i o a c t i v e  m a t e r i a l .  

i s  t h e  q u a n t i t y  o f  r a d i o a c t i v e  m a t e r i a l  i n  pC i  p r e s e n t  i n  t h e  

n t h  organ o r  t i s s u e  as a  f u n c t i o n  o f  t i m e  d u r i n g  con t inuous  

up take  of  r a d i o a c t i v e  m a t e r i a l .  

i s  t h e  q u a n t i t y  o f  r a d i o a c t i v e  m a t e r i a l  i n  pC i  p r e s e n t  i n  t h e  

n t h  organ o r  t i s s u e  f o l l o w i n g  t h e  t e r m i n a t i o n  o f  con t inuous  

up take  o f  r a d i o a c t i v e  m a t e r i a l .  

i s  t h e  e f f e c t i v e  absorbed energy p e r  d i s i n t e g r a t i o n  i n  

MeV ' rem f o r  t h e  n t h  organ o r  t i s s u e .  d i s  r a d  

i s  t h e  mass i n  grams o f  t h e  n t h  organ o r  t i s s u e  o v e r  which t h e  

dose i s  t o  be averaged. 

i s  t h e  b i o l o g i c a l  removal r a t e  c o n s t a n t  p e r  sec f o r  t h e  j t h  

subcompartment o f  t h e  r e s p i r a t o r y  t r a c t .  

i s  t h e  r a d i o l o g i c a l  decay c o n s t a n t  o f  t h e  n u c l i d e  o f  i n t e r e s t ,  

p e r  sec. 

i s  t h e  t o t a l  removal r a t e  c o n s t a n t  p e r  sec f o r  t h e  j t h  sub- 
b  compartment o f  t h e  r e s p i r a t o r y  t r a c t .  Note: A = A .  + A .  

j J 

i s  t h e  b i o l o g i c a l  removal r a t e  c o n s t a n t  pe r  sec f o r  t h e  n t h  

organ o r  t i s s u e .  

i s  t h e  t o t a l  e f f e c t i v e  removal r a t e  c o n s t a n t  p e r  sec f o r  t h e  
b  n t h  organ o r  t i s s u e .  Note:  An = A n  + A .  

i s  t h e  f r a c t i o n  of  m a t e r i a l  i n  t h e  b l o o d  t h a t  reaches t h e  

organ of i n t e r e s t .  



1  i s  t h e  f r a c t i o n  o f  m a t e r i a l  i n  t h e  G I  t r a c t  t h a t  reaches t h e  

blood. 

fw i s  t h e  f r a c t i o n  o f  m a t e r i a l  i nges ted  t h a t  reaches t h e  organ o f  

i n t e r e s t .  

0 
i s  t h e  r a t e  a t  which t h e  r a d i o a c t i v e  m a t e r i a l  i s  inha led ,  i n  

pCi/sec. 

j 
i s  t h e  f r a c t i o n  o f  t h e  m a t e r i a l  i n  a  d e p o s i t i o n  r e g i o n  (NP, TB, 

P),  t h a t  c l e a r s  by t h e  j t h  pathway. 

Dk i s  t h e  f r a c t i o n  o f  t h e  i n h a l e d  m a t e r i a l  depos i ted  i n  t h e  k t h  

compartment o f  t h e  r e s p i r a t o r y  t r a c t .  

k  = 3 f o r  t h e  nasopharyngeal (NP) compartment. 

k  = 4 f o r  t h e  t racheobronch ia l  (TB) compartment. 

k  = 5 f o r  t h e  pulmonary (P) and lymph (LM) compartments. 

1  i s  t h e  t o t a l  uptake t ime,  i n  sec. 

T2 i s  t h e  t i m e  i n t e r v a l  f o l l o w i n g  t e r m i n a t i o n  o f  uptake, i n  sec. 

The development o f  equat ions t o  desc r i be  t h e  lung  c learance  model i s  

d i v i d e d  i n t o  two p a r t s :  t h e  f i r s t  dea ls  w i t h  organ burdens and doses i n  

t h e  t ime  i n t e r v a l  d u r i n g  which t h e  i n h a l a t i o n  o f  r a d i o n u c l i d e s  takes p lace ;  

and t h e  second cons iders  t h e  cont iguous t ime  i n t e r v a l  f o l l o w i n g  t h e  cessa- 

t i o n  o f  r a d i o n u c l i d e  i n t a k e .  

I n t a k e  Pe r i od  

Fo r  t h e  i n t a k e  stage, t h e  q u a n t i t y  o f  r a d i o n u c l i d e  i n  t h e  e i g h t  sub- 

compartments ( j )  o f  t h e  t h r e e  compartments ( k )  o f  t h e  r e s p i r a t o r y  t r a c t  i s  

computed by t h e  equat ion  

The equat ions  f o r  t h e  removable q u a n t i t y  i n  t h e  pu l~ i ionary lymph nodes 

a r e  compl icated:  t h e  r a t e  o f  r a d i o n u c l i d e  t r a n s f e r  i n t o  t h e  lymph system 



(hh) may be e i t h e r  equal o r  unequal t o  t h e  r a t e  o f  t r a n s f e r  o u t  o f  t h e  system 

(hi) , depending on t h e  s o l u b i l i t y  c l a s s  o f  t h e  r a d i o n u c l  i d e .  Thus, two 

equa t ions  a r e  needed t o  conipute t h e  q u a n t i t y  o f  r a d i o n u c l i d e  i n  t h e  lymph 

compartment. For  t h e  case hh # hi, i . e . ,  Class Y s o l u b i l i t y  i n  t h e  c u r r e n t  

v e r s i o n  o f  t h e  model, 

and f o r  t h e  case A h  = A ,  i . e . ,  C lass D and W i n  t h e  c u r r e n t  v e r s i o n  of t h e  

model, 

Using t h e  p reced ing  equa t ions ,  t h e  equa t ions  d e s c r i b i n g  t h e  q u a n t i t y  o f  

r a d i o n u c l  i d e  i n  t h e  n t h  organ as a  f u n c t i o n  of  t i m e  d u r i n g  uptake can be 

d e r i  ved by  

L i s  t h e  c o n t r i b u t i o n  t o  t h e  organ burden f r o m  m a t e r i a l  p a s s i n g  

th rough  t h e  l y m p h a t i c  system, 

and 
b  ' 

Ca = A a f a  D3/Xa 



The lymph pathway con t r ibu t ions  t o  t h e  n t h  organ burden f o r  t h e  two 

s i t u a t i o n s  a r e  ca lcu la t ed  a s  fo l  lows: 

f o r  x h  = x i  (5b)  

where 

The c a l c u l a t i o n  of t h e  dose t o  organs burdened by the  radionuclide i s  

based on t h e  following: 

where t h e  cons tant  i s  a  combination of t h e  conversion f a c t o r s  

4 d i s / s e c  6  e rgs  3.7 x 10 ( pci ) 1.6  x 10- lo-' (-) = 5.92 x 10- 4 



The dose t o  t h e  pulmonary lung  a t  t h e  end o f  i n h a l a t i o n  i n t a k e  o f  a 

r ad ionuc l  i d e  i s determined by 

where 

M~ 
i s  t h e  mass o f  t h e  l ung  i n  grams 

and 
- A  .TI 

A .  = 1 - e  J 

J X 
j 

For t h e  nth organ o r  t i s s u e ,  t h e  dose i s  computed f o r  A h  # hi by 

n A - Ai 1 (A: - An) 
L 

o r  f o r  A h  = by 
E P f '  

Dln(T1) = 5.92 x 10 -4 c j ( ~ l -  

Mn j =a 'n 



where 

and C .  and Ch a r e  as p r e v i o u s l y  de f ined .  
J 

Post- I n t a k e  Pe r i od  

For  t h e  t ime  f o l l o w i n g  cessa t i on  o f  r a d i o n u c l i d e  i n h a l a t i o n ,  t h e  

equat ions used t o  c a l c u l a t e  t h e  r e s p i r a t o r y  t r a c t  burden become 

where QZ j  (T2)  i s  t h e  burden i n  t h e  r e s p i r a t o r y  t r a c t  subcompartment a t  

a  t ime  T2 f o l l o w i n g  t h e  t e r m i n a t i o n  o f  i n h a l a t i o n  uptake 

Qlj(T1) i s  t h e  burden i n  t h e  r e s p i r a t o r y  t r a c t  subcompartment a t  

t h e  end o f  i n h a l a t i o n  uptake f o r  a  t ime TI. 

The burden i n  t h e  nth organ a t  t ime T2 can be descr ibed  f o r  hh # hi by 



o r  f o r  A h  = hi by 

where 

The pulmonary l u n g  dose f r o m  i n h a l a t i o n  o f  a  r a d i o n u c l i d e  f o r  a  t i m e  T1 

f o l l o w e d  by no a d d i t i o n a l  r a d i o a c t i v e  i n t a k e  f o r  a  t i m e  T2 i s  determined by 



J 

and D  (T ) and A .  a r e  as d e f i n e d  by Equa t ion  ( 7 ) .  
IP 1 J 

The e f f e c t i v e  dose t o  t h e  nth o rgan  as a  r e s u l t  o f  i n h a l a t i o n  up take  f o r  

a  t i m e  T1 f o l l o w e d  by no a d d i t i o n a l  r a d i o a c t i v e  i n t a k e  f o r  a  t i m e  T2 i s  

de te rm ined  by 

where -h  T  
B = 

1 - e  n 2  
n  'n 

A lso ,  f o r  hh # xi 

Dln(T1) i s  d e t e r ~ i i i n e d  by Equa t ion  (8)  

Qln(T1) i s  determined by Equat ions (4,  5a) 



and f o r  x h  = xi 

Dln(T1 ) i s  determined by Equa t ion  ( 9 )  

Qln(T1 ) i s  determined by Equat ions (4, 5b) 

The code p r o v i d e s  f o r  c a l c u l a t i o n  o f  t h e  dose t o  t h e  pulmonary l u n g  

as a  r e s u l t  o f  b o t h  p r i m a r y  d e p o s i t i o n  ( t h a t  o c c u r r i n g  d i r e c t l y  on t h e  

l u n g  s u r f a c e s  d u r i n g  i n h a l a t i o n )  and secondary d e p o s i t i o n  ( t h a t  o c c u r r i n g  

as a  r e s u l t  o f  s o l u b i l i z a t i o n  and r e d e p o s i t i o n  i n  t h e  l u n g  t i s s u e  i t s e l f ) .  

For  t h e  second case, t h e  pulmonary l u n g  i s  t r e a t e d  l i k e  any o t h e r  organ. 

Weighted va lues  o f  t h e  e f f e c t i v e  energy, ri, o f  daughter r a d i o n u c l i d e s  

a r e  c a l c u l a t e d  u s i n g  t h e  I C R P  e q u a t i o n s ( 3 )  f o r  t h r e e  b i o l o g i c a l  c lea rance  

h a l f - t i m e s  o f  1  day, 50 days and 500 days. The e f f e c t i v e  energy o f  t h e  i t h  

daughter  i s  determined by 

where 



and 

i i s  t h e  r a t i o  o f  t h e  nuliiber o f  d i s i n t e g r a t i o n s  o f  daugh te r  ato111s 

t o  t h e  number o f  d i s i n t e g r a t i o n s  o f  p a r e n t  atoriis i n  t h e  l u n g  

o v e r  a  t i m e  t 

A, i s  t h e  e f f e c t i v e  decay c o n s t a n t  o f  t h e  p a r e n t  ( t h e  s u b s c r i p t  

z e r o  r e f e r s  t o  t h e  p a r e n t )  

i i s  t h e  e f f e c t i v e  decay c o n s t a n t  o f  t h e  ith daugh te r  i n  t h e  l u n g  

Ti i s  t h e  e f f e c t i v e  h a l f  l i f e  o f  t h e  ith daughter  i n  t h e  l u n g  

~f i s  t h e  r a d i o a c t i v e  h a l f  l i f e  o f  t h e  ith daugh te r  

t i s  t h e  t i m e  o v e r  wh ich t h e  dose i s  t o  be c a l c u l a t e d  

E  i s  t h e  t o t a l  energy absorbed i n  t h e  organ p e r  d i s i n t e g r a t i o n  o f  

t h e  r a d i o n u c l i d e  

RBE i s  t h e  r e l a t i v e  b i o l o g i c a l  e f f e c t i v e n e s s  o f  t h e  r a d i a t i o n  

n  i s  t h e  r e l a t i v e  damage f a c t o r  f o r  r a d i o n u c l i d e s  d e p o s i t e d  i n  

t h e  bone. 

G . I .  TRACT MODEL 

The I C R P  G I  t r a c t  model ( 3 )  i s  used t o  d e s c r i b e  movement o f  m a t e r i a l  

w i t h i n  t h e  G I  t r a c t  compartments, w i t h  i n p u t  t o  t h e  G I  model d e s c r i b e d  

by t h e  l u n g  model (see F i g u r e  1  o f  main t e x t ) .  A d iagram o f  t h e  G I  t r a c t  

model i s  g i v e n  i n  F i g u r e  3  o f  t h e  main t e x t .  M a t e r i a l  f r o m  t h e  r e s p i r a t o r y  

t r a c t  e n t e r s  t h e  G I  t r a c t  th rough  t h e  stomach, wh ich i s  assumed t o  be 

u n i f o r m l y  i r r a d i a t e d  f o r  a  mean r e s i d e n c e  t i m e  o f  1  hour .  A b s o r p t i o n  i n t o  

t h e  b l o o d  i s  assumed t o  o c c u r  f rom t h e  sma l l  i n t e s t i n e  ( S I )  o n l y .  An 

e x p o n e n t i a l  a b s o r p t i o n  model i s  used, w i t h  t h e  r a t e  c o n s t a n t  d e f i n e d  so t h a t  

a  f r a c t i o n  fl i s  absorbed d u r i n g  passage t h r o u g h  t h e  S I .  Values o f  fl a r e  

t h o s e  recommended by t h e  I C R P .  (3  

To de te rm ine  t h e  amount o f  a  r a d i o n u c l i d e  r e a c h i n g  t h e  G I  t r a c t ,  i t  

i s  necessary  t o  know t h e  r a d i o n u c l  i d e  c o n c e n t r a t i o n  i n  each compartment o f  

t h e  l u n g  (b,  d, f and g  i n  t e x t  F i g u r e  1 )  as a  f u n c t i o n  o f  t i m e .  Fo r  t h e  up take  

p e r i o d ,  t h i s  c o n c e n t r a t i o n  i s  g i v e n  by  E q u a t i o n  ( 1 ) .  



The ra te  of material entering the GI t r ac t  from the respiratory system 

( in  vCi/sec) i s  calculated from Equation (15) as 

The total  amount of radionuclide entering the GI t r ac t  during the 

 uptake period i s  

Where TI i s  the uptake period in sec. 

Equation (16) can be reduced to  

where L 



The amount o f  a  r ad ionuc l  i d e  ( i n  p C i )  i n  each lung  compart~i ient  d u r i n g  

t h e  second p e r i o d  ( i . e . ,  from t h e  t ime  uptake s tops  t o  t h e  dose t i m e )  i s  

g i ven  by Equa t ion  (10)  

The r a t e  a t  which a  n u c l i d e  e n t e r s  t h e  G I  t r a c t  d u r i n g  t he  second 

p e r i o d  ( i n  uC i /sec )  i s  then  

and t h e  t o t a l  amount ( i n  p C i )  f o r  t h e  second p e r i o d  i s  

The t o t a l  amount o f  r a d i o n u c l i d e  e n t e r i n g  t h e  G I  t r a c t  f rom t h e  s t a r t  

o f  uptake t o  t h e  dose t i m e  i s  

Th i s  amount can g i v e  a  r a d i a t i o n  dose t o  each o f  t h e  f o u r  G I  t r a c t  

compartments: stomach (S) , smal l  i n t e s t i n e  ( S I ) ,  upper 1  a rge  i n t e s t i n e  (UL I )  

and lower  l a r g e  i n t e s t i n e  ( L L I ) .  The dose i s  a  f u n c t i o n  o f  res idence  t ime  

and a b s o r p t i o n  i n t o  t h e  b lood  stream. Accord ing t o  t h e  ICRP G I  t r a c t  

model ( t e x t  F i g u r e  3 ) ,  abso rp t i on  occurs  o n l y  i n  t h e  smal l  i n t e s t i n e .  Data 

f o r  t h i s  model a r e  g i ven  i n  Table  A.2. 

TABLE A.2. G I  T r a c t  Data 

G I  T r a c t  Residence Time f o r  M a t e r i a l  Mass o f  
Compartment Time, Hours t o  Reach Compartment, Hours Contents,  Grams 



Stomach Dose 

M a t e r i a l  l e a v i n g  t h e  l ung  goes f i r s t  t o  t h e  stomach, where i t  i s  

assumed t o  remain f o r  a  mean t i m e  of 1  h r  be fo re  pass ing  t o  t h e  smal l  

i n t e s t i n e .  The dose t o  t h e  stomach i s  

where 

ES i s  t h e  e f f e c t i v e  energy per  d i s i n t e g r a t i o n  f o r  t h e  r a d i o n u c l i d e  

i n  t h e  stomach, i n  MeVIdis 

s i s  t h e  mass o f  t h e  con ten ts  o f  t he  stomach, i n  grams 

s i s  t h e  mean res idence  t ime  i n  t h e  stomach, i n  sec 

QG i s  t h e  t o t a l  i n p u t  t o  t h e  G I  system, i n  vCi 

and 

2.96 x  10-4 = (112) x  3.7 x  10 
rads  

The f a c t o r  (112)  i s  i n c l u d e d  because t h e  dose t o  t h e  w a l l s  o f  t h e  G I  

system i s  about one -ha l f  t h e  dose t o  i t s  con ten ts .  

Small I n t e s t i n e  

O f  t h e  m a t e r i a l  e n t e r i n g  t h e  SI,  a  f r a c t i o n  fl i s  absorbed i n t o  t h e  

blood. The amount o f  m a t e r i a l  l e a v i n g  t h e  S I  i s  then  1  - fl. I f  t h e  m a t e r i a l  

e n t e r i n g  t h e  b l ood  i s  assumed t o  be absorbed a t  cons tan t  r a t e  (A,), t h e  

f o l l o w i n g  express ion  ho lds :  

T h i s  can be so lved  f o r  A, u s i n g  t h e  equa t ion  



where 

Aa i s  t h e  a b s o r p t i o n  r a t e  c o n s t a n t  p e r  sec f o r  a  g i v e n  e lement  

1  i s  t h e  r e s i d e n c e  t i m e  i n  t h e  S I ,  i n  sec. 

Equa t ion  (19 )  r e q u i r e s  fl t o  be l e s s  t h a n  u n i t y .  Where fl f o r  an e lement  

has been l i s t e d  as u n i t y  i n  ICRP P u b l i c a t i o n  2, i t  i s  s e t  t o  0.95. T h i s  i s  

c o n s i s t e n t  w i t h  t h e  ICRP assumpt ion i n  c a l c u l a t i n g  t h e  dose t o  t h e  1ILI and 

L L I  t h a t  a t  l e a s t  5% o f  a l l  e lements  pass ing  t h r o u g h  t h e  G . I .  system reach  

t h e  l a r g e  i n t e s t i n e s .  

The dose t o  t h e  S I  i s  c a l c u l a t e d  as 

where 

and 

I i s  t h e  e f f e c t i v e  removal  c o n s t a n t  p e r  sec f o r  t h e  n u c l i d e  i n  

t h e  sma l l  i n t e s t i n e  

E~ I i s  t h e  e f f e c t i v e  energy p e r  d i s i n t e g r a t i o n  f o r  t h e  r a d i o -  

n u c l i d e  i n  t h e  S I ,  i n  MeV/dis 

"SI i s  t h e  mass o f  t h e  c o n t e n t s  o f  t h e  S I ,  i n  grams 

- A  T i s  t h e  decay o f  QG i n  pass ing  t h r o u g h  t h e  stomach 
e  r S  

Upper La rge  I n t e s t i n e  

The m a t e r i a l  l e a v i n g  t h e  S I  e n t e r s  t h e  upper l a r g e  i n t e s t i n e .  The 

amount o f  m a t e r i a l  i s  QG reduced b y  decay i n  p a s s i n g  t h r o u g h  t h e  S  and S I  

and by a b s o r p t i o n  i n  t h e  S I .  The m a t e r i a l  i s  assumed t o  f l o w  l i n e a r l y  

t h r o u g h  t h e  U L I  so t h a t  t h e  dose i s  g i v e n  by  



where 

VL I i s  t he  mean res idence  t ime i n  t he  ULI, i n  sec 

m~~ I i s the  mass o f  con ten ts  o f  t he  ULI , i n  grams 

E~~ I i s  t he  e f f e c t i v e  energy pe r  d i s i n t e g r a t i o n  f o r  t h e . r a d i o n u c l i d e  

i n  t h e  ULI, i n  MeV/dis. 

Lower Large I n t e s t i n e  

The equat ion  f o r  dose t o  t h e  L L I  i s  s i m i l a r  t o  t h e  ULI dose equat ion  

except  t h a t  decay du r i ng  passage through t he  ULI i s  inc luded .  

where 

T~~~ 
i s  t he  mean res idence  t ime  i n  t h e  LL I ,  i n  sec 

"'L L I i s  t he  mass o f  con ten ts  of t he  LL I ,  i n  grams 

E~~~ i s  t he  e f f e c t i v e  energy f o r  t he  r a d i o n u c l i d e  i n  t h e  LL I ,  i n  

MeV/di s. 

The above equat ions f o r  ULI and L L I  c a l c u l a t e  t h e  dose a t  t he  ent rance t o  t he  

compartment as recommended by  t he  I C R P .  (3  ) 

REDIQ INGESTION MODEL 

I n g e s t i o n  doses a re  c a l c u l a t e d  i n  two s teps:  f i r s t ,  t h e  dose t o  t he  

G I  t r a c t  i s  c a l c u l a t e d  us ing  t h e  f o u r  compartment model shown i n  t e x t  

F i g u r e  3; and second, t h e  organ dose i s  c a l c u l a t e d  f rom t h e  f r a c t i o n  o f  t h e  

i nges ted  r a d i o a c t i v i t y  reach ing  t h e  organs through t h e  blood. 

G I  T r a c t  Dose 

Since t he  t ime  f o r  t r a n s f e r  of ~ n a t e r i a l  through t h e  G I  t r a c t  i s  s h o r t  

compared t o  t he  dose t imes f o r  most r ad ionuc l i des ,  a l l  o f  t h e  i nges ted  

a c t i v i t y  (QG) i s  assumed t o  en te r  t h e  stomach a t  t ime  zero. The equat ions 

f o r  dose t o  t h e  G I  t r a c t  compartments a re  those d e f i n e d  i n  Equat ions 18-22. 



Organ Dose 

Equa t ions  a r e  g i v e n  below f o r  b o t h  a c u t e  and c h r o n i c  i n g e s t i o n .  

Acu te  I n g e s t i o n  

F o r  a  s i n g l e  i n g e s t i o n  o f  r a d i o n u c l i d e s ,  t h e  r a d i o n u c l i d e  q u a n t i t y  

r e a c h i n g  an organ a t  any t i m e  t i s  g i v e n  by  t h e  e q u a t i o n  

- X . t  
Q = Qo fwe 

J 

where 

and 

fw i s  t h e  f r a c t i o n  o f  t h e  i n g e s t e d  m a t e r i a l  r e a c h i n g  t h e  organ o f  

i n t e r e s t  

Qo i s  t h e  t o t a l  r a d i o a c t i v i t y  i n g e s t e d  d u r i n g  t h e  u p t a k e  p e r i o d ,  

i n  p C i .  

The t o t a l  dose t o  an organ a t  any t i m e  T2 a f t e r  a  s i n g l e  i n g e s t i o n  i s  

t h e  t i m e  i n t e g r a l  o f  t h i s  q u a n t i t y  as f o l l o w s :  

5.92 x 1 0  -4  En l 2  5.92 x 10  -x .t D = M Q d t  = - M Qofw  /' e J d t  
n  n  

0 

so t h a t  

Chron ic  I n g e s t i o n  

For  c h r o n i c  i n g e s t i o n  o f  r a d i o n u c l i d e s ,  t h e  i n g e s t i o n  r a t e  i s  d e f i n e d  

as 

0 p = -  

T1 
( 2 6 )  



Computation o f  t h e  q u a n t i t y  o f  r a d i o n u c l i d e s  p resen t  i n  t h e  organ o f  

i n t e r e s t  d u r i n g  cont inuous i n g e s t i o n  i s  g i ven  by t h e  f o l l o w i n g  equa t ion :  

The dose t o  any organ d u r i n g  t h e  i n g e s t i o n  p e r i o d  i s  c a l c u l a t e d  f rom 

t h e  i n t e g r a l  o f  Equat ion (27) .  

The q u a n t i t y  o f  r a d i o n u c l i d e  found i n  any organ a t  a  t ime  a f t e r  t h e  

i n g e s t i o n  p e r i o d  i s  found by c o r r e c t i n g  t h e  express ion  i n  Equat ion (10)  f o r  

phys i ca l  and b i o l o g i c a l  decay. Th i s  q u a n t i t y  i s  expressed as 

The express ion  i s  based on t h e  assumption t h a t  a t  t ime  t2 = 0, Q2(0 )  = 

Q1(T1) .  The dose then  i s  t h e  t ime  i n t e g r a l  o f  t h i s  a c t i v i t y  g i v e n  by t h e  

f o l l o w i n g  equa t ion :  



The s o l u t i o n  o f  t h i s  i n t e g r a l  i s  

The t o t a l  dose t o  any o rgan  i s  g i v e n  b y  t h e  sum o f  Dl, [ E q u a t i o n  ( 2 9 ) ]  

and D2,  q qua ti on (34 ) ] .  The t o t a l  dose DTn i s  f o u n d  b y  t h e  e q u a t i o n  

RISK EQUIVALENCE CALCULATION 

The o rgan  dose commitments d e s c r i b e d  above a r e  used by REDIQ t o  

e s t i m a t e  t h e  i n t a k e  i n  m i c r o c u r i e s ,  v i a  i n h a l a t i o n  o r  i n g e s t i o n ,  t h a t  y i e l d s  

t h e  same h e a l t h  r i s k  as 1  rem o f  whole-body e x t e r n a l  exposure .  The r e s u l t i n g  

v a l u e s  a r e  r e f e r r e d  t o  as " i n t a k e  e q u i v a l e n t s "  ( I e )  The i n t a k e  e q u i v a l e n t  

i s  c a l c u l a t e d  as 

where 

I, 
. i s  t h e  i n t a k e  e q u i v a l e n t  t h a t  y i e l d s  t h e  same h e a l t h  r i s k  as 1  rem 

o f  who1 e-body dose, i n  pCi / rem 



R~ B i s  t h e  whole-body h e a l t h  r i s k  f a c t o r ,  i n  events/rem 

Rn i s  t h e  h e a l t h  r i s k  f a c t o r  f o r  organ n, i n  events/rem 

Dn i s  t h e  dose t o  organ n  pe r  pC i  i n t a k e ,  i n  rem/pCi. 

A l l  r i s k  f a c t o r s  must be based on t h e  same h e a l t h  e f f e c t ,  f o r  exan.~ple, 

dea th  f rom cancer. 
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COMPUTER CODE 

The models descr ibed  i n  Appendix A  have been i n c o r p o r a t e d  i n t o  a  co~n- 

p u t e r  code programmed f o r  a  CDC CYBER Computer. The modules o f  t h i s  program 

a r e  descr ibed  below. A  l i s t i q g  o f  t h e  program i s  g i ven  i n  Appendix E. 

MA I N  

MAIN i s  t h e  main program and c a l l s  t h e  o t h e r  r o u t i n e s  as needed t o  

per fo rm t h e  c a l c u l a t i o n s  requested by t h e  user .  The da ta  l i b r a r y  read ing  

subrou t ines  a re  c a l l e d  by t h e  main program, and a l l  o t h e r  . i npu t  da ta  a r e  

r ead  i n  t h i s  program. Required i n p u t  da ta  i s  exp la i ned  i n  d e t a i l  i n  

Appendix F. As an example, if t h e  aeroso l  AMAD i s  supp l ied ,  t h e  r o u t i n e  

t o  generate  t h e  d e p o s i t i o n  f r a c t i o n s  i s  c a l l e d .  The ORDOSE sub rou t i ne  i s  

then  c a l l e d  t o  c a l c u l a t e  t h e  doses per  p C i  uptake f o r  each n u c l i d e  and organ 

chosen, and t h e  e q u i v a l e n t  i n t a k e  va lues.  

ORDOSE 

Subrou t ine  ORDOSE c o n t r o l s  t h e  r o u t i n e s  t h a t  generate  t he  necessary 

va lues f o r  organ dose c a l c u l a t i o n  ( i n  rem/pCi up take) .  The i n d i v i d u a l  

n u c l i d e  c o n t r i b u t i o n s  t o  t h e  organ dose va lues a r e  p r i n t e d  i n  t h i s  r o u t i n e .  

ORDOSE a l s o  determines o u t p u t  page fo rmat  accord ing  t o  t he  number of organs 

chosen a t  execu t i on  t ime  (up t o  a  maximum o f  10) .  Where no da ta  e x i s t  f o r  

a  nuc l ide -o rgan  combinat ion,  t h e  ou tpu t  page shows a  b lank  r a t h e r  than a  

zero.  ORDOSE uses t h e  rem pe r  pCi va lues t o  c a l c u l a t e  t h e  e q u i v a l e n t  r i s k  

va lues.  

DEP - 

Subrou t ine  DEP i s  used t o  c a l c u l a t e  t h e  d e p o s i t i o n  f r a c t i o n  f o r  each 

compartment (D3, D4 and D5)  when t h e  AMAD i s  supp l i ed  as i n p u t .  The e r r o r  

f u n c t i o n  i s  i n t e g r a t e d  n u m e r i c a l l y  over  a p p r o p r i a t e  l i m i t s  t o  produce t h e  

necessary f r a c t i o n s .  



SIMPS 

Func t i on  SIMPS per forms t h e  nu~ i l e r i ca l  i n t e g r a t i o n  o f  t h e  e r r o r  f u r l c t i  on 

us i ng  Simpson ' s  r u l e .  

ERFXP 
2  

Func t i on  ERFXP i s  t h e  e r r o r  f u n c t i o n  e-' t h a t  i s  i n t e g r a t e d  by SIMPS. 

UNIT 

Subrou t ine  UNIT conve r t s  i n p u t  t ime  i n  seconds t o  more conven ien t  u n i t s ,  

depending on t h e  magnitude o f  t h e  va lue  supp l i ed .  The a p p r o p r i a t e  u n i t s ,  

i . e . ,  minutes,  hours,  days, e t c . ,  a r e  a l s o  r e t u r n e d  f o r  use i n  t h e  p r i n t e d  

o u t p u t .  

ORDOTl 

Func t i on  ORDOTl c a l c u l a t e s  t h e  dose t o  an organ f o r  t h e  t i m e  TI d u r i n g  

which i n h a l a t i o n  o f  r a d i o a c t i v i t y  occurs  a t  a  con t inuous  r a t e .  

ORDOT2 

Func t i on  ORDOT2 c a l c u l a t e s  t h e  dose t o  an organ d u r i n g  a  t i m e  T2 

f o l l o w i n g  t h e  t e r m i n a t i o n  o f  i n h a l a t i o n  o f  r a d i o a c t i v i t y  a t  a  con t inuous  

r a t e .  The equa t ions  used t a k e  i n t o  account any c o n t i n u i n g  movement o f  

m a t e r i a l  f r om  t h e  r e s p i r a t o r y  compartments and t h e  lymph t o  t h e  organ d u r i n g  

t h i s  pe r i od .  

QLUNTl 

Func t i on  QLUNTl c a l c u l a t e s  t h e  r a d i o a c t i v i t y  i n  each l u n g  subcompartment 

f o l l o w i n g  con t inuous  i n h a l a t i o n  f o r  a  t ime  TI. 

QLMITl 

Func t i on  QLMITl c a l c u l a t e s  t h e  removable q u a n t i t y  o f  a  n u c l i d e  p resen t  

i n  t h e  pulmonary lymph f o l l o w i n g  con t inuous  uptake f o r  a  t i m e  TI. 



gNTl 

Func t ion  QNTl c a l c u l a t e s  t h e  q u a n t i t y  o f  a  n u c l i d e  p resen t  i n  an organ 

f o l l o w i n g  cont inuous uptake f o r  a  t ime  TI. 

The r e s u l t s  f rom t h e  preceding t h r e e  r o u t i n e s  a r e  used i n  c a l c u l a t i n g  

t h e  dose t h a t  f o l l o w s  cessa t i on  o f  i n h a l a t i o n  uptake. 

LIBB 

Subrou t ine  LIBK reads t h e  r a d i o l o g i c a l  da ta  l i b r a r y  (see Appendix D) 

and conver ts  some values t o  o t h e r  u n i t s .  

LIBK 

Subrout ine LIBK reads t h e  r a d i o l o g i c a l  da ta  l i b r a r y  and conver ts  some 

va lues t o  o t h e r  u n i t s .  

G :[ DOT 

Func t ion  GIDOT c o n t r o l s  c a l c u l a t i o n  o f  doses t o  t he  G I  t r a c t  compart- 

ments over  t h e  t ime pe r i ods  f o r  uptake and dose (pe r i ods  TI and T2 i n  

Appendix A). GIDOT uses f u n c t i o n s  QUINT1 and QUINT2 (descr ibed  below); t h e  

use o f  GIDOT i s  s i m i l a r  t o  t h a t  o f  ORDOTl and ORDOT2. 

QUINT1 

Fucn t ion  4UINT1 c a l c u l a t e s  t h e  t ime  i n t e g r a l  o f  m a t e r i a l  e n t e r i n g  t h e  

G I  system ove r  t h e  uptake p e r i o d  T  1  ' 

QU I NT2 

Funct ion QUINT2 c a l c u l a t e s  t h e  t ime i n t e g r a l  o f  m a t e r i a l  e n t e r i n g  t he  

G I  system over  t h e  second t ime  per iod ,  T2, f o l l o w i n g  cessa t ion  o f  uptake. 

I G O R l  

Func t ion  I G O R l  c a l c u l a t e s  t h e  dose t o  an organ f o r  t h e  t ime  TI dur.ing 

which i u g e s t i o n  o f  r a d i o a c t i v i t y  occurs a t  a  cont inuous r a t e .  



IGOR2 

Func t i on  IGORP c a l c u l a t e s  t h e  dose t o  an organ d u r i n g  t ime  T2 f o l l o w i n g  

i n g e s t i o n  o f  r a d i o a c t i v i t y  a t  a  cont inuous r a t e .  The equa t ions  used account 

f o r  p h y s i c a l  decay and b i o l o g i c a l  removal f rom t h e  organ. 
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CODE FLOW DIAGRAM 

A  genera l  o u t l i n e  o f  t h e  code o p e r a t i o n  i s  g i v e n  i n  t h i s  appendix .  The 

r e l a t i o n s h i p  between t h e  main  program and t h e  s u b r o u t i n e s  used by t h e  code 

i s  shown i n  F i g u r e  C-1 . The code f l o w  diagrams ( F i g u r e s  C-2 and C-3) cover  

i n  some d e t a i l  t h e  l o g i c  i n  b o t h  t h e  main program and s u b r o u t i n e  ORDOSE. 

Code f l o w  diagrams f o r  t h e  a u x i l l i a r y  r o u t i n e s  a r e  n o t  shown; however, t h e i r  

f u n c t i o n s  a r e  i n c l u d e d  i n  b l o c k s  a t  t h e  a p p r o p r i a t e  p l a c e s  w i t h i n  t h e  f l o w  

diagrams g i  ven . 

1 i 
L l  B B  DEP 

I 

QU l NTl  QU I NT2 

FIGURE C-1 . Program Module L inkage  
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FIGURE C-2(c) .  Main Program Flow Diagram 
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APPENDIX D 

DATA L I B R A R I E S  



DATA LIBRARIES 

Two da ta  l i b r a r i e s  a r e  used by t h e  code: 

1. Radionucl i d e  da ta  1  i b r a r y  

2. Organ da ta  1  i b r a r y  

The o r g a n i z a t i o n  and purpose o f  t h e  da ta  l i b r a r i e s  a re  descr ibed  

below. Each l i b r a r y ' s  da ta  s t r u c t u r e  has been arranged so t h a t  a d d i t i o n s  

o r  changes can be made w i t h  a  m-ini~iium o f  e f f o r t .  

Radionuc l ide Data L i b r a r y  

Th is  l i b r a r y  con ta ins  a  master l i s t  o f  n u c l i d e  i d e n t i f i c a t i o n  symbols 

and phys i ca l  h a l f  l i v e s .  Nucl ides supp l i ed  on i n p u t  cards a re  compared 

t o  t he  master i d e n t i f i c a t i o n  1  i s t .  

The f i r s t  ca rd  o f  t h e  i so tope  l i b r a r y  con ta ins  t he  number o f  

f i s s i o n  products  i n  t h e  l i b r a r y ,  w i t h  I 3  format  used i n  t he  f i r s t  t h r e e  

columns. The l i b r a r y  has one card f o r  each f i s s i o n  product ,  arranged 

i n  ascending atomic number o r d e r  w i t h i n  an ascending atomic mass sequence. 

Cu r ren t l y ,  t he  l i b r a r y  con ta ins  da ta  on 331 f i s s i o n  products .  

The ca rd  f o l l o w i n g  t h a t  f o r  t h e  l a s t  f i s s i o n  p roduc t  con ta ins  t h e  

number o f  a c t i v a t i o n  products ,  us i ng  I 3  fo rmat  i n  t h e  f i r s t  t h r e e  columns. 

A ca rd  f o l l o w s  f o r  each o f  t h e  162 a c t i v a t i o n  p roduc t  nuc l i des  c u r r e n t l y  

i n  t h e  l i b r a r y .  

Each ca rd  f o r  n u c l i d e  da ta  has t h e  f o l l o w i n g  s t r u c t u r e :  

Col umn Format V a r i a b l e  

1-3 I 3  Atomic mass number 

4- 5 I2 Atomic number 

6-8 A3 Nucl i de symbol, w i t h  i somer ic  s t a t e s  
i n d i c a t e d  by an a s t e r i s k  ( i  .em,  KR*), 
l e f t  j u s t i f i e d .  

9  I 1  I n t e g e r  t o  i n d i c a t e  i somer i c  s t a t e :  
1  - i somer i c  s t a t e  
2  - ground s t a t e  

10-1 8  E9.2 Phys ica l  h a l f  l i f e  i n  days 



A 1  i s t i n g  o f  t h e  r a d i o n u c l i d e  da ta  l i b r a r y  i s  g i ven  i n  F igure  D-1 , page 

D.4. 

ORGAN DATA LIBRARY 

'This l i b r a r y  con ta ins  ~ i i o s t  o f  t h e  da ta  r e q u i r e d  by ORDOSE t o  c a l c u l a t e  

t h e  e f f e c t i v e  dose t o  an organ. Data i n  t h e  l i b r a r y  a r e  based on recommen- 

da t i ons  o f  t h e  I C R P .  (1,293) 

The f i r s t  c a r d  con ta ins  t h e  t o t a l  number o f  da ta  cards i n  t h e  l i b r a r y ,  

us i ng  I 4  fo rmat  i n  the  f i r s t  f o u r  columns. The p resen t  l i m i t  on t h e  da ta  

base i s  2400 cards, and 21 76 e n t r i e s  a r e  c u r r e n t l y  i n  t h e  1  i b r a r y .  One 

card  i s  g i ven  f o r  each rad ionuc l ide-o rgan  combinat ion. E n t r i e s  a re  arranged 

i n  ascending organ number, w i t h i n  an ascending atomic mass sequence, w i t h i n  

an ascending atomic number o rde r .  

The s t r u c t u r e  o f  each da ta  card  i s  i n d i c a t e d  below. A l i s t i n g  o f  t h e  

organ da ta  l i b r a r y  i s  g iven  i n  F igure  D-2, page D. 7. 



FORMAT VARIABLE 

I 3  Atomic number 

I 3  Atomic mass number 

I 1  Isotope type:  b lank - ground s t a t e  

1  - isomer ic  s t a t e  

A2 Element name 

I 2  Organ code number 

E8.3 Physical h a l f  l i f e ,  i n  days 

E8.3 B i o l o g i c a l  h a l f  l i f e  i n  the organ o r  

t i ssue ,  i n  days 

E8.3 *Fract ion of ma te r i a l  taken i n t o  the  

body by i nges t i on  t n a t  i s  re ta ined  i n  

the  organ ( f w  i n  the  i n i t i a l  I C R P  lung 

model) 

E8.3 **Fract ion of ma te r i a l  taken i n t o  the  body by 

i n h a l a t i o n  t h a t  a r r i v e s  i n  the  organ ( f a  

i n  the  i n i t i a l  I C R P  lung model) 

E8.3 F rac t i on  o f  t he  nuc l i de  i n  the  blood 

t h a t  reaches the  organ (f;) 

E8.3 E f f e c t i v e  absorbed energy per d i s i n t e g r a -  

t i o n  o f  t he  rad ionuc l i de  and daughters i n  

the  organ (E, i n  M ~ V ) .  For t he  lung, 

t h i s  i s  f o r  a  1-day ha l f - res idence 

t ime 

E6.2 Weighted value o f  the  e f f e c t i v e  absorbed 

energy per d i s i n t e g r a t i o n  o f  t h e  rad io -  

n u c l i d e  and i t s  daughters i n  t he  lung 

f o r  a  50-day hal f - res idence t ime 

E6.2 Same as prev ious f i e l d  except f o r  a  500- 

day ha1 f - res  idence t ime 

* Used f o r  e x t r a c t i n g  f l y  t he  f r a c t i o n  of t h e  ingested n u c l i d e  t h a t  
reaches the  blood. 

** Not used by code. 



FIGURE D-1 . Rad ionuc l  i d e  Data L i b r a r y  









FIGURE D-2. Organ Data Library 









RQr.06 1 P 3 
n ~ r . 0 0 1  e 4 

P Q c L  I R 9  6 
OGcLIR 0 9  
P0r.L I S  100 
~ Q C L I R  1  ~ l l  
r ~ a r . 0 0 1  8 5 
O C C O ~ I  P e 
0Rr.Onl 8 7  
0Rc" l  R 8 
~ R C L I ~  1 0 2  
O R t L I a  103  
O Q e L I B  L O U  

O a c L I e  1n5  
0ar;LIB 1 0 6  
nRr.001 8 9  
0DcOOl 9  0  
ORy.OO1 9  1  
0QT;OOl 9  2 
ORy.110 107  
O Q c L I a  108  
DRcLIR 109  
ORcL IS  110  
o a c n o 1  9  3 
nRr.001 9  u 
OQcnOl  9  5 
ClQr.001 9 6 
ORcL I R  1 1 1  
ORcLIR 1 1 2  
Oar,LIR 1 1 3  
n R c L I R  l l d  
ORcL IS  1 1 5  
n ~ r ; o o i  9  7  
ORr,001 9  8  
P R C O O  1 9  9  
ORr.00 1  100  
@Qr .L IR  1 1 6  
ORcLIR 1 1 7  
n w c L I B  1 1 8  
~ R ~ L I R  1 1 9  
n s c L I p  120  
OQcOOl 10 1  
n s c o n  i 1 0 2  
ORr.001 103  
nay.001 I O U  
O Q c L I R  1 2 1  
O Q c L I B  1 2 2  
nRrrL IB 1 2 3  
0Rr.L I P 124  
r )CcL IB  1 2 5  
o a c o o i  1 0 5  
n l c n 0 1  1 0 6  
0QT;OOl 107  
O R t O O l  1 0 8  
n R c L I R  126 
ORcLTR 127  
n a c L I R  128  
n a c L l P  1 2 9  
n a c L I s  1 3 n  
ORcOOl 1 0 0  







37 7 0  AS?? . ! l i + n !  
3; 7 0  AS23 , I l i + n l  , 
3 ~  77  A S  I . l t , ? + n l  . ? a o + n j  '.grin-or , 2 7 d - n o  
37  77  AS , l b p + n i  : 5 5 n + n 7  , 3 1 p - 0 7  ,270 'n?  
37  77  A? u . ~ b ? + n l  . 5 5 0 + n S  . 0 q 0 - 0 3  . A Q o ' ~ ?  
3 5  77  A S  n 
3 7  77 . 1 b > * 0 1  
3 7  77 AC?l  .16?*O1 
33  77  AS?? . I b ? + 0 1  
3 3  77  A527 . I s ? + n l  , 
30  7 5  S E  I . 1 ? 7 + 0 3  ? l i n + ~ ?  . q n n - c q  , 7 0 0 - 0 0  
30  7 5  SF 3  , i ? 7 + n 3  , 1 1 0 + n ?  i o n n - n i  . 3 n o - o 1  
30  7 5  SE u . 1 ? 7 + n 3  , 2 o 0 + 0 ?  . 6 n o - ? 1  . g n o - o l  
3 0  7 5  SF 5 . I ? ~ + o ~  . f e n + n ?  . ~ 5 n - n ?  . 3 5 0 - o ?  
30  7 5  S E  a 
30 75  SF?@ . 1 ? 7 * n 3  
3 0  7 5  SE21 . 1 ? 7 + @ 3  
30  7 5  SEZ? . l ? ? + n 3  
3 ~  7 5  SE23 . 1 ? 7 + 0 3  
3 ~  7 9  SF 1  2 .77E7 11.  . . 9  .7 
30 7 9  SE 3  2,77F7 1 1 .  '. o 0  , @ 3  
3 0  7 9  SE 4 2.57F7 20 .  .n6 .05 





3 0 9 2  ) 2 1  
3 0  Q 2  Y2.? 
3 0  9 2  Y23 
3 ~  03  Y 1 
3 0  03  v  b 
30 9 3  V 1 

3 0  9 3  v 2 n  
3 9  9 3  V21 
3 0  0 3  V2? 
3 0  3 3  V23 
u n  O3 Z R  1 
o n  Q 3  ZQ T 
o n  9 3  ZR u  
u n  0 3  Z R  5 
U0 9 3  Z R  6 
u n  0 3  Z R  p 
u o  9 3  zR2n 
o n  93  2921  
u n  03 Z R ? ~  
40  93  7R23 
(10 Q5  Z R  ! 
40  9 5  ZQ 3  
40 9 5  7 G  u  
u n  05 Z R  5  
40 O5 29 6 
4 0  9 5  ZR R 
urr Q S  z a ? n  
u o  9 5  ZQ21 
00  9 5  ZQ?2  

05 2'23 :: 07 Z R  1 
u,! 9 7  ZR 3 
u 0  9 7  Z R  u  
40  9 7  ZQ 5  
40 0 7  Z R  b 
40 9 7  ZR 8 
00  9 7  ZR20 
40 9 7  ZR21 
u p  9 7  2 Q 2 2  " 0 7  ZP23 
41 031NR 1 
'41 0 3 1 ~ 8  3 
0 1  0 3 1 ~ 5  0 
d! 9 3 1 ~ 4  5 
4 1  Q31Na 6 
u 1  q 3 l N R  R 
41 931NRZO 
0 1  Q31"@21  
~ 1  931NE122 
u t  931NB23 
41 0 5  NP 1 
4 1  Q5  NR 3 
41 Q 5  N4  0  
01 0 5  NR 5 
01  Q 5  NP 8 

u i  0 5  N@ R 
n ~  9 5  rJu?n 
41 Q 5  4821  
41 0 5  he??  
41 0 5  NR?3 







4 5 1 0 5  G W  o , 1 5 ~ + n 1  ; l ~ ? + n ?  : e n ~ - n ~  . ( ~ P - Q I  . L I ~ O - P ~  ,loolOo 
~ 5 1 3 ~  a* s . 1 5 ? + n 1  , ? n @ + n >  ' . ?vn -n  , 3 5 3 - 0 2  . i o n - o i  . l o r ~ - o o  
0 5 1 0 5  k *  6  . l S J + n l  . l b h + h ?  : i o n - n l  , 2 9 0 - n l  .SO@-(11 , 9 5 0 - 0 0  
0 5 1 0 5  Q* 9 , 1  QO-0 1  
051175 P*?O . 1 5 ? + n l  9 .19  
0 5 1 0 5  O v r l  . l ~ ? + n l  (1, ? n  
~ ~ 1 0 5  ~ ~ 2 2  , i g ? + n i  n .10  
0 5 1 0 5  Q p ? 3  . 1 5 ? + 0 1  0 .19  
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4 6 1 0 3  PD a , 625 -01 ,bU-01 .60 -01  
0 6 1 0 3  PO20 , 1 7 n + g ?  0 .022 
Q 6 1 0 3  PO21 .170+(12 (1,023 
Q b 1 0 3  PD?? . 1 7 @ + 0 ?  0 .n19  
u h 1 0 3  P n ? l  . 1 7 a + n ?  0 . 0 1 ~  
' 6107  p p  ' ?.37EQ 5. .? .35 1. .008Q 
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0 6 1 0 7  2 . 1 7 ~ Q  n. 0 0 8 0  
Q b l n 7  P 0 2 3  .OUe 
'Jb lOQ p ?  1  , 5 7 n - n n  : 5 0 o + n l  :?n0-(1n , 35 f i - on  . i O @ + o i  , u ? o - 0 0  
0 6 1 0 q  PO T , 57n -n r l  ; 3 0 0 + n ?  : ? n o - o i  , 3 0 0 - n l  , 8 0 0 - 0 1  , ~ ? G - o Q  
0 6 1 0 9  0 , 5 7 n - 0 0  . 1 o o + n 2  . ? o n - n !  . 3 n 0 - 0 1  , 9 0 0 - 0 1  , U ? O - O O  
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APPENDIX E 

PROGRAM L I S T I N G  



PROGRAM LISTING 

A FORTRAN l i s t i n g  o f  t h e  e n t i r e  REDIQ program i s  shown i n  F i g u r e  E-1 . 
The o r d e r  o f  t h e  modules i s  g i v e n  below. 
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FIGURE E - 1 .  FORTRAN L i s t i n g  o f  R E D I Q  
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F l l r ~ C ~ ~ n b l  n ~ 1 J " 1 1  7 5 / 7 3  O P T = l  F T N  ~ . h + U ? 0  0 9 / 0 2 / 7 6  1 3 . 1 2 . 5 2  

I CUI.ICTION O L l I N T l ( 1 )  
C  
C  T H I S  FLINCTION CALCIJLATES THE QUANTTTV OF A N U C L I D E  PHESFNT I N  
C  EACH OF THE LUNG S l J g  C O M P ~ ~ T M E N T S  FOLLOWING C O N T I N l l n U Q  I N W A L A T I O N  

S C  A T  A !INIT RATE FOR A T I M I  TI  IISTNG THE NEW I C R P  C l l ~ 6  MODEL. 
C  
C  " F T "  b R E  THE R E S P l R b T o R V  TRACT CLEARANCE PATHWAY F R A r T I n N S  
C  "D3,DU,n5"  ARE THE LUNG D E P O S I T I O N  F A C T O R S  
C  " O M F J I '  I S  ( 1  - F X P ( - A L L 4 T I ) )  
C  ' ' A L L w  ARE THE E F F F C T I v E  REMOVAL C O N S T A ~ T S  FOR THE CIINJG COMPARTMENTS 
C  

COMMON N F P ~ N A C , N T O T , N U F N ~ J C ( ~ ~ ) , ~ K I P ( ~ ~ ) O M A S S ( ~ ~ O , ~ ~ , L A ~ ~ D A ~ ~ ~ O ~ ~  
. C H A T N S ~ R E C ( ~ ~ ~ ) I M ~ ( ~ ~ O ) ~ I ~ L ( ~ ~ O )  

r n M M n N  ~ A ( h ? 0 ) o L A ~ B T O ( 2 U O O ) o F r ( A ~ ( ~ 4 0 O ~ I F A I u ~ ~ U O 0 ) , ~ ~ P ~ ~ ~ O ~ ~ ~  
~ I U R C t ? ~ O 0 1 o ~ ~ G ( 2 ~ 0 0 , 3 1  

COvHnV F ~ ( ~ ? O ) I I ~ E G ( ~ ~ O ) , ~ E N D ( ~ ~ O )  
COMMON D o s T I M ~ U ~ ~ D U , D ~ ~ D I A M , U P T I M E ( ~ ) , K O R G ( ~ ~ )  
COMMON T I T L E Z ( 8 ) o T L N I T L H  
COMMON I Q H ( b 2 0 )  
COUMONJ T P A ~ E ~ O R G A N ( ~ , I O )  
c O M M O N / N A W / O R G N A M ( Z ~ ~ ~ )  
HEAL L ,AMRIO~LAHBDA,MASS 
INTFGFR C H I I N S I S K I P  
L O G I C A L  F I s P R O ~ A C T P R D  
COMMON A c T ~ R D ~ F I s P R D , K R , K u ~ T , D ~ Y  
~ O M ~ ~ N / C ~ M O / A L A M O O A L B ( ~ ) ~ A L L ( ~ ) O C ( Q I ~ F T ( ~ ) ~ N S O L O O ~ F J ~ ( Q ) O  

~ O ~ E J ~ ( ~ ) ~ ~ M F ~ ~ , ~ ~ E N ~ ~ T ~ O T ? ~ V Q N T I , V Q L M T I  oVOLUT1 ( 8 ) o n M A S S ( 2 S )  
GO TO ( 1 0 ~ 1 0 ~ 2 0 o 2 0 ~ 1 0 , 3 0 ~ 3 0 ~ 3 0 ~ ~  I 

I O  O l l l N J ~ l a  F l ( I )  P 3  O M E J I ( T ) / A L L ( I )  
GO TO 1 0 0  

2 0  O L [ I N T ~ =  F T ( I )  4 DU s O M E J I ( I ) / A L L ( I )  
G O  TO 1 0 0  

5 0  Q L O I . J T ~ =  F T ( I )  D 5  4 O M E J I ( I ) / A L L ( I )  
1r)O RETIIRN 

END 

Q L U ~ T  1  a 
QLUNT 1  3 
D L U F i l  1  4 
QL lJNT l 5  
QLUNT 1  b 
QLUNT l 7 
OLUNT 1  8 
QLUNT 1  9  
OLUNT 1  1 0  
Q L U N T I  1 1  
QLUNT 1  1 2  
COMNB 1 
R E O I Q  1  
COFlNR 3 
COMNB 4 
COMNA 5 
REDIQ a 
R E O I Q  3 
8 / 2 3 / 7 6  1  
COMN 0 
COMN 1 0  
COMN 1 1  
COMtJ 1 2  
COMN 1 3  
COMN 1 0  
COHO 2  
COHO 3 
Q L U N T 1  1 5  
O L l J N T l  1  b 
O L U I . ~ ~ ~  I 7  
OLUNT 1  1 8  
QLLJNT I 1 9  
Q L U N T l  2  0  
QLLINT 1  2  1  
OLUNT 1  2 2 
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C L V M P H , T H A T  I S  W ~ ~ ~ O V A P L E ,  F n L L O W l N t  C O t d T I N l J l l U S  L I P T A K F  A T  A  U N I T  
C  Q A T F  F n u  A T I M E  TI U S I N G  T H E  N F N  L U N G  M O D E L ,  
c 
C  " A L L '  A R E  T H E  H E M O V A L  C O N S T A N T S  F O R  T H k  R E S P I R A T O R Y  T R A C T  
C  w O M F J l n  & R E  ( 1  - E X P ( - A L L ( J ) * T t I l  
C  f l C "  ARF T H F  C O E F .  F O R  T H E  H E S ~ I R A T O R V  T R A C T  C L E A a A N C F  
C  " T I M  IS T H F  U P T A K E  T I M E  
c  SOL** IS T H E  S o L u B I L r T v  INDEX 

C O M M O N  N F P , N A C , N ~ O ~ , N O F N U C ( ~ ~ ) , S K I P ( ~ ~ ) , H A S S ( ~ Z O , ~ ) P L ~ M ~ D A ( ~ ~ O ) D  
. C H A ~ N S , R E C ( ~ ~ O ) , M L ( ~ ~ ~ ) , I C L ( ~ Z O ~  
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. ~ O R C ~ ~ U O O ~ , E C ~ ( ~ U O O , ~ )  

C O M M O N  F l ( h 2 0 1 , 1 R E G ( b Z 0 1 , 1 E ~ D ( b E O )  
C O M M O N  ~ ~ S T ! M , ~ ~ , D U , D ~ , D I A M , U P T I M E ( ~ ) D K O R ~ ( ~ ~ )  
C O M M O N  T I T L E . ? ( B ) , T L N , T L H  
C O M M O N  I S M  ( 6 2 0 )  
C O M M O N  I P A G E , O R C A N ( 2 , 1 0 1  
C O M M O N / Y A H / O R G N A M ( ~ ~ ~ ~ )  
R E A L  I A M B I O , L A H R D A , M A S S  
I I J T E C E R  C H A I N S , S K I P  
LC IGTCAL FISPRD, A C T P R D  
C O M M O N  A C T P R ~ , F l S P R D , K R , U l I P T , D O Y  
C O P M ~ N / C O M O / A L A M ~ , A L R ( ~ ) , A L L ( ~ ) , C ( ~ ) , F T ( ~ ~ , N ~ O L , O ~ F ~ J ~ ~ ~ ) ,  

~ O M E J ~ ( ~ ) , O M ~ ~ ~ , ~ M E N ? , ~ ~ , T ~ , V O N ~ ~ , ~ ~ J ~ M ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ) ~ ~ ~ A ~ ~ ~ ~ ~ ~  
D I J M o D U M M V  
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APPENDIX F 

I N P U T  PREPARATION 



INPUT PREPARATION 

The i n p u t  d a t a  needed f o r  t h e  c a l c u l a t i o n s  f a l l  i n t o  two genera l  

c a t e g o r i e s :  ( 1 )  program c o n t r o l  v a r i a b l e s ,  and ( 2 )  parameters  a s s o c i a t e d  

w i t h  t h e  organ dose c a l c u l a t i o n .  Most  o f  t h e  da ta  r e q u i r e d  by t h e  code a r e  

c o n t a i n e d  i n  two d a t a  1  i b r a r i e s  ( see  Appendix D), t h u s  e l i m i n a t i n g  much 

t ime-consuming p r e p a r a t i o n  o f  i n p u t .  

Program c o n t r o l  v a r i a b l e s  c o n s i s t  o f  parameters t o  c o n t r o l  t h e  r e a d i n g  

of t h e  da ta  l i b r a r i e s ,  t h e  o p t i o n a l  p r i n t i n g  o f  some i n p u t  and i n t e r m e d i a t e  

da ta ,  t h e  r e l a t i v e  r i s k  f a c t o r  f o r  each organ s p e c i f i e d ,  and t h e  t y p e  o f  

dose c a l c u l a t i o n  t o  be per formed ( i . e . ,  i n h a l a t i o n  o r  i n g e s t i o n ) .  

The remainder  o f  t h i s  appendix  d e s c r i b e s  i n  d e t a i l  t h e  i n p u t  v a r i a b l e s ,  

t h e i r  use, and t h e  manner i n  wh ich  t h e y  a r e  s u p p l i e d  t o  t h e  program. 

DATA CARD DESCRIPTIONS 

CARD 1  - T i t l e  Card 

CClLllMN FORMAT VARIABLE US E  

1-72 12A6 TITLE 2 Words e n t e r e d  h e r e  a r e  r e p r i n t e d  as a  
t i t l e  on t h e  summary page. Each case 
r e q u i r e s  a  t i t l e  c a r d  o r  b lank  ca rd .  

CARDS 2  t o  N - Name1 i s t  Data Cards (one o r  more name1 i s t  c a r d s ) .  

The minimum da ta  f o r  each case c o n s i s t  o f  one t i t l e  c a r d  (Card 1 )  and 

one o r  more ca rds  u s i n g  t h e  N a m e l i s t  f o r m a t  (Cards 2  t o  N) .  The f i r s t  Name- 

l i s t  c a r d  (Card 2 )  must have a  b l a n k  i n  Column 1, $INPUT i n  Columns 2-7, and 

a t  l e a s t  one b l a n k  f o l l o w i n g ,  b e f o r e  e n t r y  o f  da ta  i t ems .  Data i t e m s  a r e  

separa ted  by cornmas, and t h e  l a s t  i t e m  niust be f o l l o w e d  by a  $. Each d a t a  

i tem must have one o f  t h e  t h r e e  f o l l o w i n g  forms:  

1 .  V a r i a b l e  name = c o n s t a n t ,  where t h e  v a r i a b l e  name may be e i t h e r  

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



2. A r r a y  name = s e t  o f  c o n s t a n t s  ( s e p a r a t e d  by  commas). The number o f  

c o n s t a n t s  must n o t  exceed t h e  number o f  e lements  i n  t h e  a r r a y  and 

t h e y  must be i n  t h e  same o r d e r  as t h e  a r r a y  i s  i n  s t o r a g e ,  i . e . ,  t h e  

f i r s t  s u b s c r i p t  changes most r a p i d l y .  

3. S u b s c r i p t e d  v a r i a b l e  = s e t  o f  c o n s t a n t s  ( s e p a r a t e d  b y  commas). T h i s  

f o r m  r e s u l t s  i n  t h o  s e t  o f  c o n s t a n t s  b e i n g  p l a c e d  c o n s e c u t i v e l y  i n  an 

a r r a y ,  s t a r t i n g  w i t h  t h e  e lement  d e s i g n a t e d  b y  t h e  s u b s c r i p t e d  

v a r i a b l e .  

The Narne l is t  v a r i a b l e s  r e t a i n  t h e i r  va lues  t h r o u g h o u t  t h e  e x e c u t i o n  

of  t h e  program and need n o t  be r e s p e c i f i e d  un less  a  change i s  wished. Name- 

l i s t  i n p u t  v a r i a b l e s  a r e  shown i n  Tab le  F-1. 

When t h e  Wamel ist  v a r i a b l e  NEXT has a  v a l u e  o f  1  o r  2, ca rds  a r e  r e a d  

t h a t  s e l e c t  n u c l i d e s  f o r  wh ich c a l c u l a t i o n s  a r e  t o  be per formed.  The f i r s t  

o f  t hese  cards (N+1) g i v e s  t h e  number o f  n u c l i d e s  t o  be i n p u t ,  w h i l e  t h e  

r e s t  (N+2 t o  M )  g i v e  t h e  n u c l i d e  i d e n t i f i c a t i o n  parameters .  

CARD N+l - Number o f  R a d i o n u c l i d e s  Card 

CCIL UMN FORMAT VARIABLE USE 

1 -3  1 3  NUMBER C o n t r o l s  t h e  number o f  r a d i o n u c l i d e s  
(maximum: 500) t o  be read  f r o m  subse- 
quen t  i n p u t  ca rds  

CARDS N+2 t o  M - Radionuc l  i d e  Cards 

COLUMN FORMAT VARIABLE USE 

1-3  A  3  NAME Names an e lement  s e l e c t e d  f r o m  t h e  
Radi onuc l  i d e  Data L i b r a r y  

4-6 13 M Gives t h e  mass number o f  t h e  s e l e c t e d  
r a d i  onuc l  i de 

7-8 12 ISL Gives s o l u b i l i t y  c l a s s  o f  t h e  n u c l i d e  
( l=D,  2=W, 3=Y) 

9-20 12X - - Blank space b e f o r e  n e x t  r a d i o n u c l i d e  
e n t r y  

The f o r m a t  shown may be repea ted  4 t imes  on each card ,  s t a r t i n g  i n  columns 

21 , 41 , and 61 f o r  a d d i t i o n a l  n u c l i d e s .  



TABLE F-1. Namelist Variables for Cards 2 t o  N 

VARIABLE ARRAY SIZE USE 

I. PROGRAM CONTROL VARIABLE 

NEXT ( 1 )  N e x t  case  o p t i o n s  

VALUE UNITS VALUES 

None 1  t o  4 

11. ORGAN DOSE VARIABLES 

D  3 ( 1 )  F r a c t i o n  o f  i n h a l e d  a e r o s o l  
d e p o s i t e d  i n  n a s a l  passages 

None 0  t o  1  

None 0 t o  1  D4 ( 1  F r a c t i o n  o f  i n h a l e d  a e r o s o l  
d e p o s i t e d  i n  t r a c h e a  and 
b r o n c h i a  

( 1 )  F r a c t i o n  o f  i n h a l e d  a e r o s o l  
d e p o s i t e d  i n  pu lmonary 
r e g i o n  

None 0 t o  1  

DIAM ( 1 )  

UPTIME(1) ( 5 )  

Mass median aerodynamic 
d i a m e t e r  o f  i n h a l e d  m a t e r i a l  

LJm 

sec The l e n g t h  o f  t i m e  d u r i n g  
w h i c h  i n h a l a t i o n  i n t a k e  t a k e s  
p l a c e  

DOSTIM ( 1 )  The l e n g t h  o f  t i m e  f o l l o w i n g  
t h e  t e r m i n a t i o n  o f  i n h a l a t i o n  

' i n t a k e  f o r  w h i c h  t h e  dose i s  
t o  be c a l c u l a t e d  

sec 

ORGANS ( I ) 1  t o  1 8  
( i n t e g e r )  

S e l e c t s  t h e  o rgans  f o r  w h i c h  
t h e  dose i s  t o  be c a 1 ~ ~ 1 ;  I L ? ~ .  

NOTE: Each c a l c u l a t i o n  mist 
use t o t a l  body as t h e  f i  :st 
o rgan ,  and s u p p l y  o t h e r  o rgans  
i n  i n c r e a s i n g  i n d e x  o r d e r .  
(See T a b l e  F-2. )  

None 

111. DOSE MODEL CONTROL VARIABLE 

INGEST ( 1  Bypasses i n h a l a t i o n  dose model 
and c a l c u l a t e s  i n g e s t i o n  dose. 
( D e f a u l t  = 0 = i n h a l a t i o n  
model 1 

None 

I V .  RELATIVE RISK FACTORS 

R L ( I )  ( 1 0 )  Se ts  t h e  r e l a t i v e  r i s k  f a c t o r  
f o r  each o r g a n  s p e c i f i e d  
( 1  i s t e d  i n  t h e  same o r d e r  as 
t h e  o r g a n s )  

Even ts  p e r  - > 0  
Rem 

RWB Sets  t h e  r e l a t i v e  r i s k  f a c t o r  
f o r  e x t e r n a l  whole-body 
i r r a d i a t i o n  

Even ts  p e r  >O 
Rem 



NAMELIST VARIABLE EXPLANATIOIV 

NEXT i s  a  v a r i a b l e  c o n t r o l l i n g  t h e  dose c a l c u l a t i o n s .  I t  t e l l s  t h e  

program what t o  do a f t e r  t he  Namel i s t  data  have been read,  and c o n t r o l s  

l i b r a r y  r ead ing  and t h e  i n p u t  o f  t h e  r a d i o n u c l  i d e  i d e n t i f i c a t i o n  1  i s t .  

There a re  4  o p t i o n s ,  co r respond ing  t o  NEXT = 1,2,3,4. 

NEXT = 1  Reads i n  l i b r a r i e s  and a  s e t  o f  n u c l i d e  i d e n t i f i c a t i o n  
ca rds .  

NEXT = 2  Reads i n  a  new s e t  o f  n u c l i d e  i d e n t i f i c a t i o n  cards;  Name l i s t  
v a r i a b l e s  may be changed. 

NEXT = 3  IVamelist v a r i a b l e s  niay be changed. 

NEXT = 4  End o f  j o b .  No f u r t h e r  c a l c u l a t i o n s  a re  done. Prov ides  f o r  
normal e x i t .  

Any o f  t h e  Namel i s t  v a r i a b l e s  may be changed when NEXT = 1 ,  2  o r  3. NEXT 

must be s p e c i f i e d  as 1  i n  t h e  f i r s t  case so t h e  l i b r a r i e s  w i l l b e  read. 

ORGANS 

Tab le  F-2 shows t h e  l i s t  o f  p o s s i b l e  organs used i n  t he  REDIQ code, w i t h  

t h e i r  numer ica l  i n d i c e s .  

TABLE F-2. Numerical  Index of  Organs 

INDEX ORGAN INDEX ORGAN 

1  T o t a l  body 12 Sk in  

2  Body wa te r  13 B r a i n  

3 Kidneys 14 Muscle 

4  L i v e r  1 5  P r o s t a t e  

5 Spleen 16 'Thyroid 

6  Bone 17 Pancreas 

7  F a t  18 Hea r t  

8 Lungs 19 G I  t r a c t  

9  Adrenal  s  20 Stomach 

10  Testes 21 Small i n t e s t i n e  

11 Ovar ies  22 Upper l a r g e  i n t e s t i n e  

23 Lower 1  a rge  i n t e s t i n e  
Index 19 causes t he  sum of doses t o  t h e  G I  compartments t o  be p r i n t e d .  



RL, RWB 

Values f o r  r i s k  f a c t o r s  must be s u p p l i e d  by t he  user  i n  t h e  same o rde r  

t h a t  t he  organs a r e  s p e c i f i e d ,  w i t h  RWB corresponding t o  whole body ex te rna l  

i r r a d i a t i o n .  The r i s k  f a c t o r s  must a l l  be r e l a t e d  t o  t h e  same b i o l o g i c a l  

e f f e c t .  Typ i ca l  u n i t s  f o r  r i s k  f a c t o r s  a re  events p e r  rem. A t  l e a s t  one 

non-zero va lue must be g iven  f o r  organs ( o t h e r  than t o t a l  body) f o r  which 

n u c l i d e  data i s  g iven  i n  t he  da ta  l i b r a r y .  
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SAMPLE PROBLEM 

A  sample problem i s  p resen ted  here t o  i l l u s t r a t e  use o f  t h e  computer 

program. The i n h a l a t i o n  and i n g e s t i o n  i n t a k e  e q u i v a l e n t s  a re  c a l c u l a t e d  f o r  

seven t r a n s u r a n i  um nuc l  i d e s  based on re1  a t i v e  r i s k  f a c t o r s  f o r  cancer  deaths.  

The i n h a l a t i o n  dose c a l c u l a t i o n  i s  pe r f o r~ned  f o r  exposure t o  aeroso ls  w i t h  

a c t i v i t y  median aerodynamic d iameters  (AMAD) o f  0.05, 0.1, 1 .0  and 5.0 pm. 

I n h a l a t i o n  o f  Class W and Class Y compounds i s  cons idered.  The r u n  c o n s i s t s  

o f  e i g h t  cases f o r  i n h a l a t i o n  ( f o u r  p a r t i c l e  s i z e s  t imes two t r a n s l o -  

c a t i o n  c lasses)  and one case f o r  i n g e s t i o n .  The o r d e r  o f  t h e  cases i s  i n d i -  

ca ted  below. The uptake t ime  f o r  each case i s  1  minute (UPTIME(1) = 60) .  

Case I n t a k e  Mode Parameters 

1  I n h a l a t i o n  NEXT = 1, DIAM = 0.05, 
T r a n s l o c a t i o n  Class W 

2  I n h a l a t i o n  NEXT = 3, DIAM = 0.1, 
T rans l  o c a t i o n  Class W 

3  I n h a l a t i o n  NEXT = 3, DIAM = 1.0, 
T r a n s l o c a t i o n  Class W 

4 I n h a l a t i o n  NEXT = 3, DIAM = 5.0, 
T r a n s l o c a t i o n  Class W 

5  I n h a l a t i o n  NEXT = 2, DIAM = 0.05, 
T r a n s l o c a t i o n  Class Y 

6  I n h a l a t i o n  NEXT = 3, DIAM = 0.1, 
T rans l  oca t  i o n  C l  ass Y 

7 I n h a l a t i o n  NEXT = 3, DIAM = 1.0, 
T r a n s l o c a t i o n  Class Y 

8 I n h a l a t i o n  NEXT = 3, DIAM = 5.0, 
T r a n s l o c a t i o n  Class Y 

9 I n g e s t i o n  NEXT = 3, INGEST = 1  

10 End o f  Run NEXT = 4 

The r e l a t i v e  r i s k  va lues  used i n  t h i s  sample problem were developed by 

Strom and ~ a t s o n ( '  ) based on da ta  presented i n  t h e  BEIR Committee r , e p o r t .  (2) 



The f o l l o w i n g  was taken  from t h e  r e p o r t  by Strom and Watson. 

"There a r e  no adequate da ta  f o r  e s t i m a t i n g  t h e  r i s k  o f  cancer i n  
man from i n h a l a t i o n  o f  any o f  t h e  t r ansu ran i cs .  The BEIR Committee 
es t imates  o f  t h e  r i s k  o f  excess deaths f rom cancer i n  t h e  Un i t ed  
S ta tes  p o p u l a t i o n  f rom exposure t o  i o n i z i n g  r a d i a t i o n  a r e  i n t e r -  
p re ted  i n  t h i s  r e p o r t  i n  terms o f  r i s k  o f  death pe r  person pe r  
u n i t  dose f o r  severa l  organs o f  r e f e rence .  Descr ibed i n  these 
terms, t h e  assumption o f  dose -e f f ec t  l i n e a r i t y  i s  imp l i ed .  The 
1  i n e a r  e x t r a p o l  a t i o n  o f  e f f e c t s  a t  doses where e f f e c t s  have been 
observed t o  e f f e c t s  a t  lower  doses remains unreso lved.  The e s t i -  
mates o f  abso lu te  r i s k  g iven  i n  Table  X I V  f o r  those  10 years  o f  
age and over  have been used i n  t h e  e s t i m a t i o n  o f  e q u i v a l e n t  r i s k s  
t h a t  m igh t  r e s u l t  f rom whole-body i r r a d i a t i o n  o r  f rom t h e  i n h a l a -  
t i o n  o f  t ransuran ium elements. R isk  es t imates  p rov ided  by t h e  
BEIR Committee a r e  n o t  a p p l i c a b l e  t o  severa l  organs o f  r e f e rence ,  
e.g. l i v e r  and k idneys.  Thus, f o r  these organs r i s k  es t imates  
have been assumed t h a t  seem t o  be reasonable i n  1  i g h t  o f  comparable 
va lues p rov i ded  i n  t he  BEIR Committee's r e p o r t .  " 

 a able X I V  ment ioned above i s  Table  3.2 o f  Appendix I 1  o f  t h e  BEIR Committee 

r e p o r t .  ) The values o f  r i s k  es t imates  suggested by Strom and Watson a r e  

g i ven  i n  Table  G-1. These values a r e  used i n  t h e  sample prob lem f o r  i n h a l a -  

t i o n  and i n g e s t i o n  i n t a k e  (Namel i s t  v a r i a b l e  RL). A  l i s t i n g  o f  i n p u t  cards 

i s  g iven  i n  F i gu re  G-1. The n u c l i d e s  cons idered a r e  2 3 6 P ~ ,  2 3 8 P ~ ,  2 3 9 P ~ ,  

2 4 0 ~ ~ ~ ,  2 4 1 P ~ ,  2 4 2 P ~  and Z41Am. A  l i s t i n g  o f  t he  ou tpu t  f rom t h e  sample 

problem i s  g iven  i n  F i gu re  6-2. 

TABLE G-1. Assumed Values Used i n  C a l c u l a t i n g  Est-iniates o f  R isk  

Excess Cancer 
Type o f  Cancer (deaths11 06/a/rem) 

G I  t r a c t  i n c l u d i n g  stomach 1  .OM 
Lungs 1  .,(a) 

Bone 

Kidneys 

L i v e r  

A l l  o t he r  ( t o t a l  body) 

( a )  Value f rom BEIR Committee r e p o r t .  
( b )  Es t imated  e q u i p a r t i t i o n  o f  r i s k s  p rov ided  i n  BEIR Comnii t t e e  r e p o r t  

f rom a l l  cancers o t h e r  than leukemia, b reas t ,  l ung ,  G I  t r a c t ,  
stomach, and bone. 

( c )  Est imated as sum o f  leukemia and b r e a s t  cancer r i s k s  as p rov i ded  
i n  BIER Committee r e p o r t .  



T G A h l S L l l t A T T O N  f L 4 ' 3 S  iJ n , n 5  MTT.Rr3h :  P A P T J C L F S  
S f N P U T  N E X T = ~ , ~ ~ A ~ = ~ O ~ , ~ ! ~ T I ~ E ( I I = ~ ~ . ,  ~ ~ ~ ; A ~ S ( l ) = 1 , 3 , ~ , ~ , 8 , 1 ~ , ? C D ~ 1 ,  
2 2 , 2 3 , R L ( l ) = 2 , 5 F - b # ~ 5 ~ - 6 ~ . ~ F - h 0 , . 1 F - b I 1 . 3 E - h , 1 . F - ~ , ~ ~ ~ ~ 2 . ~ E - O h $  

7 1 . 0  
p u  2 3 6  2 PI! 2 3 6  2 P I !  7 3 9  2 P!J 240 2 
P U  2 4 1  2 P I I  2 4 2  ;! A M  3/41 2 

T ~ A Y S L ~ J c A ~ T 3 ~  C L A S S  0.1 M I c R ~ N  F A ~ T I C L F S  
S T N P U T  N E Y T = ~ , ~ I A M = : ~ S  

T Q A M S ~  I !Cbf 1n.lbl I :LE$S W 1 , n  M X C R f l h !  P b M T  J C L E S  
SINPUT Q E x T ~ ~ , D T L Q ~ ~ , S  

T R A N S C O C A I T ~ N  C L A S S  N 5 . 0  M I t R P N  F A ~ T T C L F S  
% f h P U T  ~ J E Y T z ~ , Q I A M = ~ ,  P 

T Q A Y S L ~ C A ? T ~ N  f L b S s  y o m o 5  Y I C P n b J  P d Y T I C L E F  
$ I N P U T  N E x T z Z , ~ J A M = : Q ~ S  

7 1 . 0  
PU 23b 3  PI^ 23i4 7 P ( I  ? T v  3 P u  3 
P U  2 4 1  3 ? u ?  3 AV 2 0 1  3 

T P A M S L . ~ C A T T ~ ~ I  C L A S S  Y 0 . 1  " I C c C t h i  F A k T I C L E S  
S I Q P U T  N E Y T s 3 , ~ 1 4 Y s : 1 $  

T R A P J S I  C ! C b T I n h J  C L A S S  y 1 ,n " ~ C P ~ L )  P A G T I C L E S  
S T N P U T  N E X T I ~ , ~ T A M = ~ . S  

~ R 4 N s l  nfAT!nh; C L C S S  V 5.0 M T C R O h ,  F A ~ T I C L E S  
S T N P U T  ~ ~ E x T = ~ , ~ T A Y = ~ ,  0 

S A M P L E  P Q O H C F M  F ~ ?  Z ? J G F - S T T ~ I &  OF @ A P J ~ ) N ~ J C L I D F S  
S IhrPUT k ' E X T a 3 ,  r h t ~ . F S ~ s t $  

END OF PI.Ik 
$~hipI!T h l ~ Y T r L t ! i  

FIGURE G-1. I n p u t  Card L i s t i n g  f o r  Sample Problem 



FIGURE G-2. Sample Problem Output  
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