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Introduct ion 

Assessing the hea l th  e f f e c t s  of chronic low-level exposures t o  envi- 

ronmental contaminants poses a number o f  challenging problems in a n a l y s i s .  

Many of these problems a r e  well i l l u s t r a t e d  by a cur ren t  study of the 

e f f e c t s  on mor ta l i ty  o f  occupational exposure t o  ionizing r a d i a t i o n  a t  

Hanford. 

Hanford, which i s  located i n  southeastern Washington, was e s t a b l i s h e d  

i n  the e a r l y  f o r t i e s  a s  an i n s t a l l a t i o n  f o r  plutonium production. 

th i s  t ime, several  thousand workers have been employed by the var ious 

c o n t r a c t o r s ,  many i n  jobs  involving some exposure t o  r a d i a t i o n .  Yearly 

records o f  this  exposure, obtained from dosimeter readings,  as  well as 

occupational d a t a ,  a r e  maintained for these  employees. 

Since 

Mortal i ty  data  a r e  obtained by having the Social  Secur i ty  Administration 

p e r i o d i c a l l y  search t h e i r  records for deaths o f  previous Hanford employees. 

Death c e r t i f i c a t e s  a re  then requested from the s t a t e s  where the deaths 

occurred,  and the czuse o f  death i s  coded by the E i g h t h  Revision of the 

In te rna t iona l  C l a s s i f i c a t i o n  o f  Diseases t 7 1 .  $le do n o t  have an accura te  

es t imate  o f  the  number of deaths  missed by this  method, b u t  one study [191 

suggests the  error i s  about 6%. Death c e r t i f i c a t e s  have been obtained for 

96.8% of  the white male deaths occurring before April 1 ,  1974, the 

terminat ion da te  o f  the s tudy.  For men employed a t  l e a s t  two years  a t  

Hanford, the percentage o f  deaths w i t h  c e r t i f i c z t e s  i s  97.7. 

This research i s  supported by t h e  U.S. Energy Research and Development 
Admi nis  t r a t i o n  under Con t r a c t  EY-76-C-06- 1830. 
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Comparison W i t h  U.S. Morta l i ty  

As a f i r s t  s t e p  in analyzing t h i s  d a t a ,  m o r t a l i t y  experience of Haniord 
* 

workers i s  compared w i t h  t h a t  of the  U.S. population . Although such an 

ana lys i s  i s  subject t o  many l i m i t a t i o n s  [ S ,  91, i t  provides a perspect ive 

on the magnitude of the death r a t e s  involved, and a i d s  i n  examining a v a r i e t y  

of var iab les  t h a t  may need t o  be considered when m o r t a l i t y  i s  l a t e r  r e l a t e d  

t o  exposure s t a t u s .  

The a p p l i c a t i o n  of this  method requi res  a l l o c a t i n g  the years  ezch 

individual  i s  followed t o  various age-calendar y e a r  ca tegor ies  which a r e  

defined i n  f ive  y e a r  i n t e r v a l s .  The  t o t a l  person-years i n  each category 

a r e  then m u l t i p l i e d  by the appropr ia te  age-calendar year  s p e c i f i c  death 

r a t e s  f o r  U.S. white males, a n d  the r e s u l t s  sumed over c a t e g o r i e s  t o  

ob ta in  the number o f  deaths t h a t  would be expected i n  the Hanford popu- 

l a t i o n  i.f U.S. r a t e s  prevai led.  The number of deaths a c t u a l l y  observed 

can then be expressed as a percentage o f  t h e  expected deaths .  The per- 

centage (700 x "observed deaths"  + "expected dea ths")  i s  known a s  the  

s tandardized m o r t a l i t y  r a t i o  o r  SMR. 

Or. Richard Monson, a t  Harvard, has developed a computer program f o r  

carrying out  such c a l c u l a t i o n s  f o r  23 ca tegor ies  o f  cancer and 34 ca tegor ies  

of  o t h e r  causes.  The method i s  described more conpletely i n  references E161 

and [ l l ] .  
* 
Ne considered u s i n g  s t a t i s t i c s  for  the S t a t e  of Washington, b u t  they do  not 
appear much more comparable than those f o r  the U.S.  s i n c e  the major i ty  of 
the Washington population l i v e s  i n  the  P u g e t  Sound a r e a ,  a region q u i t e  
d i f f e r e n t  from e a s t e r n  !dashington. 
ab le .  

$lore l o c a l i z e d  s t a t i s t i c s  a r e  unavai l -  



Cause s p e c i f i c  S M R ' s  a r e  corrected f o r  those deaths w i t h  no c e r t i f i c a t e s  

on the assumption t h a t  the  d i s t r i b u t i o n  of causes i s  s i m i l a r  f o r  those w i t h  

and  without c e r t i f i c a t e s .  

I n  Table 1 ,  S M R ' s  a r e  presented f o r  a few major cause of death ca tegor ies .  

Only white males employed p r i o r  t o  1965 a r e  included i n  th i s  a n a l y s i s  w i t h  

workers employed l e s s  than two years  considered s e p a r a t e l y  from longer term 

workers. 

f o r  both g r o u p s  a r e  included i n  t h e  person-years f o r  t h e  s h o r t  tsrm workers. 

The number o f  observed deaths occurring t o  Hanford white males employed 

To avoid bias  i n  these  c a l c u l a t i o n s ,  the  f i r s t  two years  experience 

a t  l e a s t  two years  i s  75% of what would be expected based on age-calendar 

year  s p e c i f i c  r a t e s  for U.S. white males. T h i s  l o w  SlYR i s  f a i r l y  typ ica l  

of an employed population [15] s i n c e  persons t o o  i l l  t o  be employed a r e  

of course not included. This s e l e c t i v e  b ias  i s  sometimes re fered  t o  a s  

the "heal thy worker e f f e c t " .  

favorably a f f e c t e d  by a program of medical s u r v e i l  lance including per iodica l  

physical  examinations. And, of course,  deaths missed by the Social  Secur i ty  

Administration w i  11  r e s u l t  i n  underestimation of the  S?IR's. 

The hea l th  of Hanford employees may be 

A comparison o f  SIYR's  f o r  s h o r t  and long term workers revea ls  thst SMR's 

f o r  most major non-cancer causes a r e  higher f o r  the s h o r t  term workers. 

The SMR's f o r  cancer a r e  near ly  i d e n t i c a l  f o r  t h e  two groups. 

workers in  the  s h o r t  term g r o u p  were e s s e n t i a l l y  t r a n s i e n t  i n  t h a t  they were 

employed only a few weeks. 

have l e s s  "heal thy worker e f f e c t "  than longer  term employees. 

Many of the 

I t  seems reasonable t h a t  such workers would 

McMichael [15] and E n t e r l i n e  [ 8 1  have noted t h a t  the s e l e c t i v e  bias  

involved i n  t h e  healthy worker e f f e c t  i s  genera l ly  l e s s  f o r  deaths  from 

malignant neoplasm than frcm o t h e r  causes such as  c i r c u l a t o r y  a n d  

r e s p i r a t o r y  d isease .  This i s  exhsbited i n  the longer term Hanford >/orkers 

by the  r e l a t i v e l y  h i s h  Sb1R o f  85;: f o r  malignant neoplasms. , 

1 0 0 1 8 1 4  
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McMichael [I  51 a1 so demonstrates t h a t  t h e  'I heal thy worker e f f e c t "  

wears o f f  a s  time passes from the  establ ishment  of the employed s t a t u s  

and as men more i n t o  ret i rement .  This t rend i s  found i n  the  Hanford 

data  as demonstrated i n  Tables 2 and 3. 

I n  Table 4 ,  SNR's f o r  several  s p e c i f i c  cancers a r e  presented f o r  the  

longer term workers. The  wide range of S M R ' s  i s  a t  l e a s t  p a r t i a l l y  due t o  

the small nunibers involved. Cancer of the  l u n g  and leukemia a r e  the only 

cancers which a r e  s i g n i f i c a n t l y  d i f f e r e n t  from 100 a t  the . 0 5  l e v e l .  

i s  p a r t i c u l a r l y  i n t e r e s t i n g  t h a t  the  SMR for leukemia i s  so low s ince  

I t  

t h i s  i s  the cancer t h a t  has been most s t rongly  assoc ia ted  Lvith r a d i a t i o n  

exposure i n  o t h e r  s t u d i e s  [ 6 ] .  

The above a n a l y s i s  provides no evidence o f  excess m o r t a l i t y  from cancer 

o r  any o t h e r  cause i n  the  Hanford population. I-lowever, t o  adequately 

i n v e s t i g a t e  the r o l e  of rad ia t ion  exposure , the  r e l a t i o n s h i p  between 

mor ta l i ty  and exposure data  must be examined a t  g r e a t e r  lengths .  

Exposure Data - 

Information on r a d i a t i o n  exposilre i s  obtained froin badge readings,  which 

a r e  recorded by t h e  Personnel Dosimetry Sect ion of B a t t e l l e  P a c i f i c  Northwest 

Laborator ies .  This data  c o n s i s t s  of y e a r l y  readings of exposure t o  several  

types of ionizing r a d i a t i o n ,  b u t  only whole body penetrat ing r a d i a t i o n  i s  

considered in t h i s  paper. This exposure i s  measured in rems and includes 

only ion iz ing  r a d i a t i o n  t h a t  i s  ab le  t o  reach t h e  i n t e r n a l  organs.  

Of the  13,075 white males employed a t  1es;st t k r o  years  a t  Hanford, 

15,678 (37 .0%)  were inonitored and thus have dosimetry d a t a .  Figure 7 si.,ows 



t h e  d i s t r i b u t i o n  of doses accumulated t h r o u g h  1973. The d i s t r i b u t i o n  

i s  highly skewed, r e f l e c t i n g  the f a c t  t h a t  most Hanford employees a r e  

s u b j e c t  mainly t o  natural  background r a d i a t i o n  ( t y p i c a l l y  about , l  rem 

per  y e a r )  while a r e l a t i v e l y  small number rece ive  occupational exposure 

on a regular  basis  ( i n  t h e  range of 1 t o  4 rems per y e a r ) .  

Current es t imates  of hea l th  e f f e c t s  from low level  exposure t o  

r a d i a t i o n  a r e  l imi ted  t o  l i n e a r  ex t rapola t ion  from data  on s i n g l e  very 

h i g h  level  exposures (genera l ly  exceeding 100 r e m )  such as  those exper- 

ienced by atomic bomb survivors  a t  Hiroshima and Nagasaki [2] and by 

B r i t i s h  p a t i e n t s  t r e a t e d  w i t h  i r r a d i a t i o n  f o r  ankylosing s p o n d y l i t i s  

[4]. 

l eve l  exposures. I t  i s  important t o  note  t h a t  i f  the  es t imates  obtained 

from l i n e a r  ex t rapola t ion  a r e  c o r r e c t ,  or i f  they a r e  conservat ive i n  the  

sense of being t o o  h i g h  ( a s  they a r e  intended t o  be) ,  then s t a t i s t i c a l l y  

d e t e c t i b l e  e f f e c t s  a r e  not l i k e l y  t o  be found i n  the  Hanford population. 

The purpose of t h e  a n a l y s i s ,  then,  i s  t o  i n v e s t i g a t e  the  p o s s i b i l i t y  t h a t  

some phenomenon, not now understood, m i g h t  cause e f f e c t s  very much l a r g e r  

than those pred ic ted  by o t h e r  s t u d i e s .  

Our i n t e r e s t  i s  i n  assessing d i r e c t l y  the  e f f e c t s  o f  chronic  low 

Radiation exposure i s  c o r r e l a t e d  with a nurriber of v a r i a b l e s  t h a t  may 

a l s o  a f f e c t  m o r t a l i t y .  Calendar y e a r ,  in p a r t i c u l a r ,  i s  very highly 

c o r r e l a t e d  w i t h  exposure--partly because few doses o f  much magni tude (over 

1 rem) were received in  the e a r l y  days a t  Hanford, a n d  p a r t l y  because i t  

takes a number of  years  t o  accumulate a s u b s t a n t i a l  dose. T h i s  i s  e s p e c i a l l y  

important with respec t  t o  l u n g  cancer s ince  U.S. r a t e s  from t h i s  cause have 

near ly  doubled betweon 1950 a n d  1970 [ ? 7 ] .  

h'anford as  a place t o  l i v e  and work could affecL rnortali1y. 

Also changes in  t h e  charac te r  o f  

I 
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Most o f  the higher exposures were received by those i n  a few very 

s p e c i f i c  occupations.  There may be o t h e r  hazards assoc ia ted  w i t h  these  

occupations -- f o r  example, a l l  involve some p o t e n t i a l  f o r  asbes tos  

exposure. 

c l a s s i f i e d  as  craftsmen and opera tors  [ l  I. 
occupation and i t s  assoc ia ted  socio-economic s t a t u s  can a f f e c t  m o r t a l i t y  

p a t t e r n s  [19]. In the  Hanford s tudy ,  craftsmen and opera tors  have 

s i g n i f i c a n t l y  higher S M R ' s  ( p  < .05) For cancer o f  the l u n g  and p r o s t a t e  

than do other workers. Pas wi l l  be seen l a t e r ,  these  causes a r e  n o t  corre-  

l a t e d  w i t h  r a d i a t i o n  exposure, b u t  these  r e s u l t s  i l l u s t r a t e  t h e  importance 

of accounting for occupation i n  t h e  exposure a n a l y s i s .  

The occupations w i t h  a record of high exposure a r e  a1 1 

I t  has been demonstrated t h a t  

Exposure Analysis 

The exposure a n a l y s i s  i s  l imi ted  t o  7729 white males who were employed 

a t  Hanford a t  l e a s t  tvn years  and whose employment period extends beyond 

January 1 ,  1960. Of the 2778 men w i t h  t o t a l  doses exceeding 5 rems, 

only 77 (2 .8%) f a i l  t o  meet these c r i t e r i a  while jus t  3 ( . 2 1 )  o f  the 1211 

men w i t h  t o t a l  doses exceeding 1 5  rems are  excluded from t h i s  group. 

The bas ic  method of analys is  i s  t o  consider  a l l  workers employed a t  

a given poin t  i n  t ime, ca tegor ize  them w i t h  respec t  t o  t h e i r  accumulated 

exposure -- a t  t h i s  po in t ,  and then compare the subsequent m o r t a l i t y  

experience of the  various exposure groups. I t  i s  necessary t o  ca tegor ize  

workers only by t h e i r  p a s t  exposure a t  a given time s i n c e  exposure y e t  t o  

come wil l  be p o s i t i v e l y  c o r r e l a t e d  w i t h  surv iva l  - -  t h a t  i s  t h e  longer one 

survives  the  more opportuni ty  one has t o  accumulate exposure. 

i s  somewhat analogous t o  t h a t  used by liewhouse [lS] i n  her a n a l y s i s  o f  

asbestos  exposure. 

The method 
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Follow-up i n t e r v a l  and calendar  year  a r e  cont ro l led  by the use of 

t h r e e  s t r a t a .  Stratum 1 c o n s i s t s  of  experience (person-years and deaths) 

between January 1 ,  1960 and January 1 ,  1965 f o r  those men employed a t  

l e a s t  two years  as  of January 1 ,  1960. These workers a r e  categorized 

w i t h  respec t  t o  their  exposure a s  of January 1 ,  1960. 

employment before January 1, 1965 ( b u t  i s  s t i l l  a l i v e  on t h i s  d a t e )  his 

remaining person-years (from January 1 ,  1965 u n t i l  death or April 1 ,  1974) 

and his  death,  i f  i t  occurs ,are  counted i n  Stratum 2 .  

I f  a man terminates  

I f  a man i s  s t i l l  employed as o f  January 1 ,  1965, h i s  experience from 

th is  da te  on i s  counted i n  Stratum 3. The experience of a worker i n i t i a t i n g  

employment a f t e r  January 1 ,  1958 i s  a l s o  counted i n  Stratum 3 i f  the  worker 

has been employed a t  l e a s t  two years  as of January 1 ,  1965. Workers i n  

Stratum 3 are  categorized by t h e i r  exposure as  o f  January 1 ,  1965. 

t h a t  a man who s t a r t s  i n  Stratum 1 and remains employed u n t i l  1965 may 

s t a r t  i n  one exposure group and progress t o  a higher category when he e n t e r s  

Stratum 3.  

Note 

- Ihe four  exposure groups considered a r e  < 2 rems, 2-5 rems, 5-15 rems, 

The Mantel-Haenszel metnod [12] was used t o  c a l c u l a t e  and 1 5  o r  more rems. 

expected deaths f o r  each exposure category with adjustment for age ( i n  

5-year i n t e r v a l s ) ,  f o r  occupation (by separzt ing craftsmen and opera tors  

from the remaining occupat ions) ,  a n d  for  follow-up stratum ( a s  described 

above).  

a s  described i n  [ l o ] .  I t  i s  important t o  note t h a t  r a t e s  f o r  the U . S .  

population a r e  - n o t  used. Ins tead ,  the  combined experiecce o f  a l l  four 

exposure g r o u p s  i s  used t o  c a l c u l a t e  the number  of deaths expected i n  each 

dose g r o u p  i f  m o r t a l i t y  r a t e s  are  n o t  a f fec ted  by exposure. 

The method i s  adapted t o  use person-years r a t h e r  than frequencies  
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A s i n g l e  degree o f  freedom chi-square \vas ca lcu la ted  t o  a s s e s s  the 

s i g n i f i c a n c e  of the t rend  i n  the  r a t i o  betxeen observed and expected deaths .  

The t e s t  i s  described by Mantel [13] and takes  account of the f a c t  t h a t  the 

expected numbers have been der ived from separa te  c a l c u l a t i o n s  f o r  each 

age g r o u p ,  occupational group, and follow-up stratum. 

The t e s t  requi res  ass igning scores  t o  each of the four  g r o u p s .  The 

scures  were taken t o  be the  median of each s t ra tum 3 exposure group: 

.BO, 3.21, 7 .85,  and 21.32 respec t ive ly .  

a r e  ca lcu la ted  and compared. For example, the observed deaths from a l l  

causes f o r  the f o u r  exposure ca tegor ies  a re  587, 122, 84, and 44 respec t ive ly  

y i e l d i n g  a score  of (587 x .80 + 122 x 3.21 + 84 x 7.85 3. 44 x 21.32)/837 = 

2.94 rems. The corresponding expected deaths a r e  578.5, 113.1, 96.3 and 

49.1 y i e l d i n g  an expected score  of  (578.5 x .8  + 113.1 x 3.21 + 96.3 x 7.85 

i 49.1  x 21.32)/837 = 3.14 rems. Because the da ta  a re  so skekred { r e f l e c t e d  

i n  t h e  h i g h  value f o r  the t o p  exposure group) ,  i t  was sometimes necessary 

t o  car ry  o u t  an exact  permutation t e s t  r a t h e r  than t o  r e l y  on the  chi-square 

approximati on proposed by Piantel. 

Observed and expectzd mean scores  

Results arid Discussion o f  Exposure Analysis 

Table 5 presents  the observed and expected deaths f e r  t h e  four  exposure 

c a t e g o r i e s ,  as well as  the observed and expected scores used f o r  the t e s t  

f o r  t rend.  

Examining f i r s t  the  two highest  exposure groups,  i t  i s  seen t h a t  there  

a r e  - l e s s  deaths than expected b o t h  from a17 causes a n d  from a i l  malianant 

neoplasms. There a r e  j u s t  two causes f o r  which the oBserved deaths  in the 

two highest  exposure g r o u p s  exceed the expected by more than a f r a c t i o n  of 

a death. These a r e  n i u l ~ i p i e  myeloma and cancer o f  the  pancreas. The 

one-tai led exact  permutation Test f o r  t rend y i e l d s  a p-value of .Ol f o r  

1 0 0 1 8 1 $  
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den 

my e 

and 

mult iple  myeloma and .03  f o r  cancer o f  the  pancreas. To keep this  exact  

t e s t  manageable, the t e s t  was r e s t r i c t e d  t o  craftsinen and o p e r a t o r s ,  a 

group which includes a l l  deaths from these  causes w i t h  5 o r  Rore rems 

of exposure. 

The inference for mult iple  myeloma i s  based on the deaths o f  xhree 

workers w i t h  re1 a t i v e l y  h i g h  exposures. The assoc ia t ion  between increased 

mor ta l i ty  from mult iple  myeloma and the r e l a t i v e l y  h i g h  exposures of the 

t h r e e  workers c e r t a i n l y  warrants a t t e n t i o n .  However, other poss ib le  

occupational f a c t o r s  must be considered as well as the absence of a 

n s t r a b l e  assoc ia t ion  between rad ia t ion  exposure and mul t ip le  

oma i n  s t u d i e s  of Japanese survivors  o f  the atomic bombings [ 2 ]  

British ankylosing s p o n d y l i t i s  p a t i e n t s  [4]. 

The evidence of c o r r e l a t i o n  of rad ia t ion  exposure and d e a t h  from cancer 

of the pancreas i s  n o t  as  s t rong  as  f o r  mult iple  myeloma. ‘rlhen a larg2 

number of s t a t i s t i c a l  t e s t s  a r e  performed, f a l s e  p o s i t i v e  f ind ings  a r e  n o t  

unusual. Tnis cancer has n o t  been c l e a r l y  implicated i n  o ther  s t u d i e s  o f  

the e f f e c t s  o f  r a d i a t i o n  exposure. 

A l t h o u g h  the evidence a t  t h i s  time ssems i n s u f f i c i e n t  t o  draw conclusions 

about a causal assoc ia t ion  o f  r a d i a t i o n  exposure and mul t ip le  myeloma or 

cancer o f  the pancreas,  c e r t a i n l y  i t  i s  important t o  watch these  causes 

e s p e c i a l l y  c l o s e l y  as addi t iona l  m o r t a l i t y  da ta  become a v a i l a b l e .  

In i n t e r p r e t i n g  the above r e s u l t s ,  i t  i s  important t o  note $hat  s ince  

most of the higher exposures have been accumulated r e l a t i v e l y  l a t e  i n  

Hanford‘s h i s t o r y ,  i t  i s  f a r  t o o  soon t o  draw f i rm c o n c l u s i m s  about cancers 

t h a t  may take ten o r  twenty years  t o  develop. 

t o  note t h a t  the  one cancer known t o  have a r e l a t i v e l y  s h o r t  l a t e n t  per iod ,  

namely leukemia, i s  n o t  showing u p  i n  exczss among those w i t h  h igher  exposures. 

I t  i s  however encouraging 

M 0 1 8 2 0  
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- Future Analysis 

The ana lys i s  o f  the Hanford experience needs t o  be cont inua l ly  updated 

as new mor ta l i ty  da ta  become a v a i l a b l e .  There a re  a number of refinements 

which we hope t o  incorporate  i n t o  such f u t u r e  ana lys i s .  

presented above groups  doses i n t o  four  ca tegor ies  and considers  accumulated 

exposures a t  jus t  two poin ts  i n  time. 

c o r r e l a t e d  w i t h  exposure should show up  as excessive in  the  h i g h e r  dose 

groups o f  t h i s  a n a l y s i s ,  the two refinements described below should provide 

a more powerful t e s t  o f  s i g n i f i c a n c e .  

The a n a l y s i s  

Although any cancer which i s  p o s i t i v e l y  

F i r s t ,  accumulated exposures could be considcred a t  y e a r l y  i n t e r v a l s .  

This would requi re  the in t roduct ion  of a t  l e a s t  14 calendar  y e a r  s t r a t a  t o  

cover the t i n e  period January 1 ,  1960 t o  April 1 ,  1974. Even more s t r a t a  

would be required i f  terminated employees a r e  separated from those who a r e  

s t i l l  employed ( a s  i l l u s t r a t e d  by s t r a t a  2 and  3 i n  the  ana lys i s  above). 

I t  may be d e s i r a b l e  t o  introduce a lag  of a y e a r  or two i n  determining 

exposure in order  t o  allow f o r  the i n t i r v a l  bet1:ieen termination caused 

by a f a t a l  cancer  a n d  subsequent death.  

I t  may be helpful t o  i l l u s t r a t e  the above by considering the  control  

g roup  of exposures f o r  a worker who d i e s ,  f o r  example, i n  1971. I f  t h i s  

worker was s t i l l  employed as o f  January 1 ,  1970, an appropriate  control 

m i g h t  be the exposures accumulated u p  t o  t h i s  date  by o ther  iworlcers s t i l l  

employed as of th i s  date .  On the o t h e r  hand, i f  t h i s  worker had terminated 

in 1964, a more appropriate  control would be the doses accumulated as  of 

January 1 ,  1964 by workers s t i l l  employed on t h i s  da te .  The age and 

occupation of the worker would a l s o  need t o  be considered i n  def in ing  h i s  

s t ra tum or c o n t r o l .  

A second reii'nement involves consi d e r a t i  cn o f  exact  closzs nstead o f  

I O O 1 8 2 l  
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exposure ca tegor ies .  

p a r t i c u l a r  cause would then be compared W i t h  the d i s t r i b u t i o n  of doses f o r  

an appropr ia te  control  ( s e e  above). 

The exact  d i s t r i b u t i o n  o f  doses o f  those dying o f  a 

An appropriate  summary measure and t e s t  

of s i g n i f i c a n c e  pose some problems because o f  the  highly skewed nature  of 

the da ta .  

reasonably probably loses  rea l  information. There are  considerat ions which 

make a square r o o t  transformation seem d e s i r a b l e ,  b u t  t h i s  w i l l  not  convert  

t h e  data  t 3  a form for which means and t - t e s t s  w i l l  be genera l ly  appropr ia te .  

Any transformation "s t rong" enough t o  make the da ta  behave 

To eva lua te  the overa l l  death r a t e s ,  or death r a t e s  from a l l  malignant 

neoplasms, (and possibly from l u n g  c a n c e r ) ,  means and t - t e s t s  may be 

adequate. For very r a r e  causes of dea th ,  such as mult iple  myeloma, an 

exac t  permutation t e s t  may be reasonable .  For intermediate  causes , the  

so lu t ion  i s  not  so  c l e a r .  Possibly computer simulationl o r  scme s o r t  of 

approximation t o  the exact  t e s t  can be used. For  example, the lower 

exposures might be grouped while higher exposures a r e  considered ind iv idua l ly .  

The ana lys i s  described above can be p u t  i n  the context  o f  Cox's 

regression model for surv iva l  with concomitant var iab les  [ 51. Cox's time 

var iab le  i s  taken t o  be calendar  year  (grouped i n  one y e a r  i n t e r v a l s ) ,  

t h e  s i n g l e  independent var iab le  of i n t e r e s t  i s  t o t a l  accumulated dose5 

(time dependent) w i t h  s t r a t i f i c a t i o n  t o  handle age, occupation, and 

terminatcd versus employed s t a t u s .  

p o s s i b i l i t i e s  of fe red  by Cox's model including handling several  measures of 

rad ia t ion  exposure simultaneously, accounting f o r  addi t ional  concomitant 

var iab les  ( f o r  example, length of employment a t  Hanford),  and est imat ing 

the magnitude of any e f f e c t s  observed. Br:s10~ 131 considers  a s i m i l a r  

model 1;rhich allows the use o f  a la rge  external control poDulation (such 

as U.S. white males) as a means o f  r e f i n i n g  control o f  var iab les  such as  

a5e and  caiendar y e a r .  

There a r e  o f  course many addi t iona l  
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I f  e f f e c t s  of r a d i a t i o n  exposure a r e  i d e n t i f i e d ,  sane measure o f  t h e  

s i z e  o f  the e f f e c t  as well as  t h e  r e l a t i o n  o f  the e f f e c t  t o  the timing of 

the exposures wi l l  be of  i n t e r e s t .  The question of la tency per iods ,  f o r  

example, needs cons idera t ion .  

question i s  t o  l ag  the accumulated exposure by various t i n e  i n t e r v a l s .  

Another p o s s i b i l i t y  i ;  t o  t r e a t  the i n t e r v a l  from i n i t i a l  exposure" a s  

y e t  another s t r a t i f i c a t i o n  var iab le ,  o r  t o  include t h i s  i n t e r v a i  as  a var  

in  Cox's model. These opt ions a re  discussed by Pasternack and Shore [ Z O ]  

Mantel and Byar [14] ( i n  an ana lys i s  of  hear t  t r a n s p l a n t  d a t a )  consider  

the quest ion o f  e a r l i e r  versus l a t e r  exposure ( t r a n s p l a n t  in  their  c a s e ) .  

I n  addi t ion  t o  considering the t o t a l  accumulated dose, such measures 

A b o s s i b l e  method for i n v e s t i g a t i n g  t h i s  

ab le  

as ehe maximum year ly  dose, or t h e  number o f  doses exceeding a c e r t a i n  value 

may be o f  i n t e r e s t .  Such v a r i a b l e s  could be analyzed separa te ly  and/or 

included i n  Cox's  mode?. 

The  l imited data a t  higher doses makes i t  very d i f f i c u l t  t o  come 

u p  w i t h  nieaningful and r e l i a b l e  e s t i n a t e s  o f  the magnitude o f  any e f f e c t s  

found, espec a l l y  in  the absence of knowledge as t o  what models might be 

most appropr a t e .  This i s  p a r t i c u l a r l y  zrue f o r  very r a r e  causes o f  death.  

* 
There a re  several  opt ions f o r  def ining the time o f  i n i t i a l  exposure. 
Sone reasonable choices m i g h t  be 1 )  the  f i r s t  y e a r  a s i n g l e  exposure 
exceeds a c e r t a i n  value; or 2 )  the f i r s t  year  the  accumulated exposure 
exceeds a c e r t a i n  value.  

1 0 8 1 8 2 3  
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Table 2 

Sf4R's By Fol low-Up Interval  f o r  Iihiie Males Employed a t  Least Two Years 
(The number o f  deaths i s  given i n  parentheses)  

Years After  Cohert I d e n t i f i c a t i o n  
SNR f o r  2- 7 7-12 12-  

All Causes 46  ( 1 4 2 )  65  ( 2 7 4 )  81 ( 1 6 7 3 )  

Malignant Neoplasms 56 ( 2 5 )  82 ( 5 7 )  89 ( 3 3 2 )  

Table 3 

SMR's by Age For White Idales Employed a t  Least Two Years 
( T h e  number o f  deaths i s  given in parentheses)  

SlYR f o r  Under 45 S5-5?- 55-64 65-74 O v e r  75 
A l l  Causes 61 ( 2 3 4 )  64 (401)  72 ( 6 1 8 )  37 ( 5 6 4 )  36 ( 2 7 )  
Malignant Neoplasms 62 ( 3 0 )  77 ( 3 4 )  88 (151)  96 ( 1 1 9 )  34  ( 3 0 )  
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