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IYTRODUCTIOM 

Tile general  problem t h a t  I !would 1 i k e . t o  d i scuss  i s  t h a t  o f  a s ses s ing  

hea l th  e f fec ts  of chronic  low-level exposures t o  environmental ccn tan inants .  

I w i l l  i l l u s t r a t e  t h i s  problem w i t h  a p a r t i c u l a r  s tudy t h a t  1 have been 

involved i n  f o r  the pas t  yea r  and a ha i f  or s o ,  n m e l y  a study of hea l th  

2 f i s c t s  o f  occupa t ima l  exposure t o  ion iz ing  r ad ia t ion  a t  Hanford. 

Hanford was e s t ab l i shed  i n  the  e a r l y  f o r t i e s  as  an i n s t a l l a t i o n  For 

plutonium production. Since th i s  t ime,  over 33,000 workers have been m p l o y ~ d  

by the var ious AEC ( l z t e r  EXDA)  con t rac to r s ,  iilany i n  j obs  involving scme 

exposure t o  r ad ia t ion .  Yearly records o f  t h i s  exposure,  as lwe11 z s  occxpation- 

a1 d a t a ,  a r e  maintained for a l l  such employoes. ihe yea r ly  exposures a r e  - 

rrieasured in  r e m  o f  ionizing r ad ia t ion  ab le  t o  reach c r i c i c a l  organs of  the  

body. 

seldom exceed one or two rims. This con t r a s t s  t o  o the r  s tud ie s  of  racliaticn 

Even f o r  those who rou t ine ly  work i n  r ad ia t ion  zones, y e a r l y  readings 
1 

exposure where es t imates  o f  the e f f e c t s  o f  low-level exposure a r e  based on 

l i n e a r  ex t rapola t ion  From da ta  on s i n g l e  zx?osures o f  io0  rems o r  r;,org. Our 

A Typical annual exposure from natural  background r ad ia t ion  i n  t he  United 
S t a t e s  i s  about . l  rem. [ lo]  
The recommendations o f  the  National Council on i iadiation Pro tec t ion  a n a  
Measurements ( K 2 ? )  [23]  on occupational exposure t o  whole body pene t r a t i  ng 
r ad iz t ion  a r e  t h a t  the  accurnulatsd exposure sha l l  noc exceed f i v e  rems 
mul t ip l ied  by the ntincer o f  years  beyond age 18, end t h a t  the  exposure i n  
any calendar  quz r t2 r  s h s i i  not exceed th ree  rems. 

1 



i n t e r e s t  i s  i n  assess ing  d i r e c t l y  the health e f f e c t s  of  continuin!! r21a t ive ly  

small doses of r ad ia t ion  over a number o f  years .  

should be a p p i  i cab le  t o  evaluat ing exposures t o  o the r  i ndus t r i a l  znd’znviron- 

mental Contaminants. 

The rriethods considered 

Our information on  heal th  e f f e c t s  i s  l imi ted  t o  mor ta l i ty  da ta  cons i s t -  

ing o f  d a t s ,  p lace ,  a n d  caus2 o f  death.  

the  Social  Secur i ty  Administration pe r iod ica l ly  search t h e i r  records f o r  

deaths o f  previous Hanford employees. I O  asce r t a in  cause,  death c e r t i f i c a t s s  

a r e  then reques tx i  from the  s t a t e s  \:/here the deaths occurred. Sone deaths a r e  

undoubtedly missed by t h i s  nethod and acquis i t ion  o f  c e r t i f i c a t e s  i s  a slow 

process :vhich i s  never 100% successfu l .  

mor ta l i ty  da ta  present  a number of o ther  d i f f i c u l t i e s .  

involved in coding the cause o f  death.  

un t i l  everyone d ies  t o  analyze the d a t a ,  o u r  observat ions a r e  cruncated. Ncn- 

f a t a l  heal th  e f f e c t s  are*oof course missed completely. 

These data a r e  obtained by h a v i n g  

- 

I n  a d d i t i o n  t o  acqu i s i t i on  problems, 

Various b iases  m y  52  

Sincs i t  i s  n o t  p rac t i ca l  t o  w a i t  

CO MP AR I S 0 N !J I TH V I TAL STAT I S T I CS 

A c l a s s i c  method of ana lys i s  f o r  occupational mor ta l i ty  s t u d i e s  i s  t o  ccr78.r-e 

death r a t e s ,  b o t h  overa l l  a n d  cause-speci f i c ,  !vi t h  those of  a ccrntrol pcpulation , 

for  example, a l l  U.S. wnite males. The appl ica t ion  of  such 2 method involves 

ca l cu la t ing  person-years i n  various age-caiendar year  c a t q o r i e s ,  m u l t i p l y i n g  

thes? person-years by the  appropriate  U . S .  r a t e s ,  a n d  suming t o  c r b t a i n  an 

expected number of  dezths !which can then be compared w i t h  the  number observed. 

For exaiiiple, a person who i n i t i a t e s  ernployment a t  l ianford on h i s  2 6 t h  

birthday a t  the  beginning o f  1953 and who 5urvives u n t i l  the end o f  1971 ( t h e  

c u t - g f f  p o i n t  for the s tudy)  )wi l l  have h i s  p e r s c n - y e s r s  d i s t r i b u t d  a s  i nd ic? t td  

i n  Figure 1 .  -. ine f i r s t  en t ry  i n  each age-caier,d3r year  catesory indiczfts 
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FiGURE 1 

Person-Years and Contribution t o  Expected Deaths of a Person 
Who Enters on His 2 6 t h  Birthday a t  the  Beginning or' 1953, a n d  

Who Survives Until tile End or' 1971 ( C u t - O f f  Point For the Study) .  

i 

Year 



age-calendar year  s p e c i f i c  death r a t e  f o r  U S .  wh 

U . S .  r a t e  f o r  40-44 yezr-old !white males between 

a cont r ibu t ion  o f  .004124 x 3.0 = .01237 expected 

t o t a l  contr ibut ion f o r  t h i s  individual  i s  the  sum 

person-years kihile the seccnd en t ry  i s  t h e  i n d i v i d u a l ' s  cont r ibu t ion  t o  expected 

deaths .  The l a t t e r  i s  obtained by n u l  t i p ly ing  person-years by the  corresponding 

t e  males. For example, the 

965-1969 i s  .GC4124 y ie ld inq  

deaths i n  t h i s  category.  The 

o f  a l l  such e n t r i e s .  

Richard klonson, a t  Harvard, has developed a computer program t o  car ry  o u t  

such ca l cu la t ions  f o r  23 ca teyor ies  o f  cancer a n d  34 ca tegor ies  of o ther  causes.  

The method i s  described in references [13] and  [ 2 2 ] .  

An a1 t s r n a t i  \/e t o  t h e  p o p u l  a t ion ana lys i s  Sescr i  bed above i 5 p r o p o r t i o n a l  

s i n  which one compares the discr ibucion o f  deaxhs  anon9 mortal  i ty  anaiys 

causes v i i t h  t h a t  

t i o n  on the g o p u  

such information 

o f  a control populat ion.  This method i s  s i n p l e r  s inc?  i n f o r m -  

a t i o n  a t  r isk i s  n o t  nee62d. 12 i s  es i jec ia l ly  valuabie 1when 

i s  n o t  avai lab le .  ihe main 1imitatiGn o f  t h i s  method i s  t h a t  - 

there  i s  n o  way o f  determining i f  an excessive ? rocor t ien  o f  deaths f r o m  one 

cause r e p r e s e n x  a t r u e  excess ,  or simply a de i ic iegcy  o f  deaths  from o the r  

causes. 

A t  t h i s  po in t  I wi l l  present  a few r e s u l t s  o f  the Fcpulation ana lys i s  of  

The Hanfora data .  Table 1 shows the  r a t i o s  o f  obs?r*/ed ;s a p e c t e d  deaths fo r  

a va r i e ty  o f  causes.  The numbers o f  observsd deaths a re  aiven i n  parentheses .  

The r a t i o  i s  known as the standardized mor ta l i ty  r a t i o  or SI%. Resul t j  a re  

given b o t h  f o r  the  tora l  Haniord population (20,846 white males) and fo r  thcse 2 

mployed a x  Hanford f o r  a r  l e a s t  f i y e  years  (10,236 w h i t 2  males) .  I c  i s  i n p o r -  

;ant t o  n o t 2  c h a t  many shorc-term workers ars  included i n  che s t i l dy ,  SGme 

:vorked f o r  as l i t t l e  as  a iveek. Shorc-cern iworksrs ar? of ten  omitted f rom 
- -  , occupational st i ldies s ince  they cont r ibu tz  l i t t l e  inforxacion about the  Z T T S C ~  

h 



T A B L E  1 

Standard Hortal i t y  Ratios f o r  A1 1 Hanford idorkers 
and  A l l  Hanford Workers Enployed for Five Years or ;'lGre 

(Number o f  Deaths i s  Given in Parentheses)  

Population a t  Risk 

SMR* f o r 
All Causes 

Workers Employed 
Five o r  More 

All Workers Years 
20,846 10,236 

. 7 9  (3394) . 7 5  (1331) 
A 1  1 Mal ignant r'leoplasms .85 (593) .85 (265)  
Cancer of Digestive Organs a n d  .87 (193) .89 (87) 

Cancer of Respiratory Systen .85 ( 1 7 2 )  .82 ( 7 9 )  
A 1 1  Diseases o f  Nervous System . 7 1  ( 2 2 2 )  . 6 9  ( 9 0 )  

Peri  toneum 

and Sense Organs 

System . 
All Diseases of Ci rcu la tory  .81 (1460) . 7 7  ( 6 1 4 )  

All External Causes o f  Death .91  (403) . 7 7  (133) 
All Respiratory Diseases ' .86 (163)  .78 ( 6 5 )  

* 
Cause s p e c i f i c  SMR's a r e  corrected f o r  deaths w i t h  no cause 
information ( 7 , 1 %  f o r  a l l  s-dorkers, 3.5% f o r  workers enpioyed 
f i v e  or more y e a r 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 !v i th  and without cause-oi-  
de3th da ta .  
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or' occupational hazards. To avoid b ias  from t h i s  omission, i t  i s  necossary to  

c a l c u l a t e  person-years s t a r t i n g  w i t h  t he  person ' s  f i f t h  anniversary o f  ernploy- 

men t . 
The t o t a l  number of observed dsaths  among the Hanford p G p u l a t i o n  i s  only 

about 79% 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. I t  i s  752  o f  t h a t  expected f o r  t hos2  spending a t  l e a s t  

f i v e  years  a t  Hanford. This may appear impressive,  b u t  a c t u a l l y  i t  i s  f a i r l y  

typ ica l  f o r  occupational s t u d i e s .  Employed persons ?r?  known t o  have lower 

death r a t e s  thzn nonernployea [Z l ] .  

physical exaninat ions f o r  t h e i r  workers, possibly postponing some dea ths .  A n d ,  

of  course ,  some deaths may be missed i f  no claim i s  f i l e d  w i t h  the  Social 

Secur i ty  Administration. 

Hanford con t r ac to r s  provide yea r ly  

S iases  r e su l t i ng  from comparison with U.S. r a t e s  can be r d u c z d  by calcu-  

l a t i n g  S+lR's f o r  various subiroups within Hanford and mzking  i n t e rna l  comparisons. 

. For example, we can compare long-term lcrith short- term workers, the  ez r ly  cGhort 

w i t h  l a t e r  ones,  workers with a po ten t i a l  f o r  r ad ia t ion  exposurc \ w i t h  those  n o t  

l i k e l y  t o  be exposed. 

respec t  t o  everything b u t  the ' fac tor  of  i n t e r e s t .  Fo r  exzmple, s ince  i r iost o f  the 

occypations w i t h  a record o f  g r e a t e r  exposure a r e  c l a s s i f i e d  2 s  c r a f t j r e n  

or ope rz to r s ,  an appropr ia te  control  m i g h t  be c r a f t s m n  a n d  opera tors  i n  

occupations w i  t h  comparzble pay , s k i  11  , and responsi b i  1 i t y  1 eve1 s ,  b u t  1 f ttl e 

poten t ia l  f o r  exposure. 

The groups can be made as comparable as  poss ib le  w i t h  

3 

Sone r e s u l t s  o f  t h i s  comparison are  presmteci i n  Table 2 .  Ye see no evidence 

t h a t  the overa l l  survival  experience o f  thosz i n  o c c u p t i o n s  l i k e l y  io Se exposod 
C C  has been adversely a ~ i - e c t x i .  1 n t 2 r ~ s t i n g l y y  the c u ~ c e r  SI'.lR's a t  i e i s t  i lp t o  i 9 7 2 ,  

3 
Occuoations were coded accordin9 t o  :he stafldzrd occupational ca'Lesori2s 
esT2blished b y  che Sureau o f  Census [ l ]  w i t h  special  codes introduced f o r  
occupacions unique ro rhe nuclsar  induszry. 



TASLE 2 

Standard Mortal i t y  R a t i o s  for Craftsnen 
2nd Operators with F i v e  o r  Eore Years a t  tianford 

(Number o f  Deaths i s  Given in Parentheses) 

Population a t  R i s k  

~ l t l ~  fo r  * 

A 1 1  Causes 
A 1  1 Mal ignant Pleopl asms 
Cancer o f  Digestive Organs and  

Cancer o f  ,?espiratory System 
A l l  D i s s a s 2 s  of fiervous a n d  

All Diseases o f  Circula tory  

A1 1 Respiratory D i  seases 

All  Exttrnal Cruses of Death 

Peritoneum 

Senss Crgans 

Sys tern 

Crzftsinen and 
Craftsmen a n d  Operators Operators Not 

with a Poten t ia l  for  Likely t o  be 
R a d i a t i n n  Exgosure Exposed 

1844 1975 

- 6 5  (185) 
. 9 2  (46)  
.94 (15)  

,88 ( 1 4 )  
.44 ( 8 )  

. 6 7  (83) 

. 6 2  (8 )  
- 6 5  (20)  

. 7 6  (316) 

. 7 3  ( 1 7 )  

.92 ( 6 8 )  

1.09 ( 2 5 )  
.71 ( 2 2 )  

.78 (148) 

. 9 1  (18) 

. 7 2  ( 2 6 )  

x 
I n  no case are  the d i f f e rences  i n  Si4R's  s t a t i s t i c a l l y  s i g n i f i c a n t  a t  the 
.O5 l e v e l .  
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a r e  i d e n t i c a l  f o r  t he  t:vo groups.  Note t h a t  125s thzn 2,OCO workers Ere i n  t he  

p o t e n t i a l l y  exposzd group. I f  t h i s  group were not  ~ n z l y z e d  s ? p a r a t z l y ,  a d v e r s e  

e f f e c t s ,  i f  p r e s e n t ,  could e a s i i y  be missed i n  the  z n z l y s i s  o f  t h e  t o t a l  p o p u l a t i o n .  

The comparison of  the two groups presented  above i s  i i rni ted i n  t h a t  our  occupa- 

t i o n a l  d a t a  a r e  d i f f i c u l t  t o  c a t e g o r i z e  a c c u r a t e l y ,  9 z r r i c u l a r l y  for the nany 

workzrs :vho held s e v e r a l  d i f f e r e n t  p o s i t i o n s .  
+ 

P ROB LENS I ?I AN ALY Z I NG T I ME DEP EN DE?l T VAR I A 8 LE S 

We now turn t o  t he  quest ior i  o f  ho1~'i best t o  deal  : . / i th  o u r  d o s i n e t r y  d a t a .  

i t  m i g h t  appear  t h a t  these d a t a  could be handled b y  c z l c u l a t i n g  the  t o t a l  3ene- 

t r a t i n g  dose f o r  each i n d i v i d u a l  and then comparing S1'42's for employees i n  

v a r i o u s  exposure c a t e g o r i e s .  However, because rad.; a t i  on exposure accumul a t e s  

over  time, we nave a b l ; i l t - i n  b i a s ;  naRely,  t h e  l c n g e r  sn i n d i v i d u z l  l i v e s  t h e  

mor2 o p p o r t u n i t y  he has t o  accumulate exposure.  Or convers? ly ,  one iviay n o t  t o  

accumulate exposure i s  t o  d i e  q u i c k l y .  
- 
I O  i l l u s t r a t e  t h i s  phenomenon, suppose t h a t  a l l  -*.iork?rs begin employment a t  

alje 25 i n  1945 and accumulate exposure a t  t he  r a t e  o f  13.1 rEm/yezr. !*/e then hzve  

the r e s u l t s  i 'nd ica tsd  below c r e a t i n g  the i l l u s i o n  t h a t  ex~os i ; r e  i s  conducive t o  

i ong  s u r v i v a l  . 

Age a t  Death T o t a l  Exoosure a t  k t h  
35 
45 
55  
55 

1 r e 9  
2 rems 
3 rems 
4 rems 

This  p r o b , e n  i s  compounded by the  f a c t  :kat type5 o ,  'work involving, 

p o s s i b l e  r a d i a t i o n  Exposure expanded bet:.reer: about  19212 and 1 S 6 S .  i n  r a c t ,  o f  

2570 w r k z r s  i n  our s tudy  w i t h  a t o t 3 1  exposure of  5 . 3  r e m  or mors,  mi:/ 208 

or about  2.;; t z r m i n z t t d  a ?  ?anford before 1965 50 t h z t  ; e r S G f l S  d y i n g  bedcr? 2,z.n 

- -  

1 0 0 7 8 0 0  
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d i d  n o t  have t h e  o p p o r t u n i t y  t o  accumulate iiiuch exposure. 

la tency geriod of many cancer types a f f e c t  the i n t e r p r e t a t i o n  of ea r iy  ana lys i s  

a n d  accentuate  the need f o r  continued obs t rva t ion  a n d  f requent  r eana lys i s .  

This f a c t  and  the  long 

- !he time-dependent natilre o f  the  d a t a  i n  low-12vel chronic exposure s t u d i e s  

poses unique problems i n  ana lys i s .  I n  addi t ion  t o  t he  bias  noted above, as a n  

i n d i v i d u a l  accumulates r ad ia t ion  exposure he may a l s o  be accumulatina exposures 

t o  o the r  agents or chemicals t h a t  may be inc identa l  t o  his  p a r t i c u l a r  occupation. 

For example, m o s t  workers i n  rad ia t ion  zones a l s o  receive some exposure t o  

asbes tos .  Furthermore, s ince  t o t a l  exposur? i s  c l e a r l y  dqenden t  on t h e  number 

o f  years  a t  Sanford,  we can expect 2 cor re l a t ion  o f  exposure s v i t h  f a c t o r s  such as 

pa r t i c ipa t ion  i n  the  medical su rve i l l ance  prog ram and residence i n  a r 5 l a t i v e l y  

small dese r t  community. F ina l ly ,  t he  time and r a t e  a t  which exposure i s  received 

requires  careful  cons idera t ion .  

One method o f  handling the tiiiie deFendency.of our d o s i i e t r y  d a t a  i s  t o  

. def ine  two or more d i s c r e t e  e iposure ca tegor ies  and then t o  a l l o c a t s  ezcn :./ark- 
-, e r ' s  person-years according t o  h i s  exposure s t a t u s  a t  t h e  time. i na t  i s ,  s. 

person i s  considered unexposed up t o  a time :./hen he ireets c e r t a i n  c r i t e r i a .  

From then on he i s  c a k g o r i z s d  as sxpcszd. One simple c r i t e r i o n  m i g h t  be t h a t  

h i s  t o t a l  exposure exceeds a c e r t a i n  ~ z i u e .  Since the years required f o r  2n 

individual t o  achieve the expos& s ta t i i s  a r e  counted a s  ncn-w?osed y e i r s ,  

these years  do  n o t  bias  the exposed g r o u p  tecward longer su rv ivz l .  i n e  nethod 

can obviously be extended t o  handle nore t h a n  t ~ o  exposure s t a t e s  w i t h  a given 

vJorker possibly cont r ibu t ing  person-years t o  several  s t a t 2 s .  O f  csu r se ,  his  k a ~ n  

will  Occur i n ,  a t  most, one s t a t e .  

in h i s  s t u d y  of  asbestos  w o r k r s ,  a?thouch he a l l o c a t e s  perssn-yezrs cn :;ne b z s i s  

o f  years  o f  exposure r a the r  t h a n  on 2 ITieasure o f  t h e  d0s2  r x i i v e d .  

-, 

A s imi l a r  method i s  us2d b y  Newnouse [24]  
, ,  

1 0 0 1 8 0 1  



On the  basis o f  the  above person-year allocation i t  i s  possible t o  

c a l c u l a t e  S X R ' s  for  the exposed a n d  non-exposed s t a t e s .  

be used t o  assess the s t a t i s t i c a l  s ign i f icance  of any d i f f e rences  observed a n d  

the  r a t i o  of t h 2  two SI"IR's taken a s  a measure of  the  r e l a t i v e  r i s k .  

a s  has been noxed by Sreslow [ 5 ] ,  Yule [ 7 ] ,  and o t h e r s ,  t h e n  nay be d i f f i c u l -  

t i e s  w i t h  t h i s  measure i f  the  r e l a t i v e  r i s k  va r i e s  considersbly f o r  various 

age-calendar year  ca tegor ies .  

A chi-squre t e s t  can 

However, 

Group I 

Group 11 

DIRECT INTERNAL COFIPARISONS : THE IYANTEL-%AE?ISZEL STATISTIC 

l i  Xli - r l i  

2 i  

r 

r P I Z i  - 

I n  the  method above, age-calendar year  s p e c i f i c  r a t e s  f o r  a control p o p u -  

This l a t i o n  ( U . S .  white males) a r e  u t i l i z e d  f o r  ca l cu la t ing  expected dea ths .  

i s  n o t  r g a l l y  necessary i f  o u r  main concern i s  an in te rna l  comparison. Ins tezd ,  

!;re can compare death r a t e s  d i r e c t l y  for each age-calendar ye2r c?iegory 2 n d  

poo l  these  comparisons for tes t ing  and  f o r  a summary measure. 

Mantel and Haenszel [ l i ]  have developed such a procedure for  t h e  ;urpose 

o f  ccmbining several  2 x 2 t ab l e s  o f  the i o r n  

Died S u r v i ved 

where i ince:ces s t r a t a  

t he re  i s  no difyerence 

for a var jab l?  such a s  ace.  'Jnder :he n u l i  nyi;ocheses :ha; 

i n  death races  f o r  the two grcups,  t h e  e x p e c t a r i o n s  2nd 

varianczs o f  the  r ccndi t ionai  on che marginals zrs G i v e n  by l i  

E ( r T i )  = Nii i"il i /Ti 
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I f  the death r a t e s  f o r  the various s t r a t a  s r e  uncorre la ted ,  the  cont inui ty-  

corrected s t a t i s t i c  given below should be approximately d i s t r i b u t e d  2s chi -  

square w i t h  one desree o f  freedom 

I n  the  case of  occupational d a t a ,  the death r a t e s  r j i /?j j i  wi l l  genera l ly  

be very m a l l  so t h a t  t he  r j i  can be regarded as Poisson v a r i a b l e s .  

correct ion f a c t o r ,  >1 /T - 1 ,  in equation ( 2 )  w i l l  be very c lose  t o  one and can 

be omi t t sd ,  r e s u l t i n g  in 

The f i n i t e  

2i  i 

= t l l i  'uZi  M , ~ / T :  . ( 4 )  

I n  t h i s  s i t u a t i o n ,  the Y . .  may be replaced by t h e  number o f  person-yezrs,  t , , ,  
.1 1 . - d '  

- 3  a r e  s t i  1 1  Poisson and formulas ( 1  ) , ( 3 1 ,  
If le r j i  

in the  i t h  s t r a t a  g r o u p  j .  

( 4 )  and ( 3 )  a p p i y .  

(See Arni tase [28]).  

The ' 'survived" cofunn in the  above t ab le  wi l l  have no meaning. 

There a r e  a number o f  p o s s i b i l i t i e s  f o r  summary ineasurss of r e l a t i v e  r i s k .  

The two presentsd below a r e  respec t ive ly  tne r a t i o s  of s tandardized r a t e s  besed 

on the  " d i r e c t "  and  " i n d i r e c t "  methods, where the standard popu!ation i s  taken 

t o  be the pooled exposed and nonexposed populat ions.  

F r  T . / N  
u l i  1 l i  

- 1  

- R1 - 
c r 2 i  
1 

I I 2, = 

1 0 0 1 8 0 3  
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The r e l a t i v e  meri ts  o f  these and  o the r  iileasures a r e  discussed by iYantei a n d  

Haenszel [17]  and by Sreslow [4]. 

Mantel [18] hzs  extended his r e s u l t s  in a number of  d i r e c t i o n s ,  includ- 

i n g  the  case in which s a e r a l  groups, possibly ordered,  a r e  being .compared. 

The appl ica t ion  of h i s  method t o  censored survival  da ta  i s  discussed i n  

reference [19 ] .  

Other var iab les  o f  importznce such as years  from i n i t i a l  employment a t  

Hanford, years  employed a t  Hanford, and work cohort  can be handled by intro- 

ducing addi t ional  s t r a t a  i n t o  the  model, e i t h e r  w i t h  or w i t h o u t  the  us? of 

U . S .  v i t a l  s t a t i s t i c s .  Since the Mantel-iiamszel procedure requi res  o n l y  

t h a t  the  - sum ~f the  cxposed deaths have a normal d i s t r i b u t i o n ,  the s i z e  o f  

individual s t r a t a  can be q u i t e  jna17. However, t he re  i s  some l i m i t  since a 

8" M l i  a r i  zero.  stratum wil l  can t r ibu te  n o t h i n g  i f  any of  t he  marginals \ I  1 i ? "2i  Y 

I f  v i t a l  s t a t i s t i c s  a r e  used t o  ad jus t  f o r  age a n d  calendar  y e a r ,  i t  i s  

probably possible  t o  s t r a t i f y  amore f i n e l y  on o ther  va r i ab le s .  

GOSE-RESFOESE RELATlONSHIP OVER TI idE 
- -  !ale now turn t o  the  question o f  the r e l a t i c n s h i ?  0.f m y  S T T X ~ S  , x i t h  :he 

-. time t h a t  has passed s ince  exposure. in i s  i s  a conplsx quest ion s ince  i f  one 

assumes t h a t  there  a r e  n u l t i p l e  s tages  ( i n i t i a t i n g  2nd gronot ing)  i n  the Genesis 

o f  cancer ,  23 r iy  exposure may a f f e c t  a d i f f e r e n t  s t a s 2  t h a n  lattr exposur?, 

One p o s s i b i l i t y  for handlinc the  proolen i s  t o  introduce l a t e n t  periods o f  

various iengths i n t o  the de f in i t i on  of  the exposed s t a t e .  For exanole,  an i n d i * / f -  

dual c o u l d  be considered exposed o n l y  a f t e r  surviving t en  years  Fas t  '-ne acc~rmu?z- 

L i o n  o f  E! given t c ~ a l  2xposire.  

A' 
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Another a l t e r n a t i v e  is t o  t r?at  the in te rva l  i ron  exposure as  y e t  another 
- st ratum. 

expos2d t ab le .  

each such exposure in te rva l  g r o u p ,  our  f i n a l  r e su l t i ng  chi-square s t a t i s t i c  i s .  

obtained by summing over co r re l a t ed  comparisons. Thus the  t e s t  i s  o f  dubious 

v a l i d i t y .  However, f o r  desc r ip t ive  puryoses, t h i s  procedure nay s t i l l  provide 

a valuable t o o l  f o r  gaining in s igh t  i n to  the na ture  o f  any poss ib le  r e l a t ionsh ip .  

ihe p rob lem here i s  t h a t  the  stratum i s  defined o n l y  f o r  those in the  

I f  the  same control (from the  nonexposed t a b ? ? )  i s  used f c r  

The procedure above was o r i g i n a l l y  suggested by Mantel a n d  Syar [20] f o r  

analyzing hear t  t r ansp lan t  d a t a .  

ana1ogol;s t o  en te r ing  t h e  exposed g r o u p ;  while being Eccepted as a cancicaite 

for surgery corresponds t o  i n i t i a t i n g  emplopent  a t  Fanford. As a wzy o u t  07 

the  d i f f i c u l t y  encountered above ( i .  e . ,  co r re l a t ed  comparisons),  they suggest 

comparing latsr exposure w i t h  e a r l i e r  exposure. For e!x?mple, nonexposed person-  

years  could be compared with exposed person-years;  the f i r s t  f i v e  years  a f t e r  

exposure could be compared with l a t e r  experience;  and  the next f i v e  yszrs  

compared w i t h  s t i l l  l a t e r  oxperience,  e t c .  Such comparisons czn be shown t o  be 

uncorrelated a n d  the r e su l t i ng  chi-square va l id .  This ana lys i s  addresses the 

quest ion o f  the  comparison o f  e a r l i e r  versus l a t e r  exposure. 

I n  t h e i r  s tudy,  receiving J. t r ansp lan t  i s  

There a re  c e r t a i n l y  many o ther  p o s s i b i l i t i e s  fo r  u t i l i z i n g  the  avz i l ab ie  

dcsirnetry d a t a  than those discuss3d above. I n  p a r t i c Q i a r ,  furcher  ccnsiderat ion 

should be g i v m  t o  the  choice o f  the procedures t h a t  will  be most meaninciul 

in handling the  ;ice r e l a t ionsh ip  with more tnan two exposure s t a t s s  ccnsidered.  

Before 

wi til concsm 

i n  i 9 i 2  is]  

C O X ' S  C O N D I T I O W A L  NIOEL 

ciosing , I b r i e f l y  consider  Cox '  j condi t ionzl  model f c t  sur* / jvzI  

z m c  var iab les .  This mcdel, introducsd by 3. R. Czx i n  s ksy ?a9er 

o f f z r s  almost u n l  in i tod  c o s s i c i i  i t i a s  f o r  izore e l z b o r a t t  a n z i y s i s  

. I  



a n d  includes as spec ia l  casss  the  methods propcsed thus f a r .  

Suppose t h a t  e3ch individual in our study has measurements z,,.,.,~ where 

these may be Keasurenents of pr inary i n t g r e s t  such as  r ad ia t i cn  exposure,  or 

concomitant var iab les  t h a t  need t o  be accounced f o r ,  such a s  years  a t  Hanford. 

The var iab les  may be time dependent. 

P 

Cox defines  h i s  basic  model i n  terms o f  a hazzrd func t ion .  The hazard 

funct ion can be t h o u g h t  of  as the instantaneous r i s k  o f  dying (3r f a i l u r e  o f  sone 

type ) .  Cox makzs t h e  assumption t h a t  the  hzzard X ( t , z )  i s  of  the  form - 

where t denotes time e i t h e r  from b i r t h  ( i . e . ,  age)  o r  from onse t  o f  the  study 

( i n i t i a l  employment a t  Hanford), - z = ( z l  ,.... ,zD) and - 3 '  = ( 3 1 , .  . . .  , s a ) .  Note 

t h a t  no assumptions a r e  nade about the hazard funct ion ;Z ( t ) .  

involves only the  manner i n  which - z a f f e c t s  su rv jva l .  

The assumption 
0 

Cox then proccleds t o  argue condi t iona l ly  on the  p a r t i c u l a r  times t h a t  deaths 

occur. Suppose t h a t  t i s  the  s e t  o f  a l l  individuals  a l i v e  a n d  a t  r i s k  o f  

dying a t  time t 
( i )  

. Then, a r g u i n g  condi t iona l ly  on the r i s k  s 2 t  Rt(i)9 the  ( i )  
p robabi i i ty  the dea th  i s  on the  i n d i v i d u a l  as  0 b s 2 r ~ e d  i s  

- ihe product o f  the  above expressions over a l l  1 2 3 t h ~  can be t r e z t e d  as  a 
- *  ' l ikelihocd i u n c t i m .  ina t  i s ,  the l o g a r i t h m  can 5s d i f i ? r e c ; i z t e i ,  z ~ d  the 

resul tin: equations solved i t 2 r a t i v e l y  t o  o b c a i n  ~ s : i n a c ~ s  of - 2 .  
. .  , 

- .  Cox's model c a r r i e s  o u t  the  Tinest  s t r a t i i i c a t i c n  Foss ib l e  On the  basi: 

t i n e  va r i ab le ,  t, w i t h  j u s t  one death per strztcin.  I t  is poss ib le  t:, ?roup 6z;a 

on t h i s  v i r i a b l e  ( S ~ P  r s i e r z n c s  [3] ,  [ I s ] ,  [ 2 5 ] )  .2nC then s;r:t?:y a s  i.rel1 (SR 
. -  



addi t iona l  va r i ab le s .  

comitant va r i ab le ,  z l ,  leads t o  the  t e s t  proposed by Mantel [19] above. 

case i n  Idhich a s ing le  var iab le  takes  on mult iple  values ,  or even a continuum of  

values ,  leads t o  t h e  same t e s t s  as Mantel 's  extensions in  t h i s  d i r ec t ion  [18]. 

However, in add i t ion ,  Cox's model provides es t imates  of  the  coefficient 3 which 

can be in t e rp re t ed  as  t h e  logarithm o f  the r e l a t i v e  r j s k .  

The special  c a s e  i:: which there  i s  a j i n g l e  binary con- 

The 

I f  t h e  va r i ab le  t i s  taken as t i n e  fieom i n i t i a l  employment a t  Hanford, 

v i t a l  s t a t i s t i c s  can be incorporat.2d in to  the  model as a means of handling age 

and calendar  year .  

C o x ' s  model o f f e r s  po ten t ia l  f o r  hand1 i n g  several  measures o f  rad ia t ion  

exposure simultaneously as well as  zn a1 t e rna t ive  procedure f o r  hand? 4ng con- 

comitani var iab les  such as years  a t  Hanford. One n ight  f o r  example, def ine  t 

as the time from accurnulaTion o f  a ce r t a in  cotal  dose and  u t i l i z e  g r i c r  and 

subsequent experience as concomitant va r i ab le s .  Crowley a n d  HU [I] discuss  

the CIS? o f  Cox 's  inodel with tirre dependent var iab les  a n a  ~ l s e . i t  t o  analyze 

hear t  t r ansp lan t  d a t a .  
-. \ n e  r e s u l t s  o f  analyses based on Cox's model with ssveral  time d q e n d e n t  

Certainly the  v a l i d i t y  o f  the  basic  var iab les  may be d i f f i c u l t  t o  i n t 2 r p r e t .  

assumption t h a t  A(t,z-) = ex;, (z3)X ( t )  needs t o  be evaluzted c z r ? f u l l y .  
0 - 

S UMMP. RY 

Hopefully t h l s  presentat ion h a s  ra i sed  quest ions worthy o f  f t i r ther  comen t  

and d iscuss icn .  I w o u l d  propose the  following quest ions f o r  y o u r  ccns idera t ion :  

( 1 )  How does one i n t e r ? r g t  the comparison o f  t h ?  r o r r t l i t y  t x p r i ~ n c s  o f  

:-',anford workers w i c h  an ou ts ide  c o n t r g l  9opuiacion ( f o r  staiil?le, 2 1 1  2 . 8 .  !wh i t2  

n a l t s ) ?  

2 f f e c t s  sf r t d i a t i o n  sxposur?,  cut  does i t  Sive us o t h e r  i r p o r t a n i  i n f o r m t i o n ?  

I feel  t h a t  such E compariscn t z l y s  us very l i t t i e  a b o u t  ;he 7 o s s j b i 2  
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I s  there  an  a l t e r n a t i v e  ccntrol  $/rhich would be more appropr ia te?  !,/ha'. should 

be the r o l e  of  proportional mor ta l i ty  ana lys i s?  

( 2 )  !./hen inaking in te rna l  comparisons, ho:., should one handle the c r i t i c a l  

va r i ab le s ,  age a n d  calendar  year?  

u t i l i z e d  for t h i s  purpose, o r  should cornpariscns be mzde d i r e c t l y  using a 

procedure such as t h a t  devised 5y Mantel a n d  Haenszel? What a r 2  the  bes t  

measures of  r e l a t i v e  r i s k  u s i n g  e i t h e r  method? 

S h o u l d  r a t e s  from a control popuiatiori be 

( 3 )  How should o ther  concornitsnt va r i ab l s s  (such as  years  a t  danford,  

occupation, cohor t )  be kindled? Fethods which have been cQnsidered z r s  

r e s t r i c t i n g  the  ana lys i s  t o  cer t i t in  re levant  subgroups, s t r a t i f i c a t i o n  w i t h  

a sumnary t e s t  and measur?, a n d  Cox's regression model. 

(4) liow should the dosjmetry d a t a  be handled? ' t h a t  a r 2  the  i ~ o s t  r 2 1 2 v z n t  

f a c t s  about  rad ia t ion  exposure? How can i n s i s h t  be Gained i n t o  t h s  nztiire 2nd 

magnitude o f  the  d o s 2 - e f f o c t - t i ~ e  r e l a t ionsh ip  ( i f  such a r e l a t i o n s h i ?  i s  ? r e -  

s e n t ) ?  Such methods as al  loca t ing  person-years by exposurc s t a t e s  , cornparifla 

various time periods a f t e r  exposure,  and C o x ' s  regression node1 nay ?rove 

useful.  
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