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ABSTRACT 

A mathematical model was cons t ruc ted  f o r  t he  purpose o f  p r e d i c t i n g  

the  f r a c t i o n  of human popu la t i on  which would d i e  w i t h i n  1 year  o f  an 

acc iden ta l  exposure t o  a i rbo rne  rad ionuc l i des .  The model i s  based on 

data f rom l a b o r a t o r y  experiments w i t h  r a t s ,  dogs and baboons, and from 

human ep idemio log ica l  data.  

Doses from ex te rna l  , who1 e-body i r r a d i a t i o n  and f rom inha led ,  a1 pha- 

and be ta -emi t t i ng  rad ionuc l i des  a re  c a l c u l a t e d  f o r  severa l  organs. The 

p r o b a b i l i t i e s  o f  death f rom r a d i a t i o n  pneumonit is and f rom bone marrow 

i r r a d i a t i o n  a r e  p r e d i c t e d  f rom doses accumulated w i t h i n  30 days of ex- 

posure t o  the  r a d i o a c t i v e  aeroso l .  

The model i s  compared w i t h  e x i s t i n g  s i m i l a r  models under hypo- 

t h e t i c a l  exposure cond i t i ons .  Suggestions f o r  f u r t h e r  experiments w i t h  

i nha led  rad ionuc l i des  a re  inc luded.  



i i  

EXECUTIVE SUMMARY 

A mathematical model i s  described for predicting ear ly  mortal i ty  

(within 1 year)  from inhaled radionuclides.  

a dosimetry model , and a prel iminary dose-response model. 

The model i s  in  two par t s :  

The dosimetry model begins with information about the re lease  of 

radionuclides in to  the atmosphere, the atmospheric conditions,  and the 

potent ia l  for human exposure. Doses to re levant  tissues a r e  computed by 

combining the pa r t i a l  doses from external whole-body photon i r r ad ia t ion ,  

doses from internal  emi t te rs ,  and the dose contr ibut ion from cross-organ 

i r r a d i a t i o n .  

T h e  preliminary dose-response model was derived from exis t ing  data 

from animal experiments. The model i s  based on the re la t ionship  between 

the dose to  l u n g  tissue t h a t  i s  accumulated w i t h i n  the f i r s t  30 days 

a f t e r  inhalat ion exposure, and survival time. By u s i n g  the model, we 

can estimate probabi l i ty  of death from acute pulmonary injury caused by 

alpha o r  beta rad ia t ion .  

general ly  defined as  a h i s to logica l ly  observed change, such as  radiat ion 

pneumonitis or pulmonary f i b r o s i s ,  which r e s u l t s  i n  death w i t h i n  1 year 

a f t e r  inhalat ion of radioact ive material and/or photon i r r ad ia t ion .  

For this  pro jec t ,  acute pulmonary in jury  i s  

The bone (marrow) dose-response model described i n  WASH-1400 was 

adapted for modeling ea r ly  mortal i ty  resu l t ing  from cross-organ and/or 

external photon i r r ad ia t ion .  The probabi l i ty  o f  ear ly  mortal i ty  from 

bone-marrow i t r a d i a t i o n ,  and the mortal i ty  p robab i l i t i e s  from alpha and 

beta i r r ad ia t ion  of the lung, a r e  combined to  produce a model o f  overal l  
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p r o b a b i l i t y  of ear ly  mortal i ty .  Estimates o f  the s t a t i s t i c a l  variance 

i n  the model were ca lcu la ted ,  and standard deviations of  170% and 100% 

were estimated for  the mortal i ty  probabi l i t i es  from bone marrow and from 

lung i r r a d i a t i o n ,  respect ively.  

For comparison , other 1 u n g  model s from the 1 i t e r a tu re  were appl ied 

t o  the scenarios used as examples f o r  o u r  model. 

Further experimentation will  be necessary t o  determine the cor rec t  

methods of combining mortal i ty  probabi l i t i es  from various types o f  

rad ia t ion  exposure. These animal experiments will include s tudies  o f  

the combined e f f e c t s  o f  external i r r ad ia t ion  and exposure t o  inhaled, 

sol ubl e or insol ubl e , alpha- and/or beta-emi t t i n g  radionucl ides. 
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I .  STATEMENT OF THE PROBLEM 

The o v e r a l l  o b j e c t i v e  of t h i s  p r o j e c t  i s  t o  c o n s t r u c t  p r e d i c t i v e  

models f o r  e s t i m a t i n g  t h e  p r o b a b i l i t y  o f  acute m o r b i d i t y  and acute mor- 

t a l i t y *  i n  a human popu la t i on  a f t e r  acc iden ta l  exposure t o  an aeroso l i zed  

r a d i o n u c l i d e  o r  m i x t u r e  of rad ionuc l i des .  

Th is  p r o j e c t  i s  be ing conducted s imul taneously  w i t h  a s i m i l a r  

p r o j e c t  a t  t he  I n h a l a t i o n  Toxico logy Research I n s t i t u t e  ( I T R I )  a t  A l -  

buquerque, New Mexico. Each p r o j e c t  conta ined two phases: Phase I 

i nc luded  the  c o l l e c t i o n  and ana lys i s  o f  e x i s t i n g  acu te  m o r t a l i t y  data 

from experiments i n  which animals were exposed t o  ex te rna l  r a d i a t i o n  and 

t o  i n t e r n a l  e m i t t e r s .  The pr imary  goal o f  Phase I was t o  c o n s t r u c t  the  

bes t  dose-morb id i ty  and dose -mor ta l i t y  models poss ib le  w i t h  e x i s t i n g  

data.  

models which a r e  concep tua l l y  d i f f e r e n t ,  even though data and ideas were 

shared between teams. 

c o n s i s t  o f  animal experiments t o  p rov ide  data f o r  t e s t i n g  and re f inement  

o f  t h e  Phase I m o r t a l i t y  models. 

a l s o  p rov ide  da ta  use fu l  f o r  develop ing dose-morb id i ty  models; da ta  

f rom Phase I were considered inadequate t o  model m o r b i d i t y .  

Research teams from each l a b o r a t o r y  cons t ruc ted  dose -mor ta l i t y  

Phase I 1  o f  bo th  the  PNL and I T R I  p r o j e c t s  w i l l  

These experiments w i l l  be designed t o  

* Acute m o r t a l i t y  was de f i ned  as death w i t h i n  1 year  a f t e r  exposure; t o  
be rede f ined  i f  data  i n d i c a t e d  the  necess i t y .  
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The initial step for both projects was a meeting between scientists 

from ITRI, Pacific Northwest Laboratory (PNL) and the Nuclear Regulatory 

Commission (NRC) to define detailed objectives and delineate the scope 

of research. A general outline of steps in the mathematical model to be 

constructed is diagrammed in Figure 1. The following guidelines regard- 

ing the 

1. 

2. 

3. 

4. 

5. 

6. 

general approach to be used were formulated at that meeting. 

Source terms will be defined by the user of the model; no 
1 specific radionuclide release scenario (as in WASH 1400 ) is 

to be considered. Source terms might include alpha-emitting 

radionucl ides and beta/gamma-emi tting radionucl ides (indi- 

vidually or in mixtures), with wide ranges of particle sizes, 

particle-specific activities, effective ha1 f-times in the 

organ of interest and particle solubilities. 

External photon whole-body radiation dose must be considered; 

however, neutron irradiation may be excluded. 

Critical organs are provisionally defined as lung, bone, 

1 iver, upper respiratory tract , gastrointestinal tract (crypts) 

and, secondarily, kidneys and thyroid. Standard organ weights 

(based on body weight o r  Reference Man) are to be used. 

Organ dosimetry is to be based on established methods, modi- 

fied with accepted new data. 

The mortality model is to be constructed for a population of 

heal thy young adults. 

The morbidity model will include such indicators as body 

weight loss, hematologic changes, and changes in pulmonary 

function parameters. 
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7 .  S t a t i s t i c a l  v a r i a b i l i t y  must be considered i n  each s tep  o f L t h e  

model and over the entire model. 

Of the numerous attempts made to  r e l a t e  radiat ion dose and human 

mor ta l i ty ,  one o f  the most widely publicized i s  the Reactor Safety Study 

(WASH 1400) , '  commonly referred to  a s  the "Rasmussen Report." The acute 

mortal i ty  model i n  t h a t  report was designed f o r  a spec i f i c  type of 

accident scenario,  a re lease  of radioact ive f i s s ion  products from an 

operat i  ng nuclear power p lan t .  

alpha-emi t t i n g  radionuclides were small r e l a t i v e  t o  those from beta- 

emi t t e r s ,  the acute  mortal i ty  model f o r  pulmonary in jury  was based on 

data from yttrium-90 and yttrium-91 in  fused aluminosi l icate  pa r t i c l e s  ( F A P ) .  

Because doses from internal  l y  deposited , 

2 Otper 1 ung  dose/acute mortal i t y  models were constructed by We1 1 s:  

He corre la ted  the one f o r  insoluble ,  the other f o r  soluble  mater ia ls .  

e f f e c t i v e  h a l f - l i f e  w i t h  the i n i t i a l  dose r a t e  and, p lo t t i ng  animal 

da t a ,  d i v i d e d  the graph in to  three regions. 

probable long-term survival (0% mor ta l i ty )  , ( 2 )  region of probable acute 

rad ia t ion  l e t h a l i t y  (100% mor ta l i t y ) ,  and (3 )  region o f  uncertainty.  

The l a s t  region included the area between r e l a t i v e l y  ce r t a in  death and 

r e l a t i v e l y  ce r t a in  long-term surv iva l .  

uncertainty ( 0  to  100% 1 ethal i t y )  , spanned three-fol d t o  ten-fold ranges 

in  the i n i t i a l  dose rate f o r  radionuclides with very short and long 

(> 100 days) e f f ec t ive  ha1 f-1 ives , respect ively.  

They were: ( 1 )  region o f  

The boundaries of  the region o f  

A var ia t ion  on Wells' insoluble  radionuclide model was proposed by 

scientists a t  Science Applications,  I ~ c . ~  (SAI) ,  using the 365-day dose 
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, accymulation to  1 ung and "cha rac t e r i s t i c  i r r ad ia t ion  time" t o  represent 

the quant i ty  of material inhaled and the dose accumulation r a t e ,  respec- 

t i ve ly .  These a1 te rna t ive  parameters , d i f f e ren t  from those used by 

Wells, were t o  allow for the inclusion of mixtures of radionuclides. In 

such cases ,  the "long-term ha l f - l i f e "  necessary in Wells' model would be 

d i f f i c u l t  to ob ta in .  

100% l e t h a l i t y )  i n  the SA1 model span a s ixfold range in the "365-day 

dose". 

The boundaries of the region of uncertainty ( 0  to  

S t i l l  another model f o r  lung dose has been proposed by Raabe and 

"Mean dose r a t e "  from exposure t o  death i s  correlated with G01dman.~ 

survival time; percent mortal i ty  within 365 days i s  re la ted  to the 

i n i t i a l  dose r a t e  t o  the lung. 

Three major problems a r e  encountered in  dose/acute-mortal i ty  

modeling. 

portant  when t o t a l  accumulated dose i s  used t o  estimate probabi l i ty  of 

mortal i t y .  

differences in the e f f ec t ive  half- l ives  of the radionuclides involved. 

The second problem involves the modeling of dose from mixtures of 

Qua l i ty  fac tors  ( Q )  m u s t  

The f i r s t  problem, dose r a t e  e f f e c t ,  i s  pa r t i cu la r ly  i m -  

Generally,  widely d ispara te  dose r a t e s  a re  a r e s u l t  of 

a lpha -and  beta/gamma-erni t t i n g  radionucl ides.  

be used t o  obtain biological equivalence f o r  doses resu l t ing  from the 

two kinds of radioact ive emissions. 

previously 10,  was recent ly  changed6 t o  20. 

f o r  use i n  rad ia t ion  protect ion;  they a r e  not necessar i ly  appropriate 

f o r  a spec i f i c  cause o f  mor ta l i ty ,  such as  pulmonary injury.  

5 The ICRP value of Q f o r  alphas 

These Q values were defined 
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A t h i r d  problem regards the choice of  species fo r  modeling human 

acute mor ta l i ty .  

data ,  primarily from mice, hamsters, rats, and dogs. Unanswered ques- 

t ions  include: 

Lacking human da ta ,  i t  i s  necessary t o  use animal 

( 1 )  Are there  species differences i n  the time course of  

radiation-induced pulmonary in jury?  ( 2 )  I f  so,  which species most c lose ly  

co r re l a t e s  w i t h  the human condition? 

An inhalation/acute-mortality model incorporating these three 

problem areas  has not y e t  been developed. The models were 

constructed on se lec ted  s ingle- isotope da ta ,  o r  were h ighly  dependent on 

dose r a t e ,  which makes them l e s s  useful when mixtures of radionuclides 

a re  pa r t  o f  the  source term. 
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11. GENERAL APPROACH 

The overall  model i s  comprised of  two main par t s :  a dosimetry 

model t o  estimate doses t o  c r i t i c a l  organs of  humans exposed t o  the 

source-term radionuclides,  and a dose-response model t o  predict  the 

consequences of  those doses i n  terms of  acute l e t h a l i t y .  
r 

A. Dosimetry Model 

The PNL dosimetry model i s  designed t o  ca l cu la t e  radiat ion doses t o  

humans from a wide range of possible radionuclide re lease  scenarios.  

Given the source term from a postulated accident,  the dosimetry model 

will  evaluate the  external dose a r i s ing  from exposure t o  a passing cloud 

of  radionuclides,  a s  well as  the dose concurrently received from inhaled 

and retained radionuclides.  In the l a t t e r  exposure mode, special  a t t en -  

t ion  i s  given t o  the cross-organ contribution (radionucl ides  deposited 

i n  a source organ t h a t  i r r a d i a t e  a t a r g e t  organ) t o  the to t a l  organ 

dose. High-  and low-LET radiat ion from b o t h  external and internal  

exposure a r e  evaluated separately.  

The Oak Ridge National Laboratory radionucl ide decay d a t a Y 7  sup-  

plemented by other more recent information, a r e  used in the PNL com- 

putational code. A de ta i led  descr ipt ion of  the dosimetry model, in- 

cluding ex terna l ,  internal  and cross-organ doses, i s  contained in  

Chapter 3 .  

B. Dose-Response Model 

This model allows prediction of acute mortal i ty  from radiat ion 
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doses to  bone marrow and lung. One of the f i r s t  s teps  i n  the construc- 

t ion  of the dose/acute mortal i ty  model f o r  lung was the se lec t ion  o f  

dose and mor ta l i ty  parameters. I n i t i a l l y ,  this was la rge ly  a t r ia l -and-  

re jec t ion  process, performed with f i v e  s e t s  of data from inhalation 

experiments with Beagle dogs. Data used included those from 'lY, 

'OY, and 144Ce i n  FAP experiments,8 and those from 239Pu02 ex- 
9 periments . T h e  process th rough  which the lung dose-response model 

evolved i s  diagrammed in  Figure 2 .  

Since the data co l lec ted  f o r  use i n  the  lung mortal i ty  model were 

taken from several sources,  and were obtained under  a var ie ty  o f  ex- 

perimental condi t ions,  d i f f e r e n t  methods were used t o  ca l cu la t e  dose 

( see  Appendix 4 ) ,  and the composite data base was not s t a t i s t i c a l l y  

balanced f o r  a l l  f ac to r s .  (For  instance,  only l imited species com- 

parison was possible . )  However, f o r  the purposes of t h i s  pro jec t ,  the 

var ia t ions  in the animal data base may be an a s s e t  for predict ing con- 

sequences of accidental  exposure, because the conditions o f  such ex- 

posures will  vary widely. 

F i r s t  t r i a l s  involved p lo t t ing  of t o t a l  lung doses aga ins t  survival 

time (Figure 3 )  and i n i t i a l  lung dose rates aga ins t  survival time 

(Figure 4 ) .  An ea r ly  objec t ive  of these t r i a l s  was t o  determine the 

r e l a t i v e  e f fec t iveness  of alpha-emitting and beta-emitting radionuclides.  

Total lung dose plot ted aga ins t  survival time showed poor corre-  

l a t i o n  (Figure 3 ) .  I n i t i a l  dose r a t e  was r e l a t ed  t o  survival time, 

a1 t h o u g h  the data points from the 

from those of the o ther  experiments w i t h  beta emit ters  (Figure 4 )  

( F A P )  experiments diverged sharply 
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TOTAL LUNG DOSE 
vs 

SURV I V A L  T I ME 

BEAGLE DOG DATA 
9 o V , 9 1 ~ , 1 4 4 c e , 9 O ~ r  IN FAP 

60-D A Y  DOSE I N  IT1 A L  DOSE RATE 
vs vs 

S U R V I V A L T I M E  S U R V I V A L T I M E  

PUO, 239 
I L 

I 
I 

I 4 
1 1 I 

ADD IT I ONAL DATA 
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2 3 9 ~ u ~ 2  IN RATS AND BABOONS 

2 
30-DAY D 0 S E 

vs  
S U R V I V A L T I M E  

ADD IT IONAL DATA 
FOR EACH RADIONUCLIDE, 

A N I M A L S  S U R V I V I N G  
ACUTE PULMONARY INJURY + 

CALCULATION OF 
7.M, lM, 3Od, 6Od, 

1 2 M ,  24Od 
LUNG DOSES 

DETERMINATION OF 
O P T I M U M  TIME-DOSE 

PARAMETER 
(rad) 

CONVERSION 
OF DOSE-SURVIVAL 
T I M E  TO DOSE-ACUTE 

MORTALITY 

F i g u r e  2 .  D e v e l o p I r e n t a l  S e q u e n c e  for Dose/Acute  F l o r t a l i t y  Plodel 
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1 2  

because of the h i g h  i n i t i a l  dose r a t e  associated w i t h  the shor t  physical 

ha1 f-1 i f e  o f  ’OY. 

The data from the Beagle experiments w i t h  beta-emitting radio- 

nuclides a l so  included cumulative doses f o r  various time in te rva ls  a f t e r  

exposure, such as 60, 20, 365 days. Preliminary p lo t s  o f  60-day doses 

aga ins t  survival times f o r  individual dogs revealed t h a t  a l a rge  number 

of the data poin ts  were located about a common curve, and t h a t  the curve 

indicated a reasonable cor re la t ion  between the parameters (Figure 5 ) .  

Corresponding 60-day doses were estimated from the 239Pu02 Beagle dog 

data and, when p lo t ted  aga ins t  survival time, resulted in  a curve which 

nearly pa ra l l e l l ed  t h a t  from the beta-emitters (Figure 5 ) .  Doses f o r  

a n i m a l s  t ha t  l i v e d  less than 60 days were calculated f o r  the f u l l  60- 

day period. Data f o r  239Pu02 i n  baboons, 2 3 9 ~ u ~ 2  in  rats,  l o  2 3 8 ~ u ~ 2  i n  

r a t s”  and 238Pu02 in dogs” were subsequently added to  the alpha- 

emi t te r  dose/survival -time curve, resulting i n  the graph shown i n  

Figure 6.  

and beta-emitters indicated an effect iveness  o f  alpha rad ia t ion  approxi- 

mately 20 times t h a t  of beta rad ia t ion .  

Comparison of the dose parameters of the curves from alpha- 

Because the 60-day postexposure time period was chosen a r b i t r a r i l y ,  

s tud ies  were made to determine the optimum time period f o r  ca lcu la t ing  

doses. 

Cumulative lung doses were calculated f o r  each animal a t  7 . 5 ,  15, 

30, 60, 120 and 240 days postexposure (Appendix 4 ) .  

i n t e r v a l s ,  the 30-day cumulative rad ia t ion  dose showed the best cor- 

r e l a t ion  of  the dose/survival -time da ta ,  and was selected f o r  subsequent 

use i n  modeling percent mortal i ty  i n  accidental ly  exposed populations. 

Of these time 
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Because the radiation dose to bone marrow is important in some 

scenarios, an interim marrow-dose/early-mortal i ty model was a1 so de- 

veloped. 

for whole-body irradiation in the Reactor Safety Study (WASH-1400). 

Data for this model are taken from the mortality predictions 
1 

Section IV contains the criteria for selection o f  lung-dose param- 

eters, the derivation of the lung-dose/acute-mortality model, and the 

bone-marrow/early-mortal i ty model . 
Although radionuclide-induced morbidity is considered to be part o f  

the overall scope of this project, it is not treated in this report. 

Morbidity data from inhaled radionuclides are not available in quantity 

sufficient for dose-morbidity modeling. 
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111. DOSIMETRY MODEL 

The wide v a r i e t y  o f  source terms t h a t  may be encountered requ i res  

t h a t  t h e  dos imetry  model accommodate a v a r i e t y  o f  i n p u t  parameters, 

which a r e  l i s t e d  i n  F igu re  7, a long w i t h  the  se r ies  o f  steps t h a t  l e d  t o  

t h e  PNL dos imet ry  model. 

O f  t he  severa l  ways t o  implement the  model (depending upon the  

amount and k i n d  o f  i n f o r m a t i o n  the  user has), t he  s imp les t  i s  through 

pa th  A (F igu re  7 ) .  

n u c l i d e  i d e n t i f i c a t i o n ,  a c t i v i t y  conconcentrat ion i n  i nha led  a i r ,  so lu -  

b i l i t y  c l a s s i f i c a t i o n  ( D ,  W, Y )  o f  t h e  rad ionuc l i de ,  and p a r t i c l e  s i z e  

o r  d e p o s i t i o n  f r a c t i o n  i n  the  th ree  lung compartments. 

The i n f o r m a t i o n  requ i red  f o r  pa th  A i s :  r a d i o -  

Path B r e q u i r e s  the  same in fo rma t ion ,  as w e l l  as atmospheric 

d i l u t i o n  f a c t o r  and b rea th ing  r a t e .  This  pathway i s  used when the  

amount o f  r a d i o a c t i v e  m a t e r i a l  a v a i l a b l e  f o r  i n h a l a t i o n  by the  i n d i -  

v idua l  o r  popu la t i on  i s  known. 

P a t h  C r e q u i r e s  d e t a i l e d  i n fo rma t ion  concern ing t h e  re lease ,  as 

w e l l  as atmospher ic c o n d i t i o n s  d u r i n g  re lease.  

To a s s i s t  i n  assessing ex te rna l  as w e l l  as i n t e r n a l  r a d i a t i o n  dose, 

an atmospher ic t r a n s p o r t  model'' i s  incorpora ted  i n  the  code t o  c a l -  

c u l a t e  a i r  concent ra t ions  o f  rad ionuc l i des  a t  severa l  l o c a t i o n s  downwind 

f rom a r a d i o n u c l i d e  re lease .  A b i v a r i a t e  normal d i s t r i b u t i o n  model i s  

employed t o  c a l c u l a t e  concent ra t ions  on the  c e n t e r l i n e  o f  the  c loud.  

Ex terna l  dose, f o r  a l l  i n p u t  paths,  i s  determined by m u l t i p l y i n g  the  

a c t i v i t y  concen t ra t i on  i n  a i r  by a dose convers ion f a c t o r .  The 
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- standard deviations of the cloud concentration i n  the crosswind, l a t -  
13 e r a l l y  and v e r t i c a l l y ,  a r e  estimated by u s i n g  P a s q u i l l ' s  curves. 

A PNL computer program, DACRINl', serves as  the paradigm for the 

in te rna l  dose evaluation portion o f  the PNL dosimetry model. DACRIN 

ca lcu la t e s  the rad ia t ion  dose to  the human resp i ra tory  t r a c t ,  and other  

organs,  r e su l t i ng  from the inhalat ion of radioact ive aerosols .  The ICRP 

Task Group on Lung Dynamics Respiratory Tract Model14 i s  incorporated i n  

DACRIN i n  order t o  ca l cu la t e  doses to the resp i ra tory  t r a c t  from inhaled 

p a r t i c u l a t e  radionuclides.  

t ion  2 a r e  used to  evaluate  deposit ion i n  organs o ther  than l u n g .  

o lder  ICRP-Publication 2 model i s  used to  ca l cu la t e  doses to organs 

o ther  than lung, and doses t o  the resp i ra tory  t r a c t  from radionuclides 

t h a t  do not behave as p a r t i c u l a t e s ,  such as cesium, t r i t i um and the 

noble gases.  Exponential clearance from organs i s  assumed in these 

model s .  A1 1 dose contr ibut ions from progeny radionucl ides  a re  included 

w i t h  the parent dose. 

The t r ans fe r  coe f f i c i en t s  of ICRP-Publica- 
5 This 

P a r t  of the in te rna l  dose is  the r e s u l t  of cross-organ i r r a d i a t i o n  

o f  t a r g e t  organs by gama and X-ray emitt ing radionuclides which a re  

i n t e r n a l l y  deposited i n  o t h e r  source organs.  

calculated by the methodology pub1 ished i n  ORNL-5000,15 which uses 

tabulated S-factors  (rem dose equivalent to  a t a rge t  organ  per micro- 

curie-day residence time of a radionuclide in a source o r g a n ) .  

culated residence times a r e  used t o  determine the cross-organ dose and 

dose equivalent.  Cross-organ doses were i n i t i a l l y  evaluated w i t h  l u n g  

as the source organ, and w i t h  l i v e r  and homogeneous bone as  the t a rge t  

Cross-organ doses a re  

Cal- 
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organs. 

radionuclides,  

contained i n  ICRP-19.' 

ranged from l e s s  than 1 %  t o  over 99% of the t o t a l  organ dose. 

surpr i s ing ly  h i g h  contr ibut ion led t o  the conclusion t h a t  cross-organ 

dose could n o t  be neglected. Cross-organ doses were a l s o  calculated 

w i t h  l u n g  a s  the t a r g e t  organ, and l i v e r  and homogeneous bone as the 

source organs. 

26% of the t o t a l  lung dose. 

t i ons  a r e  contained i n  Appendix 1 .  T h e  data  ind ica te  t h a t  cross-organ 

e f f e c t s  a r e  of suff ic ient  magnitude t o  warrant inclusion i n  the PNL 

dosimetry model. 

Preliminary ca lcu la t ions  of cross-organ doses were made f o r  the 

34Cs , 95Zr, 95Nb and 6oCo, f o r  the sol ubi1 i t y  c lasses  

The cross-organ contr ibut ion t o  bone and 1 ive r  

This 

The cross-organ contr ibut ion t o  l u n g  ranged from 0.3% t o  

Detai ls  of the cross-organ dose calcula-  

Evaluation of the external dose component i n  the PNL dosimetry 

model i s  based on the method used i n  the Oak Ridge National Laboratory 

EXREM-III17 computer code, which is  used t o  es t imate  external rad ia t ion  

doses t o  populations from environmental re leases .  EXREM-I11 allows 

ca lcu la t ion  of dose equivalent  r a t e  and to t a l  dose equivalent t o  the 

t o t a l  body and in te rna  organs r e su l t i ng  from exposure t o  contaminated 

water and a i r ,  a s  well a s  exposure t o  a contaminated surface.  Beta, 

posi t ron,  e lec t ron  and gamma rad ia t ions  a r e  t r ea t ed .  

the PNL dosimetry model, the only external exposure mode considered i s  

submersion i n  contaminated a i r .  I t  i s  assumed t h a t  an individual i s  

immersed i n  a semi- inf in i te  hemispherical cloud of a i r ,  i n  which the 

d i s t r ibu t ion  of a c t i v i t y  i s  s p a t i a l l y  uniform. Special consideration i s  

\ 

For the purpose of 

g i v e n  t o  nuclide chains ,  including branching. The output of the  PNL 
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dosimetry model, therefore ,  cons is t s  o f  separate  external and internal  

organ doses and dose equivalents f o r  h i g h -  and low-LET r ad ia t ions ,  which 

i s  the required input t o  the dose-response model. 

Although lung doses a r e  emphasized in t h i s  r epor t ,  the dosimetry 

model can a l so  be used t o  examine other  organs relevant  to  ear ly  r a d i -  

a t ion  e f f e c t s .  Sample dose ca lcu la t ions  for  several radionuclides o f  

potent ia l  importance t o  the Early Effects Study a re  used i n  Section V of  

this r epor t ,  and  a r e  included i n  Appendix 2 .  Uncertainties i n  the 

calculated doses a r e  discussed i n  Section V .  
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IV. DOSE-RESPONSE MODEL 

A. Acute Mortali ty from Pulmonary Injury 

Various approaches may be used i n  b u i l d i n g  a model to  predict  

mortal i ty  r e su l t i ng  from exposure t o  a mixture of radionuclides.  

way i s  t o  construct  a " r e a l i s t i c "  o r  process model t h a t  mathematically 

mimics the process by which rad ia t ion  produces the biological trauma 

leading to  death.  

induction of  bone cancer by alpha rad ia t ion .  

s u f f i c i e n t  data ava i lab le  to  b u i l d  such a model for most types of  rad i -  

a t  i on damage. 

One 

An example i s  the Marshall-Groer model18 f o r  the 

However, there  a r e  i n -  

Our approach was to  use ava i lab le  d a t a  t o  construct  an empirical 

dose-response model t h a t  i s  bas ica l ly  a l i n e a r  model. Several advan- 

tages have resu l ted  from t h i s  choice. 

approximations t o  almost any monotone r e l a t ionsh ip ,  hence they a re  good 

predictors  over the region i n  which data a r e  ava i lab le .  Second, the 

l i n e a r  s t ruc tu re  e a s i l y  accommodates the inclusion of  many predictor  

va r i a t e s .  The e f f e c t  of such var iables  as i n i t i a l  dose r a t e ,  spec i f i c  

a c t i v i t y ,  s o l u b i l i t y ,  e t c . ,  can be included without completely re for -  

mulating the model. A t h i r d  advantage i s  t h a t  l i n e a r  models tend t o  

provide b e t t e r  predict ions than o ther  model forms when the predictor  

variables.  a r e  measured w i t h  e r r o r .  

i s  c e r t a i n l y  not precisely known, t h i s  i s  an  important c h a r a c t e r i s t i c .  

The controversy over the l i n e a r i t y  of dose-response curves extended to  

very low doses i s  n o t  o f  concern i n  the present exerc ise ,  s ince we a re  

F i r s t ,  1 inear  models a r e  good 

Because dose, the primary predic tor ,  
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dealing w i t h  r e l a t i v e l y  h i g h  doses for which e f f e c t s  data a r e  ava i lab le  

without extrapolat ion.  

1 .  Model Derivation. Any stimulus-response model requ res  a 

A model f o r  quan t i t a t ive  measure of the in t ens i ty  of the st imulus.  

predict ion of ea r ly  mor ta l i ty  following inhalat ion exposure to  radio- 

nuclides requires  a measure of the seve r i ty  of biological i n s u l t  re- 

s u l t i n g  from the exposure. 

of absorbed energy. 

radionuclides,  energy t r ans fe r  continues as long as the radionuclides 

a r e  in  the body of the l i v ing  organism; thus, "cumulative dose t o  death" 

i s  sometimes used to  measure stimulus i n t e n s i t y .  

One such measure i s  rad ia t ion  dose, a measure 

For exposures r e su l t i ng  from in t e rna l ly  deposited 

I f  the stimulus cons is t s  of  a one-time inhalat ion exposure t o  a 

radionuclide mixture of fixed composition, then the i n i t i a l  dose r a t e  

( I D R )  s u f f i c i e n t l y  quan t i f i e s  the in t ens i ty  of  t ha t  s t imulus,  and  a 

quan t i t a t ive  re la t ionship  can be expressed between I D R  and response. 

However, the IDR has l imited usefulness because the temporal dose d i s -  

t r i bu t ion  pat tern i s  d i f f e r e n t  f o r  each radionuclide,  depending on the 

biological response t o  the exposure. 

The cumulative dose calculated a t  a f ixed time, t ,  includes elements 

of  both I D R  and  temporal dose d i s t r ibu t ion .  The r e l a t i v e  importance 

attached to  the two f a c t o r s ,  i s  dependent on t; the cumulative dose a t  a 

sho r t  time places g rea t e r  weight on the I D R  than does the dose a t  a 

longer time. As an  example, Table 1 ,  below, was constructed,  assuming 
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t h a t  exposure I two radionuclides (one w i t h  e f f ec t ive  h 1 f-time f 

10 days, and one w i t h  e f f e c t i v e  half-time of 100 days) resu l ted  in equal 

potent ia l  doses (cumulative dose time t o  + m ) .  

TABLE 1 .  Cumulative Doses Delivered Over Various Times by Two 
Radionucl ides w i t h  Different Hal f-Lives 

Cumulative Dose ( r a d )  

I n i t i a l  
Dose Rate Days Postexposure 

100 365 1000 (rad/day 1 5 l o  25 --- 
T1/2  = 10 days 0.0693 0.293 0.500 0.823 0.999 1.000 1 

T1/2 = 100 days 0.0069 0.034 0.067 0.159 0.500 0.920 1 

Ratio 10 8 . 6  7.5 5.2 2.0 1 . 1  1 

I f  the  cumulative 5-day dose were used as an in t ens i ty  measure, 

then the exposure t o  a radionuclide w i t h  a 10-day e f f e c t i v e  h a l f - l i f e  

would be rated 8.6 times more severe t h a n  the other exposure. 

i f  the cumulative 100-day dose were used, the f i r s t  exposure would 

appear t o  be  only twice as severe as  the second. 

In l i g h t  of the above observations,  cumulative dose t o  time t ,  

However, 

( D t ) ,  for various values of  t l e s s  than 1 yea r ,  was considered a pre- 

d i c to r  of survival time. 

f o r  t values of  30 or 60 days, showed apparently l i n e a r  re la t ionships  

between log survival time and log Dt (Figures 8, 9 ) .  

appeared t o  d i f f e r  between deaths caused by pulmonary injury ( e a r l y )  and 

" l a t e "  deaths;  and between deaths from alpha- and those from beta- 

emitting isotopes. 

A logarithmic p lo t  of survival time versus D t ,  

Those re la t ionships  
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In none of these cases was there  a s t a t i s t i c a l l y  s ign i f i can t  deL 

parture from 1 i neari t y .  

An analysis  o f  the res idua ls  from the model revealed some d i f -  

ferences remaining in the composite data s e t .  Dogs exposed to 238Pu02 

appeared t o  have longer survival times than the model predicted.  However, 

the d i f fe rence  between the res idua ls  f o r  the 239Pu02 and 238Pu02 r a t s  

was not s i g n i f i c a n t ,  nor was the difference s ign i f i can t  between the 

239Pu02 r a t s  and the 238Pu02 dogs. T h u s ,  the  longer survival time of 

the 238Pu02 dogs can not c l e a r l y  be re la ted  to  a nuclide d i f fe rence .  

Both dogs exposed to "Y-FAP and rats exposed to 243Es (N03)3 

appeared to  d i e  e a r l i e r  t h a n  predicted by the model. 

t o  the shor t  ( l e s s  than 10 days) e f f e c t i v e  half-times of these nuclides.  

This may be re la ted  

If  t h i s  were the case,  then an additional adjustment t o  the  model f o r  

IDR should account f o r  the d i f fe rence .  However, when the res idua ls  were 

adjusted f o r  I D R ,  the  "Y-FAP group moved c loser  to  the grand mean, 

b u t  the  243Es(N03)3 group moved very l i t t l e  r e l a t i v e  to  the grand mean. 

Therefore, the sho r t e r  survival times for the "Y-FAP and 243Es(N03)3 

groups cannot be unambigously a t t r i b u t e d  to  e f f e c t i v e  h a l f - l i f e  e f f e c t .  

Several regions i n  the response space can be defined by regions i n  

the  D t  space. 

and fo r  h i g h  doses a l l  deaths a re  from radia t ion  pneumonitis. 

For l o w  doses there  are no deaths f r o m  pulmonary in ju ry ,  

I n  the 

intermediate region, there  i s  some l ikel ihood of long-term survival as 

well as some l ikel ihood of ea r ly  death. A model of the form 

would provide a concise descr ipt ion of the da ta ,  where 



= dos Dt 
S(Dt) 

$ ( D t )  

6 = random component, 

S1(Dt)  = logarithm of  survival time where death i s  d u  

= logarithm of  survival time f o r  dose D t ,  

= random var iab le ,  assuming values i n  [0,1], 

i n ju ry ,  

27 

t o  day t ,  

t o  ulmonary 

S2(Dt) = logarithm of survival time for a l l  other  causes. 

The random var iab le ,  $, i s  included to  express the f a c t  t h a t  a t  a dose, 

D t ,  some subjects  will  d ie  o f  acute pulmonary in ju ry ,  while others  will  

survive,  probably to  d i e  l a t e r  from a malignant tumor. Two types of 

models can be considered for  t h i s  var iable .  I n  one case,  $ can be only 

0 o r  1 , corresponding t o  the noninteracting competing-risk model. 

example, an exposed animal i s  subject  t o  a r i s k  of ear ly  death or a r i s k  

of l a t e  death.  I f  the death can be considered t o  have resu l ted  from 

e i t h e r  pulmonary in jury  or some "other" cause, and i f  the biological 

s t r e s s  t h a t  causes pulmonary injury does not influence the time of l a t e  

death,  then t h i s  model should apply. Conversely, i f  s t r e s s  from pul- 

monary in jury  s ign i f i can t ly  lowers res i s tance  to  another i n ju ry ,  then 

the noninteract ing,  competing-risk model may n o t  be appropriate .  Such a 

case could be modeled by u s i n g  any value i n  the interval  [O, l ]  f o r  $. 

The two 

For 

A schematic diagram of the model i s  given i n  Figure 10.  

conditional mean survival times S, and S2 a re  sketched in Figure lO(a) .  

These two curves a r e  then combined using the weighting function sketched 

in Figure 1 0 ( b )  t o  give the unconditional mean survival time curve i n  

Figure lO(c) .  
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An analysis  of the d a t a  in Figures 8 and 9 indicated t h a t  the in-  

dependent competing-risk model was probably adequate f o r  describing the 

re la t ionship  between pulmonary injury and l a t e r  death.  Probabi l i ty  

p lo t s  of res idua ls  indicated t h a t  the random component, E, had an ap- 

proximately gaussian d i s t r ibu t ion .  Thus, the probabi l i ty  densi ty  

j y  
function o f  S 

where 

u l  = u1 ( D t )  = average l o g  survival time for  pulmonary 

in ju ry  death for  dose D t ,  and 

uz = u 2 ( D t )  = average l o g  survival time for  o ther  death 

f o r  dose D t .  

Because there  i s  a l i n e a r  re la t ionship  between S and log  D t ,  the 
j 

average survival times can be represented by 

p j ( D t )  = a + b log D t ,  
j j 

j = 1 , Z .  

I f  Phase I 1  experiments provide evidence t h a t  some other  predictor  

var iable  has a s i g n i f i c a n t  influence on survival time, the model can be 

revised t o  account f o r  t h a t  influence.  For ins tance ,  i f  i t  were demon- 

s t r a t e d  t h a t  " e f f ec t ive  half-t ime",  T1,2, s i gn i f i can t ly  a f fec ted  sur-  

vival time, an extended model would be 

1-1 ( D t , T 1 / z )  = a .  + b j  log D t  + cjT1/2,  j = 1 , 2 .  j J 



The conditional densi ty  of T ,  given t h a t  rl, = 1 , i s  f l  ( s ) ,  the 

densi ty  o f  S1. 

Because the j o i n t  density i s  the product of the marginal and conditional 

dens i t i e s  , i t  follows t h a t  the j o i n t  probabil i t y  mass-densi t y  function 

o f  S and $ i s  

Similar ly ,  given t h a t  $ = 0 ,  the density of S i s  f 2 ( s ) .  

where 

IJ = P1dJ + 1-120 - $1, 

and  g ( $ ) i s  the marginal probabi l i ty  mass function of $. 

$, has a binominal d i s t r ibu t ion  with parameter p ,  so t h a t  

The var iab le ,  

P ,  i f  $ = 1 I 1 - p ,  i f  q~ = 0. 
g ( i )  = 

The marginal densi ty  of S i s  

The mean and variance o f  S a r e  

2 2 var(s> = 0 + p q ( p l  - v2) . 
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' 
The.'cumulative probabi l i ty  d i s t r ibu t ion  of S i s  

where 

F j ( s )  f j ( T ) d T ,  j = 1,2. 

These der ivat ions provide a method f o r  computing the probabi l i ty  of 

mor ta l i ty  as  a function o f  time and dose. 

cedure i s  sketched i n  Figure 11 .  

marginal densi ty  of S a t  Dt equal to  300 rad. 

cumulative probabi l i ty  function o f  S evaluated a t  365 days. 

p robabi l i ty  of death before 365 days given a t-day dose o f  300 rad.  

An i l l u s t r a t i o n  o f  the pro- 

The probabi l i ty  densi ty  f ( s )  i s  the 

The shaded area i s  the 

I t  i s  the 

Although the appearance of the dose, D t ,  was suppressed i n  these 

equations,  the probabi l i ty  o f  mortal i ty  i s  dependent on D t ,  both through 

the mean funct ions,  p1 ( D t )  and p 2 ( D t ) ,  and the "weighting funct ion,"  

p(Dt)  = Prob($  = 1 a t  dose D t ) .  

The function p(Dt)  i s  the probabi l i ty  d i s t r ibu t ion  function o f  the 

m i n i m u m  t-day dose, say D t m i n ,  required to  cause death from pulmonary 

in ju ry .  I n  general ,  the value of D t m i n  f o r  an individual cannot be 

determined; one can only determine whether o r  n o t  a p a r t i c u l a r  dose was 

s u f f i c i e n t  t o  cause death from pulmonary injury.  

estimation t h a t  t r e a t  D t  as i f  i t  were D t m i n  wi l l  produce a downward- 

biased est imate  o f  p ( D t ) .  

Hence, methods of  
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i 

I n  con t ras t ,  a v a l i d ,  nonparametr ic es t imate  can be ob ta ined by 

maximum l i k e l i h ~ o d . ' ~  Th is  method assumes t h a t  p(Dt) i s  an i nc reas ing  

mate o f  p(Dt). Th is  f u n c t i o n  o f  Dt, and produces a s tep  f u n c t i o n  e s t  

es t ima te  does n o t  r e q u i r e  a d d i t i o n a l  assumptions 

A smooth es t imate  o f  p(Dt) can a l so  be obta 

l o g i s t i c  model ." Th is  model pos tu la tes  t h a t  

ned by us ing  a l i n e a r  

[The des ignat ion ,  " l i n e a r  l o g i s t i c , "  a r i s e s  f rom the  f a c t  t h a t  t he  

l o g i s t i c  t ransform l o g  (p(Dt)  / (1 -p(Dt ) ) )  i s  l i n e a r  i n  l o g  D t . ]  

Th is  p a r t i c u l a r  model was se lec ted  i n  p a r t  because i t  permi ts  extens ion.  

I f  Phase I 1  research i n d i c a t e s  t h a t  p depends on va r iab les  o the r  than 

Dt, ( f o r  ins tance,  i n i t i a l  dose r a t e  o r  e f f e c t i v e  ha l f - t ime , )  these 

v a r i a b l e s  can e a s i l y  be added t o  the  model. 

a model a l l o w i n g  f o r  an e f f e c t  o f  RD i s :  

I f  RD i s  i n i t i a l  dose r a t e ,  

1 
P(Dt 'RD)  = 1 + exp (Co + C1 l og  Dt + C2RD)' 

P l o t s  o f  bo th  a nonparametr ic es t imate  and a l o g i s t i c  es t imate  o f  

p(Dt) a r e  g iven i n  F igures 12 and 13 f o r  a lpha-emi t te rs  and be ta-emi t te rs ,  

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

2 .  Determinat ion o f  Opt imal '  Dose Per iod. 

some f i x e d  t ime i s  t o  be used as a p r e d i c t o r  f o r  s u r v i v a l  t ime,  an 

I f  the  dose computed t o  
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"optimal" time a t  which to  compute the dose should be se lec ted .  

fo r tuna te ly ,  the  c r i t e r i a  f o r  t h i s  se lec t ion  a re  not  c l e a r .  

Un- 

Among the reasonable c r i t e r i a  for  a good predictor  a r e  the follow- 

i n g :  

regression of log survival time on l o g  dose should be negative: 

increase i n  dose should lead,  on the average, t o  a decrease i n  survival 

time and ( 3 )  the  res idua ls  should not have s t ruc tu re  remaining. 

though points ( 2 )  and ( 3 )  a r e  q u a l i t a t i v e  c r i t e r i a ,  they a r e  useful i n  

e l iminat ing unacceptable models. 

( 1 )  the  residual mean square should be small ,  ( 2 )  the slope of the 

an 

A l -  

The question of se lec t ing  optimal dose period was examined by 

computing the dose a t  7 .5 ,  15, 30, 60, 120, or 240 days. 

vival time was regressed on the log dose f o r  each time period. 

slopes and in t e rcep t s  were computed f o r  each of the four  groups ( a ,  

death from pulmonary i n j u r y ) ,  (a, l a t e r  death from other  causes ) ,  ( 6 ,  

death from pulmonary i n j u r y ) ,  and ( B ,  l a t e r  death from other  causes) .  

The log sur- 

Separate 

The 7.5-, 15-, 120- and 240-day doses were eliminated as candidates 

f o r  the  optimal predictor  var iab le  because in each regression a t  l e a s t  

one of the four groups was estimated t o  have a pos i t ive  s lope.  

was l i t t l e  d i f fe rence  among the models based on 30- or 60-day dose. 

res idua ls  from both models had an approximately gaussian d i s t r i b u t i o n ,  

with no evident s t ruc tu re  remaining. 

predict ion of survival time. The 30-day dose model resu l ted  in a 

smaller residual mean square. The 60-day model had slopes f o r  a l l  four 

groups t h a t  were more nearly para1 le1 . 
garded as a s t rong  indicat ion t h a t  an " ident ica l  act ion" model app l i e s ,  

There 

The 

Each model gave nearly the same 

(Pa ra l l e l  slopes could be re- 
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which would s i m p l i f y  t he  c a l c u l a t i o n  o f  combined r a d i a t i o n  e f f e c t s . )  

However, i n  bo th  models, t h e  s lopes were s t i l l  s i g n i f i c a n t l y  d i f f e r e n t  

a t  t he  0.05 l e v e l .  

The 30-day dose was t e n t a t i v e l y  se lec ted  as the  op t ima l  dose 

parameter because o f  t h e  smal le r  res idua l  mean square, which permi ts  

narrower conf idence bands f o r  est imated s u r v i v a l  t ime and p r o b a b i l i t y  o f  

mor ta l  i ty. 

3. P r e d i c t i o n  of  E f f e c t  of Combined Types of  Radiat ion.  Several 

forms o f  combined t o x i c  a c t i o n  can be charac ter ized ,  and Phase I1  

exper iments can be designed t o  d i s t i n g u i s h  between c lasses .  

combined t o x i c i t y  r e s u l t s  when the  severa l  types of  r a d i a t i o n  have 

" i d e n t i c a l  a c t i o n " ;  i . e . ,  a f f e c t  t he  same organ systems i n  t h e  same way. 

The d i f f e r e n c e  i n  e f f e c t ,  therefore,  i s  o n l y  i n  degree. I n  t h i s  case, 

t h e  dose response curves f o r  t h e  severa l  types w i l l  be separated by a 

cons tan t  d i s tance  on t h e  l o g  dose scale.  Thus, i n  e f f e c t ,  o n l y  a s i n g l e  

d o s e - r e s p o n s e  f u n c t i o n  i s  needed. T h e  r e s p o n s e  t o  a comb n a t i o n  i s  

ob ta ined by  app ly ing  s c a l i n g  f a c t o r s  t o  the  var ious  doses 

t o  o b t a i n  a " t o t a l  equ iva len t  dose", and us ing  the  common dose-response 

f u n c t i o n .  

One form o f  

adding them 

A second form o f  combined t o x i c i t y  r e s u l t s  i n  a "competing r i s k "  

model. 

a f f e c t  organ systems d i f f e r e n t l y  and the  r i s k s  a re  "competing" t o  cause 

t h e  death of t h e  organism. I n  t h e  spec ia l  case o f  independent competing 

r i s k s ,  t h e  m o r t a l i t y  response t o  the  combined r a d i a t i o n  e f f e c t s  i s  

Th is  model a p p l i e s  g e n e r a l l y  when d i f f e r e n t  types of  r a d i a t i o n  
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computed by a d d i n g  hazard functions , or by mu1 t ip ly ing  p robab i l i t i e s  o f  

survi v i  ng the i ndi v i  dual r i s k s  (see Appendix 3 ) .  

The ident ica l -ac t ion  model and the independent, competing-risk 

model represent  two extremes. Intermediate s tages  can be modeled e i t h e r  

by allowing in te rac t ion  among the  competing r i s k s ,  or by assuming t h a t  

the  several types of rad ia t ion  have an " ident ica l  -act ion" component and 

a "competing-risk" component. 

t o  support the hypothesis of  ident ica l  act ion s ince the log survival 

time versus log 30-day dose curves f o r  alpha- and beta-emitters a r e  not 

separated by a constant f ac to r .  Provis ional ly ,  the independent, com- 

pet ing-r isk model has been adopted as a predictor  o f  the e f f e c t s  o f  

combined types o f  rad ia t ion .  

A t  present the data s e t  does not appear 

4 .  Parameter Estimates and Model Summary. The dose-survi Val 

model parameters were estimated using a standard least-squares  regression.  

(Table 2 ) .  

zero a t  the  0.05 l eve l .  

All parameter estimates a re  s i g n i f i c a n t l y  d i f f e r e n t  from 

The parameters of  the l o g i s t i c  pulmonary injury probabi l i ty  model 

were estimated using maximum 1 i kel ihood (Tab1 e 3 ) .  

The overal l  pulmonary dose-response model i s  applied to  a p a r t i -  

cu l a r  scenario by specifying D30(a), the 30-day alpha dose; Dgo(B) ,  the  

30-day beta dose; and ST, the survival time a t  which the mortal i ty  

probabi l i ty  i s  t o  be computed. 

pa and p B ,  respect ively:  

The l o g i s t i c  model provides estimates of  
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TABLE 2. Linear Regression of Log(ST) on L O ~ ( D ~ ~ )  

A1 pha-emi t t e rs  Beta-emi t ters  
Coef. Std Error Coef. S t d  Error 

PI* Slope -0.556 0.016 -0.967 0.071 

PI In te rcept  3.733 0.060 6.191 0.292 

NPI** Slope -0.716 0.047 -0.216 0.108 

NPI In te rcept  4.595 0.012 3.952 0.391 

Standard Error 
o f  Estimate 0.1680 0.1950 

* PI = Pulmonary Injury 
** NPI = Nonpulmonary Injury 

TABLE 3. Maximum-Li kel ihood Estimates o f  Logist ic  Parameters 

Model: ~ ( 0 ~ ~ )  = 1 / ( 1  + exp (Co  + C, log D 3 0 ) )  

cO 

c1 

A1 pha-emi t ters  Beta-emi t ters 
Parameter S t d .  Error Parameter S t d .  Error 

10.366 1.608 50.500 6.627 

-4.288 0.614 -1 3.148 1.722 



40 

= 1 / ( 1  + exp (10.37 - 4.29 log D30(~1) ) )  

= 1/ (1  -t exp  (50.50 - 13.148 log D 3 o ( B ) ) ) .  
pa 

pi3 

The dose/survival-time model provides estimates o f  the mean log 

survival times and standard deviat ion:  

Standardized normal variates are obtained from 

s = log ST 
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and 

P robab i l i t i e s  P 1 ( a ) ,  P2 (a ) ,  P , ( B ) ,  and P 2 ( 6 )  t h a t  correspond t o  the 

standardized normal var ia tes  given above can be obtained from a t ab le  

o f  the  standard normal (gaussian)  probabi l i ty  d i s t r ibu t ion .  The prob- 

a b i l i t y  of mortal i ty  from alpha exposure i s  given by (Figure 14 )  

and  from beta exposure by (Figure 15) 

Using the independent, competing-risk model, the combined probabi l i ty  o f  

mor ta l i ty  i s  

P = l - ( l - P ( a ) )  ( l - P ( B ) ) *  

B. Bone-Marrow Dose/Mortal i ty  Model 

Several exposure scenarios would provide s u f f i c i e n t  dose t o  bone 

( r ed )  marrow t o  cause ea r ly  mortal i ty  o r  morbidity. 

such as  reac tor  accidents ,  damage t o  bone marrow i s  considered the 

In some s i t u a t i o n s ,  
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primary cause of mortal i ty .")  I t  i s  important, therefore ,  t o  develop a 

model t h a t  i s  predict ive of ear ly  mortal i t y  from bone-marrow destruct ion 

with associated pancytopenia. 

We agree w i t h  the Reactor Safety Study") t h a t  damage t o  bone 

marrow i s  the  primary cause of death f r o m l a r g e  radiat ion doses t o  the 

whole body. 

i r r a d i a t i o n  represent t he  upper l i m i t  of estimates of death from bone- 

As a consequence, mortal i ty  predictions based on whole-body 

marrow i r r ad ia t ion .  We further concur, a t  this s tage o f  our data 

inves t iga t ion ,  t h a t  the estimated whole-body dose-response curve fo r  

minimal treatment (curve A o f  F i g u r e  VI 9-1 ) i s  a p p r o p r i a t e  f o r  es t i -  

mating percent mor ta l i ty  i n  365 days. 

i s  the best es t imate  es tabl ished by consensus t h a t  the LD50/60 i s  

340 rad i f  only minimal medical treatment i s  ava i lab le .  On the as- 

1 

T h i s  curve (reproduced i n  Figure 16 )  

sumption t h a t  the LD50/60 dose i s  n o t  l e s s  than the LD50/365 dose (and 

may possibly be g r e a t e r ) ,  the minimal treatmen,t curve, based on 60-day 

dose, i s  considered t o  apply t o  human populations receiving minimal-to- 

supportive treatment following i r r ad ia t ion .  

There i s  some evidence from animal data t h a t  ce r t a in  damaged organ 

systems cause delayed death when exposed t o  doses lower than those 

causing ea r ly  death. 

dogs i s  3.5 mCi/kg (lo6Ru - lo6Rh) administered in  food, whereas an 

LD50/1 80 
than 340 rad m i g h t  delay death up t o  365 days. 

For example, the LD50,lo t o  the large bowel of 

i s  2.75 - 3.0 mCi/kg.21 By analogy, a smaller whole-body dose 

In any event ,  we con- 

clude t h a t  the LD50/60 minimal -treatment curve r e su l t s  in  conservative 
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Figure 16. Bone-Marrow Dose/Mortality Model 
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morta l i ty  pred ic t ions  from damage t o  bone marrow when there i s  some 

treatment following i r r ad ia t ion .  

Available whole-body response da ta  per ta in  t o  acute  doses from 

i r r a d i a t i o n s  of  sho r t  ( < 1  day) durat ion.  Mortali ty result ing from bone- 

marrow damage, therefore ,  can be predicted from whole-body response data  

f o r  acute  doses de l ivered  t o  bone marrow. 

from external  r ad ia t ion ,  such a s  b r i e f  exposures t o  ground contamination 

o r  from the passage of contaminated clouds.  I f  an in te rna l  dose t o  bone 

marrow were de l ivered  i n  a brief timespan, i t  i s  assumed t o  be addi t ive  

t o  t h a t  from external rad ia t ion  when estimating the combined mor ta l i ty .  
1 Appendix F of  the Reactor Safety Study ci tes  evidence t h a t  exposure 

pro t rac ted  over 2 t o  4 weeks i s  only ha l f  a s  effect ive a s  t h a t  delivered 

over a few hours. 

This would apply t o  doses 

We can therefore  p red ic t  mor ta l i ty  from slowly 

delivered in te rna l  doses by drawing another curve pa ra l l e l  t o  the whole- 

body curve but s h i f t e d  t o  the r i g h t  on the dose ax i s  by a f a c t o r  of two; 

o r  we can use the or ig ina l  whole-body mor ta l i ty  curve,  and d iv ide  the 2 

t o  4-week cumulative dose by two. S imi la r  appropr ia te  dose-weighting or 

ivered over various other time curve-sh i f t ing  should r e l a t e  t o  doses de 

spans. 

Data obtained from ITRI experiments i n  dogs22 were analyzed for  

mean dose t o  death (MDD) and mean time t o  death (MTD) from blood dyscrasia  

(Table 4 ) .  The overa l l  MDD and MTD were 900 rad and 26.4 days, re- 

spec t ive ly  (excluding the two much longer-lived animals i n  the 137Cs 

experiments). Damage t o  bone marrow was the primary cause of death i n  

these animals, even though other organ systems received appreciable 
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doses and were damaged. I n  these experiments, the dose r a t e  was suf- 

f i c i e n t l y  low t h a t  the k i l l i n g  dose could n o t  be considered as e f f ec t ive  

as  t h a t  from acutely delivered external rad ia t ion .  

r a t i o  f o r  man t o  dog i s  1 .423, we can ca lcu la te  an MDD f o r  man from an 

in te rna l  dose delivered t o  bone marrow over about a 30-day period t o  be: 

1 . 4  x 900 = 1260 rad.  

doubled-dose sh i f t ed  curve i s  almost exact ly  the same, indicat ing t h a t  

a p laus ib le ,  in te r im,  c r i t i c a l  bone-marrow dose f o r  mortal i ty  modeling 

can be determined by adding a l l  doses delivered from external radiat ion 

Assuming the LDS0 

The dose f o r  100% morta l i ty ,  calculated from a 

( f o r  exposures - <l-day durat ion)  t o  1 / 2  the 30-day dose accumulated in 

marrow from internal  emi t te rs  which de l iver  t h e i r  dose a t  s imi la r  or 

1 ower r a t e s .  

TABLE 4 .  Mean Dose and Mean Time t o  Death from Hematological Dyscrasia 

Isotope MDD ( r ad )  MTD (days) 

91 Y C ~  723  22 .4  

9 0 ~ r ~ ~  905 27.0 

4 4 ~ e ~ ~  928 31.5 

37csc1 1063 (1182)* 25.4 (37.4)* 

*Two of 11 animals l ived about 2-1/2 times 
longer,  s h i f t i n g  the MTD value b u t  not 
appreciably a1 t e r i  ng the MDD Val ue . 



' 

i 
I f  the r a t e  of dose accumulation in these experiments was re la -  

t i v e l y  constant ,  the mean dose r a t e  was approximately 30 radlday. 

t h i s  r a t e ,  3-4 days would elapse before a s u f f i c i e n t  dose would have 

accumulated to  produce about 0.01% mor ta l i ty ,  a s  predicted by the whole- 

body mortal i ty  curve. 

r a t e s  much g rea t e r  than about 30 radlday should not be calculated by the 

general r u l e  of halving in te rna l  emi t te r  doses. U n t i l  f u r the r  infor-  

mation i s  ava i lab le ,  marrow doses from in te rna l  beta emi t te rs  delivered 

a t  r a t e s  equal t o  o r  exceeding 50 rad/day a re  d i r e c t l y  added t o  ex- 

ternally acqui red  doses, w e i g h t i n g  such doses equally w i t h  those from 

acutely del ivered external rad ia t ion .  

A t  

T h u s ,  i t  appears t h a t  mortal i ty  from marrow dose 

Table 5 depicts  dose b u i l d u p  i n  homogeneous human bone, corroborat-  

ing the r e l a t i v e l y  slow buildup f o r  'OS,, 'lY and 144Ce (+daughters) ob- 

served in the animal experiments. 

buildup for 'OY i s  subs t an t i a l ly  f a s t e r  than f o r  the o ther  radionuclides 

examined. Also included i n  Table 5 i s  the r a t e  of dose buildup in bone 

f o r  the  PWR-2 reac tor  accident scenario described i n  Section V. I n  t h i s  

case ,  s ince ea r ly  dose r a t e s  exceed 50 rad/day, doses t o  bone from 

in te rna l  emi t te rs  a r e  given equi valent weight with those del ivered t o  

t he  whole body from external r ad ia t ion ,  and mortal i ty  predict ion i s  100% 

because of the extremely h i g h  doses to  bone. 

The t ab le  ind ica tes  t h a t  the dose 

The in te rna l  emi t te r  dose ca lcu la t iona l  code ( D A C R I N )  was designed 

t o  ca l cu la t e  dose t o  homogeneous bone rather t h a n  t o  bone marrow. We 

assume f o r  most prac t ica l  cases t h a t  the difference between dose t o  

marrow and dose t o  homogeneous bone would not s ign i f i can t ly  influence 
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the percent mor ta l i ty  due t o  blood dyscrasia .  However, caution i s  i n  

order  when model i n g  very weak beta emi t ters  o r  alpha emitters . 
event, death from hematological dyscrasia following inha la t ion  o r  in- 

gest ion of alpha emitters would be a very r a re  event. 

In any 

TABLE 5. Bone Dose t o  Man from Internal Emitters 

91 Y 4 4 ~ e  PWR-2 Accident 
Day % Dose Rad* % Dose Rad* % Dose Rad* % Dose Rad* % Dose Rad 

1 
2 
3 
4 
5 
6 
7 

14 
21 
28 
30 

2.4 29 17 
5 .5  66 35 
8.8 110 49 

1 2  140 61 
16 190 70 
19 230 77 
22 260 82 
46 550 97 
69 830 100 
93 1100 100 

100 1200 100 

200 3.6 
420 7 . 2  
590 11 
730 14 
840 18 
920 21 
980 25 

1200 49 
1200 72 
1200 94 
1200 100 

43 
86 

130 
170 
220 
250 
300 
590 
860 

1100 
1200 

3.2 38 7 .7  
6.5 78 16 
9.8 120 23 
13 160 29 
16 190 34 
20 240 39 
23 280 43 
46 5 50 64 
69 830 80 
93 1100 95 

100 1200 100 

230 
470 
680 
860 

1000 
1200 
1300 
1900 
2400 
2800 
3000 

* Assuming 30-day dose t o  bone i s  1200 rad 
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V .  C O M B I N E D  EARLY MORTALITY MODEL 

A .  Introduction 

The overal l  model f o r  predicting ear ly  mortal i ty  (death within 

365 days) from exposure t o  internal  and/or external ionizing radiat ion 

i s  a combination of the models described in Sections I11 and IV. I t  

should be emphasized t h a t  even though doses t o  man a r e  the calculated 

input t o  the  dose-response models (Section I V ) ,  the predicted conse- 

quences to  man a r e  more or l e s s  predicated on his response being iden- 

t i c a l  t o  t h a t  o f  the  animals whose dose-response d a t a  were used in 

developing the percent mortal i ty  per un i t  radiat ion exposure. Further- 

more, the combined ea r ly  mortal i ty  model, a t  t h i s  s tage of development, 

i s  useful only in predicting the consequences from internal  dose t o  bone 

marrow and lung. If  death were p a r t i a l l y  due t o  internal  i r r ad ia t ion  of 

other  organ systems, the percent mortal i ty  calculated from t h i s  model 

would be underestimated. 

The dosimetry model of  Section I11 can be used to determine "cri- 

t i c a l  doses" per ta ining t o  man f o r  whole-body, lung, bone (bone marrow), 

e t c .  from both internal  and external i r r a d i a t i o n .  However, a t  t h i s  

s tage ,  only dose to  lung and bone (marrow) a r e  u t i l i z e d .  These doses 

a r e  entered in the dose-response model in spec i f i c  fashion f o r  conver- 

sion to  percent mortal i ty .  The c r i t i c a l  doses a re  defined as follows: 

Lung 

1 )  30-day alpha in te rna l  emit ter  dose, and/or 
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2 )  30-day beta-photon in te rna l  emi t te r  dose + 30-day cross-organ 

dose + acute ly  del ivered external lung dose. 

Bone (bone marrow) 

1 ) acute ly  del ivered external bone marrow dose + 30-day internal  

emi t t e r  bone dose + 30-day cross-organ dose [for i n i t i a l  

(day 1 dose ra te)  internal  emi t te r  dose rate - > 50 rad/day], 

2 )  acute ly  delivered external bone marrow dose + 1/2(30-day 

in te rna l  emitter bone dose and 30-day cross-organ dose) [ for  

i n i t i a l  (day 1 dose r a t e )  internal  emi t te r  dose r a t e  < 50 

rad/day]. 

The combined mor ta l i ty  from these specific doses i s  calculated by the 

fo l  1 owing equation : 

n 

i 
Percent mor ta l i ty  = [I-II ( l - a i ) ]  100, 

where ai  i s  the f rac t iona l  mortal i ty  from bone (bone marrow) i r radi-  

a t i o n ,  internal  lung alpha-dose and internal  (+ ex te rna l )  lung be ta ,  

gamma-dose. 

The process of ca lcu la t ing  percent mortal i ty  f o r  two spec i f i c  

radionuclide scenarios i s  shown i n  Table 6.  Table 7 contains the 

de ta i l ed  dosimetry data  f o r  a PWR-2 reac tor  accident .  

dose ca lcu la t ions  a r e  presented i n  Appendices 1 and 2 .  

Detai ls  of the 

c 
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CALCULATION 

RELEASE SCENARIO 

ASSUMPTIONS 

SCENARIOS 1 AND 2: 
RELEASE HEIGHT-25 m 
ATMOSPHERIC COND iT1 ONS - 
STABLE PASQUILL F 
WIND SPEED-2 mlSK 

SCENARIO 1 

MIS SCENARIO I S  A N  I M A G I N A R Y  EXAMPLE 
JSED TO TEST THE MORTALITY MODEL. THE 
?ADIONUCLIDES RELEASED ARE: 

Zr-95 2.0 E + 6 C i  
Ru-106 7.0 E t 5 C i  
P 1 ~ 2 3 9  1 . O E  + 4 C i  

SCE N A R l  0 2 

THIS S C E N A R I O I S A W A S H - 1 4 M ) P W R - 2  
ACCIDENT. THE RADIONUCLIDES ITABLE 2. 
COL. I1 ARE RELEASED TOTHE ENVIRONMENT 
2.5 HRS A F E R  THE ACCIDENT OCCURS. 
TABLE7. COC 3 LISTS THE ACTIVITIES 
RELEASED. 

SOURCE TERM RECEPTOR D l  STANCE DCWNWIND: 
SCENARIO 1-ISM1 m 
SCENARIOZ- 5M1 m . 

:ONCENTRATIONS AT RECEPTOR: 
Zr-95 7.1 E - 3 C i l m l  
Ru-106 2.5 E - 3 C i l m l  
Pu-239 3.5 E - 1 D C i l m l  

CONCENTRATIONS AT THE RECEPTOR APPEAR 
IN TABLE 7. ca. 4. 

ORGAN DEPOSITION DEPOSITION FRACTIONS: 
SCENARIOS 1 AND 2 

NDID3I = 0.233 
TBIDql - 0.080 

PID5) - 0.234 
PARTICLE S I Z E  * 1.0vm 
BREATHING RATE * 333CClSK 
EXPOSURE TIME - 0.5 hr 

'ULMONARY DE POSITION: 
Zr-95 1 0 , w O v C i  
Ru-106 35OOpCi 
Pu-239 A 9 u C i  

LUNG DEPOSITIONS ARE LISTED I N  TABLE 
7, COC. 5. 6 A N D  7. BONE DEPOSITION 
FRACTIONS APPEAR I N  TABLE 7, COC. 8 

M D A Y  LUNG DOSE-INTERNAL INHALATION DOSE ONLY 
TASK GROUP LUNG MODEL 
SOCUBILITY CLASS: 

SCENARIO 1 - A L L  "Y" CLASS 
SCENARIO2 -SEE TABLE 2 

COCUMN 1 

IO D A Y  LUNG DOSE: 
a 430 rad 
0 - y  8 9 W r a d  

30 DAY LUNG DOSE ITABLE 7. COL. 141: 
a 10 rad 
p - y  7600 rad 

M D A Y  hOMOGEhEOUS 
aONE DOSE-IhTERNAL 

~~~~ 

I C R P  II TRANSFER 
C E F F l  CIENTS: 

SCENARIOS 1 AND 2 - SEE TABLE 7. 
COCUMN 1 

M DAY HOMOGENEOIJS BONE DOSE 
ITABLE 7. Cot. 151 

0.07 rad 
8 - 7  3wO rad 

IO D A Y  HChlOGENEOUS BONE DOSE: 
a -0 r a d  
B-r - O r a d  

M D A Y  CROSS ORGAN DOSE CONTRIBUTION I S  FRCnn y -EMMITERS 
ONLY. LUNG, LIVER. BONE IRED 
MARROW1 ARE ONLY SIGNIFICANT 
SOURCE TARGET ORGANS. 

IO DAY CROSS-ORGAN DOSE: 

BONE MARROW -0 rad 
LUNG -0 r a d  

M DAY CROSS-ORGAN DOSE (TABLE 7 
COC. 131: 

LUNG -7.3 rad 
BONE MARROW -0 rad 

EXTERNAL DOSE SCENARIOS 1 AND 2: 
EXPOSURE T I M E .  0.5 hr 
A I R  SUBMERSION OOSE 

XTERNAL WHOCE-BODY DOSE: 
Zr-95 21 rad 
Ru-106 2 r a d  
Pu-239 u r a d  

TOTAL 23 rad 
XTERNAL LUNG DOSE 
X E R N A L  BONE MARROW DOSE : 24 rad 

* 22 r a d  

EXlERNAL DOSES -TABLE 7, COCUMN 9, 
10. 11 AND 12 
EXTERNAL WHOLE-BODY DOSE 610 rad 
EXTERNAL LUNG DOSE 570 r a d  
EXTERNAL BONE MARROW DOSE. 640 rad 

30 D A Y  DOSE -ACUTE 136501 
MORTALI~Y MODEL 

CRITICAL DOSE TOLUNG I S  COMPOSED 
OF: 

a 30-DAY INTERNAL DOSE 
p.r: M - D A Y  INTERNALI INCLUDING 

CROSS-ORGAN) A EXTERNAL 

PERCENTMORTALITY AS A FUNCTION OF DOSE. 
CRITICAL OOSE DOSE a 

'ERCENTMORTALITY AS A FUNCTION OF DOSE. 
CRITICALDOSE DOSE a 

BONEMARROW 24 -0 
LUNG 
a 430 74. 1 
6 - r  3900 68.0 

MODE - [rad) MORTALITY (rad1 MORTALITY - _ _ _  MODE 
BONEMARROW 3M13 1W 
LUNG 

LUNG DOSES. 
CRITICAL DOSE TO BONE MARROW I S  
COMPOSED OFEITHER 

a 10 -0 
8 - 7  3203 51.5 

I . E + l ,  I F R 2 5 0 r a d l d a y  OR 
2 .  EtlR. I F R < 5 0 r a d l d a y  

E. EXTERNAL BONE MARROW DOSE 
I * ?&DAY INTERNAL DOSE 

(I NCLUD I NG CROSS -0RGANI 
R *  I N I T I A L  INTERNAL DOSE RATE 

WHERE 

PERCENTM0RTALITY:lOl [ I -  .f; I l-a.l] 

WHERE a. I S  THE FRACTIONAL MORTALITY 
FROM 6dNE MARROW IRRADIATION. 
INTERNAL L U f f i  a AYD INTERNAL PLUS 
EXTERNAL L U f f i 8 -  I. 

1.1 I 
HE PERCEM MORTALITY OF PERSONNEL 
XPOSED TO THE A B M  SCENARI 0 WOULD 
IE 92.7%. ISEE SECTION V FOR TREATMENT 
IF ERRORSI. 

THE PERCENT MORTALITY Of PERSONNEL 
EXPOSED TO M E  ABOVE SCENARIO WOULD 
BE 1wb. ISEE SECTiON V FOR TREATMENT 
OF ERRORSI. 

PERCENT MORTALITY 

Table 6. C a l c u l a t i o n s  of  f l o r t a l i t y  P r o b a b i l i t y  from. TWO 

Hypothe t ica l  Radionuc1id.e Release Scena r ios .  



-___ LUNG OCPOSITION @I) EXlERNAL DOSE. 0.5 hr. rad exposlire 

RLLf 4 %  CONCENlRAl ION BONE OEPOSITION BONE IUNC, LIJNC BOM BONC 

30 DAY INICRNAL OOY (rad) 
1 2 3 4 5 6 7  8 9 IO 11 I2 13 14 15 10 

RADIONUCLIDE/ SOLURILIIY ACTIVITY IC11 AT RECCPTOR ICIImlI NP-03 TB-04 P - W  FRACTION TOrAL BOO! LUNGS REDMARROW Bm OEPO$lTCO DEPOSITED CROSS-Qe@ly __ ______-______I_ 
co-sn 
CO-60 
Kr-85 
K r  85m 
Kr-87 

'Kr-88 

Sr-R9 
Sr-90 

'St-91 
Y -90 
Y-91 

Rh-86 

*Zr-95 
*Zr-97 

Nb-95 
Mo-99 
lc-99m 
R I J - I O ~  

*RIJ-I05 
* R U - I W J  

Ah-I05 
le- I27 
le-lZ7m 
le-I29 
Ie-129m 

*Ie-l3lm 
* l e -  132 
'Sb-I27 

Sb-129 
1-131 
1-132 

*I-133 
* / - I 3 4  
*I-135 

Xe-I33 
Xe-135 
Cs-IY 
CS-IM 
CS-I37 

*Ba-140 
La-I40 
ca-141 

%e-I43 
*ce-144 

Pr-143 
*Nd-l47 
NF 239 
P1r-238 
PV -279 
Pu-240 
Pu-211 
Am-241 
Cm-242 
Cm-244 

Y 
Y 
0 
0 
0 
0 
W 
0 
0 
0 
W 
W 
Y 
Y 
Y 
Y 
Y 
Y 
Y 
Y 
Y 
W 
W 
W 
W 

. w  
W 
W 
W 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
W 
Y 
Y 
Y 
Y 
Y 
Y 
Y 
Y 
Y 
Y 
Y 
Y 
Y 

1.6 E t  4 
8.8 E t 3 
5 . O E t  5 
1.5E+7 
1 . I E 4  7 
3.3Ct7 
1.3Ei 4 
5.6 Et 6 
2 2 E 4 5  
5 .5E t6  
1.5 E t  4 
4 8 E t 5  
6.0 E t  5 
5 . 4 E t  5 
6.0 E t  5 
3 . 1 E t 6  
2 l E t 6  
2 2 E t 6  
9 7 E t 5  
5 . 0 E t 5  
9 . 3 E t 5  
1 . 5 E t 6  
3 . 3 E t  5 
2 1 E t 6  
1.3Et6 
3.7 E t 6  
3.5 E t  7 
1.8 E t  6 
6.6 E t  6 
6.0 E + 7 
4.0 E t  7 
I . l E t 8  
1.9Et7 
a i E t 7  
1 .5E+8  
2 5 E t 7  
3.8E+6 
1.5 E t  6 
2 1 E t 6  
9 . b E t 6  
6 .1E t5  
6.0 E t  5 
4 9 t  + 5 
3 .4E t5  
5 . 2 E t 5  
2 4 E + 5  
6 . 4 E t 6  
2 3 E t 2  
8.4Et I 
8 . 4 E t  1 
1.4 E t  4 
6 .8EtO 
20E+ 3 
9.2 E +  1 

'OAUCIffERS CONS1 OERED 

4.5E- I1 
1.6 E - 11 
L I E - 9  
4 Z E - 8  
3.16-8 
9.3 E -8  
3.7 E -  I 1  
1.6E-8 
6 .2 t -10  
1.6 E-8 
4 2 E - l l  
1.4F-9 
1.7 E- 9 
1.5 E - 9  
1.7 E-  9 
8.7 E - 9  
5.9E-9 
6.2E-9 
2.7 E -9  
1.4E-9 
2.6E-9 
4 2 6 - 9  
9.3 E -  IO 
5 . 9 f - 9  
3.7E-9 
L O € - 8  
9.8t.8 
5.1 E - 9  
1.9E-8 
1.7 E -  7 
1.1 E -7  
3.1 E-7 
5.3F-8 
2 3 E - 7  
4 2 E - 7  
7.Of-8 
1.1 E -8  
4 2 E - 9  
6.8 E- 9 
2 7  E - 8  
1.7E-9 
1.7E-9 
1.4E-9 
9.6 E- IO 
1.5 E -  9 
6.8E-8 
LEE-8 
6.5C-13 
2 1 E - 1 3  
24 E - 13 
3.9 E -  11 
1.9t- 14 
5.6 E-12 
2 6  E -  13 

TOTALS 

7.8 2.2 6.3 
28 a78 23 
13.5 3.7 11.0 
7280 2020 5910 
5340 14Ro 43m 
16.000 4450 1 3 . m  
6.3 1.8 5.1 
2720 755 2210 
107 29 7 a6.7 
2670 741 2170 

233 647 189 

262 72.8 213 
290 80.9 237 
15M 418 I2Al 
1020 283 828 
IO70 297 867 
471 131 382 
13.5 3.7 11.0 

7.3 20 5.9 

291 80.9 237 

451 125 361 
728 202 591 
160 44.5 r 130 
1020 283 828 
630 180 510 

499 1460 
I7,wO 4720 13.800 
873 2.13 710 
3200 890 2600 
29, I00 BO90 23.700 
1 9 . m  5310 15.W 
5 3 . m  14800 43.400 
9220 m Tam 
39, Mo IO, 900 3l.W 
7 3 . m  20.uoo 59,wo 
12. 100 3370 9864 
1&10 512 1500 
728 202 591 
1160 324 945 
4660 1210 3790 
2% 82.2 241 
291 83.9 231 
738 66.1 193 
165 45.8 I34 
252 70.1 205 
116 32.4 94.6 
3110 863 2520 
0.11 0.03 0.OY 
0.04 0.01 0.03 

6.8 1.9 5.5 

0.91 0.27 (1.71 
0.04 0.01 0.04 
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Table  7 .  C a l c u l a t e d  O r g a n  D o s e s  R e s u l t i n g  from a PWR-2 Reactor A c c i d e n t  
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The f i r s t  scenario f o r  ca lcu la t ing  percent mor ta l i ty ,  contains one 

a1 pha emi t te r  (Pu-239) , one beta emit ter  (Ru-106) , and one gamma emi t t e r  

(Zr-95) which a re  assumed t o  be released from a height o f  25 m in to  a 

s t a b l e  atmosphere having a ground wind speed of 2 m/sec (column 3 ,  

Table 6 ) .  The quan t i t i e s  released were 0.01,  0 .7  and  2 mill ion Curies,  

respec t ive ly ,  and were obtained by back-calculating from the selected 

f ina l  lung burden. The exposed population, located 1500 m downwind from 

the re lease  point ,  was exposed f o r  30 minutes t o  concentrations of 

0.35 nCi/ml of 239Pu,  25.0 nCi/m of Io6Ru and 71 .O nCi/ml o f  95Zr. The 

airborne concentrat ions,  lung burdens, external doses, 30-day in t e rna l -  

emi t te r  lung doses and 30-day cross-organ doses were calculated accord- 

i n g  t o  the methodologies o f  Section 111, using the assumptions l i s t e d  in 

column 2 ,  Table 6.  

j e c t s  d u r i n g  the half-hour exposure t o  the radioact ive cloud was 21 rad 

from 95Zr plus 2 rad from lo6Ru. There i s  no external dose contr ibut ion 

from 239Pu.  

the 30-day l u n g  doses from the inhaled material were 430 r ad  from alpha 

rad ia t ion  and 8900 r a d  from beta-gamma rad ia t ion .  

The external whole-body dose received by the sub- 

The bone-marrow dose from external rad ia t ion  was 24 rad ;  

The percent mortal i ty  in the exposed population within the f i r s t  

year was calculated by applying the empirical dose-response model 

described i n  Section IV t o  these doses. No deaths a re  predicted from a 

bone marrow dose of only 42 r a d ,  while 74% mortal i ty  i s  predicted from a 

30-day lung dose o f  430 rad alpha, and 68% mor ta l i ty  would be predicted 

from a 30-day lung dose of 8900 rad beta-gamma rad ia t ion .  The combined 

percent mortal i ty  of a population exposed simultaneously t o  these doses 
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i s  calculated using the equation described in Part  A o f  t h i s  sect ion.  

The combined percent mortal i ty  within the f i r s t  year  from exposure t o  

this scenario i s  calculated t o  be 93%. 

The second scenario f o r  ca lcu la t ion  of percent mortal i ty  i s  a 

WASH-1400 PWR-2 accident.  The radionuclides released t o  the environment 

a t  a height of  25 m y  2.5 hours a f t e r  the accident a r e  l i s t e d  in Table 7 ,  

column 1 .  

column 2 ,  and the to t a l  a c t i v i t y  released t o  the atmosphere over a half-  

hour period is  g iven  i n  column 3. 

tions l i s t e d  in  column 2 of Table 6 ,  were used t o  ca l cu la t e  the airborne 

concentration of each of  the released radionuclides a t  the receptor ,  

500 m downwind (column 4 ,  Table 7 ) .  

and bone d u r i n g  a 30-minute exposure t o  the center  l i n e  o f  the radio- 

ac t ive  cloud i s  given in columns 5, 6 ,  7 ,  and 8 of Table 7. The rad 

dose from external radiat ion d u r i n g  th i s  exposure was calculated for  

t o t a l  body a s  well a s  f o r  lungs only, red bone marrow only and to t a l  

bone, f o r  each o f  the radionuclides (column 9 ,  10, 11 , and 1 2  of Table 6 ) .  

The l u n g s  received a t o t a l  o f  570 rad ,  and the red bone marrow received 

640 rad during the 30-minute exposure to  external rad ia t ion .  

in te rna l -emi t te r  dose t o  l u n g  and bone, and the bone cross-organ dose, 

a r e  l i s t e d  i n  columns 14, 15, and 16, of  Table 7 for each of  the radio- 

nuclides i n i t i a l l y  deposited in  the lungs. The 30-day internal-emit ter  

The s o l u b i l i t y  c l a s s  f o r  each radionuclide is  given i n  

These da ta ,  along w i t h  the assump- 

The a c t i v i t y  deposited in the lungs 

The 30-day 

dose t o  lung was 10 rad alpha and 7600 rad beta-gamma. 

internal  emi t te r  dose t o  homogeneous bone was 300 rad (column 4 ,  Table 6 ) .  

The 30-day 
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The empirical dose-response model of Section IV predic t s  no deaths 

The percent mortal i ty  from from the alpha dose i n  t h i s  PWR-2 accident .  

the beta-gamma internal  emi t te r  lung dose i s  58%. The percent mortal i ty  

from the  external dose and in te rna l -emi t te r  dose to  bone marrow i s  100%. 

The combined mor ta l i ty ,  therefore ,  i s  a l so  100%. 

Errors i n  estimated mortal i ty  f o r  these two scenarios a r e  discussed 

i n  the  following sec t ion .  

B. Estimate of Error 

Mortali ty predict ions a r e  dependent upon a number of f a c t o r s ,  each 

having a range of values w i t h  a degree of uncertainty.  The uncertainty 

i n  the dose-response models f o r  1 ung and bone marrow has been subjec t ive ly  

determined t o  cause a range of - +loo% i n  mortal i ty  predict ions f o r  bone 

marrow i r r a d i a t i o n  and - +50% f o r  lung i r r a d i a t i o n .  A range o f  approxi- 

mately - +20% of uncertainty has been c i t ed  f o r  the LD50/60 value f o r  

supportive treatment a f t e r  whole body i r r a d i a t i ~ n . ~ ~  A1 though a 20% 

v a r i a t i o n  i n  L D  f o r  whole body i r r a d i a t i o n  does not  q u i t e  equate  t o  a 

f a c t o r  of 2 e r r o r  i n  mor ta l i ty  predict ion (approx.imate e r r o r  range i s  

+60%, -70%) we considered the p o s s i b i l i t y  t h a t  the LD50/60 value i s  h i g h  

under combined internal  and external exposure modal i t ies .  

50 

For the 30-day lung doses i n  Table 6 ,  a reasonable upper l i m i t  on 

uncertainty of mor ta l i ty  predict ion-  i s  - +50%. 

creases  a s  lung dose decreases (say a t  < 

w i t h  lung doses above LD35,365 values. 

However, this e r r o r  i n -  

values) , and decreases 
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f 

The dose-calculation model a l s o  has a degree of uncertainty,  which 

may be la rge  o r  small, depending upon the scenario and the population 

b e i n g  exposed. 

we have a r b i t r a r i l y  excluded a l l  b u t  adu l t  populations, and assumed 

negl ig ib le  e r ro r s  i n  the physical parameters used i n  the dose-calcu- 

l a t ion  model. We have a l s o  assumed t h a t  radionuclide concentrations t o  

w h i c h  a subject  i s  exposed a r e  accurately known. 

source term should be included. 

To s impl i fy  the treatment of e r ro r s  i n  dose calculat ion 

Known e r ro r s  i n  the 

Errors i n  dose ca lcu la t ion  a r i s e  from inaccurately known organ 

burdens, breathing pa t te rns ,  radionuclide s o l u b i l i t y  and p a r t i c l e  s i z e  

c l a s s i f i c a t i o n .  These errors i n  dose a r e  estimated below. 

1 .  P a r t i c l e  Size Variation. Doses from three  radionuclides,  'OY, 

'lY and 239Pu ,  were calculated t o  determine var ia t ion  i n  30-day dose t o  

lung and bone from the nominally selected 1-pm p a r t i c l e  s i ze .  Although 

both la rge  and small p a r t i c l e s  may be c a r r i e r s  of r ad ioac t iv i ty ,  we 

assumed t h a t  the bulk of the a c t i v i t y  i s  found associated with pa r t i c l e s  

ranging in  s i z e  from 0 .5  t o  2.0 vm. 

t i c l e s  are assumed t o  be removed by s e t t l i n g .  

appreciably reduced below 0 .5  pm only a t  dis tances  several hundred miles 

downwind of  the exposure s i t e .  

range i s  -26% t o  +31% f o r  each isotope; the influence on bone dose 

i s  -38% t o  +52% f o r  a l l  three isotopes;  o r ,  excluding 239Pu,  -3% t o  

+12%. 

both lung and bone dose. 

For our purposes, very la rge  par- 

P a r t i c l e  s i zes  will  be 

The influence on lung dose f o r  this  

We have a r b i t r a r i l y  selected -26% t o  +31% as  the influence on 
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2 .  Breathing Rate Variation. A breathing r a t e  of  333 cm3/sec 

( the value f o r  Reference Manz5 fo r  " l i g h t  a c t i v i t y " ,  and f o r  nonoccu- 

pational a c t i v i t y )  i s  usually employed f o r  ca lcu la t ing  dose. 

500 cm /sec ,  t h a t  for heavy work, may be more appropriate t o  accident 

scenarios ( f a s t  escape from an area of  contamination). 

increases both lung and bone marrow dose by 50%. 

A r a t e  of  
3 

Such a r a t e  

3. Organ Weight Variation. Adult male and female reference l u n g  

weights a r e  1000 g and 800 g ,  respect ively.  

have been reduced approximately 10% from the mean lung weights tabulated 

i n  ICRP publication 23.25 

bloodless lungs, a l s o  given i n  I C R P  publication 23, i s  -14% t o  +26%. 

have selected a value of - +25% t o  represent the range of uncertainty i n  

lung weight .  This i s  a frequent uncertainty observed in the animal 

experiments. According t o  I C R P  publication 23, the weight  var ia t ion for 

t o t a l  bone marrow may be a s  h i g h  a s  - +50%, the  range we have a l so  adopted 

f o r  red marrow. 

These conservative values 

The range of w e i g h t  var ia t ion i n  nearly 

We 

4. Radionuclide So lub i l i t y  Class i f ica t ion .  Idea l ly ,  each radio- 

nuclide should have a known re ten t ion  function fo r  each organ of i n -  

terest .  

c l a s ses .  

s o l u b i l i t y  c lasses  (D, W o r  Y ) .  

i s  assigned m i g h t  r e s u l t  in a s  much a s  1700% dose var ia t ion  such a s  

found i n  the 30-day dose f o r  'lY i f  c l a s s  W were chosen ra ther  than 

Until such data a r e  ava i lab le ,  we must use the broad s o l u b i l i t y  

However, caution must be exercised i n  assigning even the broad 

Mis judg ing  the c l a s s  t o  which an isotope 
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c l a s s  D. We subjec t ive ly  assume t h a t  e r ro r s  resu l t ing  from select ion of 

D ,  W or c l a s s i f i c a t i o n s  ( r a t h e r  than actual re tent ion functions) range 

between -30% and +30%, on the average. 

change from 500 days t o  250 days in the e f f ec t ive  h a l f - l i f e  in the lung 

produces only a 2% change in  dose. We recognize t h a t  the - +30% range i s  

a subject ive estimate,  however, the impact on mortal i ty  of  mixtures of 

radionuclides,  such as from the exampled PWR-2 accident,  may not be much 

d i f f e r e n t  from - +30%. Radionuclides of shor t  e f f ec t ive  h a l f - l i f e  a re  the 

problem and extreme caution needs to  be exercised when they a r e  included 

For 239Pu ,  for  instance,  a 

in  the scenario.  

5. In summary, var ia t ions  used i n  calcu a t ing  organ dose are: 

Parameter Lung Bone Marrow 

Pa r t i c l e  s i z e  -26 t o  +31% -26 t o  +31% 

Breathing r a t e  0 t o  +50% 0 t o  +50% 

Organ weight - +2 5% - +50% 

Sol ubi 1 i t y  - +30% - 1.30% 

The overall  e r r o r  in  percent mortal i ty  i s  a function of  the com- 

bined errors in  calculat ion of dose and i n  biologica var ia t ion .  

Although not rigorously the case,  i t  i s  assumed t h a t  the individual 

e r r o r s  a r e  independent or uncorrelated.  Under these condi t ions,  i t  i s  

possible t o  estimate the variance i n  percent mortal i ty  by summing the 

variances of each f ac to r  a l t e r i n g  the mor ta l i ty  predict ion:  
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var ( %  morta l i ty )  = var ( x , )  t var(x2)  + --- , 

2 (range x i )  
2 

where var  ( x i )  

The standard deviat ion on percent mor ta l i ty ,  then, i s  

s = d v a r ( %  mor ta l i t y ) ,  

cal  cul a ted  a s  fo l  1 ows : 

S (Bone Marrow) = [1/2(572 + 502 + 100' + 602 + 200 2 ) ]  1/2 = 170% 

a f a c t o r  of 2.7, and 

S ( L u n g )  = [1/2(572 + 50' + 50' + 602 + 1002)]"2 = 100% 

a f a c t o r  of  2.0.  

The t o t a l  e r r o r  i n  mor ta l i ty  predict ion must eventually include the 

e r r o r s  i n  the source term and those  result ing from extending the mor- 

t a l i t y  pred ic t ions  t o  nonadult populations. Not i n c l u d e d  i n  th i s  

treatment a r e  the e r r o r s  inherent i n  ex t rapola t ing  animal data  t o  man. 

The bone dose-response model i s  comprised of  both human and animal d a t a ,  

the b u l k  o f  i t  coming from human da ta .  The lung dose-response model 

contains  elements of both,  b u t  the bulk of  the data  i s  from animals. 

s t a t e d  e a r l i e r  i n  th i s  sec t ion ,  "the consequences t o  man a r e  more o r  

less predicated on his response being ident ica l  t o  t h a t  of the animals 

whose dose-response data  were used i n  developing the percent mor ta l i ty  

As 
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per un i t  o f  rad ia t ion  exposure." The word "more" shou 

1. 

f 
t 

d be emphasized 

regarding the lung model. 

doses a r e  plot ted vs. survival time, and,mortal i t y  predict ions a re  

derived from these da t a ,  curves were o f ' s imi l a r  slope for a l l  species .  

I t  should be noted, however, t h a t  when 30-day 
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V I .  COMPARISON TO OTHER MODELS 

As noted i n  Sec t ion  I ,  a number o f  models e x i s t  t h a t  r e l a t e  r a d i -  

a t i o n  dose t o  human m o r t a l i t y .  

14001, Wells', SA13, and Raabe-Goldman ) ,  o n l y  the  SA1 model can p r e d i c t  

percent  m o r t a l i t y  r e s u l t i n g  f rom exposure t o  an a r b i t r a r y  m i x t u r e  o f  

rad ionuc l i des .  Thus, s t r i c t l y  speaking, o n l y  the  SA1 model i s  comp- 

a r a b l e  t o  the  model presented i n  t h i s  r e p o r t .  However, c e r t a i n  elements 

O f  the  f o u r  models mentioned (WASH 

4 

o f  Scenar io 1, presented i n  Sect ion V,  a l l o w  comparison. 

The WASH 1400 model was designed e x c l u s i v e l y  f o r  use w i t h  beta- 

The p r o b a b i l i t y  o f  death w i t h i n  365 days i s  taken t o  be a e m i t t e r s .  

power f u n c t i o n  o f  l ung  dose t o  365 days. 
1 i s  g iven  i n  F igu re  V I  9-3 o f  t he  Reactor Safe ty  Study . 

f o r  t he  curve i s  

A curve rep resen t ing  the  model 

The equat ion 

11 $.421 P = 2.07 x 10- Y 

where P i s  t h e  p r o b a b i l i t y  o f  death w i t h i n  365 dzys, and D i s  the  l ung  

dose i n  rad.  
2 Wel ls  r e l a t e d  probable r e s u l t s  o f  i n h a l a t i o n  exposure t o  i n s o l u -  

a b l e  rad ionuc l i des  t o  two parameters: 

h a l f - l i f e  i n  days; and IDR,  t h e  i n i t i a l  dose r a t e  i n  rem/min. Poss ib le  

T1/2, t he  e f f e c t i v e  l ong  term 

responses were d i v i d e d  i n t o  th ree  ca tegor ies :  long- term s u r v i v a l  (no 

e a r l y  mor ta l  i t y )  , e a r l y  mor ta l  i t y  (no long- term s u r v i v a l  ) , and unce r ta in  

prognosis .  These ca tegor ies  a r e  de f i ned  as :  
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( 1 )  IDR 5 2.0 T l I 2  -0'690, long-term survival i s  probable; 

( 2 )  IDR - > 8.1 T1,2 -0*625,  ea r ly  mortal i ty  is  probable; 

Oa6'0 < IDR < 8.1 T- , prognosis uncertain.  ( 3 )  2.0 T;/2 1 / 2  

S c i e n t i s t s  a t  Science Applications Incorporated (SAI) have proposed 

a model f o r  the probabi l i ty  of e a r l y  death based on the 365-day dose, 

D,(rem), and a " c h a r a c t e r i s t i c  i r r ad ia t ion  time," m y  defined as m = 

D/IDR, where IDR i s  the i n i t i a l  dose r a t e  i n  rem/min. The model i s  

bas i ca l ly  a power funct ion,  r e l a t i n g ,  P ,  the probabi l i ty  of death w i t h i n  

1 year ,  t o  the dose, D.  However, the exact form of the equation depends 

on m: 

4 Raabe and Goldman proposed a model for ea r ly  ,mortali ty based on 

the t o t a l  k i l l i n g  dose, K. The to t a l  k i l l i n g  dose i s  sa id  t o  follow a 

log normal d i s t r ibu t ion  w i t h  a median, K ,  and geometric standard devi- 

a t i o n ,  T t h a t  a r e  c h a r a c t e r i s t i c  of a given radionuclide.  Moreover, K 
9' 

i s  sa id  t o  be independent of dose r a t e  and survival time. 

- 

A predict ion 
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of percent mor ta l i ty  a t  some time, t ,  can be obtained by computing the 

9 
cumulative dose t o  time t from a radionuclide; then u s i n g  the and r 

f o r  t h a t  radionuclide t o  compute probabi l i ty  of death. Estimated values 

of ST and  'I f o r  239Pu02 a r e  given by Raabe and Goldman as 4300 and 
9 

1.35 rad ,  respect ively.  

This example, Scenario 1 , uses a re lease  of 95Zr, lo6Ru and 239Pu. 

Numbers pertinent to  the compari son ca lcu la t ions  a r e  given bel ow: 

9 5 ~ r  06Ru 239Pu 

I DR ( rad/mi n ) 0.17 0.15 0.014 

365-day dose ( r a d )  14,200 32,000 4080 

For the models based on rem, the 239Pu dose and dose r a t e  were 
I converted us ing  an R B E  of 10. Wells model requires  the use of T l I 2 ,  

the  "long-term e f f e c t i v e  half-time.' '  For the purposes of t h i s  com- 

par ison,  T,,2 was taken as the solut ion of 

IDR T l I 2  (l - exp -(693(361))) 
0.693 T1 / 2  D =  

Predicted mor t a l i t i e s  from each model a r e  g i v e n  i n  Table 8.  

Some of the differences i n  the  t ab le  can be explained by d i f f e r -  

ences i n  dose ca lcu la t ion  methodologies. However, real  differences a r e  

a l s o  present.  

beta-gamma-emitters i n  the SA1 model i s  note worthy s ince the dose 

accumulation pa t te rns  a r e  not grea t ly  d i f f e r e n t .  

The d i f fe rence  i n  percent mor ta l i ty  f o r  the alpha- and 

The 365-day doses ( i n  



65 

4 4 rem) a r e  comparable (4.08 x 10 and 4.62 x 10 , respec t ive ly)  and the 

c h a r a c t e r i s t i c  i r r a d i a t i o n  times d i f f e r  by only a f a c t o r  of 2 (2.94 x 10 

and 1.45 x 10 , respec t ive ly) .  

be weighted too heavily i n  this case.  

5 

5 T h e  c h a r a c t e r i s t i c  i r r a d i a t i o n  time may 

TABLE 8. Comparison of Percent Mortali ty W i t h i n  365 Days, Predicted 
by Various Models from Example Scenario 1 (Section V )  

Model A1 pha-emi t ters  Beta-gamma-emitters Combined 

PNL 74 

WASH- 1 400 100 

SA I 21 

Raabe-Go1 dman 49 

We1 1 s ?* 

68 

100 

92 

-- 
? 

93 

100 

100 

-- 
? 

* " ? I '  ind ica tes  t h a t  values f e l l  i n to  the "region of uncertainty"  
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VII. FUTURE RESEARCH 

During Phase I research, the need f o r  additional animal data i n  

various areas  were iden t i f i ed  and discussed among s c i e n t i s t s  from ITRI 

and PNL. 

a r e  twofold: 

mor ta l i ty  models designed by ITRI and PNL,  and ( 2 )  t o  provide additional 

data (including morbidity) for  expanding the models and refining the  

mortal i t y  estimates.  

The object ives  of  proposed Phase I1 animal research (Table 9 )  

( 1 )  t o  t e s t  the respective merits of  the dose/acute- 

TABLE 9 .  Objectives of  Proposed Phase I1 Animal Experiments 

1 .  Characterization of acute  ( e a r l y )  responses of selected 
species  t o  inhaled s ingle  radionuclides.  
Determination of methods fo r  summing e f f e c t s  o f  inhaled beta- 
emitt ing radionuclides and of whole-body pho ton  i r r ad ia t ion  
from external sources. 

2 .  

3. Determination of  methods f o r  summing e f f e c t s  of  inhaled alpha- 
emitt ing radionuclides and of  whole-body photon i r r ad ia t ion  
from external sources. 
Determination of methods for summing e f f e c t s  of  inhaled mix- 
tures of alpha- and beta-emitting radionuclides.  

i nsol ubl e and sol ubl e radionucl ides.  

4. 

5. Determination of methods f o r  summing the e f f e c t s  of inhaled 

6. Characterization of dose-rate e f f e c t s  from inhaled radionuclides.  
7 .  Characterization of  effect  from spa t i a l  d i s t r ibu t ion  of i n -  

haled alpha-emitters i n  the lung. 

The question of species differences i n  response t o  radiat ion i s  

important for  two reasons. First, the dose-response modes i n  t h i s  
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although they a r e  

Secondly, i t  must 

t i v e  of the mamma 

prov 

data 

report  a r e  based primarily on animal data (mostly from r a t s  and dogs) ,  

intended f o r  extrapolat ion t o  human populations. 

be establ ished t h a t  the r a t  i s  a su i t ab le  representa- 

ian species;  Phase I1  experiments proposed by ITRI and 

PNL u t i l i z e  the r a t  because of the la rge  numbers of animals desired.  

Expense precludes the use of comparable numbers of a l a rge r  species 

(such as the dog) ,  unless the necessi ty  can be proven for purposes of 

extra  pol a t i  on. 

Species comparisons between r a t  and dog a r e  incorporated in to  

proposed ITRI and PNL experiments w i t h  both beta-emitting and  alpha- 

emitt ing radionuclides.  

chemical forms of radionuclides previously administered t o  dogs will  

Inhalation exposure of rats t o  the same physio- 

de the basis  for comparison o f  pulmonary responses. 

The Phase I1 experiments w i t h  r a t s  have been designed to  provide 

necessary for examining combined external and in te rna l  rad ia t ion  

hazards. Experiments planned by ITRI include exposure to  combinations 

of  inhaled insoluble  beta emit ters  and external gamma rad ia t ion .  Ex- 

periments planned a t  PNL include exposure to  inhaled insoluble  alpha 

emit ters  and external gamma rad ia t ion .  Experimental designs a r e  iden- 

t i c a l  t o  allow data  intercomparison and t e s t ing  of the dose-response 

models from both labora tor ies .  

described i n  t h i s  repor t  (Section IV-B) appl ies  t o  acute doses of  whole- 

body photon i r r ad ia t ion  a s  well as t o  doses from in te rna l  bone-seeking 

radionuclides.  An uncer tainty e x i s t s ,  however, in the mortal i ty  pre- 

d ic t ions  from t h a t  model and from the pulmonary injury model (Section I V - A ) ,  

The bone-marrow dose-response model 
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when d i f f e r e n t  exposure modalit ies a re  combined. No animal data a r e  

cur ren t ly  ava i lab le  which would t o t a l l y  va l ida te  the method used i n  t h i s  

repor t  or provide d i rec t ion  i n  development of another method. 

Additional experimental data a r e  urgently needed t o  model exposure 

t o  radionuclide mixtures containing alpha emit ters  and beta emi t te rs .  

I n  the l u n g  dose-response model, the probabi l i ty  of  acute mortal i ty  from 

a1 pha emit ters  and the probabil i t y  from beta emi t te rs  a r e  e s s e n t i a l l y  

added together .  Although s t a t i s t i c a l l y  sound, there  i s  no basis i n  

biological data for such adding o f  e f f e c t s .  

been designed a t  PNL t o  t e s t  the a d d i t i v i t y  of  e f f e c t s .  Rats will  be 

exposed t o  an aerosol o f  a r e l a t i v e l y  insoluble  alpha-emitting radio- 

nucl ide,  followed by exposure to  an insoluble  form of a beta-emitting 

radionuclide.  

t o  ind ica te  whether o r  not a need e x i s t s  f o r  more extensive experiments 

w i t h  radionuclide mixtures. Such experimental mixtures m i g h t  include 

numerous combinations of f resh  or aged f i s s ion  products in soluble or 

insoluble  forms, with or without external photon whole-body i r r a d i a t i o n .  

A Phase I1 experiment has 

The r e s u l t s  o f  this preliminary experiment a r e  expected 

The  bone-marrow dose/acute-mortal i t y  model (Section IV-B) a1 l ows  

inclusion of damage t o  hematopoietic t i s s u e  caused by bone-seeking 

radionucl ides .  Relatively l i t t l e  i s  known, however, about mult iple  

organ e f f e c t s  (such as the e f f e c t  o f  radiation-induced bone marrow 

in ju ry )  on the development o f  rad ia t ion  pneumonitis caused by an inhaled 

radionuclide.  An experiment t o  demonstrate t h i s  e f f e c t  could include 

inhalat ion o f  a r e l a t i v e l y  insoluble  radionuclide simultaneously w i t h  a 

soluble  bone-seeking radionuclide.  Such an experiment, using 'OS, i n  
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r a t s ,  has been proposed by ITRI s c i e n t i s t s .  Resultant data would be 

valuable f o r  refinement of both the ITRI and PNL acute-mortal i ty  models. 

An experiment t o  charac te r ize  the dose-rate e f f e c t  from inhaled 

r ad ioac t iv i ty  has a l s o  been designed by ITRI. 

9oY/90Sr - 
Rats would be exposed to  

(FAP)  in mixtures containing the nuclides combined i n  

various r a t i o s .  The r a t e  a t  which the dose t o  lung i s  delivered would 

t h u s  be control led by the r a t i o  of g 0 Y ( T l / 2  = 64h) and 9oSr(Tl /2  = 28y) 

as T l I 2  in the mixture. Although the PNL lung dose-response model does 

not appear t o  be af fec ted  by dose r a t e ,  data obtained from t h i s  experi-  

ment would be useful f o r  model t e s t i n g .  

The ITRI lung dose-response model appears t o  display a d i f fe rence  

in exposure e f f e c t s  from 239Pu and 238Pu which i s  considered due t o  the 

spa t i a l  d i f fe rence  i n  

experiment i s  planned 

the  spec i f i c  a c t i v i t y  

inhaled by each anima 

useful i n  t e s t ing  the 

d i s t r i b u t i o n  of dose between the two nuclides.  An 

t o  examine t h i s  e f f e c t  i n  r a t s '  lungs by varying 

of aerosol p a r t i c l e s  and the number of p a r t i c l e s  

be . 
PNL model. 

Again, data from such an experiment would 

We propose t o  remedy the present lack of spec i f i c  information 

acute morbidity induced by rad ia t ion  from internal  emi t te rs  by per 

c a l l y  making hematologic measurements and observing weight changes 

experimental animal s .  We a1 so plan ( a t  PNL) t o  perform pulmonary 

function t e s t i n g ,  therefore  

(along with the r a t s )  in s e  

polation of pulmonary funct 

on 

odi  - 
in 

we hope t o  include a small number of  dogs 

ected experiments t o  allow be t t e r  ex t ra -  

on t e s t  r e s u l t s  t o  man. 

c 
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APPENDIX 1 

Cross-Organ Dose Calculation 

Dx = S(X+Y) * D C y ,  

Dx = cross-organ dose to  organ X (rem), where 

S(X+Y) = S-factor 

= 51.15 Zfi E i  oi ( X + Y )  Qi ( X )  N i  ( X )  rem/pCi -day. 

where 

51 .15 

fi 

Ei 
@i ( X + Y )  = s p e c i f i c  absorbed f r ac t ion  

= ( 9 -  rad/MeV) (dis integrat ions/pCi  -day) 

= i n t ens i ty  of decay event (number per d i s in t eg ra t ion )  

= average energy of decay event (MeV) 

= f r ac t ion  of emitted energy from source organ 

= qua l i ty  f ac to r  f o r  decay type i 

= modifying f a c t o r  for decay type i i n  the ta rge t  

= dose commitment t o  organ Y (UCi-day). 

Y absorbed in t a r g e t  organ X per gram of X(g-1) 

Q i ( X )  

N i ( X )  
organ X 

D C Y  

Q i ( X + Y )  a r e  g i v e n  f o r  the following photon energies ( a l l  MeV): 

0.015, 0.020, 0.030, 0.050, 0.100, 0.200, 0.500, 1 .OOO, 1.500, 2.000, 

4.000 f o r  various source- target  combinations. Spec i f ic  absorbed f rac-  

t i ons  f o r  photons w i t h  energies no t  l i s t e d  above were determined u s i n g  

0.010, 

the following in te rpola t ion  rout ine:  ( 1  1 



g i v e  t b l e  en 
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r g i e s  Ei and E3 (E3>E1) r i t h  ass c i a t e d  s p e c i f i c  absorbed 

f r a c t i o n s  o f  S1 and S3, r e s p e c t i v e l y ,  S2 assoc ia ted  w i t h  photon energy 

E2, such t h a t  E1<E2<E3, i s :  

Dose Commitment t o  Organ Y (DCy) 
- 

*O -AT) = - ( 1  - e  x 

= i n i t i a l  d e p o s i t i o n  ( d i )  
*O where 

= -  0 '693 f o r  t he  s p e c i f i c  rad ionuc l  i d e  i n  organ Y ( d - l  ) T 1 / 2  e f f  
T = c u t o f f  p o i n t  o f  dose commitment c a l c u l a t i o n  ( d ) .  

Assumptions 

(1 ) Because gamma-emi t t e r s  c o n t r i b u t e  t o  cross-organ dose 

Qi ( X I ,  N i  ( X I  = 1. 

( 2 )  Only Cs134, Nbg5, Z r  gamma emissions c o n t r i b u t e  apprec iab ly  (>5%) 

( 2 )  t o  the  t o t a l  dose f rom i n h a l a t i o n .  

(3)  Lung i s  o n l y  s i g n i f i c a n t  source organ. 

(4)  L i v e r ,  bone ( r e d  marrow) a r e  o n l y  s i g n i f i c a n t  t a r g e t  organs f o r  

e a r l y  e f f e c t s .  

(5) I n  dose commitment de terminat ion ,  exposure eva lua t i on  i s  te rmina ted  

a t  the  end o f  one yea r  (365 d).  



Sample C a l c u l a t i o n  f o r  S-Factor 

Source Organ - Lung 

Targe t  Organ - L i v e r  

Radionucl  i d e  - 34C5 

Ei (MeV) 

0.01 1 

0.127 

0.475 

0.563 

0.569 

0.604 

0.795 

0.802 

1.038 

1.167 

1.365 

0.0095 

0.013 

0.015 

0.084 

0.15 

0.98 

0.85 

0.09 

0.01 

0.02 

0.03 

A1 - 3  

Qi ( rem/rad) - 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

For  Ei = 0.475 MeV, 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

2.1E-7 

9.4E-6 

8.2E-6 

8.1 E-6 

8.1 E-6 

8.1 E-6 

7.5E-6 

1 E-6 

1 E-6 

1 E-6 

1 E-6 
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where S1 = 8.81E-6, El  = 0.200 MeV, 

S3 = 8.18E-6, E3 = 0.500 MeV, 

E2 = 0.475 MeV, 

(8.81E-6) - 8.18E-6) (0.485 - 0.200) 3 

(0.500 - 0.200) Q i ( X + Y )  = 8.81E-6 - 

= 8.2E-6 g-’. 

S ( l iver - lung)  = 51.15 C f i  E i  Oi( l iverclung)Qi Ni 
34cs 

= 51.15 [0.0095(0.011)2.1E-7 + 0.013(0.0127) 9.4E-6 

+ 0.015 (0.475) 8.2E-6 + 0.084 (0.563) 8.1E-6 

+ 0.15 (0.569) 8.1E-6 + 0.98 (0.604) 8.1E-6 

+ 0.85 (0.795) 7.5E-6 + 0.09 (0.802) 

+ 0.01 (1.038) 1E-6 + 0.02 (1.167) 1E-6 

+ 0.03 (1.365) lE-6)] 

1E-6 

= 5.5E-4 rern/pCi*day . 

This 

a r e  

ca lcu la t ion  i s  shown t o  demonstrate the S-factor equat ion.  

l s o  ava i lab le  i n  t abular  form(’). 

S-factors 

The linked S-factor  value f o r  

34Cs ( 1  i ver-1 u n g )  i s 6.3E-4 rem/uCi *day. In subsequent cal cul a t ions  we 

use the S-factor values l i s t e d  i n  the t ab le s .  
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Cross-organ doses were ca lcu la ted  using 134bs, 95Nb and 95Zr as  the 

nucl ides  of i n t e re s t ,  lung a s  source organ, and l i v e r  and bone ( red  

marrow) a s  t a r g e t  organs. 

the doses t o  the t a r g e t  organs from inha la t ion  t o  determine the i m -  

portance of  cross-organ dose contr ibut ions t o  the t o t a l  dose t o  the 

t a r g e t  organ. 

DACRIN,(3) w h i c h  uses the TGLM. (4) 

t o  a luCi i n i t i a l  intake.  

Resulting cross-organ doses were compared t o  

Inhalat ion doses were obtained from the computer program 

All doses were normalized r e l a t i v e  

Sample Dose Commitment Calculation 

Given 134Cs, lung, T 1 / 2  e f f  = 0 .5  d ,  1 pCi i n i t i a l  a c t i v i t y  f o r  1 year ,  

AO -AT) 
DCy = - (1 - e x 

-0.693( 0 )  

-0.693 
0.5 

- e  -0.693( 365) 

-0.693 
0 .5  

0.5 

D c ~  ung 

= 0.72 pCi-day. 

A comparison of cross-organ dose and inha la t ion  dose f o r  s e l ec t ed  radio- 

nucl ides  and organs i s  shown i n  Table A-1. 

D-class mater ia l  ,(5) the cross-organ component i s  negl ig ib le .  

i n  the case of a W- or Y-class mater ia l ,  the cross-organ cont r ibu t ion  i s  

s i g n i f i c a n t .  In order t h a t  the computer code developed may be as 

f lex ib le  a s  poss ib le  i n  assessing dose from a va r i e ty  of possible  

I t  i s  apparent t h a t  f o r  

However, 
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accident scenar ios ,  a routine t o  ca l cu la t e  cross-organ doses i s  incor- 

porated in to  the computer model. 

Calculations were a l so  made t o  (according t o  Table A - 1 )  t o  determine 

whether cross-organ dose i s  s ign i f i can t  i f  lung i s  the t a r g e t  organ and 

l i v e r  or bone i s  the source organ. The r e s u l t s  a re  displayed i n  Table A-2. 

Predictably,  as  the s o l u b i l i t y  of the radionuclide progresses from D 

c l a s s  (half- t imes on the order of days) t o  W-class (half-t imes on the 

order of weeks) t o  Y-class (half-t imes on the order of y e a r s ) ,  cross- 

organ dose becomes l e s s  s i g n i f i c a n t  i f  lung i s  the target organ and more 

s i g n i f i c a n t  i f  l i v e r  or bone i s  the target organ. 

r e f l ec t ed  in the portion o f  the computer code charged w i t h  determination 

o f  the cross-organ dose. 

These findings a r e  

Thirty-day dose ca lcu la t ions  yielded r e s u l t s  ( i n  terms of  cross-organ 

dose contr ibut ion t o  the to t a l  organ dose) s imi l a r  t o  one-year dose 

ca lcu la t ions .  



TABLE A-1. I n h a l a t i o n  and Cross-Organ Dose w i t h  Lung as t h e  Source 
Organ; 1-Year Dose Accumulat ion.  

N u c l i d e  

34cs 

9 5 ~ r  

95N 

S o l u b i l i t y  Target  Cross -Organ I n h a l a t i o n  
Class Organ Dose ( r a d )  Dose ( r a d )  

D 
W 
D 
W 

L i v e r  2.4E-4 7.59E-2 
L i v e r  2.4E-2 7.37E-2 
Bone 3.6E-4 2.6E-2 

2.5E-2 Bone 3.6E-2 

D L i v e r  2.15E-4 
W L i v e r  2.15E-2 
D Bone 8.9E-5 
W Bone 8.9E-3 

L i v e r  2.23E-4 
L i v e r  2.23E-2 
L i v e r  2.23E-1 
Bone 9.3E-5 
Bone 9.3E-3 
Bone 9.3E-2 

3.96E-2 
8.07E-3 
1 .13E-1 
2.31E-2 

1.45E-2 
2.75E-3 
1.47E-4 
2.26E-2 
7.27E-3 
2.29E-4 

T o t a l  
Dose ( r a d )  

761 E-2 
9.77E-2 
2.6E-2 
6.1E-2 

3.98E-2 
2.96E-2 
1 .13E-1 
3.2E-2 

1 .47 E-2 
2.51E-2 
2.23E-1 
2.27E-2 
1 .66E-2 
9.3E-2 

% o f  To ta l  
by Cross-Organ 

0.3 
24.6 

1.4 
59.0 

0.5 
72.9 

0.1 
27.8 

3 1.51 - 
I 89.0 

99.9 
0.4 

56.1 
99.8 

. 

I 



TABLE A-2. I n h a l a t i o n  and Cross-Organ Dose w i t h  Lung as Target  
Organ; 1 -Year Dose Accumulat ion 

Sol u b i  1 i ty  Source Cross-Organ Inha l  a ti on 
Nucl i d e  C1 ass Organ Dose ( r a d )  Dose ( r a d )  

34cs D L i v e r  3.6E-3 
W L i v e r  3.6E-3 
D Bone 1.25E-3 
W Bone 1.25E-3 

9 5 ~ r  D L i v e r  6.5E-4 
W L i v e r  6.5E-4 
D Bone 9.84E-4 
W Bone 9.84E-4 

95Nb L i v e r  3.1E-4 
L i v e r  3.1E-4 
L i v e r  3.1E-4 
Bone 6.36E-4 
Bone 6.36E-4 
Bone 6.36E-4 

1.29E-2 
2.88E- 1 
1.29E-2 
2.88E-1 

2.8E-3 
1.4E-1 
2.8E-3 
1.4E-1 

2.2E-3 
5.7E-2 
9.OE-2 
2.2E-3 
5.7E-2 
9.OE-2 

To ta l  
Dose ( r a d )  

1.7E-2 
2.9E-1 
1.41 E-2 
2.89E-1 

3.5E-3 
1.4E-1 
3.8E-3 
1.4E-1 

2.5E-3 
5.7E-2 
9E-2 
2.8E-3 
5.8E-2 
9.1E-2 

% o f  To ta l  
Cont r ibu ted  
by Cross -Organ 

21.8 
1.2 
8.8 
0.4 3 

I co 18.8 
0.5 

26.0 
0.7 

12.4 
0.5 
0.3 

22.4 
1.1 
0.7 
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APPENDIX 2 

)r  Radionucl ide 21 ease Scenarios 

The following dose ca lcu la t ions  were performed f o r  inclusion i n  

Section V of this repor t .  

WASH-1400 which contr ibute  5% o r  more to  internal  dose. This l i s t  was 

used i n i t i a l l y  to  t e s t  and evaluate the dose ca lcu la t ion  methods. 

reported i n  Section V,  two source terms were u t i l i z e d  i n  t e s t ing  the 

dose-response m d e l .  

were chosen from the l i s t  i n  Table A-3 t o  represent  both beta-gama-and 

alpha-emitters.  

model and does not r e f l e c t  a r e a l i s t i c  scenario.  The second source term 

l i s t e d  in Table A-4 from a PWR-2 r e l ease ,  considers a l l  the radionu- 

c l i d e s  l i s t e d  in WASH-1400. For b o t h  scenarios evaluated, the atmos- 

pheric conditions were very s t a b l e  (Pasquill  Class F ) ,  with a w i n d  

speed of 2 m/s. 

were 25m, 1 . O m  and 333 cm / s ,  respect ively.  

was assumed i n  b o t h  cases. Downwind dis tance to the receptor was 

1500 m f o r  the f i r s t  scenario and 500 rn f o r  the PWR-2 scenario. 

addi t ion a 2 .5  hr delay between i n i t i a t i o n  of the PWR-2 "accident" 

and re lease  of a c t i v i t y  t o  the  environment i s  assumed; no such delay i s  

included i n  the f i r s t  scenario.  The 2 scenarios a r e  examined i n  g rea te r  

de t a i l  i n  Table 6 ,  Section V .  External and in te rna l  doses were computed 

f o r  both scenarios  per Section 111. 

Table A-3 l i s t s  those radionuclides from 

As 

For the f i r s t  source term, 95Zr, lo6Ru  and 239Pu 

This source term was designed t o  t e s t  the probabi l i ty  

The re lease  height,  p a r t i c l e  s i z e ,  and breathing r a t e  
3 A 30 minute uptake time 

In 
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External Dose 

T h e  photon dose r a t e  t o  the lung r e su l t i ng  from immersion i n  con- 

taminated a i r  was evaluated using the method contained i n  the ORNL 

EXI?EM-III(~) computer code. Photon depth dose-rate f ac to r s (* )  ( rad /yr  

per pCi/ml) were obtained,  and a l-pCi/rnl concentration of  radionuclide 

i n  a i r  was assumed. For example, the photon depth dose-rate for  'lY t o  

the lung i s  1.88 E t 4  rad/yr  per pCi/ml. 

1 pCi/ml of  "Y , the r e su l t i ng  lung dose r a t e  i s  

Assuming a concentration o f  

pci x .+ = 2.14 rad lhr .  rad . ml 
y r  . uci - m l  760 h r  1.88E+4 

Whole-body and l u n g  dose-rates f o r  the o the r  radionuclides evaluated a r e  

contained i n  Table A-3. 
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I. 

TABLE A-3. Lung and Who1 e-Body Doses from Radionucl i des  from WASH-1 400 
Which Contribute 5% o r  More t o  Internal Lung Dose 

EXTEXNAL THOTON DOSE ?ATE 
I n h a l a t i o n  Dose, Cross-3rgan Dose, Whole-Body Luna 

Radionucl ide  Lungs ( r a d )  Lunas ( r a d )  ( r a d / h r  per uCi/ml) ( r a d / h r  per : C i / m l )  

Sr-89 (W) 

30 day 8.45E-2 
60 day 1 .20E- 1 

365 day 1 .47E-1 

Y-91 ( Y )  

30 day 1.09E-1 
60 day 1.8OE-1 

365 day 3.24E-1 

*Zr-95 ( Y )  

30 day 1 .O5E-l 
60 day 1 .76E- 1 

365 day 3.34E-1 

*Ru-106 ( Y )  

30 day 2.97E-1 
60 day 5.58E-1 

365 day 2.15EAO 

CS-134 ( 0 )  

30 day 6.36E-3 
60 day 7.58E-3 

365 day 1 .29E-2 

*Ba-140 ( W )  

30 day 1 . 3 a ~ -  1 
60 day 1 .55E-1 

365 day 3.34E-1 

*Ce-144 ( ‘ I )  

30 day 2.74E- 1 
60 day 3.10E-1 

365 day 1 .85E+O 

2.82E- 6 2.45i+O 
4.79E-6 2. W + O  
9.24E-6 2.35E+O 

5.55E-4 7.36EA2 
1 .09E- 3 7.36E-2 
2.86E-3 7.36E70 

1.08E-3 1.58E+3 
1.96E-3 1 .58E+3 
4.805-3 1 .58E+3 

1.09E-3 1.97E+2 
1 .27E- 3 1 .97E+2 
2.86E-3 7.36E+? 

5.03E-5 i .96E+l 
9.48E-5 1 .96E+1 
3.41E-4 1.96E+1 

2.14E+O 
2.14E+O 
2 . 1 1 E + O  

? .19E+3 

1 .19E+3 
1.19E+3 

1 .48E+2 
1 .48E+2 
5.13E-2 

1 .23E+i 
1.23E*1 
i .23E+1 

* Daughters i nc luded  i n  i n h a l a t i o n  and c ross -o rgan  doses  



TABLE A-3. Lung and Whole-Body Doses f rom Radionucl ides f rom WASH-1400 
Which C o n t r i b u t e  5% o r  More t o  I n t e r n a l  Lung Dose 

(Con t i nued ) 

Rad ionuc l ide  

PU-239 ( Y )  

30 day 
60 day 

365 day 

Cm-242 ( Y )  

30 day 
60 day 

365 day 

I n h a l a t i o n  Dose, 
Lungs ( r a d )  

2.03E+O 
3.91 E+O 
1.92E+1 

2.31 E+O 
4.19E+O 
1.26E+1 

EXTERNAL PHOTON DOSE RATE 
Cross-Organ Dose, Who1 e-Body Lung 

Lungs ( r a d )  ( rad /h r  per  vCi /ml)  ( r a d / h r  pe r  pCi /ml )  

5.9E-1 
5.9E-1 
5.9E-1 

1.48E+Q 
1.48E+O 
1.48E+O 

2.OE-2 
2.OE-2 
2.OE-2 

3.OE-2 
3.OE-2 
3.OE-2 

D 
N 
I 
P 
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APPENDIX 3 

M o r t a l i t y  Funct ions,  Hazard Funct ions and Competing Risks 

Much o f  t h i s  p r o j e c t  i s  concerned w i t h  the  ana lys i s  o f  s u r v i v a l  

t imes;  i n  p a r t i c u l a r ,  w i t h  the  impact on s u r v i v a l  t ime o f  c e r t a i n  b i o -  

l o g i c a l  hazards. This  s e c t i o n  i s  a b r i e f  exp lana t ion  o f  concepts, 

methodology and terminology t h a t  a re  use fu l  i n  the  ana lys i s .  

The s u r v i v a l  t ime, T, o f  a sub jec t  drawn from some popu la t i on  i s  a 

The cumulat ive m o r t a l i t y  f u n c t i o n  f o r  the  popu la t i on  random v a r i a b l e .  

i s  de f i ned  as F ( t )  = ProbIT - < t) . 
f r a c t i o n  o f  t h e  popu la t i on  t h a t  i s  expected t o  d i e  a t  o r  be fore  age t. 

The s u r v i v o r  f u n c t i o n  o r  t he  f r a c t i o n  s u r v i v i n g  beyond age t i s  

The m o r t a l i t y  f u n c t i o n  g ives the  

Another impor tan t  f u n c t i o n  i s  X ( t ) ,  t h e  age-spec i f i c  m o r t a l i t y  

r a t e ,  which i s  a l s o  c a l l e d  the  hazard f u n c t i o n .  For a smal l  i n t e r v a l ,  

d t  9 

which i s  t h e  c o n d i t i o n a l  p r o b a b i l i t y  o f  death i n  the  t ime i n t e r v a l  t 

t o  t + d t ,  g iven  s u r v i v a l  up t o  t ime t. 

r e l a t e d  by 

The f u n c t i o n s  S ( t )  and X ( t )  a re  
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The concept o f  competing r i s k s  i s  of ten applied t o  the analysis  of 

survival data .  

o f  death from several sources, and l e t  Ti be the survival time i f  death 

i s  due t o  the i t h  risk, say f o r  i = 1 , 2 , . . . , N .  

the survivor and hazard funct ions,  respect ively,  associated w i t h  T i .  

The actual survival time, T ,  i s  the shor t e s t  survival time of any risk, 

so t h a t  

Suppose each member of a population i s  subject  t o  a r i s k  

Let S i ( t )  and x i ( t )  be 

T = m i n ( T , ,  T2, ..., T,,,). 

T h e  survivor function of  T can be obtained by applying the "Law of 

Compound P robab i l i t i e s . "  For the case N = 2 ,  th is  i s  

ProbiT > t )  = ProbCT1> t )  ProbET2 > t j T l  > t l ,  

where Prob{T2 > t IT1 > t l  i s  the conditional proDabi1 i t y  t h a t  T2 i s  

grea ter  than t ,  g iven  t h a t  T1 i s  grea te r  than t. 

I f  the risks a r e  addi t ive  and noninteracting (or equivalent ly ,  the 

survival times a r e  s tochas t i ca l ly  independent) , then 

ProbCT2 < t l T 1  > t )  = ProbET2 > t l  . 
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In  th, ;  case, , t  follows t h a t  

N 
S ( t )  = n S i ( t )  

i =1 

and 

N 

i = l  
x ( t )  = c h i ( t ) .  
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APPENDIX 4 

Data Basis f o r  Dose/Acute-Mortal i t y  Model 

The data used t o  develop the lung dose/mortali ty model was compiled 

from the annual reports  of  ITRI ,  annual reports  and published documents 

or ig ina t ing  a t  PNL, and data co l lec ted  a t  the I n s t i t u t  de Protection e t  

.%rete* NuclGaire. 

Data on Beagle dogs exposed to  'OY, 'lY , 'OS, or 144Ce i n  fused- 

clay p a r t i c l e s  were taken from the ITRI annual repor t  for  1977. The 

published data f o r  each radionuclide included the i n i t i a l  dose r a t e  and 

the  dose t o  death.  In some cases ,  intermediate values of dose and dose 

r a t e  were a l so  published. The method ITRI use t o  ca l cu la t e  dose has not 

been published. Therefore, intermediate doses were computed by assuming 

a sing1 e exponential clearance function using clearance parameters 

determined by the i n i t i a l  dose r a t e  and the dose t o  death. This leads 

t o  some d i f fe rences  between the calculated intermediate doses and the 

published doses. I n  general ,  the differences a r e  within the l i m i t  of 

round-off e r r o r .  

The data on beagle dogs and baboons exposed to  239Pu02 were taken 
2 from Bair,  Metivier,  and Park (1978) . 

exponential clearance model, w i t h  clearance half-time obtained by u s i n g  

Their paper assumes a s ing le  

0.693 
T1/2  = 'ano/t , 

where A = estimated i n i t i a l  pulmonary burden, 
B = f ina l  lung burden, 
t = days survival postexposure. 
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, 

All parameters necessary t o  ca l cu la t e  dose t o  an a r b i t r a r y  time a r e  

furnished i n  the  paper. 

were used t o  ca l cu la t e  doses used i n  this repor t .  Some of the baboons 

The above methodology and parametric values 

the time of exposure; some 

obe of the lung. These 

f o r  w h i c h  data  was reported were immature a t  

had a l l  the plutonium deposited i n  

animals were dropped from the data  

The data  on r a t s  exposed t o  e 
3 

a s ing le  

set .  

nsteinium a r e  unpublished data  fur- 

nished by J .  Ballou’, PNL. 

exponential c learance function w i t h  half-t imes of 1 and 10 days and 

f r ac t ions  of 0.65 and 0.35, respec t ive ly .  The dose ca lcu la t ions  were 

based on an assumed lung weight of 2.5 grams f o r  a l l  rats. 

Doses were computed us ing  a two-compartment 

The data  on r a t s  exposed to  238Pu02 and 239Pu02 and dogs exposed t o  

238Pu02 were taken from PNL repor t s4y5 .  I n i t i a l  pulmonary deposit ion 

and dose t o  death were g i v e n ,  although l i t t l e  information was ava i l ab le  

on clearance curves f o r  these animals. Intermediate doses were calcu- 

l a t ed  assuming t h a t  the dose r a t e  was constant .  

r e l a t i v e l y  insoluble ,  and the isotopes have long physical half-1 ives, 

the assumption i s  probably adequate for r e l a t i v e l y  short time spans. 

Because the  primary interest of this study i s  i n  ea r ly  e f f e c t s ,  

A pre- 

Since the oxide i s  

data  on animals t h a t  received “low” doses were not included. 

l iminary examination of the ITRI data  indicated t h a t  no animal w i t h  a 

60-day dose from beta emi t te rs  l e s s  than about 3500 rad d ied  from pul- 

monary in jury .  Accordingly, animals w i t h  a 60-day beta dose l e s s  than 

3000 rad were omitted from the data set .  
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Early mortal i ty  from radia t ion  exposure has n o t  been found to  be 

grea t ly  dependent on species .  The re la t ionship  between survival time 

and dose was qu i t e  s imi la r  f o r  a r a t  and a dog f o r  h i g h  doses and shor t  

survival times. However, for  doses low enough t h a t  survival time ap- 

proaches a s ign i f i can t  f r ac t ion  of  the normal l i f e  span of  a r a t ,  the 

dose survival-t ime re la t ionship  m i g h t  not be the same f o r  a rat and a 

dog. The e f f e c t  of  species l i fespan  differences was adjusted for by 

excluding data on r a t s  t h a t  survived more than 400 days postexposure. 
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1 = SURVIVAL CODE DEAD(=l) OR ALIVE(=O) 
2 = TYPE OF DEATH CODE ACUTE(Z1) O R  NON-ACUTE(=O) 
3 = EMITTER CODE BETA(=!) O R  ALF"A(=O) 
4 = ISOTOPE CODE 1 =CEFAP 

2=Y 9 1 FAP 
3=Y 9OFAP 
4=SRFAP 
5=PU2390X 
6=PU238OX 
7=EIN243N03 

5 = SPECIES CODE 1 =DOG 
2 = R A T  
3=BABOON 
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21091. 
21256. 
22699. 
24486. 
25201. 
37476. 
26453. 
27525. 
28419. 
31716. 
34138. 

1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
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1. 
1. 
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1. 
1. 
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1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 

1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
1. 
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0. 
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0. 
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0. 
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6. 
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5 .  
6. 
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':) 
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2 .  

2. 
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2. 
2. 
2. 
2. 
2. 

3 
L. 
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3 
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2. 
2. 
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2. P 

2. 
2 .  
2 .  
2. 
2. 
2. 
2. 
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2. 
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Table A.4.2 Beta Emitting Nuclides 

S U R V I V A L  
T I M E  

2428. 
2358. 
1526. 
231 2 .  
2479. 
2485. 
3576. 
2500. 
2239. 
2744. 
2981. 
2669. 
2288. 
2196. 
2479. 
2981. 
1762. 
1748. 
2197. 
1973. 
2666. 
1212. 
1460. 
2749. 
1184. 
2666. 

2371. 
2197. 
2394. 
2469. 

2308. 

I N I T  
H A T E  

52. 
60. 
60. 
60. 
72. 
72. 
64. 
68. 
6 8 .  
80. 
70. 
83. 
74. 
85. 
85. 
76. 
77. 
78. 
91. 
7? ,  
91. 
77. 
77, 
93. 
78. 
93. 
81. 
83. 

100. 
89. 
89. 

7.5 
DOSE 

388.  
442. 
442. 
446. 
513. 
514. 
473. 
501. 
501. 
569. 
516. 
592. 
545. 
605. 
606. 
561. 
567.  
576. 
646. 
583. 
647. 
573. 
573. 
660. 
582. 
6 6 4 .  
603. 
619. 
715. 
657. 
662. 

1 5  
DOSE 

774.  
870. 
870. 
883. 
977. 
979. 
932. 
986. 
986. 

1080. 
1016. 
1128. 
1070. 
1149. 
1152. 
1103. 
1114. 
1133. 
1223. 
1147. 
1229. 
1137. 
1138. 
1249. 
1157. 
1265. 
1198. 
1233. 
1365. 
1295. 
1312. 

30 
UOSE 

1536. 
1681 . 
1681. 
1732. 
1774. 
1780. 
1809. 
1907. 
190?. 
1952. 
1968. 
2051. 
2064. 
2077 
2091. 
2134. 
2151. 
2194. 
2201. 
2221 
2222. 
2239. 
2243. 
2247.  
2290. 
2301. 
2364. 
2441. 
2490. 
2514. 
2579. 

60 
OOSE 

3025. 
31 45. 
3145. 
3333. 
2954. 
2974. 
3414. 
3572. 
3572. 
3224. 
3694. 
3423. 
3843. 
3436. 
3476. 
4000. 
4013. 
4121. 
3608. 
4167. 
3673. 
4343. 
4358. 
3679. 
4481. 
3846. 
4599. 
4787. 
4186. 
4741. 
4983. 

120 
DOSE 

5866. 
5528.  
5530. 
6184. 
4262. 
4310. 
6099. 
6294. 
6294. 
4591. 
6535. 
4956. 
6702. 
4904. 
5004. 
7058. 
7020. 
7300. 
5082. 
7370. 
5238. 
8175. 
8233.  
5175. 
8588. 
5579. 
8713. 
9209. 
6125. 
8461. 
931 4. 

240 
DOSE 

11044. 
8706. 
8709. 

10710. 
5097. 
5180. 
9874. 
9947. 
9947. 
5418. 

10401. 
5951. 

10409. 
5800. 
5969. 

1 1  186. 
10960. 
11640. 

5930. 
11723. 

6189. 
14542. 
14738. 

6031. 
15798. 

671 1. 
15684. 
17067. 

7440. 
13668.  
16353. 

T O T A L  
DOSE 

46000. 
13000. 
13000. 
23000. 

5300. 
5400. 

16000. 
15000. 
15000. 

5600. 
1600O. 

6200. 
15000. 

6000. 
6200. 

17000. 
16000. 
18000. 

6100. 
18000. 

6400. 
34000. 
37000. 

6200. 
44000. 

3000. 
43000. 
60000. 

7800. 
22000. 
38000. 

S U R V I V A L  ACUTE 
CODE 

1. 
0. 
1. 
1. 
0. 
0. 
0. 
1 .  
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
1. 
1.  
0. 
1.  
0. 
1. 
1. 
0. 
1 .  
0. 
1.  
1.  
0. 
1. 
1. 

CODE 

0. 
0. 
0. 
0. 
0. 
0 .  
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 

EHIT  
CODE 

1. 
1.  
1. 
1 .  
1. 
1. 
1 .  
1.  
1.  
1. 
1 .  
1. 
1 .  
1. 
1. 
1. 
1. 
1 .  
1 .  
1 .  
1. 
1. 
1. 
1.  
1. 
1.  
1.  
1.  
1.  
1. 
1.  

NUCL IIlE 
COIrE 

4. 
1 .  
1. 
4 . 
2. 
1. 
1 .  
1 .  

1 .  
2 .  
'I . 

7 
L" 

I 
i. 

7 
L. 

7 i. 

1. 
1.  
1 .  

'I . 
2 .  
4. 
4 . 
2 .  
4. 

4. 
4. 
2. 
1. 
1. 

1 
i. 

3 &. 

SPEC 
CODE 

1. 
1. 
1. 
1. 
1. 
1 .  
1. 
1.  
1. 
1. 
1 .  
1. 
1. 
1.  
1. 
1. 
1. 
1.  
1. 
1. 
1. 
1. 
1. 
1 .  
1. 
1. 
1. 
1. 
1. 
1 .  
1. 

D 
P 
1 

w 
4 
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