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I. INTRODUCTION 

This r e p o r t  i s  a review of the  permanent and delayed somatic e f f e c t s  

of i on iz ing  r a d i a t i o n s  from e x t e r n a l  sources .  

hematologic e f f e c t s  and e f f e c t s  of p r e n a t a l  i r r a d i a t i o n  are being 

considered by o t h e r  groups and are no t  included he re .  

General  nonleukemic 

Emphasis is placed on r a d i a t i o n  e f f e c t s  i n  t h e  human, The d a t a  

on long-term effects i n  man are s o  fragmentary,  however, t h a t  r e s u l t s  of 

animal experimentat ion must be used t o  i l l u s t r a t e  p r i n c i p l e s  and mechanisms 

r e l e v a n t  t o  t h e s e  e f f e c t s  of r a d i a t i o n ,  and t o  provide bases  f o r  p r e d i c t i o n s  

of such e f f e c t s  i n  man. 

This r epor t  is  based on numerous s t u d i e s ,  inc luding  experimental  

r e s u l t s  i n  animals and observa t ions  on man; t h e s e  are l i s t e d  i n  t h e  

b ib l iography under major subd iv i s ions  of gene ra l  r a d i a t i o n  e f f e c t s .  The 

p e r t i n e n t  l i t e r a t u r e  is so voluminous t h a t  i t  has  not  been f e a s i b l e  t o  

inc lude  a l l  of t he  papers  i n  t h e  f i e l d ;  however, many of the works l i s t e d  

are reviews or con ta in  r e fe rences  t o  o t h e r  r e l a t e d  papers .  S p e c i f i c  

r e fe rences  are included i n  t h e  r e p o r t  t o  some of t h e  r e p o r t s  l i s t e d .  

While i t  was recognized soon a f t e r  t h e i r  d i scove ry  t h a t  X-rays and 

t h e  r a d i a t i o n s  from r a d i o a c t i v e  materials could cause acu te  func t iona l  and 

morphologic i n j u r y  t o  l i v i n g  t i s s u e ,  i t  d id  not  become apparent  u n t i l  l a te r  

t h a t  they could a l s o  r e s u l t  i n  more s u b t l e  permanent and delayed e f f e c t s  t h a t  

could have s e r i o u s  consequences long a f t e r  i r r a d i a t i o n ,  These l a t e  e f f e c t s  

are of prime importance i n  cons ider ing  t h e  problem of permiss ib le  human 

exposure,  

0 0 1 8 5 1 4  



Unt i l  r e c e n t l y ,  l abo ra to ry  s t u d i e s  of long-term e f f e c t s  of i r r a d i a t i o n  

have been r e l a t i v e l y  few; t h e i r  importance was not apprec i a t ed  earlier,  

and they are expensive and t i m e  consuming, r e q u i r i n g  maintenance of l a r g e  

numbers of animals f o r  a l l  o r  most of t h e i r  normal l i f e s p a n .  I n  consequence, 

d a t a  on late e f f e c t s  i n  animals,  a l though m o r e  p l e n t i f u l  t han  f o r  man, 

are s t i l l  l i m i t e d  i n  many r e s p e c t s .  Never the less ,  knowledge of t hese  e f f e c t s  

has become s u f f i c i e n t  r e c e n t l y  t o  provide cons iderable  i n s i g h t  i n t o  the  

problem. Such d a t a  as t h e r e  are f o r  man are s u f f i c i e n t l y  i n  agreement wi th  

those  f o r  o the r  mammals so t h a t  f a i r l y  accu ra t e  e x t r a p o l a t i o n  from lower 

mammals t o  man can even tua l ly  be expected. 

11. THE QUESTION OF THRESHOLD DOSE 

D e f i n i t i v e  threshold-dose experiments on the  long-term e f f e c t s  of 

small doses of r a d i a t i o n  r e q u i r e  s o  many animals t h a t  t h e i r  performance i s  

precluded by p r a c t i c a l  cons ide ra t ions ;  t h i s  has l e d  t o  much specu la t ion  on 

whether or  not  t h e r e  a r e  th re sho ld  doses f o r  var ious  e f f e c t s  below which 

r a d i a t i o n  has  no e f f e c t .  

There a r e  two cogent reasons f o r  avoiding r e l i a n c e  on the  threshold  

concept i n  such s i t u a t i o n s ;  one t h e o r e t i c a l  and one p r a c t i c a l :  

(1) While c e r t a i n  e f f e c t s  of r a d i a t i o n  may be i n t e r p r e t e d  a s  a r i s i n g  

from the combined a c t i o n  of mul t ip l e  quanta,  each ind iv idua l  quantum is 

capable of producing an i n j u r i o u s  e f f e c t .  I n  consequence, a l l  l e v e l s  of 

r a d i a t i o n  produce i n j u r y .  Furthermore, t he  man i fe s t a t ions  of r a d i a t i o n  

in ju ry ,  f o r  which threshold  is o f t e n  d iscussed ,  a r e  not unique but  arise 

normally from o t h e r ,  presumably additive and cumulative,  causes .  I n  view of 

the  experimental  evidence t o  be d iscussed ,  r a d i a t i o n  i n j u r y  seems t o  be 
0 - 
a a d d i t i v e  t o  such causes .  Thus, whether o r  not  t he re  is a threshold of i n j u r y  
U-l 
a 
u? 

f o r  a given man i fe s t a t ion ,  t he  p r o b a b i l i t y  of t he  occurrence of t h i s  manifesta-  
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tion in a population will be increased above the so-called spontaneous 

-ate by any increment of radiation exposure. 

(2; a conservative policy is to concede the probability of a limited 

effect at a given low dose and not t o  rely on the unlikely and not 

practically verifiable hypothesis that such a dose may have no effect at all. 

An upper limit of effect not likely to be significantly exceeded at such a 

l o w  dose can be estimated by extrapolation from the dose region in which 

quantitative data are available. 

In the following discussion, the term threshold dose is used theoretically 

to describe the possible response to radiation alone of a single animal. 

It is not implied that it has any meaningful measurable counterpart with 

respect to a population. 

111. PERMANENT AND DELAYED EFFECTS IN GENERAL 

It is well established experimentally in mammals that shortening of 

lifespan is a general effect of whole-body or partial-body exposure to 

ionizing radiation in substantial doses. 

exposure, the life-shortening effect is variable in degree, depending on the 

kind and amount of tissue irradiated as well as the dose. 

shorten lifespan by production of damage in a specific tissue (e.g., dermatitis 

followed by skin cancer) and by production of a specific disease (e.g., leukemia), 

as seen in humans and experimental animals; and by production of more 

generalized changes (e.g., lowered immunity, damage of vasculoconnective 

tissue, and the manifestations of premature aging), as seen in experimental 

animals. 

In the case of partial-body 

Radiation may 
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A l i f e - shor t en ing  e f f e c t  i n  man as a r e s u l t  of s u b s t a n t i a l  to ta l -body 

i r r a d i a t i o n  can be expected on t h e  b a s i s  of animal experimentat ion and 

the  increased  incidence of leukemia i n  humans from such exposures.  

t h e r e  are as y e t  no d a t a  f o r  man t h a t  provide a s a t i s f a c t o r y  b a s i s  f o r  

q u a n t i t a t i v e  e s t i m a t i o n  of the o v e r a l l  l i f e s p a n  e f fec ts  of r a d i a t i o n  o r  of 

t h e  dependence of t h e  e f f e c t  on dose and dose f r a c t i o n a t i o n .  

However, 

S t a t i s t i c a l  s t u d i e s  of m o r t a l i t y  rates of U. S.  phys ic ians ,  comparing 

r a d i o l o g i s t s  w i th  o the r  physicians o r  wi th  the  gene ra l  male populat ion,  

i n d i c a t e  t h a t  occupat iona l  exposure of U. S. r a d i o l o g i s t s  may have caused a 

small increase  i n  age - spec i f i c  m o r t a l i t y  r a t e s  i n  past decades. The cumulative 

doses ,  although probably l a r g e  on the  average i n  ear l ier  decades, are not  

known f o r  i nd iv idua l s ;  i t  is ,  the re fo re ,  not p o s s i b l e  t o  make q u a n t i t a t i v e  

de te rmina t ion  of l i f e  shor ten ing  wi th  r e spec t  t o  dose. A s tudy  of B r i t i s h  

r a d i o l o g i s t s  sugges ts  no inc rease  i n  age - spec i f i c  m o r t a l i t y  ra tes  among t h a t  

group. There is no evidence as y e t  sugges t ing  l i f e  sho r t en ing  i n  man fol lowing 

small  doses of r a d i a t i o n .  

From experimental  d a t a ,  i t  is known t h a t  t he  s u r v i v a l  t i m e  f o r  g iven  dose 

rates is g e n e r a l l y  s h o r t e r  the  more r a d i a t i o n  energy absorbed. 

i s  gene ra l ly  less, however, f o r  a given t o t a l  dose absorbed over a long per iod  

of t i m e  than  over a s h o r t  per iod .  

L i f e  sho r t en ing  

There is some experimental  evidence t h a t  r a d i a t i o n  e f f e c t s  c o n t r i b u t i n g  

t o  shor ten ing  of l i f e  may depend on g e n e t i c  c o n s t i t u t i o n  and on the  age and 

phys ica l  or  c l i n i c a l  s t a t u s  a t  t he  time of exposure.  
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Animals i r r a d i a t e d  w i t h  s u b s t a n t i a l  bu t  s u b l e t h a l  whole-body doses appear 

t o  recover from t h e  a c u t e  e a r l y  i l l n e s s  fol lowing i r r a d i a t i o n ,  but  tend t o  

d i e  prematurely.  Such animals seem t o  d e t e r i o r a t e  sooner o r  more r a p i d l y  

than  t h e i r  n o n i r r a d i a t e d  con t ro l s ,  showing va r ious  phys io logic  and h i s t o -  

pathologic  changes sugges t ive  of senescence and developing the  d i seases  of 

t h e i r  spec ie s  earlier. To a f i r s t  approximation, a comparison of t h e  

m o r t a l i t y  curves  of su rv ivo r s  of acu te  r a d i a t i o n  m o r t a l i t y  and t h e i r  con t ro l s  

sugges ts  t h a t  r a d i a t i o n  causes premature aging i n  an a c t u a r i a l  sense.  

There has  been a tendency t o  a t t r i b u t e  premature dea th  r e s u l t i n g  from 

r a d i a t i o n  t o  t h e  increased  incidence of c e r t a i n  s p e c i f i c  d i seases ,  e s p e c i a l l y  

c e r t a i n  malignant neoplasms. While t h i s  may be j u s t i f i e d  f o r  l o c a l i z e d  

i r r a d i a t i o n  from e x t e r n a l  sources  or from l o c a l l y  depos i ted  r a d i o a c t i v e  

materials, i t  may not  be j u s t i f i e d  f o r  whole-body i r r a d i a t i o n .  

o r  v a r i e t y  of s p e c i f i c  d i seases  a r i s i n g  a f t e r  l oca l i zed  i r r a d i a t i o n  i e  

l imi t ed  compared wi th  those a r i s i n g  a f t e r  to ta l -body i r r a d i a t i o n .  

The number 

There is evidence t h a t ,  a t  t h e i r  r e s p e c t i v e  median dea th  times, groups 

of animals showing l i f e  shor ten ing  as a r e s u l t  of s i n g l e  to ta l -body 

i r r a d i a t i o n  and t h e i r  non i r r ad ia t ed  c o n t r o l  groups usua l ly  have approximately 

t h e  same d i seases ,  a l though not n e c e s s a r i l y  i n  t h e  same incidence.  

One could assume t h a t  i r r a d i a t i o n  s e p a r a t e l y  induces each of t h e  d i seases  

of advanced age. It seems more reasonable ,  however, t o  regard  such uni formi ty  

of response as evidence t h a t  to ta l -body i r r a d i a t i o n  causes  a nonspec i f ic  

s u b c l i n i c a l  d e t e r i o r a t i o n  of the body t i s s u e s  t h a t  advances the  onse t  of most 

d i seases  t o  a roughly equal  degree.  According t o  experimental  da t a ,  an 

unusual ly  high s u s c e p t i b i l i t y  seems t o  e x i s r  i n  some experimental  animal 

spec ies  or  s t r a i n s  f o r  c e r t a i n  d i s e a s e s ;  e.g., ovar ian  tumors and lymphatic 

leukemia i n  mice and mammary tumors i n  ra t s .  

Q 

v1 
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In  genera l ,  i r r a d i a t i o n  inc reases  t h e  inc idence  and/or t he  s e v e r i t y  

of c l i n i c a l l y  recognized d i s e a s e s  a t  g iven  chronologica l  ages.  When t h e s e  

d i s e a s e s  appear only  r a r e l y  o r  not a t  a l l  i n  non i r r ad ia t ed  con t ro l s ,  o r  

a r e  thought t o  have pathogeneses d i f f e r e n t  from those of similar d i s e a s e s  

i n  the  con t ro l ,  they  are o f t e n  regarded as having been induced completely 

by t h e  r a d i a t i o n  exposure,  When c e r t a i n  d i s e a s e s  common t o  t h e  popula t ion  

appear e a r l i e r  i n  i r r a d i a t e d  animals than i n  the  con t ro l s ,  they  are regarded 

as having been advanced by i r r a d i a t i o n .  I n  many experiments,  both mechanisms 

may seem t o  ope ra t e  toge the r ,  w i t h  induct ion  of d i s e a s e  of r e l a t i v e l y  g r e a t e r  

importance i n  cases of i n t e n s i v e  l o c a l i z e d  i r r a d i a t i o n  and advancement of 

d i s e a s e  of r e l a t i v e l y  g r e a t e r  importance i n  whole-body i r r a d i a t i o n .  

It is  well known t h a t  t he  average l i f e s p a n  of var ious  experimental  

animals o f t e n  f a l l s  f a r  s h o r t  of t h e i r  p o t e n t i a l  averages because i n f e c t i o u s  

d i s e a s e s  k i l l  o r  damage l a r g e  numbers w e l l  be fo re  senescence. I n  man, t h e  

coun te rpa r t s  of t h e s e  l i f e s p a n - l i m i t i n g  d i s e a s e s  have been l a r g e l y  e l imina ted  

as major causes of dea th ,  a t  least i n  medica l ly  advanced coun t r i e s ;  

noninfec t ious  d i s e a s e s  w i t h  long l a t e n t  per iods  and a s soc ia t ed  wi th  senescent  

d e t e r i o r a t i o n  are more prominent causes of death.  In  experimental  animals,  

however, d i seases  of long l a t e n c y  may r a r e l y  o r  never develop spontaneously 

w i t h i n  the  l i f e s p a n  observed. Consequentiy, i t  i s  poss ib l e  t h a t  some, i f  not  

a l l ,  of the d i seases  regarded as induced by i r r a d i a t i o n  may ins t ead  have been 

d i seases  of r e l a t i v e l y  long l a t ency  whose t i m e  of onse t  was advanced g r e a t l y .  

When i n t e n s i v e ,  h i g h l y  l o c a l i z e d  i r r a d i a t i o n  causes  a high incidence of c e r t a i n  

e3 d i s e a s e s ,  whether induced o r  advanced, t o  the  par ts  i r r a d i a t e d ,  the incidence 
G3 - depends g r e a t l y  on t h e  l a t e n t  per iods f o r  t he  d i s e a s e s  i n  r e l a t i o n  to temporal 
a2 

proximity of development of o the r  te rmina l  d i s e a s e s  t o  which the  animals a r e  

This ,  i n  t u r n ,  depends on the age of the  animals.  a s u s c e p t i b l e .  
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The foregoing ge'neral cons ide ra t ions  of t h e  e f f e c t s  of i r r a d i a t i o n  on 

l i f e s p a n ,  m o r t a l i t y  curves ,  cause of dea th ,  and t i m e  of onse t  of d i sease ,  

toge ther  wi th  a v a i l a b l e  informat ion  on c l i n i c a l ,  phys io logic  and h i s t o -  

pa thologic  e f f e c t s  of i r r a d i a t i o n ,  i n d i c a t e  a resemblance between pa thologic  

events  underlying r a d i o l o g i c  l i f e  sho r t en ing  and premature phys io logic  aging 

processes .  To what e x t e n t  t h e  two processes  are similar is  no t  ye t  clear, 

and whether or not they  are fundamentally i d e n t i c a l  cannot be 

determined u n t i l  the  fundamental causes  of both r a d i o l o g i c  l i f e  shor ten ing  

and phys io logic  aging are b e t t e r  understood. 

IV. PERMANENT AND DELAYED EFFECTS PARTICULARIZED 

A. Shortening of Li fespan  by Ioniz inp  Radiat ions 

Since t h e r e  is experimental  evidence t h a t  r a d i a t i o n  e f f e c t s  depend on 

t he  gene t i c  c o n s t i t u t i o n  of animals,  t h e i r  age,  and t h e i r  phys ica l  or c l i n i c a l  

s t a t u s  at the  time of exposure,  some cons ide ra t ion  of t hese  f a c t o r s  i s  

included i n  t h i s  s e c t i o n .  

1. L i f e  Shor ten ing  by S ing le  Doses i n  Laboratory Animals 

Many, bu t  no t  a l l ,  e x i s t i n g  d a t a  on rodents  i n d i c a t e  t h a t  t he  e f f e c t i v e -  

ness  of s i n g l e  whole-body exposures t o  X- o r  gamma r a y s f o r  l i f e  shor ten ing ,  

expressed as percent  r educ t ion  of l i f e  per  100 r a d s ,  i nc reases  as dose 

inc reases .  The r e l a t i o n s h i p  i s  such t h a t  f o r  doses up t o  300 rads,  t he  

reduct ion  per  100 rads  i s  cons tan t  or s lowly  inc reas ing  wi th  dose, bu t  

increases  r a p i d l y  f o r  doses approaching the LD reg ion .  The reduct ion  of l i f e  

by doses approaching an LD i s  about 25  t o  5O$ ( 5  t o  lo$ per  100 r a d s ) .  

A t  doses from 200 to 500 rads  (gamma), the  r educ t ion  rangas from 2 t o  k$ 

50 

50 

p e r  100 rads ,  depending somewhat on dose.  



a. 
Doses less than  200 rads  do not  u s u a l l y  y i e l d  a s i g n i f i c a n t  sho r t en ing  

of l i f e  with the  number of rodents  t e s t e d  he re to fo re .  An upper l i m i t  

of approximately 1 t o  1.5% per  100 rads  can be ass igned  t o  t h e  l i f e -  

shor ten ing  e f f e c t  of s i n g l e  doses below 200 rads ,  according t o  

e x t r a p o l a t i o n  of p re sen t  d a t a ,  on the  assumption t h a t  e f f e c t  remains 

propor t iona l  t o  dose down t o  t h e  sma l l e s t  doses .  It is poss ib l e ,  however, 

t h a t  t h e  e f f e c t i v e n e s s  f a l l s  below t h i s  va lue  when small  doses (-10 r ads  

o r  less) are concerned (see s e c t i o n  IV.A.2.). 

Female mice show mote l i f e  shor ten ing  than  males a t  a l l  dose levels, 

presumably due t o  t h e  gene ra l  endocrine d i s tu rbances  fol lowing r a d i a t i o n  

damage t o  t h e  ovary. 

ovary has  no known p a r a l l e l  i n  o ther  s p e c i e s ,  nor is t h e r e  evidence of 

d i sp ropor t iona te  l i f e  shor ten ing  i n  female r a t s  o r  guinea p igs .  There is 

no present  b a s i s  f o r  expec t ing  a l a rge  s e x  d i f f e r e n t i a l  i n  l i f e  sho r t en ing  

i n  man. 

The ex t r ao rd ina ry  r a d i a t i o n  s e n s i t i v i t y  of t h e  mouse 

The e f f e c t i v e n e s s  of f a s t  neutrons f o r  sho r t en ing  l i f e  is about 2 t o  3 

t i m e s  g r e a t e r  per  rad  i n  t h e  LD reg ion  than  gamma rays .  This  r a t i o  of 

e f f e c t i v e n e s s  (RBE) f o r  l i f e  shor ten ing  i s  about t he  same as t h e  RBE f o r  

acu te  l e t h a l i t y .  

neutron doses are no t  y e t  a v a i l a b l e ,  the accumulating evidence sugges ts  t h a t  

t h e  l i f e  shor ten ing  by f a s t  neutrons i s  n e a r l y  propor t iona l  t o  dose,  i n s t ead  

of an acce le ra t ed  f u n c t i o n  as i n  the  case of X- and gamma rays .  In  consequence, 

t h e  neutron RBE f o r  t h e  l i f e - s h o r t e n i n g  e f f e c t  i nc reases  as dose decreases .  

I f  t he  X- and gamma-ray e f f e c t i v e n e s s  becomes p ropor t iona l  t o  dose a t  

s u f f i c i e n t l y  s m a l l  doses ,  the  RBE f o r  l i f e  sho r t en ing  by f a s t  neutrons w i l l  

approach a l i m i t i n g  va lue  on the  order  of 10. 

50 

Although s u r v i v a l  d a t a  fol lowing a wide range of s i n g l e  



2. L i f e  Shortening by Mul t ip l e  Doses o r  P ro t r ac t ed  
I r r a d i a t i o n  i n  Laboratory Animals 

Small l abo ra to ry  animals i r r a d i a t e d  wi th  comparat ively small  d a i l y  

doses of X- or  gamma r a y s  f o r  per iods  of several months o r  more experience 

about 11% l i f e  sho r t en ing  pe r  1000 rads .  The e f f e c t  is propor t iona l  t o  dose,  

or n e a r l y  so,  f o r  accumulated doses ranging from 500 t o  2000 rads  o r  more. 

This f a c t o r  is c o n s i s t e n t  w i th  the  rough estimate g iven  above f o r  l i f e  shor ten-  

ing by small s i n g l e  doses.  

I f  e lapsed  exposure t i m e  is decreased t o  l e s s  than  2 months o r  so, t h e  

e f f e c t i v e n e s s  per  r ad  begins  t o  inc rease  above t h e  va lue  c h a r a c t e r i s t i c  of 

long p ro t r ac t ed  exposures ,  and approaches the  va lue  c h a r a c t e r i s t i c  of the  

s i n g l e  dose. The dose -e f f ec t  curve f o r  exposures d i s t r i b u t e d  over per iods  

of days t o  weeks i s  in t e rmed ia t e  between the  curves f o r  s i n g l e  doses and 

f o r  h i g h l y  f r a c t i o n a t e d  exposure and becomes p rogres s ive ly  l e s s  curved and 

less s teep as e l apsed  exposure time inc reases .  Although some d a t a  bear  ou t  

t h i s  genera l  conclus ion ,  t h e r e  are except ions  t h a t  need f u r t h e r  i n v e s t i g a t i o n .  

Two f a c t s  from animal d a t a  suggest  that: a n  i n d i r e c t  estimate of l i f e  

shor ten ing  f o r  man can be made f o r  causes  o the r  than  leukemia. F i r s t ,  t h e  

s t r a i n  d i f f e rences  i n  i r r a d i a t e d  m i c e  a r e  s m a l l  (see s e c t i o n  IV.A.4.); 

second, t h e  more r e l i a b l y  es t imated  f a c t o r s  f o r  percent  l i f e  shor ten ing  per  

r a d  f o r  d i f f e r e n t  animal s p e c i e s  f a l l  w i t h i n  a f a c t o r  of 3. The l i f e -  

shor ten ing  parameter f o r  man (expressed as  percent  p e r  r ad )  is not l i k e l y  

t o  be much h ighe r ,  i f  a t  a l l ,  than  the  h igh  end of the e s t ima tes  from 

animals ( s e c t i o n s  IV .A. l , 2 . ) ;  i f  i t  were, t h e  amount of l i f e  shor ten ing  t o  be W 
c3 

O-J expected i n  occupat iona l ly  exposed humans would be cons iderably  g r e a t e r  t han  
u1 
OQ has been es t imated .  The cons is tency  of t h e s e  e s t ima tes  sugges ts  t h a t  t he  
rn 

- 

nonspec i f ic  l i f e - s h o r t e n i n g  a c t i o n  may have a common b a s i s  i n  a l l  mammalian 

forms, i n  c e l l u l a r  and s u b c e l l u l a r  mechanisms t h a t  are only  s l i g h t l y  dependent 
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on gene t i c  o r i g i n .  Based on these  cons ide ra t ions ,  t he  expected l i f e  

shortening p e r  r ad  from causes o the r  t han  leukemia may be roughly s i m i l a r  

f o r  a l l  human g e n e t i c  s tocks ,  and similar i n  magnitude t o  e s t ima tes  f o r  

animal populations.  

This i n d i r e c t  argument is of n e c e s s i t y  a loose one. Even taken a t  

face  value,  t he  argument s t i l l  admits a f a c t o r  of 3 f o r  d i f f e r e n c e s  i n  l i f e  

shortening e f f e c t  among spec ie s  s tud ied .  Furthermore, t h e  s i m i l a r i t y  

between ind iv idua l s  i n  experimental  animal groups u t i l i z e d  he re to fo re ,  

wi th  respec t  t o  f a c t o r s  of age, gene t i c s ,  phys ica l  c i r c w t a n c e s ,  and 

environment, is i n  sharp c o n t r a s t  to  an heterogeneous populat ion such aa t h e  

human one, i n  which l a r g e  v a r i a t i o n s  i n  these  f a c t o r s  make f o r  l a r g e  v a r i a t i o n s  

among ind iv idua l s  i n  t h e  ex i s t ence  and degree of nonradia t ion  i n j u r i e s  

con t r ibu t ing  to  t h e  induct ion  and development of d i seases  and t o  l i m i t a t i o n  

in l i fespan .  Nevertheless ,  t h i s  argument g ives  u s  t he  hest estimate of t he  

present  magnitude of the  human problem. 

3. Lethal  Dose a s  a Function of Age 

The average o r  median acute  l e t h a l  dose (LD = 30 days)  f o r  young a d u l t  
58 

mammals is wi th in  approximately 300 t o  900 rads  for  those  spec ie s  s tud ied ,  

While i t  is customary t o  r e f e r  t o  t h e  LD of a given s t r a i n  a s  a s p e c i f i c  

property independent of age,  i t  is  not j u s t i f i a b l e  when t h e  e n t i r e  age span 

is cons idered. 

50 

In the  mouse, t he  s u s c e p t i b i l i t y  i s  maximal a t  age 30 days, then decreases  

r ap id ly  t o  t h a t  s een  in young a d u l t s ,  and is  then maintained u n t i l  advanced 

age when i t  inc reases  r ap id ly .  I n  the  ra t ,  also s tud ied  ex tens ive ly ,  the 
0 

LD 

diminishes approximately l i n e a r l y  wi th  age a s  f a r  a s  i s  known. 

a t  age 3 months is about double t h a t  a t  3 weeks; beyond 3 months i t  
c 50 
Qo 
tn More s t u d y  
03 

of t h i s  r e l a t i o n  is requi red ,  but: i t  i s  now evident  t h a t  the  s u s c e p t i b i l i t y  of 

a whole populat ion is not desc r ibab le  by a s i n g l e  LI) The published values  50' 
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are usua l ly  obta ined  from the  young a d u l t  and are t h e r e f o r e  maximal o r  

nea r ly  s o  f o r  t h e  s t r a i n .  

cons ide ra t ion  i n  a t tempts  t o  estimate LD in man. 

This age dependence should be taken i n t o  

50 
4. Role of Genet ic  C o n s t i t u t i o n  and Physical  S t a t u s  

Information about t h e  in f luence  of g e n e t i c  c o n s t i t u t i o n  on long-term 

s u r v i v a l  fol lowing r a d i a t i o n  exposure i s  meager, bu t  s u f f i c i e n t  t o  permit a 

prel iminary d i scuss ion  of i t s  expected magnitude. 

Most present  r e sea rch  on t h e  r o l e  of g e n e t i c  c o n s t i t u t i o n  i n  the  

r a d i a t i o n - s e n s i t i v i t y  of mammals is done by examining the d i f f e r e n c e s  i n  

response between g e n e t i c a l l y  homogeneous ( inbred)  mouse s t r a i n s  and t h e i r  

hybrids .  Such work i n d i c a t e s  t h a t  the  s u s c e p t i b i l i t y  t o  e a r l y ,  acu te  dea th  

d i f f e r s  by somewhat less than  a f a c t o r  of 2 between t h e  most s e n s i t i v e  and 

t h e  most r e s i s t a n t  s t r a i n s .  Resis tance t o  acu te  dea th  i s  apparent ly  c o r r e l a t e d  

wi th  genera l  v igo r ,  f o r  t he  most r a d i a t i o n - r e s i s t a n t  s t r a i n s  tend t o  be 

longer - l ived  and less s u s c e p t i b l e  t o  spontaneous i n f e c t i o u s  d i s e a s e .  A s h o r t  

l i f e s p a n ,  i f  due t o  high s u s c e p t i b i l i t y  t o  l eukemia ,  does not  appear t o  

inf luence  s u s c e p t i b i l i t y  t o  acu te  death.  

Lifet ime follow-up of s e v e r a l  inbred s t r a i n s  and t h e i r  hybr ids  a f t e r  

i r r a d i a t i o n  i n d i c a t e s  t h a t  t h e  number of days l o s t  per  r ad  of exposure v a r i e s  

less between s t r a i n s  than  does the  acute  s e n s i t i v i t y  descr ibed above. A 

considerable  p a r t  of t h i s  s t r a i n  d i f f e r e n c e  i n  l i f e  shor ten ing  is due t o  t h e  

s t r a i n  d i f f e r e n c e  i n  s u s c e p t i b i l i t y  t o  r ad ia t ion - l inked  leukemia; when 

leukemia m o r t a l i t y  is excluded, l i f e  shor ten ing  (expressed as days l o s t  

p e r  r ad )  due t o  a l l  o t h e r  causes is found t o  vary  comparatively l i t t l e  between 

s t r a i n s  and t o  be independent of the normal expec ta t ion  of l i f e .  It would 

appear,  t he re fo re ,  t h a t  t h e r e  is  i n  the mouse a major nonspec i f ic  component 

of l i f e  shorcening t h a t  is comparat ively independent of g e n e t i c  makeup, and 

a s p e c i f i c  component, r e f l e c t e d  p a r t i c u l a r l y  i n  s u s c e p t i b i l i t y  t o  leukemia 



12. 

and ovar ian  tumor, t h a t  v a r i e s  between s t r a i n s .  The c o n t r i b u t i o n  of 

these  s t r a i n - s p e c i f i c  d i s e a s e s  t o  the  t o t a l  m o r t a l i t y  i s  g r e a t e r  i n  the 

mouse than i n  o t h e r  spec ie s  on which informat ion  is  a v a i l a b l e ;  neve r the l e s s ,  

t he  range of v a r i a t i o n  i n  o v e r a l l  l i f e  sho r t en ing  between s t r a i n s  i s  less 

than a f a c t o r  of 2.  

These r e s u l t s  are only  a p a r t i a l  answer, even f o r  t h e  mouse, because 

inbred mouse s t r a i n s  are a l r e a d y  h i g h l y  s e l e c t e d  g e n e t i c  m a t e r i a l  due t o  the  

s e l e c t i v e  e l i m i n a t i o n  by breeding of many genes t h a t  would a l te r  v i a b i l i t y .  

These genes are maintained i n  wi ld  popula t ions  by the  va r ious  g e n e t i c  mechanisms, 

some of which could make an a d d i t i o n a l  c o n t r i b u t i o n  t o  l i f e  sho r t en ing  by 

r a d i a t i o n s .  Furthermore,  a number of t h e  most widely used mouse s t r a i n s  are 

g e n e t i c a l l y  r e l a t e d ,  and do not  c o n s t i t u t e  a r e p r e s e n t a t i v e  sample of t h e  

g e n e t i c  p o t e n t i a l i t i e s  of t h e  spec ie s .  

A t y p i c a l  human populat ion,  such  as t h a t  of t h e  United S t a t e s ,  is 

g e n e t i c a l l y  heterogeneous.  There i s  as y e t  no way t o  determine t h e  s ign i f ica i lce  

of t h i s  he t e rogene i ty  i n  t e r m s  of d i f f e r e n c e s  i n  r a d i a t i o n - s e n s i t i v i t y  between 

members of t h e  popula t ion .  The evidence of e t h n i c  d i f f e r e n c e s  i n  the  

incidence of spontaneous leukemia sugges t s  t h a t  i n  man, as i n  t h e  mouse, gc!stLc 

c o n s t i t u t i o n  w i l l  p l ay  a r o l e  i n  t h e  s u s c e p t i b i l i t y  t o  r a d i a t i o n - l i n k e d  leui tmia.  

A f r a c t i o n  of the  human popula t ion  may have h e r e d i t a r y  t r a i t s  c o n f e r r i n  

ex t r ao rd ina ry  s u s c e p t i b i l i t y  t o  rad ia t ion- indi lL  ?d mal ignancies .  

of such a trcl,t, however, can only  be e s t a b l i s h e d  from d a t a  on f a m i l i a l  

tendency toward such s u s c e p t i b i l i t y  o r  from a demonstrated c o r r e l a t i o n  betwee 

such malignancy and some o ther  g e n e t i c a l l y  determined t r a i t .  In  e i t h e r  case,  

l a r g e  numbers of presumptive r a d i a t i o n - l i n k e d  cases  would be r equ i r ed ,  and i t  

is the  hope of a l l  mankind chat they  never 5ecome availab1.e. 

The e x i s t e n  : 



It is probable t h a t  t h e r e  is a c o r r e l a t i o n  between v igor  or f i t n e s s  and 

acu te  r a d i a t i o n - s e n s i t i v i t y  i n  man, as t h e r e  is i n  experimental  animals.  The 

s tudy  of the  inf luence  of n u t r i t i o n ,  exe rc i se ,  d i sease ,  and o the r  environmental  

-and physiologic  v a r i a b l e s  on r a d i a t i o n  e f f e c t s  has  only begun; p re sen t  

judgments about t h e i r  in f luence  must t h e r e f o r e  be based almost e n t i r e l y  on 

inc iden ta l  c l i n i c a l  and experimental  observat ions.  

A v a r i e t y  of stresses can have an a c t i v a t i n g  e f f e c t  on chronic  o r  l a t e n t  

d i sease .  Radiat ion can have such an e f f e c t  on c e r t a i n  d iseases ;  e.g. ,  i n a c t i v e  

tube rcu los i s  i n  monkeys and humans, and d i s e a s e s  caused by Bar tone l la  or 

Salmonella i n  rats. The na tu re  of such a c t i v a t i o n  is not known wi th  c e r t a i n t y ,  

but  is probably-due t o  the  e f f e c t  of s t r e s s  imposed on the  animal by i r r a d i a t i o n  

and a l s o  t o  the impairment of s p e c i f i c  immunologicand o the r  defense mechanisms. 

On the  o the r  hand, what seems t o  be a t he rapeu t i c  o r  prophylac t ic  e f f e c t  

of i r r a d i a t i o n  on c e r t a i n  In fec t ious  d i seases  can mask the  l i f e - s h o r t e n i n g  

e f f e c t  i n  experimental  groups. 

is sometimes g r e a t e r  w i th  d a i l y  doses of 1 rad o r  so throughout a d u l t  l i f e  

than  t h a t  of t h e i r  con t ro l  groups ( s e e  d i scuss ion  of oversurv iva l  i n  

s e c t i o n  IV. A. 5. ) , 

I n  f a c t ,  t he  observed l i f e s p a n  of such groups 

It can be q u a l i t a t i v e l y  concluded t h a t  humans harboring chronic  o r  l a t e n t  

Infect ious d isease ,  o r  d e b i l i t a t i n g  d i sease  of any kind, may s u f f e r  an increased 

r i s k  from these d i s e a s e s  following r a d i a t i o n  exposure. Since the b io log ic  bas ie  

of the  masking and oversurv iva l  e f f e c t s  is s t i l l  unknown, i t  is not poss ib l e  

t o  p red ic t  whether o r  not they can be expected i n  o ther  spec ies .  
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5. Oversurvival  

The da ta  on rodencs exposed a t  low dose r a t e  t o  s m a l l  accumulated doses 

(about 100 t o  400 rads  per l i f e t i m e )  were long considered equivocal  because 

such exposed populat ions f r equen t ly  surv ived  longer  on the  average than 

con t ro l s .  Although sampling e r r o r s  and b i a s  i n  experimental  condi t ions  

may have played a r o l e ,  same recen t  f ind ings  suggest  t h a t  t h i s  may be a real 

e f f e c t .  I n  many cases  of increased a f t e r s u r v i v a l ,  t h e r e  w a s  a l s o  cons iderable  

i n t e r c u r r e n t  m o r t a l i t y  e a r l y  i n  l i f e  i n  the  con t ro l  groups, presumably from 

i n f e c t i o u s  d i sease ,  whereas the  groups rece iv ing  small exposures showed less 

m o r t a l i t y  dur ing  the  same per iods .  There i s  no evidence i n  these  s i t u a t i o n s  

t h a t  t he  maximal span of l i f e  i s  extended, or  t h a t  t he  incidence of cancer  

or  degenerat ive d i s e a s e  i s  reduced. Since the  b i o l o g i c  b a s i s  of t he  improved 

su rv iva l  is not known, nothing can be s a i d  about its s i g n i f i c a n c e  f o r  man. 

Such oversurv iva l  is not t o  be confused wi th  the  ex i s t ence  of a th reshold  

dose. The occas iona l  occurrence of oversurv iva l  a c t u a l l y  makes i t  more 

d i f f i c u l t  t o  determine the  r e l a t i o n  between dose and e f f e c t .  Under the  

circumstances,  t h e  incidence of c e r t a i n  d i seases  may sometimes be a b e t t e r  

c r i t e r i o n  than mean l i f e s p a n  f o r  t h e  e f f e c t  of low doses .  I n  view of known 

e f f e c t s  of environmental  v a r i a t i o n s  on l i f e s p a n  and d i s e a s e  incidence,  it is 

imperative t h a t  such v a r i a t i o n s  be r igo rous ly  c o n t r o l l e d  i n  f u t u r e  s t u d i e s  of 

low dose e f f e c t s ,  

6. 

Radiat ion i n j u r y ,  l i k e  any o the r  i n ju ry ,  immediately e l i c i t s  t he  f a m i l i a r  

Recovery and the  Concept of I r r e p a r a b l e  I n j u r y  

c, - s e r i e s  of coordinated phys io logic  r e a c t i o n s  involved i n  homeostatic,  defens ive ,  
63 
(tFT regenera t ive ,  and r e p a r a t i v e  mechanisms, a l l  of which tend t o  minimize the  
OD 
d damage and r e e s t a b l i s h  the  i n t e g r i t y  of t he  body tissues and func t ions .  T O  

some ex ten t ,  however, r a d i a t i o n  can a f f e c t  these  r eac t ion6  themselves. 



Over a per iod of weeks fol lowing a s i n g l e  s u b l e t h a l  exposure,  a 

gradual  reduct ion occurs  i n  the  t o t a l  damage, w i th  disappearance of most 

of t he  func t iona l  d i s tu rbance  and morphologic changes. Many, i f  no t  a l l ,  of 

t he  c e l l s  destroyed or l o s t  as a r e s u l t  of r a d i a t i o n  damage are rep laced  

by regenera t ion  from su rv iv ing  c e l l s .  

t o  normal or near normal appearance. This improvement is a l s o  manifest  

The i r r a d i a t e d  organisms may r e t u r n  

by the  r e t u r n  toward normal l e v e l s  of r e s i s t a n c e  t o  l e t h a l i t y  from a second 

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

These changes c o n s t i t u t e  t he  process  of recovery from r a d i a t i o n  i n j u r y  

and i n d i c a t e  t h a t  most of t he  r a d i a t i o n  i n j u r y  from X- and gamma rays  is 

reparable .  This is evidenced by t h e  f a c t  t h a t  animals w i l l  su rv ive  a widely 

p ro t r ac t ed  dose s e v e r a l - f o l d  l a r g e r  than t h e  acu te  l e t h a l  dose. Despi te  

t h e  apparent recovery,  however, t he  r e s i d u a l  damage (e. g. , incomplete regenera-  

t i o n  o r  r e s i d u a l  d e f e c t s  i n  c e l l s  and t i s s u e s )  and the  delayed e f f e c t s  observed 

a f t e r  maximal recovery i n d i c a t e  t h a t  some of t h e  i n j u r y  or i ts  consequent 

damage is i r r e p a r a b l e ,  

To account f o r  sho r t en ing  of l i f e  as an  a f t e r e f f e c t  of i r r a d i a t i o n ,  it 

may be supposed t h a t  r a d i a t i o n  i n j u r y  i s  i n  p a r t  r epa rab le  and i n  p a r t  

i r r e p a r a b l e .  

i n  an a c t u a r i a l  sense ,  f o r  i t  u l t i m a t e l y  depr ives  the  animal of p a r t  of Its 

expected l i f e span ,  but whether or  not i t  is i d e n t i c a l  wi th  the  cumulative 

i n j u r y  of n a t u r a l  aging is not  ye t  reso lved .  

does not p re sc r ibe  whether i t  is equiva len t  t o  abrupt  aging a t  t he  t i m e  of 

i n j u r y  or  t o  i n i t i a t i o n  of gradual  aging processes .  

l imi t ed  observat ions in roden t s ,  dogs, and swine i n d i c a t e  t h a t  i r r e p a r a b l e  

The i r r e p a r a b l e  component is equiva len t  t o  premature aging 

This view of i r r e p a r a b l e  i n j u r y  

u 
It is i n t e r e s t i n g  t h a t  - 

CL? 
CdT 
03 
WJ i n j u r y  is measurable, a f t e r  an i n t e r v a l  of presumed complete r e p a i r ,  8s a 

r educ t ion  i n  acute  l e t h a l  dose.  This sugges ts  t h a t  i r r e p a r a b l e  i n j u r y  is 
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a t  least p a r t i a l l y  s u s t a i n e d  a t  t h e  t i m e  of i r r a d i a t i o n  and is  p o t e n t i a l l y  

observable a s  some form of p e r s i s t i n g  change i n  t i s s u e ,  but t h i s  phenomenon 

has not  
s e c t i o n  I".*.)  e t  been r e l a t e d  d e f i n i t i v e l y  t o  c e l l u l a r  and t i s s u e  changes. (See 

7. Ef fec t  of P ro t r ac t ed  I r r a d i a t i o n  on Li fespan  in Man 

Three s t u d i e s  have been publ ished on t h e  m o r t a l i t y  of r a d i o l o g i s t s  as 

compared wi th  o the r  phys ic ians  or w i th  t h e  gene ra l  male-population. 

Dublin and Spiegelman (476) i n v e s t i g a t e d  t h e  m o r t a l i t y  i n  va r ious  

medical specialties i n  t h e  U.S. over the  per iod 1938-1942, f i n d i n g  a 

t o t a l  of 2,029 dea ths .  The m o r t a l i t y  i n  a l l  s p e c i a l i s t  groups w a s  lower 

than  t h a t  f o r  a l l  phys ic ians ,  bu t  the  m o r t a l i t y  among r a d i o l o g i s t s  and 

dermato logis t s  w a s  r e s p e c t i v e l y  16 and 25$ above t h a t  f o r  a l l  s p e c i a l i s t s  

combined. On the  b a s i s  of t h e i r  d a t a ,  i t  is poss ib l e  t o  show t h a t  t h e  

m o r t a l i t y  of r a d i o l o g i s t s  and dermato logis t s  combined o r  as s e p a r a t e  

s p e c i a l t y  groups d i f f e r s  from t h a t  of s p e c i a l i s t s  who do not  u s e  r a d i a t i o n  

r o u t i n e l y  by an  amount bordering s t a t i s t i c a l  s i g n i f i c a n c e .  

man d id  not express  the  occupat ional  r i s k  i n  terms of d i f f e r e n c e s  i n  l i f e  

expec ta t ion ,  but on the  b a s i s  of t h e i r  m o r t a l i t y  d a t a  and t h e  l i f e  t a b l e  for 

Dublin and Spiegel-  

physicians,  it can be estimated t h a t  the  d i f f e r e n c e  between r a d i o l o g i s t s  or 

dermatologis ts  and o the r  spec ia l i s t s  is about 1 t o  3 years .  

Warren (523) determined and compared t h e  mean age a t  dea th  f o r  U.S. rad io-  

l o g i s t s  (60.5 y r s . )  t o  t h a t  of s p e c i a l i s t s  who do not  r o u t i n e l y  employ r ad ia -  

t i o n s  (65.7 y r s . ) ,  f i n d i n g  t h a t  r a d i o l o g i s t s  on the  average d ied  5.2 yeare 

ear l ie r .  

1930 through 1954. 

This s tudy  w a s  based on dea ths  of 82,441 physicians repor ted  from 
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Court-Brown and Doll  (471) examined and compared the  m o r t a l i t y  r eco rds  

of B r i t i s h  r a d i o l o g i s t s  from 1897 through 1957 wi th  those  of a l l  phys ic ians  

and of the  n e a r e s t  equ iva len t  s o c i a l  class as def ined  by the  Regis t rar-General .  

Af t e r  taking a p p r o p r i a t e  account of age d i s t r i b u t i o n  and var ious  b i a s e s  i n  

the  v i t a l  s t a t i s t i c s ,  t hey  concluded t h a t  t h e r e  w a s  no excess  m o r t a l i t y  i n  

m a l e  B r i t i s h  r a d i o l o g i s t s ,  a t t r i b u t i n g  t h i s  t o  e a r l y  adopt ion of e f f e c t i v e  

s a f e t y  measures. 

Each of t hese  s t u d i e s  is sub jec t  t o  some unce r t a in ty .  The i n v e s t i g a t i o n  

of Dublin and Spiegelman w a s  not  intended t o  be an a n a l y s i s  of m o r t a l i t y  i n  

r a d i o l o g i s t s  s p e c i f i c a l l y ,  and f o r  the  p re sen t  purpose s u f f e r s  from t h e  s m a l l  

s i z e  of the  sample.  Warren's a n a l y s i s  d id  not  t ake  due account of t h e  

d i f f e rences  i n  age d i s t r i b u t i o n  between the  young and r a p i d l y  growing 

d i s c i p l i n e  of rad io logy  and t h e  o the r  s p e c i a l t i e s .  According t o  S e l t z e r  

and Sa r twe l l  (517), " the d i f f e r e n c e  between r a d i o l o g i s t s  and o the r  phys ic ians  

as t o  average age a t  dea th  can be accounted f o r  s i m p l y  by d i f f e r e n c e s  i n  age 

composition between t h e  two groups". It should be noted, however, t h a t  t h e  

d i f f e rences  found by Dublin and Spiegelman included cons ide ra t ion  of age 

d i s t r i b u t i o n s .  

These s t u d i e s  show t h a t  r a d i o l o g i s t s  g e n e r a l l y  do not l abor  under any 

undue occupat ional  r i s k  bu t  do not completely exclude the  p o s s i b i l i t y  t h a t  

t h e r e  i s  occupat ional  m o r t a l i t y  due s p e c i f i c a l l y  t o  the  p r a c t i c e  of radiology.  

To answer t h i s  ques t ion  would r equ i r e  comparison of r a d i o l o g i s t s  w i th  non-exposed 

s p e c i a l i s t s  i n  view of the  d i f f e rences  between s p e c i a l i s t s  and n o n - s p e c i a l i s t s  

r epor t ed  b! Dublin and Spiegelman. 
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A lower l i m i t  might be set  f o r  t he  l i f e  shor ten ing  i n  U. S.  r a d i o l o g i s t s  

by cons ide ra t ion  of t he  leukemia inc idence .  

these  r a d i o l o g i s t s  i 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  and has  p e r s i s t e d  from decade 

t o  decade, though a t  a decreas ing  ra te  i n  r ecen t  years  ( s e c t i o n  1 V . B . ) .  

This can be es t imated  t o  be equ iva len t  t o  a c o n t r i b u t i o n  t o  l i f e  shor ten ing  

The excess  of leukemia among 

of 3 t o  12 months, depending on t h e  assumptions made. 

I n  conclusion,  occupat iona l  exposure of r a d i o l o g i s t s  i n  the  United S t a t e s  

may have caused an inc rease  i n  m o r t a l i t y  i n  p a s t  decades, bu t  t h i s  increase  

was only of bo rde r l ine  s i g n i f i c a n c e .  

r a d i a t i o n  exposure of t he  r a d i o l o g i s t s  as a group o r  as ind iv idua l s  is not  

known, i t  i s  not poss ib l e  t o  e s t ima te  the  amount of l i f e - s h o r t e n i n g  per  

u n i t  of dose. 

S ince  the  cumulative ,occupational 

A l i f e - s h o r t e n i n g  e f f e c t  i n  man a s  a consequence of s u b s t a n t i a l  to ta l -body 

r a d i a t i o n  exposure can be reasonably expected on the  b a s i s  of animal exper i -  

mentation. Moreover, t h e r e  i s  evidence t h a t  such exposures increase  the  

incidence of leukemia i n  human popula t ions  ( s e c t i o n  I V .  B. ) . 
are as y e t  no d a t a  f o r  man t h a t  provide a s a t i s f a c t o r y  b a s i s  f o r  q u a n t i t a t i v e  

e s t ima t ion  of t he  o v e r a l l  l i f e - s h o r t e n i n g  e f f e c t  o r  of i t s  dependence on dose 

and dose f r a c t i o n a t i o n .  

However, t h e r e  

B. Tumorigenic E f f e c t s  of Radia t ion  i n  Man 

Experience wi th  i r r a d i a t e d  animals and humans i n d i c a t e s  t h a t  a s u f f i c i e n t  dose 

Of l oca l i zed  

i n  incidence of malignant neop las i a ,  t he  p r o b a b i l i t y  of development of a 

neoplasm being gene ra l ly  r e l a t e d  t o  size of dose. 

i r r a d i a t i o n  t o  almost any p a r t  of t h e  body may produce 'an inc rease  



A l l  types  of induced and spontaneous tumors appear not  t o  ar ise  a t  

once, but t o  p a s s  through a series of pre l iminary  s t ages .  Radiation-induced 

tumors o f t e n  t ake  a p a r t i c u l a r l y  long t i m e  t o  develop, not  beginning t h e i r  

development immediately a f t e r  a l t e r a t i o n  of t he  cells. There is much 

evidence t h a t  mal ignant  change o r d i n a r i l y  develops only a f t e r  a series of 

precancerous changes o r  t i s s u e  d i s o r d e r  has  taken place.  This  t i s s u e  d i so rde r  

need not  e x i s t  a t  t h e  s i t e  of o r i g i n  of t h e  cancer;  t he re  are examples of 

experimental  r ad ia t ion -p roduc t ion  of malignant d i sease  through phys io logic  
e 

or  hormonal mechanisms ( e . g . ,  ovar ian ,  thymic, and p i t u i t a r y  tumors i n  mice) 

t h a t  are c l e a r l y  i n d i r e c t  ( i . e . ,  where i r r a d i a t i o n  of t h e  ce l l s  of o r i g i n  of 

t he  neoplasm is not  t h e  c r i t i c a l  f a c t o r ) .  

Most animal experiments,  u s u a l l y  employing r e l a t i v e l y  homogeneous 

populat ions,  have demonstrated t h a t  t h e r e  are dose l e v e l s  t h a t  produce no 

de tec t ab le  inc rease  i n  incidence of c e r t a i n  neoplasms; i n  most i n s t ances ,  t h e  

dose-ef fec t  r e l a t i o n s h i p  i s  c l e a r l y  not l i n e a r .  Such d a t a  have been used by 

some i n v e s t i g a t o r s  as evidence t h a t  t h e r e  is a threshold  dose of r a d i a t i o n  

below which c e r t a i n  neoplasms cannot be induced o r  t h e i r  age - spec i f i c  incidence 

increased.  

On the  o t h e r  hand, a few experiments wi th  r e l a t i v e l y  homogeneous 

populat ions of animals have shown t h a t  f o r  some tumors i n  c e r t a i n  species or 

s t r a i n s  of animals,  t h e r e  are minimal e f f e c t i v e  dose l e v e l s  SO low t h a t  t he re  

may be p r a c t i c a l l y  no threshold  f o r  t h e  product ion of an increased  incidence 

of the  tumors. I n  some of these  rare i n s t a n c e s ,  the  dose-ef fec t  r e l a t i o n s h i p  

g seems t o  be l i r e a r  and t o  permit e x t r a p o l a t i o n  t o  zero s o  t h a t  extremely 
W - s m a l l  doses are c o r r e l a t e d  t h e o r e t i c a l l y  wi th  an increased  incidence of t he  
a3 

tumor. Such d a t a  have been used by Some i n v e s t i g a t o r s  as evidence of l a c k  

of r a d i a t i o n  dose th re sho ld  f o r  the e f f e c t .  
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Several  r e c e n t  reviewers  have expressed t h e  opinion t h a t  t he  incidence 

of rad ia t ion- induced  tumors i n  a popula t ion  may be d i r e c t l y  p ropor t iona l  t o  

dose, on the b a s i s  of a s imple somatic  mutat ion theory  of tumorigenesis.  

They argued e s s e n t i a l l y  t h a t  s i n c e  the  cancer  c e l l  is an a l t e r e d  type  of 

normal t i s s u e  cel l ,  cancer  is t h e  r e s u l t  of a mutat ion of a somatic  cel l ,  

l i k e  a gene t i c  muta t ion  but  a r i s i n g  i n  a t i s s u e  c e l l  t h a t  pe rpe tua te s  t h e  

c h a r a c t e r  by reproduct ion .  

Work on i r r a d i a t e d  spermatozoa ( f i x e d  pos tmi to t i c  cel ls  having l o s t  t he  

a b i l i t y  t o  d i v i d e )  has  shown a l i n e a r  dose -e f f ec t  r e l a t i o n s h i p  dawn t o  low 

doses (about  25 r ) ,  which seems t o  permit e x t r a p o l a t i o n  i n  l i n e a r  f a sh ion  t o  

an i n t e r c e p t  on t h e  v e r t i c a l  a x i s  re , -esent ing  e x i s t i n g  l e v e l s  of mutat ion 

rate. This dose -e f f ec t  r e l a t i o n s h i p  has been regarded as a s i n g l e - h i t  process  

i n  r a d i a t i o n  g e n e t i c s ,  one i n  which the  e f f e c t  i s  propor t iona l  t o  dose and 

independent of dose ra te ,  and t h e r e f o r e  without  dose threshold .  

Some i n v e s t i g a t o r s  i n t e r e s t e d  i n  applying somatic mutat ion t h e o r i e s  t o  

va r ious  somatic r a d i a t i o n  e f f e c t s  such as tumorigenesis ,  have assumed that the  

mechanisms i n  the  product ion  of e f f e c t s  and t h e  dose -e f f ec t  r e l a t i o n s h i p s  

f o r  somatic mutat ions are the  same as f o r  t h e s e  g e n e t i c  mutat ions i n  

spermatozoa. It should be pointed out t h a t  ce l l s  l i k e l y  t o  become malignant 

are vege ta t ive  i n t e r m i t o t i c ,  d i f f e r e n t i a t i n g  i n t e r m i t o t i c ,  o r  r e v e r t i n g  

pos tmi to t i c  c e l l s ,  which have not completely 10s t the  a b i l i t y  t o  d iv ide .  

From h i s topa tho log ic  and cy to log ic  s t u d i e s ,  i t  i s  known t h a t  such c e l l s  

made de fec t ive  by i r r a d i a t i o n  may, t o  some e x t e n t ,  be s e l e c t e d  out of t h e  

c e l l  populat ions by dea th  during the process  of d i v i s i o n .  

observat ions a r e  the  recent  d a t a  by Russe l l  e t  a1  (678) on mice, from which a 

nonl inear  dose -e f f ec t  r e l a t i o n s h i p  could be  drawn between dose and mutat ions 

due t o  i r r a d i a t e d  spermatogonia ( v e g e t a t i v e  i n t e r m i t o t i c  c e l l s ) .  

C b  
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also shown that protracted irradiation was significantly less effective 

than acute irradiation in inducing specific locus mutations in spermatogonia 

and ovocytes. 

This work raises questions concerning the linearity of dose-effect 

relations for genetic mutations when gametogenic cells other than fixed 

postmitotic cells are concerned. It is therefore reasonable to question 

somatic mutation theories of tumorigenesis that are based on genetic mutation 

theories for fixed postmitotic gametogenic cells, when somatic cells capable 

of division are concerned. As the genetic concepts are altered, so must be 

altered the somatic mutation concepts based on the genetic concepts. 

It has not been possible to tc:? the simple somatic mutation theory of 

radiation tumorigenesis on human populations; in general, animal experiments 

have shown that radiation tumorigenesis, like chemical tumorigenesis, is an 

extremely complex process. 

In the assessment of somatic radiation hazards to humans from small 

protracted doses of radiation, scientific opinion is divided on the existence 

of a dose threshold for malignant neoplasms. Since it is not possible at 

present to resolve this question by direct means, an indirect approach has 

been used by many investigators. This involves the determination or estima- 

tion of whether or not the dose-effect relationships for a malignancy, whose 

frequency increases with moderate and large doses, are linear and permit 

c3 extrapolation to small doses or those delivered at greatly differing rates. 

Determination of a linear or nonlinear dose-effect relationship for the 
as 
cp; process of radiation tumorigenesis, however, does not necessarily permit a 
a 
.G= conclusion regarding the involv2rnent of somatic mutation or  the existence 

of a thrzshold for the primary char,ge involved, in view of the multiplicity 

o f  secondary or concomitant changes involved. Even if the primary or a 
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secondary change r evea led  a l i n e a r  dose -e f f ec t  r e l a t i o n s h i p  wi thout  th reshold ,  

t h e  o the r  events  in t h e  process  may have a non l inea r  dose -e f f ec t  r e l a t i o n s h i p .  

Furthermore, n o n l i n e a r i t y  o r  l i n e a r i t y  wi th  one neoplasm cannot be app l i ed  t o  

another  neoplasm or system. 

The f i r s t  evidence of t h e  tumorigenic e f f e c t  of r a d i a t i o n s  i n  man w a s  

t h e  development of s k i n  cancers  i n  r a d i o l o g i s t s  and dermatology p a t i e n t s .  

Subsequently,  rad ia t ion- induced  tumors have been observed i n  o t h e r  organs,  

such as hematopoiet ic  organs,  bone, and thyro id .  

Today, a n  important malignant neoplasm caused by e x t e r n a l  r a d i a t i o n  

is leukemia, a r e l a t i v e l y  rare d i s e a s e  i n  man. I t s  increased  incidence 

has been repor ted  i n  U. S. r a d i o l o g i s L - ,  i n  Japanese atomic bomb su rv ivo r s ,  

i n  ch i ld ren  i r r a d i a t e d  i n  infancy f o r  benign condi t ions  ( u s u a l l y  thymic 

enlargement),  and i n  ankylosing s p o n d y l i t i s  p a t i e n t s .  Groups of c h i l d r e n  

wi th  leukemia and o t h e r  malignancies have a l s o  been repor ted  i n  c e r t a i n  

r e t r o s p e c t i v e  s t u d i e s  t o  have had more X-ray exposure i n  u t e r o  than  s e l e c t e d  

c o n t r o l  groups wi thout  malignant d i sease .  

The a v a i l a b l e  d a t a  f o r  man showing the  a s s o c i a t i o n  of leukemia wi th  

p r i o r  r a d i a t i o n  exposure are convincing as t o  a cause and e f f e c t  r e l a t i o n s h i p .  

However, they do not  i n d i c a t e  t h a t  the  marked inc rease  i n  recorded incidence 

of leukemia ( l a r g e l y  chronic  lymphatic leukemia) during the  p a s t  30 years  

i s  due e n t i r e l y  t o  t h e  gradual  i nc rease  i n  environmental  r a d i a t i o n  dur ing  

C* t h i s  t i m e .  On the con t ra ry ,  only a very small  f r a c t i o n  of t h e  increased  
(6, 

w incidence of leukemia can be a sc r ibed  d e f i n i t e l y  t o  r a d i a t i o n .  The p o s s i b i l i t y  
0 2  

a 
0 - 1  

t h a t  increased environmental  r a d i a t i o n  may account p a r t l y  f o r  t h e  increased  

. incidence of leukemia is  based on the  increased  incidence among those  persons 

exposed t o  la rge  doses  of r a d i a t i o n .  A s  will be shown, the  r e l a t i o n s h i p  

between leukemia incidence and exposure t o  s m a l l  r a d i a t i o n  doses cannot be 

e s t ima ted  a c c u r a t e l y  a t  t h e  present  t i m e ,  nor can the  degree of increased  
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any hypothesis  regard ing  t h e  q u a n t i t a t i v e  express ion  of t he  e n t i r e  doee-ef fec t  

r e l a t i o n s h i p  (536). 

of many environmental agents t h a t  may inf luence  t h e  inc idence  of leukemia, 

Cer ta in ly ,  leukemia is not  an i n e v i t a b l e  r e s u l t  of exposure t o  r a d i a t i o n ,  

even when the  exposure is l a r g e ,  s i n c e  only  r e l a t i v e l y  small percentages of 

those rece iv ing  l a r g e  doses of r a d i a t i o n  develop t h i s  d i sease ;  t o  d a t e  only 

226 ins tances  of leukemia have been repor ted  among t h e  hundreds of thousands 

of people exposed t o  r a d i a t i o n  (404). 

I n  f a c t ,  t he  d a t a  a v a i l a b l e  a r e  not adequate t o  confirm 

Furthermore, i t  seems clear t h a t  r a d i a t i o n  is  only one 

The c lose  a s s o c i a t i o n  between r a d i a t i o n  exposure and leukemia has  been 

descr ibed under fou r  d i f f e r e n t  cond i t ions  of exposure. The f i r s t  is that 

noted i n  U. S.  r a d i o l o g i s t s  exposed r epea ted ly  i n  t h e  course of t h e i r  occupa- 

t i o n ,  who show an incidence much h igher  than t h a t  noted i n  t h e  genera l  male 

populat ion and i n  o the r  phys ic ians .  

Reports on leukemia deaths  a s  r e l a t e d  t o  t o t a l  dea ths  among U.S. physicians 

i n d i c a t e  t h a t  the r a t i o  between r a d i o l o g i s t s  and nonrad io log i s t s  was 10.3 t o  1 

f o r  t he  per iod 1929-1943 (427) ,  6.7 t o  1 from 1944 t o  1948 (429),  and 

3.6 t o  1 from 1 9 9  t o  1955 (430). There  has been a downward t rend  i n  

incidence of leukemia among r a d i o l o g i s t s ,  perhaps r e f l e c t i n g  g r e a t e r  s a f e t y  

precaut ions ,  and an upward t r end  among n o n r a d ~ o l o g i s t s .  From 1938 t o  1952, 

t he re  were 17 leukemic dea ths  I n  U. S. r a d i o l o g i s t s  (35 t o  74 years  of age), 

c o n s t i t u t i n g  an average annual rate of 610 cases  pe r  m i l l i o n ,  as compared wi th  

a n  average annual ra te  of 121 p e r , m i l l i o n  f o r  t he  gene ra l  popula t ion  a f t e r  

c o r r e c t i o n  fo r  age d i s t r i b u t i o n (  (425) .  It is c l e a r ,  however , t h a t  t he  r a t i o s  

w i l l  vary,  depending upon t h e  per iods of t i m e  involved and c o r r e c t i o n s  f o r  

age d i s t r i b u t i o n .  
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Braestrup (468) estimates t h a t  a r a d i o l o g i s t  working wi th  o ld- type  

X-ray equipment and few p r o t e c t i v e  measures rece ived  as much as 100 rads  

per  year ,  t h a t  t h e  exposure be fo re  1930 was cons iderably  h ighe r ,  and t h a t  

a t  present  i t  averages cons ide rab ly  less than  5 r a d s  p e r  year .  

of the accumulated t o t a l  exposure of a r a d i o l o g i s t  

u n i t s  was about 2,000 rads  dur ing  40 years  of p r a c t i c e .  

es t imated  t h e  average exposure of a l l  r a d i o l o g i s t s  t o  be 30 r ads  pe r  year  o r  

1200 rads  i n  40 years .  

H i s  estimate 

using old- type X-ray 

L e w i s  (425) 

Except f o r  showing t h a t  repea ted  i n t e r m i t t e n t  par t ia l -body exposure 

over many years  is a s s o c i a t e d  wi th  an inc reased  incidence of leukemia, t h e  

s tudy  of U. S.  r a d i o l o g i s t s  adds l i t t l e  t o  knowledge of the  q u a n t i t a t i v e  

a spec t s  of the r e l a t i o n s h i p  between X-ray exposure and t h e  d i sease .  

I n  c o n t r a s t ,  excess cases  of leukemia have not  occurred i n  B r i t i s h  

r a d i o l o g i s t s  who began p r a c t i c e  a f t e r  1921, and only  two known cases occurred 

among those  i n  p r a c t i c e  be fo re  t h i s  t i m e  (400). It has  been suggested t h a t  

the  d i f f e r e n c e  i n  leukemia frequency between B r i t i s h  and U. S. r a d i o l o g i s t s  

is due t o  high B r i t i s h  s t anda rds  of r a d i a t i o n  p r o t e c t i o n  introduced i n  t h e  

e a r l y  days of rad io logy .  

The increased  leukemia incidence i n  the  Japanese exposed t o  t h e  nuc lear  

explosions i n  Hiroshima and Nagasaki i s  an example of t h i s  d i sease  occurr ing  

a f t e r  exposure a t  a very  high close ra te  t o  i o n i z i n g  r a d i a t i o n  and t h e  var ious  

a t t endan t  c i rcumstances of the  bombings. 'In t h i s  case ,  t he re  is a s t r o n g  

c o r r e l a t i o n  between the  incidence of the  d i s e a s e  and the  d i s t a n c e  from the  

hypocenter.  There is  cons iderable  u n c s r t a i n t y  i n  the  e s t ima tes  of doses ,  

however, even when the  e s t ima tes  a re  based on r e s u l t s  of r ecen t  tests at tempting 

to simulate  an a c t u a l  nuc lea r  explos ion .  
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me r e s u l t s  of s t u d i e s  by t h e  Atomic Bomb Casual ty  Commission s i n c e  

1951 dea l ing  wi th  t h e  increased  leukemia incidence i n  t h e  Hiroshima su rv ivo r s  

of the atomic bomb explos ion  i n  1945 have been summarized by Heyssel and h i s  

co l leagues  (419). The i r  d a t a  show the  leukemia frequency i n  r e l a t i o n  t o  

ca l cu la t ed  dose from gamma rays  and neutrons combined i n  t h e  open a i r  a t  

var ious  d i s t ances  from t h e  hypocenter.  I n  t h e s e  c a l c u l a t i o n s ,  a r e l a t i v e  

b i o l o g i c a l  e f f e c t i v e n e s s  (RBE) of 1 w a s  used f o r  neutrons.  

es t imated  t h a t  60% of the  people were indoors a t  t h e  time of the  explosion,  

thereby  reducing t h e  a i r  dose by 30 t o  TO$. 

diagnosed between 1950 and 1958, they  pos tu l a t ed  a l i n e a r  r e l a t i o n s h i p  between 

incidence and the  c a l c u l a t e d  open a i r  dose of 177 r a d s  o r  more. The poin t  

r ep resen t ing  t h e  leukemia incidence of 3,605 persons r ece iv ing  a mean dose 

of 77 rads  f a l l s  almost on t h e  l i n e  drawn through t h e  po in t s  a t  h igher  doses .  

Although twice t h e  spontaneous incidence,  t h e  inc rease  a t  t h i s  dose is no t  

s i g n i f i c a n t .  No cases  of leukemia were observed in 3,512 and i n  1,305 persons 

r ece iv ing  an average dose of 34 and 19 r ads ,  r e s p e c t i v e l y .  

The au thors  

Using only  leukemia cases 

The subcommittee agrees  wi th  the  conclusion of t h e  au thors  who state  

t h a t  t he re  are i n s u f f i c i e n t  d a t a  t o  permit a d e f i n i t i v e  a n a l y s i s  of t h e  

dose-response curve i n  t h e  r eg ion  below 77 rads .  

In  a d d i t i o n  t o  the  s t u d i e s  OR leukemia incidence as a func t ion  of d i s t a n c e  

and dose, the au thors  p re sen t  evidence showing t h a t  the  l a t e n t  per iod between 

exposure and development of t he  dFsecnse is a func t ion  of t h e  s i z e  of the dose.  

They a l s o  r epor t  t h a t  n e a r l y  a l l  cases  i n  the  exposed and nonexposed persons 

were e i t h e r  acute  or were chronic  rnye1acytic; chronic I p p l i o c y t i c  leukemia 

w a s  r a r e  i n  both groups.  
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The au tho r s  a l s o  estimate t h a t  r a d i a t i o n  exposure caused an  excess 

number of cases of leukemia r a t h e r  t han  merely an advance i n  t i m e  of appear- 

ance of cases  t h a t  would occur spontaneously.  Only a f r a c t i o n  of t h e  l i f e s p a n  

(about 14 yea r s )  of t h e  exposed Japanese popula t ion  has  p r e s e n t l y  been 

s tud ied ,  and assumptions must be made concerning f u t u r e  leukemia incidence 

i n  exposed and nonexposed groups; i t  i s  no t  y e t  p o s s i b l e  t o  determine by 

more d i r e c t  means whether or  not t h i s  w i l l  prove t o  be t r u e ,  I n  the  

Nagasaki and Hiroshima su rv ivo r s ,  t h e  inc idence  of leukemia seems t o  have 

reached a peak several yea r s  ago. 

This recen t  r e p o r t  by Heyssel e t  a1 seems t o  provide t h e  most r e l i a b l e  

d a t a  on the  s u b j e c t  of leukemia i n  t h e  Japanese su rv ivo r s ,  even though t h e  

leukemia cases occurr ing  before  1950 - r e  excluded. Although e r r o r s  have 

undoubtedly been in t roduced  by e s t a b l i s h i n g  t h e  so -ca l l ed  "closed" 

populat ion s o  long a f t e r  t h e  event ,  i t  is probably impossible  to improve 

upon t h e  samples. Rigorous d e f i n i t i o n  of t h e  sample i n  each exposure zone 

reduces the  number of cases of leukemia t h a t  can be included i n  t h e  s tudy,  

p a r t i c u l a r l y  i n  t h e  zones more than  1500 meters  from t h e  hypocenter.  This  

makes the  estimates of leukemia inc idence  a t  t h e s e  d i s t a n c e s  s u b j e c t  t o  

cons iderable  e r r o r .  

For a number of reasons ,  i t  i s  ev ident  t h a t  t h e r e  must be a cons iderable  

margin of e r r o r  a s s o c i a t e d  wi th  t h e  i n d i v i d u a l  dose values .  At least  200 

persons surv ived  i n  t h e  exposure zone where the mean open a i r  dose was 

ca l cu la t ed  t o  be 2,620 rads  (416). Even al lowing f o r  s h i e l d i n g  and assuming 

t h a t  these persons were a t  t he  per iphery  of t h e  exposure zone, the doses c=, 
Q - they  received,  according t o  these  c a l c u l a t i o n s ,  must have been w e l l  i n  
(=cr 
OJ excess  of t h a t  considered t o  be I C 0  percent  l e t h a l .  In the  low dose reg ion ,  
CD 
d t h e  exac taess  of calculated doses may a l s o  be quest ioned.  Many persons i n  the  

2,000- t o  2,499-meter zone, where the  average es t imated  dose w a s  6 rads ,  
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r epor t ed  a h i s t o r y  of severe r a d i a t i o n  symptoms ( e p i l a t i o n ,  oropharyngeal 

l e s i o n s ,  and purpura) (432). This dose is f a r  below t h a t  a s soc ia t ed  w i t h  

r a d i a t i o n  s ickness  a f t e r  to ta l -body exposure. 

away were s a i d  t o  have similar symptoms, i t  i s  t h e  consensus of a number of 

observers  (416) a t  t h e  in te rv iews  wi th  the  p a t i e n t s  t h a t  t h e s e  symptom8 were 

probably due t o  f a c t o r s  o t h e r  than  r ad ia t ion .  

S ince  persons even f a r t h e r  

Two examples i l l u s t r a t e  t h e  increased inc idence  of leukemia i n  

persons who received t h e r a p e u t i c  X-ray exposures t o  l a r g e  po r t ions  of t h e i r  

bodies.  

X-ray t reatment  t o  t h e  e n t i r e  length  of t h e i r  sp ines .  

(403) i n  Great B r i t a i n  inves t iga t ed  13,352 p a t i e n t s  presumed t o  have 

ankylosing s p o n d y l i t i s  and given X-ray t reatment  between January 1, 1935 and 

One is t h a t  of ankylosing s p o n d y l i t i s  p a t i e n t s  who rece ived  i n t e n s i v e  

Court-Brown and Doll  

December 13, 1954. They reviewed the dea th  c e r t i f i c a t e s ,  s tud ied  the  c l i n i c a l  

and pathologic  d a t a  of a l l  p a t i e n t s  suspected of dying of leukemia or a p l a s t i c  

anemia, and ca l cu la t ed  from dose records the  mean dose t o  the  s p i n a l  marrow 

and the  whole-body i n t e q r a l  dose of a l a r g e  saniple  of t he  cases .  They concluded 

t h a t  32 proved and 5 probable cases  of leukemia, and 4 cases  of a p l a s t i c  anemia, 

occurred i n  t h i s  group. The nurnber of c e r t i f i e d  dea ths  t h a t  would have been 

expected from the  n a t i o n a l  v i t a l  s t a t i s t i c s  was es t imated  as 2.9 f o r  leukemia 

and 0.3 f o r  ap las t ic  anemia, i n d i c a t i n g  a s i g n i f i c a n t  i nc rease  i n  m o r t a l i t y  

from these  causes.  

I n  t h i s  s tudy,  t he  annual incidence of leukemia for t he  genera l  male 

populat ion not t h e r a p e u t i c a l l y  i r r a d i a t e d  was es t imated  t o  be 50 per  mi l l i on .  

The annual incidence i n  men r ece iv ing  a mean dose of over 1,750 rads  t o  only  

the  s p i n a l  marrow was between 1600 and 1700 p e r  m i l l i o n .  

as a group, r ega rd le s s  of anatomic s i t e  of exposure,  t he  annual incidence was 

7200 per mi l l i on ,  wi th  a mean dose t o  the s p i n a l  marrow of over 2,250 rads .  

For a l l  the  p a t i e n t s  
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When the  cases are sepa ra t ed  according t o  mean s p i n a l  marrow dose and 

i n t e g r a l  dose, t h e r e  i s  a d e f i n i t e  r e l a t i o n s h i p  between dose and leukemia 

incidence.  

whether t h e  mean s p i n a l  m a r r o w  dose o r  t h e  i n t e g r a l  dose is used, and 

whether or not t h e  cases r ece iv ing  e x t r a s p i n a l  r a d i a t i o n  are excluded. 

The p r e c i s e  shape of the  incidence-vs-dose curve depends upon 

The 

curve is poss ib ly  l i n e a r  i n  t h e  t h r e e  middle dose groups expressed i n  terms 

of e i t h e r  mean s p i n a l  marrow dose o r  i n t e g r a l  dose.  

r e l a t i o n s h i p  curve between 750 and l;25O rads  ( s p i n a l  marrow dose)  is f a i r l y  

cons tan t .  

dose) , the  curve d e p a r t s  sha rp ly  upward from l i n e a r i t y ,  un le s s  t h e  incidence 

The s l o p e  of t he  

I n  t h e  h ighe r  dose range (from 1,250 t o  2,500 rads  s p i n a l  marrow 

of a l l  cases  r ece iv ing  more than  1,250 rads  is averaged as a s i n g l e  poin t .  

There is cons iderable  u n c e r t a i n t y  as t o  how the  curve should be drawn 

below 500 rads  o r  7.5 megagram rads .  

i s  based on 2 cases of lymphocytic leukemia, one chronic  i n  type which developed 

In  f a c t ,  t he  only  poin t  below 500 r ads  

a f t e r  a mean marrow dose of 471 r ads ,  and the  o t h e r  i n  which the  s p i n e  rece ived  

113 rads  but the  e x t r a s p i n a l  reg ions  rece ived  a d d i t i o n a l  l a r g e r  doses.  

Af te r  a s i n g l e  course of t rea tment ,  10 cases  of leukemia occurred i n  

5 years .  Of t h e  37 leukemia cases  found i n  t h i s  s tudy ,  inc luding  those  wi th  

mul t ip l e  courses  over a per iod of years  and those wi th  a s i n g l e  course i n  a 

month o r  so,  35 were diagnosed as leukemia w i t h i n  5 years  of t h e  l a s t  t rea tment .  

It is i n t e r e s t i n g  t o  note  t h a t ,  of the  50 cases  of leukemia i n  s p o n d y l i t i c  

p a t i e n t s  t r e a t e d  wi th  X-rays, inc luding  those r epor t ed  by Court-Brown and Doll ,  

38 were acu te  and on ly  8 were chronic ,  with only one of t h e  l a t t e r  being 
h 

chronic  lymphatic leukemia. The d a t a  i n  t h e  remaining cases  were i n s u f f i c i e n t  - 
00 
cT t o  e s t a b l i s h  c l i n i c a l  type.  
0 - Some of the  leukemia cases  showed a sequence of pa tho log ic  changes i n  

which a p e r s i s t e n t  damaged o r  a p l a s t i c  marrow was a precursor  r a t h e r  than  a 

consequence of leukemia, and o the r  cases  of a p l a s t i c  anemia were observed w i t h i n  
the  same range of doses .  
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In  t h e  at tempted e x t r a p o l a t i o n  of t h e  incidence d a t a  t o  low doses,  t h e  

use  of the spontaneous leukemia inc idence  in t h e  genera l  popula t ion  as a con t ro l  

po in t  should be quest ioned.  

f a c t o r  in ankylosing s p o n d y l i t i s  (436), t he  leukemia incidence in t h e  general  

populat ion cannot be accepted as t h e  inc idence  f o r  the  un t r ea t ed  p a t i e n t s .  

This is i l l u s t r a t e d  by the  r epor t  of Abbott and Lea (393) showing an  

a s soc ia t ion  between un t r ea t ed  rheumatism and leukemia. The only  a v a i l a b l e  

c o n t r o l  group of 399 s p o n d y l i t i c  p a t i e n t s  not t r e a t e d  wi th  X-rays is t o o  small 

t o  be of use i n  determining a c o n t r o l  va lue  f o r  leukemia incidence.  

Since t h e r e  appears  t o  be a s t r o n g  h e r e d i t a r y  

In view of t h e  l i m i t e d  d a t a  i n  t h e  lower dose range and t h e  l ack  of an  

appropr ia te  c o n t r o l  gmup,  i t  seems reasonable  t o  conclude t h a t  t h i s  s tudy  

does not provide evidence t o  determine the  t r u e  leukemia incidence i n  t h e  

dose range below 500 r ads .  

The second example of increased  leukemia incidence i n  r ad io the rapy  

p a t i e n t s  is found in c h i l d r e n  t r e a t e d  f o r  benign condi t ions ,  u s u a l l y  thymic 

e n l  a r  g erne n t . 
In s t u d i e s  by Simpson, Hempelmann, and F u l l e r  {446), Simpson arid 

Hempelmann (445), and Simpson (444), a composite group of 2,393 such cases  

i n  ups t a t e  New York w a s  c o l l e c t e d ,  and 87$ were t r aced  (416). 

21 cases  of malignancy were found i n s t e a d  of t h e  3.6 cases  expected;  and 

9 confirmed and 1 unconfirmed leukemia dea ths  i n s t e a d  of the  1 expected. 

Thyroid carcinomas accounted f o r  most af the  o the r  cases  of malignancy. There 

was not a s i g n i f i c a n t  d i f f e r e n c e  between t h e  expzcted and observed cases  of 

cancer o r  ieukemia i n  2,752 un t rea t ed  siblings of t h e  c h i l d r e n  i n  t h i s  s tudy.  

I n  t h i s  group, 
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The exposures measured i n  a i r  were known or  c a l c u l a t e d  from the r a d i a t i o n  

f a c t o r s  f o r  a l l  bu t  299 ch i ld ren .  Four of t he  known cases of leukemia 

occurred i n  1,050 c h i l d r e n  wi th  a cumulat ive exposure of less than  200 r ,  

whereas 5 cases  were found i n  1,025 c h i l d r e n  exposed t o  more than  200 and 

usua l ly  less than  600 r. 

neoplas ia  occurred i n  c h i l d r e n  exposed t o  200 r or  more. 

between the  exposures  and dea th  from leukemia was 5.3 years .  

I n  c o n t r a s t ,  a l l  cases  of o the r  malignant 

The average t i m e  

Since t h e  s ta te  of t h e  thymus gland is unknown f o r  t h e  s i b l i n g  group 

and is ,  f o r  the  most p a r t ,  normal by d e f i n i t i o n  i n  c h i l d r e n  of t h e  genera l  

populat ion,  i t  is  clear t h a t  t h i s  s t u d y  does not d i f f e r e n t i a t e  between the  

a s s o c i a t i o n  of leukemia and ( a )  p r i o r  X-ray exposure,  o r  ( b )  t h e  medical 

condi t ion  diagnosed as thymic enlargement.  Because it  is imprac t i ca l ,  i f  not 

impossible,  t o  o b t a i n  an  i d e a l  c o n t r o l  group ( i . e .  , c h i l d r e n  wi th  thymic 

enlargement a t  b i r t h  not t r e a t e d  wi th  X-rays) ,  c h i l d r e n  i r r a d i a t e d  f o r  o the r  

medical condi t ions  m u s t  be s tud ied  i n  an e f f o r t  t o  d i s t i n g u i s h  between t h e  

a s soc ia t ed ,  and p o s s i b l y  leukemogenic, f a c t o r s ,  

A group of 1,564 c h i l d r e n  t r e a t e d  wi th  X-rays i n  P i t t sbu rgh  was s tud ied  

i n  1948 by Conti  et & (397). 

shown t o  have thymus glands of normal s i z e  a t  b i r t h .  The r a d i a t i o n  f a c t o r s  

were uniform i n  the  e n t i r e  group, Eighty-e ight  percent  of t h e  c h i l d r e n  rece ived  

75 t o  300 r (usually l 5 C  r )  t o  the  regior,  of t he  manubrium; the remainder 

received P O 0  t o  450 r. Ninety percent  of the c h i l d r e n  were s t u d i e d  aga in  

11 t o  18 years  a f t e r  therapy  ( 3 9 8 ) .  

1 of leukemia, were expected t o  occur i n  t h i s  group, but none were found. 

There was no s i g n i f i c a n t  d i f f e r e n c e  be tween the number of expected and observed 

cases  of cancer and leukemia i n  the un t r ea t ed  s i b l i n g s .  

N ine ty - s ix  percent  of these  c h i l d r e n  were 

Four cases  of malignant d i s e a s e ,  inc luding  
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The f a i l u r e  t o  observe the 4 expected cases of neoplas ia  is not  

s i g n i f i c a n t ,  p a r t i c u l a r l y  s i n c e  one- ten th  of the  group vas not  l oca t ed .  

One can conclude, however, t h a t  t h e r e  w a s  no evidence of an  increased  cancer  

rate i n  t h e  t r e a t e d  c h i l d r e n  o r  of a g r e a t l y  increased  leukemia frequency. 

To avoid complicat ions introduced by cons ider ing  only c h i l d r e n  g iven  

X-ray therapy t o  t h e  med ias t ina l  reg ion ,  a s tudy  was made of 6,473 c h i l d r e n  

i n  Rochester,  New York, who were t r e a t e d  wi th  X-rays f o r  var ious  benign 

condi t ions  i n  t h e  p a s t  25 years  (435). 

cases observed and t h e  2 expected i s  s i g n i f i c a n t .  Five leukemia dea ths  occurred 

i n  2,750 ch i ld ren  t r e a t e d  f o r  thymic enlargement;  2 occurred i n  75 c h i l d r e n  

t r e a t e d  f o r  p e r t u s s i s ;  and 1 occurred i n  1,073 c h i l d r e n  given X-rays t o  

the  head and neck reg ion ,  mainly f o r  lymphoid hype rp la s i a  of t h e  nasopharynx. 

No leukemia dea ths  were found i n  2,460 c h i l d r e n  t r e a t e d  with s u p e r f i c i a l  

X-rays f o r  benign s k i n  l e s ions .  

The d i f f e r e n c e  between t h e  8 leukemia 

Similar  surveys of c h i l d r e n  t r e a t e d  f o r  thymic enlargement and o the r  

benign l e s ions  are now being c a r r i e d  out i n  t h i s  country.  La tou re t t e  and 

Hodges (424) r epor t ed  the  incidence of neop las i a  i n  861 c h i l d r e n  t r e a t e d  

f o r  thymic enlargement between 1952 and 1951. Most of these  c h i l d r e n  were 

t r e a t e d  wi th  200 r o r  less,  apparent ly  through a l a r g e  10 x IO c m  po r t .  The 

2 cases  of lymphoma (1 being leukemia) were more than was expected,  but  not  

s i g n i f i c a n t l y  so .  One c h i l d  hod a carcinoma of t he  t h y r o i d  and o t h e r s  had 

benign tumors of va r ious  s o r t s .  Snegi re f f  (447) observed 2 thy ro id  tumors 

i n  148 ch i ld ren  followed out of 1151 c h i l d r e n  t r e a t e d  f o r  thymic enlargement;  

Molone;J, I n  R d i s r  l s s i o n  of Siinpson's work (444), mentions 7 cases  of t hy ro id  

neoplas ia  including two malignancies i n  125 of TOO c h i l d r e n  s o  t r e a t e d .  
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Saenger e t  a1 (442) r epor t ed  a thorough s tudy  of 1,644 of a series of 2,230 

Of t he  675 rece iv ing  t rea tments  c h i l d r e n  t r e a t e d  f o r  va r ious  benign condi t ions .  

exc lus ive ly  t o  t h e  ches t ,  mainly f o r  thymic enlargement,  on ly  124 are known t o  

have rece ived  more than 200 r (Saenger,  personal  communication). 

cases of thyro id  neop las i a  (11 diagnosed as malignant)  and 1 case of leukemia 

were found i n  t h e  e n t i r e  group. They a l s o  r e p o r t  a s t r i k i n g  incidence of 

morbidi ty  of a l l  types of nonfa t a l  i l l n e s s e s  i n  t h e s e  c h i l d r e n  i n d i c a t i n g  

t h e  s e l e c t e d  na tu re  of t h e  group. 

Eighteen 

I n  eva lua t ing  the  d a t a  obtained i n  these  s t u d i e s ,  i t  seems clear t h a t  

an  a s s o c i a t i o n  has  been e s t a b l i s h e d  between r a d i a t i o n  exposure and subsequent 

leukemia only i n  one group of c h i l d r e n  t r e a t e d  wi th  X-rays f o r  thymic en large-  

ment. Fur ther  epidemiologic  s t u d i e s  of a prospec t ive  na tu re  must be under- 

taken t o  e s t ab l ' i sh  t h e  t r u e  incidence of leukemia i n  c h i l d r e n  g iven  thymic 

i r r a d i a t i o n ,  and p a r t i c u l a r l y  the  r e l a t i o n  of incidence t o  dose, po r t  s i z e ,  

and p a r t  of the body t r e a t e d .  

It should be noted t h a t  an increased  incidence of thyro id  neoplas ia  

was found i n  numerous s t u d i e s  of c h i l d r e n  previous ly  i r r a d i a t e d  i n  t h e  thymic 

reg ion ,  whereas an increased  leukemia incidence w a s  found only  i n  1 study.  

It seems l i k e l y ,  t h e r e f o r e ,  t h a t  under c e r t a i n  exposure condi t ions ,  t h e  thy ro id  

gland of a c h i l d  is more s u s c e p t i b l e  t o  the  tumorigenic a c t i o n  of r a d i a t i o n  

than is t h e  blood-forming t i s s u e .  The exposure condi t ions  presumably involve 

dose,  por t  s i z e ,  and p a r t  of the  body i r r a d i a t e d .  The s e n s i t i v i t y  of t h e  

c h i l d ' s  thyro id  is i n  marked c o n t r a s t  t o  the r a d i a t i o n - r e s i s t a n c e  of t he  

a d u l t  thyro id .  
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I n  another  type  of s tudy ,  Stewart  e t  a1 (449) made an  ex tens ive  

r e t r o s p e c t i v e  in t e rv i ew survey  of 1,399 c h i l d r e n  wi th  leukemia o r  o t h e r  

malignant tumors, 

Wales during 1954-1956. 

These c h i l d r e n  d i ed  be fo re  t h e  age of 10 i n  England and 

One of t h e  f ind ings  was a h igher  f requence (l3.7$) of 

d i agnos t i c  X-ray examinat ions of t h e  mothers of c h i l d r e n  wi th  malignant 

d i sease ,  almost double such examinations (7 .2$)  of mothers of the  c o n t r o l  

ch i ld ren .  The c o n t r o l s  were matched w i t h  t h e  s tudy  c h i l d r e n  f o r  age,  sex,  

and l o c a l i t y ,  bu t  were otherwise chosen a t  random from the  o f f i c i a l  b i r t h  

r e g i s t e r .  The average number of X-ray f i l m s  taken was 2.37 per  c h i l d  and 

t h e  exposure was c a l c u l a t e d  t o  be of t he  order  of 86 t o  600 m r  p e r  f i l m  

measured a t  t he  gonads of t he  f e t u s  (375). I f  i t  i s  assumed, as proposed 

by the au thors ,  t h a t  r a d i a t i o n  was the  e t i o l o g i c  f a c t o r  i n  t h e  a d d i t i o n a l  

6 t o  7$ of the  c h i l d r e n  wi th  leukemia who rece ived  p rena ta l  exposure,  

than  16 t o  18 leukemia cases  per  year  would have r e s u l t e d  from t h i s  

d i agnos t i c  p r a c t i c e .  

Four o the r  such r e t r o s p e c t i v e  s t u d i e s  have been undertaken i n  d i f f e r e n t  

s e c t i o n s  of t h e  United S t a t e s ,  

and 74 ch i ld ren  w i t h  o t h e r  mal ignancies  i n  New Orleans,  compared wi th  306 

Ford e t  a1 (409) s tud ied  78 leukemic c h i l d r e n  

dead con t ro l s  matched f o r  co lo r ,  age,  and p l ace  of death.  Thei r  f i nd ings  

confirm the observa t ions  of Stewart  -- e t  a l ,  wi th  26.9 and 28.4% of t h e  ch i ld ren  

wi th  leukemia and o t h e r  forms of malignancy, r e s p e c t i v e l y ,  i r r a d i a t e d  i n  u t e ro ,  

as compared wi th  only 18.376 of c o n t r o l  c h i l d r e n  s o  exposed. 

c3 
f=4 

e ~ >  do not show the same excess  of f e t a l  i r r a d i a t i o n  i n  leukemic ch i ld ren .  
0" 
~ = 5  
w 

The th ree  o the r  studiss, u s i n g  a l t e r n a t i v e  methods f o r  s e l e c t i n g  c o n t r o l s ,  - 
Polhenibs and Koch (440) found no s i g n i f i c a n t  di . f ference i n  the  h i s t o r y  of 

p rena ta l  i r r a d i a t i o n  i n  251 d i a g n o s e d  l e u k e r n i l  cases i n  t h e  Ch i ld ren ' s  Hospi ta l  

of LOS Angeles, compared with che same number of matched c o n t r o l  c h i l d r e n  wi th  

nonorthopedic d i s e a s e s  OR the s u r g i c a l  s e r v i c e  of the same h o s p i t a l .  I n  a 
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cu r ren t  s tudy  of childhood leukemia i n  C a l i f o r n i a ,  Kaplan and Moses (421) 

found t h a t  t h e  number of c h i l d r e n  wi th  leukemia having a h i s t o r y  of p r e n a t a l  

i r r a d i a t i o n  exceeded t h a t  of t h e  group of s i b l i n g s  used as con t ro l s ;  such 

a n  excess  w a s  not observed, however, when t h e  leukemic c h i l d r e n  were compared 

wi th  hea l thy  playmates. 

i n  t he  h i s t o r y  of p r e n a t a l  exposure of 65 c h i l d r e n  wi th  leukemia, 65 matched 

dead con t ro l s ,  and t h e  175 l i v i n g  s i b l i n g s  of both groups.  

Murray e t  a1 (435) found no s i g n i f i c a n t  d i f f e r e n c e  

I n  r e t r o s p e c t i v e  s t u d i e s  of t h i s  kind, t h e  choice  of t he  c o n t r o l  group 

may be c r u c i a l  i n  reaching  d e f i n i t i v e  conclusions.  It would seem t h a t  t h e  

s t u d i e s  as presented  do no t  d i f f e r e n t i a t e  c l e a r l y  between t h e  a s s o c i a t i o n  

of leukemia and ( a )  t h e  e f f e c t  of t h e  medical cond i t ion  which prompted t h e  

d i a g n o s t i c  examination, o r  ( b )  t h e  e f f e c t  of X-rays. More s t u d i e s ,  p re fe rab ly  

prospec t ive  and w i t h  more than  one con t ro l  group, are c l e a r l y  needed t o  determine 

whether o r  not t h e  s m a l l  X-ray doses of t h e  magnitude used i n  d i agnos t i c  

rad io logy  are leukemogenic t o  the human f e t u s .  

Indeed, i n  a s tudy  i n  England by Court-Brown and Doll (399) involving 

about 40,000 c h i l d r e n  exposed p r e n a t a l l y  t o  d i a g n o s t i c  procedures,  9 cases  

of leukemia were observed, whereas 10.5 were expected.  This  sugges ts  t h a t  

i f  a leukemogenic r i s k  i s  incur red  by such exposure,  i t  i s  f a r  smaller than  

t h a t  i nd ica t ed  by t h e  s t u d y  of Stewart  e t  a l .  

L e w i s  (425) has  compared the  a v a i l a b l e  d a t a  on leukemia incidence and 

r a d i a t i o n  dose i n  t h e  spondy l i t  i cs ,  the Japanese su rv ivo r s  , the  c h i l d r e n  wi th  

en larged  thymus, and (.le U. S. r a d i o l o g i s t s .  H e  at tempted t o  a s s e s s  t he  

p r o b a b i l i t y  of developing leukemia on the b a s i s  of the ca l cu la t ed  r a d i a t i o n  

dose absorbed i n  t h e  blood-forming t i s s u e s  i n  ind iv idua l s  of the  four  groups.  

Using a number of assumptions concerning d J s e 3  and  co r rec t ing  far the  amount 

of t i s s u e  exposed, L e w i s '  b e s t  e s t ima te  of t h e  leukemia p r o b a b i l i t y  p e r  

i n d i v i d u a l  p e r  r ad  pe r  year  w a s  e s s e n t i a l l y  the  same i n  a l l  groups, 

D 
0 - 
a- 
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-6. namely, 1 t o  2 x 10 . 
Hempelmann (416), r econs ide r ing  the  c a l c u l a t i o n s  of L e w i s  i n  t he  l i g h t  

of more r ecen t  information,  found t h a t  t h e  p r o b a b i l i t y  va lues  for t h e  

d i f f e r e n t  groups d i d  not seem as c l o s e  as L e w i s ' .  

of leukemia frequency i n  Hiroshima, the  p r o b a b i l i t y  va r i ed  from 0.3 t o  1.2 x 10 

i n  the  d i f f e r e n t  exposure zones. L e w i s '  c a l c u l a t e d  p r o b a b i l i t y  va lues  for 

c h i l d r e n  wi th  en larged  thymus and f o r  U. S. r a d i o l o g i s t s  were found t o  

be based on i n c o r r e c t  estimates of t h e  average dose t o  t h e  e n t i r e  blood- 

forming t i s s u e s .  Since the  average dose adminis tered t o  each c h i l d  was 250 r, 

and s i n c e  less than  one-fourth o r  o n e - f i f t h  of t h e  body was exposed, t he  

p r o b a b i l i t y  i n  t h e i r  cases should be a t  l e a s t  4 t o  5 x 10 

1 x 10 . With L e w i s '  estimates of thd average exposure f o r  t h e  r a d i o l o g i s t s ,  

but  wi th  the  assumption t h a t  t h e  s o f t  X-rays i r r a d i a t e d  only one-half  t o  

one-third of t h e  blood-forming t i s s u e s ,  t h e  p r o b a b i l i t y  becomes a t  least  

Using the  new estimates 

-6 

-6 r a t h e r  than  

-6 

-6 4 t o  6 x 10 . I n  the  case  of the c h i l d r e n  i r r a d i a t e d  p r e n a t a l l y ,  not  

considered by L e w i s ,  the  p r o b a b i l i t y  becomes -10 t o  11 x 10 . It i s  

probably not e n t i r e l y  j u s t i f i a b l e  t o  use  t h i s  procedure f o r  r a d i o l o g i s t s  

s i n c e  the dose e s t i m a t e s  r ep resen t  nothing more r e l i a b l e  than  a guess.  

-6 

In  conclusion,  on the  b a s i s  of present  d a t a  i t  seems p o s s i b l e  t h a t  t h e  

assumption of a l i n e a r  dose -e f f ec t  r z l a t i o n s h i p  f o r  r a d i a t i o n  product ion of 

leukemia and the  a t t e n d a n t  e x t r a p o l a t i o n s ,  even i f  assumed t o  be v a l i d ,  may 

be permiss ib le  only i n  the  assessment of t h e  leukemogenic r i s k  f o r  a s i n g l e  

dose or s m a l l  doses given over a r e l a t i v e l y  s h u r t  time (e .g . ,  i n  rad io therapy ,  

where the dose r a t e s  a r e  r e l a t i v e l y  h i g h ) .  

or  environmental  r a d i a t i o n  over m l n y  years  wi th  dose ra tes  t h a t  may be 

mi l l i on ths  smal le r  involves  the a s s u m p t i o n  that  such a d i f f e r e n c e  i n  dose r a t e  

F u r t h e r  e x t r a p o l a t i o n  t o  background 
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does not a l t e r  t h e  leukemogenic e f f e c t .  

w i th  experimental  d a t a  o r  even w i t h  t h e  

This  does not  seem t o  be i n  accord 

l i m i t e d  p e r t i n e n t  d a t a  on i r r a d i a t e d  

humans, which sugges t  some dose - ra t e  dependence f o r  t h e  leukemogenic e f f e c t .  

C. Radiat ion Cataract 

Catarac ts  i n  humans have r e s u l t e d  from unwise exposure of t he  o p t i c  

l e n s  t o  X-rays, gamma r a y s ,  b e t a  p a r t i c l e s ,  and neut rons ,  Although changes 

i n  t h e  o p t i c  l e n s  have been d e t e c t e d  fo l lowing  doses as low as 200 r ,  the  

minimal e f f e c t i v e  X-ray dose (200 kv)  f o r  t h e  product ion of c l i n i c a l l y  

s i g n i f i c a n t  c a t a r a c t  i s  thought t o  be between 600 and 1000 rads .  There i s  

some evidence t h a t  t h i s  dose may be lower f o r  i n f a n t s  o r  c h i l d r e n .  On t h e  

b a s i s  of equiva len t  energy absorbed i n  :he l e n s ,  neutrons a r e  r e l a t i v e l y  Fore 

e f f e c t i v e  i n  cataract product ion  than  X-rays by a f a c t o r  of 5 t o  10. 

The c h a r a c t e r i s t i c  f e a t u r e s  of r a d i a t i o n  c a t a r a c t  are found i n  t h e  e a r l y  

s t a g e s  of i t s  development. An i n i t i a l  d o t - l i k e  opac i ty  occurs ,  u s u a l l y  a t  the  

p o s t e r i o r  pole  of t h e  l e n s ,  and s m a l l  g r anu le s  and vacuoles  develop around 

t h e  opaque d o t  as i t  en la rges .  As i t  becomes l a r g e r ,  the  c e n t r a l  opac i ty  

develops a r e l a t i v e l y  c lear  c e n t e r ,  t ak ing  on a doughnut-shaped appearance 

by t h e  tine the  o p a c i t y  i s  3 t o  4 mm i n  d iameter .  At t h i s  t i m e ,  g r anu la r  

o p a c i t i e s  and vacuoles  may develop i n  t he  a n t e r i o r  subcapsular  reg ion  of the  

l e n s ,  u sua l ly  i n  the pupi l l .ary area. 

The opac i ty  may remain s t a t i o n a r y  a t  any s t a g e .  Often i t  shows a S ~ C W  

progress ion  f o r  a long per iod  of time t o  the  poin t  descr ibed  above before  it 

remains s t a t i o n a r y .  If t he  opac i ty  cont inues  t o  progress, i t  takes  on a 

nonspec i f ic  appearance; i . e . ,  i t  cannoc b e  d i f f e r e n t i a t e d  from c a c a r a c t s  from 

o the r  causes.  
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Roughly 200 cases  of r a d i a t i o n  c a t a r a c t s  i n  humans due t o  X- o r  gamnla 

r a d i a t i o n  have been r epor t ed  is t h e  l i t e r a t u r e  (30, 36, 56, 58, 63, 65, 66, 

72, 73).  La ten t  per iods  have been r epor t ed  f o r  most of t h e  cases ,  but  i n  

many t h e  l a t e n t  per iod  w a s  not r e l a t e d  t o  r a d i a t i o n  v a r i a b l e s  such a s  q u a l i t y ,  

dose, o r  d u r a t i o n  of t rea tment .  Dose w a s  not repor ted  i n  many cases ,  nor 

were r a d i a t i o n  f a c t o r s  t h a t  might p e r m i t  c a l c u l a t i o n  of dose.  

The important problems of minimal ca t a rac togen ic  dose - e f f e c t  of dose 

and mode of exposure on incidence of s t a t i o n a r y  o r  progress ive  c a t a r a c t s ,  

in f luence  of dose f r a c t i o n a t i o n  on ca t a rac togenes i s ,  i n f luezce  of dose o r  

du ra t ion  of exposure on t h e  l a t e n t  per iod ,  e f f e c t  of r a d i a t i o n  q u a l i t y ,  and 

inf luence  of age on l ens  s e n s i t i v i t y  - a r e  s t i l l  not so lved  f o r  humans. 

Based on experimental  animal s t u d i z s ,  r a d i a t i o n  c a t a r a c t  seems t o  be 

the  r e s u l t  of d i r e c t  d e s t r u c t i v e  a c t i o n s  of r a d i a t i o n  on t h e  a n t e r i o r  

epi thel ium, which s u p p l i e s  t h e  cel ls  t h a t  d i f f e r e n t i a t e  i n t o  t h e  f i b e r s  of 

t h e  lens .  

show markedly g r e a t e r  l e n t i c u l a r  r a d i a t i o n - s e n s i t i v i t y  than do o lde r  animals.  

A r ecen t  s tudy  of human c l i n i c a l  cases  of r a d i a t i o n  c a t a r a c t  by Merriam 

Young animals exposed during the  p rena ta l  or  e a r l y  pos t -na t a l  per iod  

and Focht ( 6 5 )  has con t r ibu ted  much information on some of t he  problems 

mentioned. These i n v e s t i g a t o r s  s tud ied  100 cases of r a d i a t i o n  c a t a r a c t  and 

73 cases  of i r r a d i a t i o n  t o  t h e  head without development of l ens  opac i t i e s .  

They measured t h e  X- or gamma-ray dose t o  the  l ens  using a phantom t o  dup l i ca t e  

t h e  r a d i a t i o n  f a c t o r s  involved. In  t h i s  s tudy ,  a r a d i a t i o n  c a t a r a c t  was regarded 

as any c l i n i c a l l y  recognizable  opac i ty  having t h e  c h a r a c t e r i s t i c  appearance 

descr ibed above, whether or not v i s i o n  was a f f e c t e d .  
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The numerous uncon t ro l l ab le  v a r i a b l e s  i n  t h i s  kind of s tudy  made it  

impossible t o  determine a c c u r a t e l y  t h e  a b s o l u t e  threshold  f o r  the  e f f e c t .  

The minimal e f f e c t i v e  doses  r epor t ed  r ep resen ted  t h e  smallest amount of 

r a d i a t i o n  t h a t  produced any degree of l e n t i c u l a r  opac i ty  i n  any of t h e  cases 

s tud ied .  It was a l s o  impossible  t o  c l a s s i f y  t h e  cases according t o  dose and 

degree of lens  o p a c i t i e s .  The most t h a t  could be done was t o  c l a s s i f y  

according t o  whether t h e  o p a c i t i e s  were s t a t i o n a r y  o r  progress ive ,  and t o  

attempt t o  re la te  thi ' s  t o  dose. 

Ninety-seven of t h e  r a d i a t i o n  c a t a r a c t  cases and 70 without  r a d i a t i o n  

c a t a r a c t  were d iv ided  according t o  temporal modes of t reatment:  s i n g l e ,  

f r a c t i o n a t i o n  over  3 weeks t o  3 months, and f r a c t i o n a t i o n  over more than  

3 months. The minimal doses f o r  product ion of any l e n t i c u l a r  opac i ty  i n  any 

cases f o r  each group w e r e  200 r ,  400 r, and 550 r, r e spec t ive ly .  These f i g u r e s  

suggest  t h a t  t h e  th re sho ld  dose inc reases  wi th  t h e  d u r a t i o n  of t rea tment .  

O f  37 cases  i r r a d i a t e d  i n  a s i n g l e  t rea tment  (wi th  radium plaques) ,  a l l  

20 wi th  doses from 200 t o  1150 r developed l e n t i c u l a r  o p a c i t i e s .  The o the r  

17 p a t i e n t s  rece ived  doses  from 40 t o  175 r t o  t h e  l ens  without  developing 

l e n s  changes. 

degree a t  an es t imated  dose of 200 r ,  f i r s t  s een  19 years  and 22 yea r s  a f t e r  

t reatment .  

350 r, t he  €act  t h s t  t h e r e  were none wi thout  c a t a r a c t s  does not prove t h a t  t h e  

l ens  cannot t o l e r a t e  h ighe r  s i n g l e  doses .  Fu r the r  information on t h e  e f f e c t s  

a t  t hese  dose l e v e l s  is necessary  t o  determine more e x a c t l y  the  upper l i m i t  

of t o l e racce .  ' h e  rriaximal noncataracrogenic  dose i n  t h i s  t reatment  group 

was 175 r i n  a p a t i e n t  followed about 8 - l l S  years .  

There were only 2 cases  of s t a t i o n a r y  l ens  o p a c i t i e s  of minimal 

I n  view of t h e  s m a l l  number of cases  (4) wi th  doses from 200 t o  
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O f  the  87 cases r ece iv ing  m u l t i p l e  t rea tments  over per iods  from 

3 weeks t o  3 months, 49 developed l e n t i c u l a r  o p a c i t i e s  w i t h  X- or  gamma-ray 

doses t o  t h e  l ens  from 400 t o  6,100 r. 

(1 case) was f i r s t  seen  about 2-1/2 years  a f t e r  t rea tment  and was s t a t i o n a r y ,  

The maximal nonca tarac togenic  dose i n  t h i s  t rea tment  group w a s  1,000 r ,  w i t h  

a t reatment  time of 2-1/2 months and a follow-up per iod of about l3-l/2 years .  

The fol lowing t a b u l a t i o n  g ives  t h e  incidences and types of l e n t i c u l a r  o p a c i t i e s  

i n  p a t i e n t s  fol lowing i r r a d i a t i o n  in var ious  dose ranges f o r  t h e  3-week t o  

The l e n s  opac i ty  w i t h  t h e  )bOO-r dose 

3-month exposure per iod .  

Dose Range (r), 

40 t o  350 

351 t o  550 

551 t o  750 

751 t o  950 

951 t o  1,150 

1,151 t o  1,399 

1,400 t o  6,100 

Cataract Incidence 

0 of 18 p a t i e n t s  :O$) 

4 of 9 p a t i e n t s  (44%) 

6 of 10 p a t i e n t s  (60%) 

16 of 26  p a t i e n t s  (61%) 

2 of 3 p a t i e n t s  (67%) 

no cases  

21 of 21 p a t i e n t s  (100%) 

O f  t he  43 cases  i r r a d i a t e d  over a period 

Cataract Type 

S t a t i o n a r y  Progress.  Indeterm. 

3 0 1 

5 1 0 

7 6 3 

1 1 0 

- - - 
2 18 1 

longer  than 3 months, 28 developed 

l e n t i c u l a r  o p a c i t i e s  w i t h  X- o r  gamma-ray doses t o  t he  l ens  ranging from 

550 t o  6,900 r .  There were 2 cases  of cataract:  with the  550-r dose, one 

progress ive  and one s t a t i o n a r y ,  f i r s t  seen 44 months and 4 years  a f t e r  t reatment ,  

r e s p e c t i v e l y .  The naximal noncataractogenic  dose in this group was 1,100 r ,  

wi th  a t reatment  time 2f 1-1/2 years  and a foJlow-up period of 22 years .  
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Regardless of t h e  d u r a t i o n  of t rea tment ,  a l l  p a t i e n t s  r e c e i v i n g  a dose 

t o  the  l ens  l a r g e r  than  1,400 r developed l e n t i c u l a r  opac i ty ,  

incidence l e v e l  occur red  a t  t he  lowest dose level f o r  t he  s i n g l e  t rea tment  

group (200 r )  and a t  any g r e a t e r  dose.  

longer  the  d u r a t i o n  of treatment,  t h e  lower t h e  incidence a t  a g iven  dose 

range below 1,150 r;  t h e  h igher  t he  dose f o r  a given t rea tment ,  t h e  s h o r t e r  

t he  t i m e  of appearance of t h e  l ens  changes and t h e  h igher  t h e  incidence of 

progress ive  o p a c i t i e s  w i th  r e s u l t i n g  decrease  of v i s i o n .  

The 100% 

In  t h e  m u l t i p l e  t rea tment  cases, t h e  

I n  gene ra l ,  

f r a c t i o n a t i o n  of dose de lays  the  t ime of onse t  of c a t a r a c t s  and decreases  the  

incidence of s eve re  o p a c i t i e s .  

The l enses  of c h i l d r e n  under one year  of age seemed t o  be more s e n s i t i v e  

t o  r a d i a t i o n  than  those  of o lde r  c h i l a - 2 1 ~  and a d u l t s .  

It is known from experimental  work t h a t  c a t a r a c t  product ion by f a s t  

neutrons r e l a t i v e  t o  X-rays inc reases  s i g n i f i c a n t l y  with p r o t r a c t e d  exposure; 

i . e . ,  t h e  RBE i s  about 2 t o  4 f o r  h i g h - i n t e n s i t y  and 9 o r  g r e a t e r  f o r  low- 

fn t ens  i t  y r a d i a t i o n .  

By December 1948, i t  was known t h a t  a t  least  5 nuc lear  p h y s i c i s t s  of 

mean age 31 had i n c i p i e n t  c a t a r a c t s  as a r e s u l t  of cyc lo t ron  exposure (26). 

I n  January 1949, 10 of 11 cyc lo t ron  p h y s i c i s t s  examined were found t o  have 

c a t a r a c t s .  

moderately seve re ,  and 3 were minimal. It was es t imated  t h a t  over  per iods of 

10 t o  250 weeks, t h e s e  men had rece ived  t o t a l  doses of f a s t  neutrons t o  the 

reg ion  of t he  l e n s  ranging from 10 2 t o  135 2 wi th  a median dose of 50 2 - . 
A t  the  t ine t h e  ca ta raccogenic  exposures were rece ived ,  pe r iod ic  blood 

counts done on most of t he  mea revea led  no change i n  blood p i c t u r e  warning of 

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

Three cases were severe  wi th  d e f i n i t e l y  impaired v i s i o n ,  4 were 

*/ 

8 0 1 8 0 1 1 3  
*/ - One _" = approximately 2 r a d s .  
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Following the  f i n d l n g  of r a d i a t i o n  cataracts i n  t h e  p h y s i c i s t s ,  Cogan 

-- e t  a1 (38, 39) found 10 h e a v i l y  i r r a d i a t e d  Japanese atomic bomb s u r v i v o r s  

wi th  r a d i a t i o n  cataracts. I n  s t u d i e s  by Kimura i n  1949, as desc r ibed  by 

Fi l lmore  (44), 98 cases of l e n t i c u l a r  opac i ty  w e r e  r epor t ed ,  85 of which 

were among the 922 s u r v i v o r s  i n  t h e  h igh  dose r eg ion  1000 meters o r  less 

from hypocenter. The s e v e r i t y  of t he  l e s i o n s  w a s  no t  r epor t ed ,  but i t  i s  

i n f e r r e d  t h a t  they  w e r e  g e n e r a l l y  mild.  

I n  1955, Sinskey ( 7 9 )  r epor t ed  an i n t e n s i v e  i n v e s t i g a t i o n  of 3,700 

exposed and nonexposed Hiroshima Japanese from May 1951 t o  December 1953. 

I n  t h e  t o t a l  survey, t h e r e  were 154 su rv ivo r s  wi th  p o s t e r i o r  subcapsular  

plaques i n  t h e  l e n s  l a r g e  enough t o  be v i s i b l e  wi th  t h e  ophthalmoscope. 

Opaci t ies  not s o  v i s i b l e  i n  t h e  g r e a t e r  percentage of su rv ivo r s  were no t  

considered because they  d i d  not decrease  v i s u a l  a c u i t y  under s t anda rd  

tes t  procedures. In view of the  r e l a t i v e l y  n e g l i g i b l e  e f f e c t  of the atomic 

bomb on v i s u a l  l o s s  7 yea r s  a f t e r  the  bombing, t h e  t e r m  c a t a r a c t ,  which o f t e n  

connotates a seve re  l o s s  of v i s i o n  or  b l indness ,  w a s  avoided in t h i s  survey. 

The s t u d i e s  of Sinskey showed t h a t  of 425 su rv ivo r s  i n  Nagasaki between 

400 and 1800 meters from ground zero ,  47% experienced l e n s  changes d e t e c t e d  

by s l i t - l a m p  examination, whether o r  not t h e r e  w a s  e p i l a t i o n  and s h i e l d i n g .  

Although the  o p a c i t i e s  i n  t h e  v a s t  ma jo r i ty  of cases  were s o  i n s i g n i f i c a n t  as 

t o  be i n v i s i b l e  w i t h  t h e  ophthalmoscope, s t a t i s t i c a l l y  s i g n i f i c a n t  lens changes 

were present  i n  s u r v i v o r s  w i t h  no o the r  known e a r l y  o r  l a t e  evidences of 

r a d i a t i o n  damage. 

Of t h e  ap2roxima;ely 8,000 exposed s u r v i v o r s  or' Hiroshima and Nagasaki 

examined up t o  1956 (11 yea r s  a f t e r  the  atomic bomb exp los ions ) ,  10 cases  of 

s eve re  c a t a r a c t  have been found.  The r e l a t i o n s h i p  between these cases  and 

r a d i a t i o n  alone is n o t  c lear .  0 0 1  8b 1 4  
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D. Radiation Effects on Fertility 

1. General Considerations 

The gonads are among the most radiation-sensitive organs of the 

mammalian body, due to the high radiation-sensitivity of their gametogenic 

epithelia. 

detectable changes of a temporary nature in these tissues. 

Relatively small doses (25  rads or less) produce microscopically 

Permanent pathologic effects of radiations on gonads consist chiefly of 

failure to recover completely after substantial radiation exposure and 

damage; with sufficient dose, complete and permanent atrophy of these organs 

may result. 

Delayed pathologic effects in the gonads consist chiefly of a temporal 

advance in involutional changes with advancing chronologic age long after 

maximal recovery from initial radiation damage. In experimental animals, 

there is little evidence of the radiation-induction of testicular tumors, 

but the incidence of ovarian tumors has been increased by radiation. 

Histologic steril,ity, by definition, is a complete absence of gametes 

and even gametogenic elements. It is a condition dffficult to evaluate by 

histologic examination of biopsy or necropsy sections, particularly in terms 

of prediction of permanency. The production of permanent and complete 

histologic sterility requires very large doses to the gonads which would be 

lethal if given in a short Lime to the whole body o r  substantial volumes 

of vital tissue. 
0 
c=) In a practical sense, a condition of -effective or functional sterility - 
00 
CT 

v1 

can be prccluced b y  smali,r dos2s of r a d i a t i o n  and can b e  temporary or permanent 

depending upon magnitude and intensity of exposure. 

in the male requires only that t h e  rste of productton of sperm effective for 

(L 

For example, this condition 

fertilization and production of offspring be reduced t o  where there are 

insufficient numbers in semen at any particular time to be physiologically 
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e f f e c t i v e  f o r  reproduct ion .  

i n  semen, caused by i r r a d i a t i o n ,  a l s o  c o n t r i b u t e s  t o  t h e  r educ t ion  i n  number 

of e f f e c t i v e  sperm. 

per  e j a c u l a t e  necessary  f o r  reproduct ion  are f a i r l y  l a r g e ,  p r a c t i c a l  s t e r i l i t y  

or  s u b f e r t i l i t y  may be a s s o c i a t e d  w i t h  cons ide rab le  bu t  subnormal degrees  of 

spermatogenesis.  

of r a d i a t i o n  t o  t h e  gonads which would be s u b l e t h a l  i f  adminis te red  t o  t h e  

whole body. 

The inc reased  inc idence  of abnormal sperm 

Since  the  c r i t i c a l  o r  minimal numbers of normal sperm 

These cond i t ions  can  be produced i n  many cases by doses 

2. S t e r i l i t y  Doses f o r  Men and Women 

There has  been l i t t l e  s tudy  i n  humans of t h e  long-term pa thologic  

e f f e c t s  of r a d i a t i o n  on t h e  gonads, recovery processes ,  and t h e  inf luence  of 

these  e f f e c t s  on f e r t i l i t y ,  e s p e c i a l l y  where accu ra t e  estimates of doses could 

be made. On t h e  b a s i s  of meager and fragmentary d a t a ,  however, c e r t a i n  

estimates are at tempted he re .  

It seems probable  t h a t  gonadal doses  a f f e c t i n g  f e r t i l i t y  may be similar 

i n  magnitude f o r  men and women. 

may produce b r i e f ,  temporary s u b f e r t i l i t y  o r  s t e r i l i t y  i n  many men and women, 

e s p e c i a l l y  i n  cases of bo rde r l ine  f e r t i l i t y .  A s i n g l e  dose of 250 rads  may 

produce temporary s t e r i l i t y  f o r  one or two yea r s  i n  most men and women. 

A s i n g l e  dose of 500 t o  600 r ads  may produce permanent s t e r i l i t y  i n  many 

persons,  e s p e c i a l l y  i n  cases  of b o r d e r l i n e  f e r t i l i t y ,  and temporary s t e r i l i t y  

i n  o thers  f o r  s e v e r a l  years .  

cause permanent s t e r i l i t y  i n  a l l  bu t  t h e  r e l a t i v e l y  few most r e s i s t a n t  

men and women. 

A s i n g l e  dose t o  t h e  gonads of about 150 r ads  

A s i n g l e  dose of 800 rads  or  more would probably 
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On t h i s  b a s i s ,  gonadal doses t h a t  produce only  temporary a l t e r a t i o n s  

i n  f e r t i l i t y  o r  temporary s t e r i l i t y  i n  f e r t i l e  people,  except f o r  t hose  

wi th  only bo rde r l ine  f e r t i l i t y  be fo re  exposure,  are l i k e l y  t o  be s u b l e t h a l  

i f  adminis tered t o  the  whole body. 

most such f e r t i l e  people  are l i k e l y  t o  be about equal  t o  the  to t a l -body  

l e t h a l  dose. 

Gonadal doses  t h a t  permanently s t e r i l i z e  

Limited exper ience  w i t h  t h e  Marshal lese ,  exposed Japanese,  and c e r t a i n  

acc identcases  sugges t  t h a t  s u b s t a n t i a l  f r a c t i o n s  of the  mid le tha l  dose f o r  

man (about 400 t o  600 r a d s )  do not hsve s e r i o u s  permanent e f f e c t  on f e r t i l i t y .  

However, gonadal doses are not known wi th  c e r t a i n t y  i n  these  cases  and few 

such cases have been s t u d i e d  ex tens ive ly  f o r  t h i s  purpose f o r  a long per iod  of 

t i m e  a f t e r  exposure. 

Men may be s t e r i l i z e d  permanently wi thout  prominent changes i n  i n t e r s t i t i a l  

s ex  ce l l s ,  hormone balance,  o r  r educ t ion  i n  sexua l  potency o r  l i b i d o .  Women 

s t e r i l i z e d  by r a d i a t i o n ,  however, undergo g r e a t e r  phys io logic  d i s tu rbances ,  

s i n c e  the  process by which the  ovary produces s e x  hormones i s  more i n t i m a t e l y  

r e l a t e d  t o  the  development and d ischarge  of ova. When t h e  product ion of 

ovar ian  f o l l i c l e s  i s  terminated by i r r a d i a t i o n ,  women tend t o  undergo an 

a r t i f i c i a l  menopause s i m i l a r  i n  most r e s p e c t s  t o  the  n a t u r a l  menopause, w i th  

amennorhea, "hot f l a shes" ,  diminished sexual. a p p e t i t e ,  and somet i m e s  severe  

psychic  depression.  

On the b a s i s  of experimental  observa t ions ,  p r o t r a c t e d  i r r a d i a t i o n  may be 

of s e r ious  consequence t o  f e r t i l i t y  i n  animals w i t h  r e l a t i v e l y  poor gonadal 

regenera t ive  capac i ty ,  such -as  humans. 
* 
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3 .  Male Animals 

Radiat ion e f f e c t s  on testes, as observed exper imenta l ly ,  are d i r e c t  

i n  t h a t  whole-body and l o c a l i z e d  i r r a d i a t i o n  produce e s s e n t i a l l y  t h e  same 

changes i n  the  semini fe rous  ep i the l ium;  i r r a d i a t i o n  of o the r  p a r t s  of t h e  

body has  l i t t l e  in f luence .  

According t o  some experimental  evidence, c e r t a i n  modes of dose f r a c t i o n a -  

t i o n  can reduce t h e  t o t a l  dose t h a t  w i l l  cause permanent s t e r i l i t y .  Also 

c e r t a i n  modes of r a d i a t i o n  p r o t r a c t i o n  have been shown t o  more r e a d i l y  cause 

permanent s t e r i l i t y  o r  more marked e f f e c t s  on spermatogenesis than  equal  

t o t a l  doses adminis tered as a s i n g l e  dose. 

The t e s t i c u l a r  e f f e c t s  of i r r a d i a t i o n  are i n  genera l  q u a l i t a t i v e l y  

s imilar  i n  a l l  mammals s t u d i e d ,  inc luding  man, but  vary  q u a n t i t a t i v e l y  

among spec ie s  according t o  d i f f e r e n c e s  i n  r a d i a t i o n - s e n s i t i v i t y  and recovery 

capac i ty .  

t emporar i ly  depends a t  least  as much on the  n a t u r a l  c a p a c i t y  f o r  r egene ra t ion  

of p r imi t ive  spermatogenic c e l l s  as i t  does on the  r a d i a t i o n - s e n s i t i v i t y  

of the  spermatogenic c e l l s  per E. 

Whether o r  not  a r a d i a t i o n  dose s t e r i l i z e s  permanently or  

The e f f e c t s  of X-rays, gamma rays ,  and neutrons on spermatogenesis and 

reproduct ion  i n  t h e  m a l e  animal are q u a l i t a t i v e l y  s imi l a r ,  bu t  neutrons have 

a g r e a t e r  b io log ic  e f f e c t i v e n e s s .  

Experimental r e p o r t s  on t h e  e f f i c i e n c y  of f r a c t i o n a t e d  versus  undivided 

doses of the  same t o t a l  s i z e  i:i producing t e s t i c u l a r  e f f e c t s  c f t e n  appear 

con t r ad ic to ry ,  some i n d i c a t i n g  no d i f f e r e n c e ,  some i n d i c a t i n g  l e s s  e f f e c t  

wi th  f r a c t i o n a t i o n ,  and some i n d i c a t i n g  g r e a t e r  e f f e c t .  I n  r e a l i t y ,  t hese  

r e p o r t s  a r e  l a r g e l y  complementary. 



4.5. 

P r o t r a c t i o n  of t h e  dose appa ren t ly  has l i t t l e  in f luence  on t e s t i c u l a r  

e f f e c t s  un less  t h e  p r o t r a c t i o n  is extreme. I n  such case, t h e  e f f e c t  of a 

g iven  dose may be decreased,  probably by v i r t u e  of a g r e a t e r  r a t e  of 

b io log ic  recovery than  of product ion  of i n j u r y .  

The e f f e c t s  of dose f r a c t i o n a t i o n  on t h e  testes depends upon the 

s i z e  of t he  dose f r a c t i o n ,  t h e  i n t e r v a l  of t i m e  between f r a c t i o n s ,  and the 

t o t a l  dose.  I n  gene ra l ,  f r a c t i o n a t i o n  has  l e s s  in f luence  on t h e  e f f e c t  of 

s m a l l  t o t a l  doses than  on t h e  e f f e c t  of l a r g e  ones. Ce r t a in  modes of 

f r a c t i o n a t i o n  of l a r g e  doses appear t o  inc rease  damage i n  t h e  mechanisms 

r e spons ib l e  f o r  r egene ra t ion  of germinal  ep i the l ium.  

For  each s p e c i e s ,  t h e r e  is prob, S l y  a d i f f e r e n t  dose-time r e l a t i o n s h i p  

f o r  divided doses ,  which i s  optimal f o r  t h e  e f f i c i e n t  product ion of r a d i a t i o n  

in ju ry .  The empi r i ca l  and experimental  work done on t h e  t es t i s  has a l r eady  

made t h i s  apparent .  The most e f f i c i e n t  mode of admin i s t r a t ion  of r a d i a t i o n  

( p e r  r ad )  t o  produce s t e r i l i t y  i n  animals  of a given spec ie s  o r  s t r a i n  would 

be t h a t  designed t o  t ake  advantage of t h e  b i o l o g i c  a c t i o n s  and r eac t ions  of 

the c e l l s .  In  a t i s s u e  l i k e  the  germinal  ep i the l ium,  f o r  example, i n  which 

stem c e l l s  are r a d i a t i o n - s e n s i t i v e  and capable  of a c t i v e  d i v i s i o n ,  one of 

t h e  most e f f i c i e n t  dose-time r e l a t i o n s h i p s  i n  spaced i r r a d i a t i o n  would be 

one i n  which the  dose f r a c t i o n  was s m a l l  enough t o  permit a t tempts  a t  d i v i s i o n  

i n  the stem c e l l s  ( e .g . ,  spermatogonia) bu t  l a r g e  enough t o  i n j u r e  many of these  

c e l l s  t o  the e x t e n t  t h a t  they  d i e  when m i t o s i s  i s  a t tempted,  and one i n  which 

the  t i m e  i n t e r v a l  between zxposures i s  such t h a t  the  fol lowing exposure is 

adminis tered when the  e f f e c t  of the previous dose is d iminish ing .  A change of 

t h i s  i n t e rdose  time i n t e r v a l  i n  e i t h e r  d i r e c t i o n  without  appropr i a t e  change 

i n  s i z e  of dose f r a c t i o n  would decrease the e f f i c i e n c y  of the  i r r a d i a t i o n  wi th  

r e s p e c t  t o  u t i l i z a t i o n  of mi to t i c - l i nked  dea th  of spermatogonia.  
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There has  been l i t t l e  i n v e s t i g a t i o n  on t h e  e f f e c t s  of i r r a d i a t i o n  on 

gametogenesis and reproduct ion  i n  mannnals, except  f o r  t he  work on s m a l l  rodents  

and some recent  work on dogs. The s i n g l e  doses  t o  the testes r equ i r ed  t o  

cause complete o r  n e a r l y  complete temporary a t rophy of t h e  seminiferous 

ep i the l ium are s i m i l a r  i n  s i z e  i n  these  small animals and i n  t h e  dog and 

man as we l l ,  a l l  being w i t h i n  the  LD range. However, t h e  r egene ra t ive  
50 

capac i ty  of t he  seminiferous ep i the l ium of t h e  s m a l l  l abo ra to ry  animals i s  

s o  much g r e a t e r  and more r a p i d  t h a t  very l a r g e  s i n g l e  o r  d iv ided  doses ,  w e l l  

above to ta l -body LD doses ,  are r equ i r ed  t o  prevent  r egene ra t ion  and 

permanently s t e r i l i z e  most o r  a l l  of t h e  animals of a group. 

100 

It would appear from d a t a  a t  hand t h a t  t h e  dog, of a l l  t he  animals 

i nves t iga t ed  ex tens ive ly ,  is most s imi l a r  t o  t h e  human i n  terms of 

r a d i a t i o n - s e n s i t i v i t y  and r egene ra t ive  c a p a c i t y  of seminiferous ep i the l ium.  

The fol lowing t a b l e  summarizes observa t ions  on m a l e  beagle  dogs sub jec t ed  

t o  discont inuous d a i l y  exposure t o  X-rays from a 1000-kvp X-ray machine 

or  t o  neutrons from a cyc lo t ron ,  f i v e  o r  s i x  days p e r  week. 
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APPROX. DURATION OF 
DOSE/WEEK TOTAL DOSE EXPOSURE 0 BS E RVAT IONS 

*/ - 1 2 = approximately 2 rads. 

In dogs, a single total-body dose of 300 or 375 r causes only partial 

and temporary reduction of spermatogenesis, with recovery to normal levels 

occurring within one year after irradiation. This is in contrast to 

the production of complete aspermia in dogs by 375 r administered over a 

period of 25 weeks at the rate of 15 r/wk, without any sign of beginning 

of recovery within a year after the end of the protracted exposure. 

AS shown in the dog, protracted irradiation results in a gradual reduction 

in number, motility, 2nd viability of sperm, This is one of the most 

sensitive indicators of chronic damage so far observed, being measurable 

in dogs receiving 3.0 r/wk or ten times the permissible dose rate. 

0.3 r 

0.6 r 

0.6 r 

0.6 2 Y 

3.0 r 

3.0 r 

6.0 r 

6.0 I: 

10.2 g 

15.4 r 

15.4 r 

15.0 r 

125 r 

250 r 

62 r 

31 I?: 

156 r 

312 r 

312 r 

624 r 

398-561 2 

477 r 

634 r 

375 r 

No significant change in sperm count 

No significant change in sperm count 

Little change in germinal epithelium 

Little change in germinal epithelium 

80% sterile, 20% reduced sperm count 

Substantial atrophy of germinal 
epithelium 

As permic 

Marked atrophy of germinal epithelium, 
IOO$ sterile 

Extreme atrophy of geminal epithelium, 
loo$ sterile 

Asperniic after 375 r, still sterile 
5 years post-irradiation 

Aspermic after 375 If, still sterile 
5 years post-irradiation 

Still aspermic 1 year post- 
irradiation (to date) 
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4. Female Animals 

I r r a d i a t i o n  of t h e  mammalian ovary can cause profound a t rophy of t h e  organ 

wi th  temporary o r  permanent s t e r i l i t y ,  depending upon the  dose. Changes in 

t he  ova r i e s  may be followed by secondary endocrine d i s tu rbances  and a t r o p h i c  

changes i n  accessory  g e n i t a l i a  i n  most mammals. 

The ova and f o l l i c u l a r  c e l l s  are t h e  most r a d i a t i o n - s e n s i t i v e  ce l l s  i n  

the  mammalian ovary; ce l l s  of the  corpora  l u t e a  and i n t e r s t i t i a l  c e l l s  are 

r e l a t i v e l y  r e s i s t a n t  t o  r a d i a t i o n .  The r a d i a t i o n - s e n s i t i v i t y  of the  ova and 

f o l l i c u l a r  c e l l s  varies w i t h  t h e i r  f u n c t i o n a l  s ta tes  a t  t h e  t i m e  of i r r a d i a t i o n .  

There are a l s o  marked d i f f e r e n c e s  i n  r a d i a t i o n - s e n s i t i v i t y  between spec ie s .  

I n  most l abora to ry  mammals, t he  developing and mature f o l l i c l e s  and ova appear 

t o  be more r a d i a t i o n - s e n s i t i v e  than  thL pr imordia l  f o l l i c l e s  and ovocytes;  

some primary f o l l i c l e s  p e r s i s t  a f t e r  f a i r l y  l a r g e  doses of r a d i a t i o n  and may 

begin t o  develop long a f t e r  i r r a d i a t i o n .  

I r r a d i a t i o n  may s t e r i l i z e  the  ovary by prevent ing  the development of 

primary f o l l i c l e s  of t he  ovary and by des t roy ing  t h e  ova and f o l l i c u l a r  c e l l s .  

A r a d i a t i o n  dose t h a t  des t roys  a l l  developing f o l l i c l e s  causes  f a i l u r e  i n  

development of corpora  l u t e a .  This may lead  t o  decrease  of i n t e r s t i t i a l  

gland c e l l s  i n  animals t h a t  have t h e s e  g lands ,  sinc.e new c e l l s  w i l l  f a i l  to 

be developed from corpora l u t e a .  

Care should be used i n  the  e x t r a p o l a t i o n  of ovary d a t a  from the  mouse to 

humans s i n c e  the  mouse ovary is  p e c u l i a r  i n  many r e spec t s .  I ts  primary f o l l i c l e s  

and ovocytes are  excep t iona l ly  r a d i a t i o n - s e n s i t i v e  compared wi th  developing 

and mature f o l . l i c l e s .  The mause ovary also has the  tendency t o  develop Q 
c3 - invaginated t u b c l a r  downgrowths of g e r m i n a l  ep i the l ium and ovar ian  tumors, and 
as 
CF these  changes a r e  e a s i l y  acc2lera ted  and increased  by  r e l a t i v e l y  low doses of 
r-4 
R3 r a d i a t i o n .  The p e c u l i a r  d i f f e r e n c e s  i n  the mcu:;e ovary,  or the underlying 

causa t ive  mechanisms, a r e  probably r e spons ib l e  f o r  the except iona l  
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radiation-sensitivity and the irreversibility of the effects of relatively 

lm doses of radiation, compared with ovaries of other laboratory mamals and 

the human female. 

100 rads results in a high incidence of permanent sterility and ovarian 

tumors, 

In the female mouse, a single X-ray dose of approximately 

Total-body irradiation appears to produce greater effects on the ovary 

and on fertility in female animals than local irradiation of ovaries with 

equivalent doaes, perhaps due to greater endocrine disturbances produced by 

the former, 

5. Sexually Immature Animals 

Some studies of rats, rabbits, and mice have shown that the germinal 

cells of prepubertal animals and the primordia of germinal cells in fetuses 

are considerably more radiation-sensitive than the germinal elements of 

sexually mature animals. In the mouse, irradiation of fetuses with relatively 

low fractionated doses (300 rads) results in subfertility and sterility 

of both sexes during postnatal life. 

the reaction of the fetal gonads to X-rays bears no relation to the relative 

radiation-sensitivity of the adult gonads, The fetal testis is more radiation- 

sensitive than adult testis and the fetal ovary is less radiation-sensitive 

than the adult ovary, as measured by subsequent fertility. 

It has also been shown in mice that 

In this respect, 

the 

E. 
Q 
c> - 

mouse may represent a special case, as pointed out earlier. 

Effects on Growth and Development 

Regenerative and repair processes of the body appear to be fairly 

sensitive to radiation and their inhibition may be very persistent, especially 

if vascular integrity and patency are impaired. Much more quantitative 

investigation is needed, under circumstances of both total-body and 

1 oca1 ized irradiation. 

03 
CY' 
cv 
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Quan t i t a t ive  s t u d i e s  wi th  rats seem t o  i n d i c a t e  t h a t  growth, as measured 

by body weight,  i s  decreased by repea ted  whole-body exposure t o  24  rads/wk. 

A s i g n i f i c a n t  decrease  i n  body weight can be produced by repea ted  whole-body 

exposures without causing any decrease  i n  hemoglobin levels  or  absolu te  

neut rophi l s .  

Localized i r r a d i a t i o n  of t he  ep iphys is  has been shown t o  cause measurable 

i n h i b i t i o n  of bone growth and shor ten ing  of bones i n  humans and animals, wi th  

the  g r e a t e s t  e f f e c t  seen  i n  the  youngest animals.  Localized i r r a d i a t i o n  of 

t he  jaws has been followed by decrease i n  too th  growth. ! 

Studies  on Japanese c h i l d r e n  exposed t o  t h e  atomic bomb i n  1945 i n d i c a t e  

a s t a t i s t i c a l l y  s i g n i f i c a n t  bu t  very  s l i g h t  r e t a r d a t i o n  of growth and 

maturation. However, t he  in f luence  ot o the r  nonradia t ion  f a c t o r s  has not 

ye t  been adequately eva lua ted .  Extensive measurements on 4800 ch i ld ren  

a t  6, 7, and 8 yea r s  a f t e r  exposure i n  Hiroshima revealed g e n e r a l l y  t h a t  

growth was r e t a rded  and maturat ion delayed (234, 235) .  I n  another  s tudy of 

s e v e r a l  hundred c h i l d r e n  i n  Hiroshima and Nagasaki, s tud ied  i n  the  2nd, 4th, 

and 5 th  years  a f t e r  i r r a d i a t i o n ,  phys ica l  growth and development were 

repor ted  t o  be adve r se ly  a f f e c t e d ,  and the  r e s u l t i n g  r e t a r d a t i o n  of he ight ,  

weight, and s k e l e t a l  development w a s  s t i l l  ev ident  a t  t he  end of 1950 (216). 

The i n v e s t i g a t o r s  be l ieved  t h a t  f a c t o r s  o the r  than  r a d i a t i o n  may have cont r ibu ted  

t o  the  e f f e c t s  descr ibed;  e .g . ,  ma lnu t r i t i on .  

F. Degenerative Diseases  and His topa thologic  Changes 

Some of t he  f i r s t  delayed r a d i a t i o n  i n j u r i e s  t o  be recognized were 

i n j u r i e s  of the s k i n  ( inc lud ing  atrophy,  d e r m a t i t i s ,  e p i l a t i o n ,  and epidermal 
IE3 

neoplas ia ) .  I n  t he  human skin, doses of about  500 t o  TOO rads  may r e s u l t  i n  0 - 
03 
a- permanent e p i l a t i o n .  Somewhat smal le r  doses t h a t  cause temporary e p i l a t i o n  
k3 
E may r e s u l t  in a decrease  of pigmentation or graying of the new growth of 



h a i r  i n  the  i r r a d i a t e d  areas. Curiously enough, t h i s  e f f e c t  has  not  been 

repor ted  i n  exposed Japanese.  Doses i n  t h e  erythema dose range o r  somewhat 

h igher  may a l s o  cause  increased  pigmentat ion of t h e  s k i n  i n  t h e  i r r a d i a t e d  

reg ions ,  some degree  of epidermal a t rophy,  and some decrease  i n  sebaceous 

and sweat glands.  Hyperkera to t ic  areas i n  s k i n  and vascu la r  s c l e r o s i s  are 

a l s o  l a t e  sequelae  of s k i n  i r r a d i a t i o n .  

1600 rads  may r e s u l t  i n  cons iderable  permanent d i l a t a t i o n  of c a p i l l a r i e s  

Surface  doses of approximately 

, ( t e l a n g i e c t a s i a )  i n  t h e  r eg ion  i r r a d i a t e d .  Late changes were seen  commonly 

a t  one t i m e  i n  t h e  s k i n  of t he  hands and f a c e s  of persons exposed r epea ted ly  

t o  i r r a d i a t i o n  i n  t h e  course  of t h e i r  occupat ions;  r a d i a t i o n  d e r m a t i t i s  and 

t h e  u l c e r s  t h a t  o f t e n  developed from t h i s  c o n d i t i o n  were f r e q u e n t l y  followed 

by epidermoid carcinomas. 

It has been known f o r  many years  t h a t  nephrosc l e ros i s  i s  a complicat ion 

of overexposure of t h e  kidneys i n  r a d i a t i o n  therapy.  Renal hyper tens ion  

may be produced i n  man w i t h i n  per iods  of months o r  a few years  by s i n g l e  

loca l i zed  X-ray doses of about 3000 t o  5000 r ads  o r  by f r a c t i o n a t e d  doses of 

lesser s i z e  ( e .g .  , a t o t a l  dose of 2300 r ads  t o  both  kidneys i n  35 d a i l y  

doses)  (335) .  These cond i t ions  have been produced i n  experimental  animals 

i n  a r e l a t i v e l y  s h o r t  time by l o c a l i z e d  i r r a d i a t i o n  of t h e  kidneys wi th  l a r g e  

doses.  More r e c e n t l y ,  i t  has  been observed i n  experimental  rats and mice t h a t  

nephrosclerosLs w i t h  r e n a l  hyper tens ion  and a s s o c i a t e d  genera l ized  a r t e r i o -  

s c l e r o s i s  are l a t e  e f f e c t s  of to ta l -body i r r a d i a t i o n  wi th  doses ( s u b l e t h a l  

or  LD 

the  nephrosc le ros is ,  occu r r ing  as a g r e a t l y  delayed e f f e c t ,  is not  e n t i r e l y  

c lear ,  h i s topa tho log ic  d a t a  i n d i c a t e  t h a t  changes i n  f i n e  vascu la tu re  p l ay  an  

range)  much lower than  those  given above. Although t h e  pathogenesis  d 
50 

important r o l e  i n  both i t s  e a r l y  and l a t e  i n i t i a t i o n  and development. 
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Nephrosclerosis  and r e l a t e d  hyper tens ion  may appear 

e f f e c t  i n  experimental  animals i n  which i t  has  r a r e l y  o r  

as a late r a d i a t i o n  

not  been observed 

w i t h i n  t h e  average l i f e s p a n  ( later per iods  not  w e l l  s t u d i e d )  o r  i t s  onse t  

may be advanced i n  experimental  animals i n  which t h e  d i s e a s e  has occurred 

spontaneously t o  some ex ten t .  

Renal hyper tens ion ,  once e s t a b l i s h e d  and progress ive ,  tends t o  inc rease  

the  ra te  of vascu la r  s c l e r o s i s  i n  many reg ions  of the  body, and t h e  progress ive  

a r t e r i o s c l e r o t i c  changes are o f t e n  a s soc ia t ed  w i t h  progress ive  a t rophy of 

parenchymatous organs i n  which the  vascu la r  changes are marked. Consequently, 

when i r r a d i a t i o n  has  caused o r  advanced nephrosc le ros is  w i t h  r e l a t e d  hyper- 

t ens ion  i n  animals o r  humans, t h e r e  i s  a tendency toward increased  incidence of 

dea th  due t o  r e l a t e d  causes  (e .g . ,  re, -1 f a i l u r e ,  c a r d i a c  f a i l u r e ,  and 

ce reb ra l  hemorrhage) wi th  corresponding r educ t ion  i n  p r o b a b i l i t y  of dea th  

from o the r  un re l a t ed  causes  o r  t o  d i seases  having longer  induc t ion  t i m e s .  

I r r a d i a t i o n  of p a r t s  of the  human b r a i n  o r  s p i n a l  cord wi th  t o t a l  doses  

of s e v e r a l  thousand r ads ,  given s i n g l y  or i n  l a r g e  f r a c t i o n s  w i t h i n  a few 

weeks, may i n j u r e  blood v e s s e l s ,  cause ischemic damage of t he  t i s s u e s ,  and 

cause progress ive  s c l e r o s i s  of blood v e s s e l s ,  w i t h  subsequent secondary 

degenerat ion of b r a i n  o r  s p i n a l  cord t i s s u e .  

may Dccur from one t o  s e v e r a l  years  a f t e r  exposure.  

Rupture of blood v e s s e l s  

Atrophic and f i b r o t i c  changes, o f t e n  a s soc ia t ed  wi th  a r t e r i o s c l e r o s i s ,  

have been observed i n  human hemopoietic organs long a f t e r  l o c a l i z e d  

i r r a d i a t i o n .  Anemia has  been observed a f t e r  p r o t r a c t e d  i r r a d i a t i o n  of the  

bone marrow and a l s o  a s  a l a t e  complicat ion of r a d i a t i o n  therapy.  
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Radiation osteitis is a late degenerative effect of intensive irradiation 

of bone. The degenerative and destructive processes develop slowly, and 

after many years may lead to necrosis, pathologic fracture, and osteogenic 

sarcoma. 

The gastrointestinal tract ha6 revealed some permanent and delayed 

effects following fractionated doses of several thousand rads in the form of 

atrophic and fibrotic changes in the mucosa, sometimes late ulceration of 

the mucosa, and permanent reduction of secretion of acid and pepsin by the 

s t omach. 

Intensive irradiation of the lungs i n  radiation therapy has resulted in 

slowly developing progressive fibrosis, associated with vascular damage and 

arteriosclerotic changes. Malignant nc,plasms of the lung have been observed 

in miners subject to inhalation of radioactive substances, and have been 

produced in experimental animals by means of intratracheal injection and 

implantation of radioactive substances. 

Substantial doses of radiation to actively proliferating mammalian 

tissues have reduced their regenerative capacity. The failure of such 

tissues to regenerate parenchymal cells fully to normal numbers is often . 

associated with increase in connective tissue and vascular changes. In 

general, the degree of this incomplete regeneration varies directly with the 

size of the single dose or with the dose rate in protracted irradiation; 

in some tissues such as testis, however, certain modes of fractionation may 

increase the dose efficiency in damaging reconstitution capacity of tissue. 
a 
c3 It is not clear to what extent t h e  permanence of this effect is due to relatively 
CI 

a3 direct bioiogic effects of radiation on the stem cells themselves in 
a- 
h3 tissues, or to damage of supporting tissue. Nor is it clear to what 

in each tissue this incomplete regeneration is due t o  (1) a decrease 

reproductive capacity of existing stem cells, (2) a decrease in the 

such 

extent 

in the 

number 
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of stem c e l l s  su rv iv ing ,  (3) asynchrony i n  r egene ra t ion  of h i s t o l o g i c  

elements wi th  i n c r e a s e  i n  connect ive t i s s u e ,  o r  (4)  damage of f i n e  

vascu la tu re ,  a l though any o r  a l l  mechanisms may be involved t o  varying degrees  

depending upon dose f a c t o r s .  

reproduct ive  capac i ty  of i n d i v i d u a l  s t e m  cel ls  o r  t h e  numbers of p r i m i t i v e  

L i t t l e  is known q u a n t i t a t i v e l y  about t h e  

stem c e l l s  su rv iv ing  i n  t h e  pos t - r ecove ry  per iod  a f t e r  i r r a d i a t i o n .  It 

has been observed, however, t h a t  f i b r o s i s  of s m a l l  blood v e s s e l s  wi th  

genera l  r educ t ion  i n  v a s c u l a r i t y  is o f t e n  a s s o c i a t e d  w i t h  subsequent reduct ion  

i n  number of parenchymatous c e l l s  and inc rease  i n  connect ive t i s s u e .  

Changes i n  t h e  blood vascu la r  and lymphatic systems, t oge the r  wi th  t h e  

d e s t r u c t i o n  of r a d i a t i o n - s e n s i t i v e  parenchymatous cel ls ,  are important f e a t u r e s  

i n  the  pathogenesis  of many delayed I d i a t i o n  e f f e c t s .  Many of t h e  delayed 

e f f e c t s  seem t o  come from metabol ic  and n u t r i t i o n a l  d i s tu rbances  a s s o c i a t e d  

wi th  impaired blood supply  of organs,  which l eads  t o  reduct ion  of func t ion  

and of r e p a r a t i v e  c a p a c i t i e s ,  and t o  increased  s u s c e p t i b i l i t y  t o  traumatic 

damage, i n f e c t i o n ,  and d i s e a s e  i n  genera l .  

G. Radia t ion  E f f e c t s  and Aging 

I n  phys io logic  aging i n  a l l  animals t h e r e  occurs  invo lu t ion  of many 

organs,  which progresses  wi th  t i m e ,  q u a l i t a t i v e l y  bu t  not q u a n t i t a t i v e l y  

independent of d i sease .  

g e n e r a l l y  of l o s s  of parenchyrnai c e l l s ,  i nc rease  i n  amount and d e n s i t y  of 

These i n v o l u t i o n a l  o r  a t r o p h i c  changes c o n s i s t  

connect ive t i s s u e ,  and degenera t ive  changes i n  t h e  vascu la tu re .  Such changes 

0 are most prominent i n  t h e  p r o l i f e r a t i n g  organs (e.g. ,  thymus, lymph nodes, 
c3 
c 

c@, 
sp leen ,  bone narrow, gonads,, sk in ,  and g a s t r o i n t e s t i n a l  t r a c t ) ,  but  are a l s o  

observable  i n  organs with r e v e r t i n g  p o s t - m i t o t i c  parenchymal c e l l s  ( e .  g. , l i v e r ,  

kidney, pancreas,  e tc .  ), and those  wi th  f i x e d  pos t -mi to t i c  parenchymal ce l l s  

c% 
R3 

( e . g . ,  b r a i n ) .  
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After the period of maximal regeneration (to normal or subnormal levels) 

of parenchymal cells lost, progressive involutional changes tend to be 

detectable earlier or to be more advanced at given chronological ages in 

animals irradiated with substantial total-body sublethal doses than in 

nonirradiated control animals. 

There is some evidence of effects of this kind in human organs following 

localized irradiation. However, there has been no definitive study on 

effects of irradiation on aging processes of man, and the fragmentary data on 

delayed effects of localized irradiation in human tissues that are qualktatively 

similar to changes associated with aging are difficult to interpret in terms 

of premature aging since most of the human cases were complicated by malignancy 

or other serious disease processes. 

Although the fundamental causes of the permanent and delayed effects 

of radiations are perhaps no better understood than those of physiologic 

aging, there are many parallels between the two. The findings discussed in 

foregoing sections of this report seem to indicate that animals dying prematurely 

as a result o€ total-body irradiation may do so as a result of a process 

resembling advanced or premature aging. 

There may be some dissimilarities at present between physiologic aging 

and radiologic aging, particularly with respect to the radiation induction of 

particular diseases in certain strains of animals. In general, however, the 
premature mortality that occurs 
Along after irradiation seems to result from the premature development of 

neoplasms and degenerative diseases, preceded by degenerative histopathologic 

changes resembling senescent changes; together they simulate the appearance 

of premature physiologic senescence. 
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The m o r t a l i t y  curves  f o r  animal groups showing shor t en ing  of l i f e  

a f t e r  s i n g l e  r a d i a t i o n  exposures have o f t e n  been shown t o  be e s s e n t i a l l y  

similar t o  those f o r  non i r r ad ia t ed  c o n t r o l  groups of c o n s i s t e n t l y  g r e a t e r  age. 

Although f a r  from adequate ,  such comparisons between phys io logic  and 

r a d i o l o g i c  senescence made from s t u d i e s  of t i s s u e  changes, phys io logic  

changes, morbidi ty ,  and cause  of dea th  s e e m  t o  i n d i c a t e  t h a t  animals dying 

prematurely as a r e s u l t  of i r r a d i a t i o n  have a p a t t e r n  of phys io logic  and 

pa thologic  changes similar t o  t h a t  e x h i b i t e d  by non i r r ad ia t ed  c o n t r o l  animals,  

and d i e  l a r g e l y  of th same causes.  

As i n  the case of l i f e  shor ten ing ,  t he  q u a n t i t a t i v e  dose -e f f ec t  r e l a t i o n -  

s h i p  a t  low dose l e v e l s  f o r  r a d i o l o g i c  ap ing  i s  not  known. 

V. MODIFICATION OF LONG-TERM EFFECTS OF RADIATION 

A. P ro tec t ion  

Some of the  agen t s  t h a t  lower r a d i a t i o n - s e n s i t i v i t y  have been found t o  

reduce long-term as w e l l  as e a r l y  e f f e c t s  of r a d i a t i o n .  I n  genera l ,  t hese  

agents  act by p a r t i a l l y  d iminish ing  the  e f f e c t i v e n e s s  of a given amount of 

r a d i a t i o n .  The e x t e n t  of p r o t e c t i o n  a f fo rded  v a r i e s  w i th  the  t issue i n  

ques t ion ,  with t h e  i o n  d e n s i t y  of the  r a d i a t i o n ,  and wi th  phys io logic  v a r i a b l e s  

such as oxygen t e n s i o n  and temperature .  

Mice have been p ro tec t ed  t o  some ex ten t  a g a i n s t  the  l i f e  shor ten ing  and 

leukemogenic a c t i o n s  of X-rays by t reatment  before  i r r a d i a t i o n  w i t h  

rnercaptoethylguanidine, a d e r i v a t i v e  of cysteamine. S i m i l a r  e f f e c t s  have 

a l s o  been obtained i n  mice by combined p r o t e c t i o n  wi th  cys t e ine  and anoxia.  

Cysteine has a l s o  i n h i b i t e d  t h e  induct ion  of c a t a r a c t s  i n  r a b b i t s .  Prel iminary 

d a t a  suggesc t h a t  t h e s e  agents  a l s o  p ro tec t  o the r  t issues  such as the  s k i n ,  

i n t e s t i n e ,  and gonads. 
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t hese  agen t s  g e n e r a l l y  reduce the  e f f e c t i v e n e s s  of X-rays f o r  

by a f a c t o r  as g r e a t  as 3, the  degree of p r o t e c t i o n  they  

provide a g a i n s t  l a t e  e f f e c t s  has  ye t  t o  be a c c u r a t e l y  determined. The 

mechanism of t h e i r  a c t i o n  and pharmacology are  not  f u l l y  understood, 

Experience t o  d a t e  w i t h  c y s t e i n e  and some of its d e r i v a t i v e s  i n d i c a t e s  t h a t  

t hese  compounds are too  t o x i c  f o r  use  on humans; however, newer d e r i v a t i v e s  

are being t e s t e d  which appear  t o  o f f e r  g r e a t e r  promise of c l i n i c a l  a p p l i c a b i l i t y ,  

B. Enhancement of Recovery 

Radiation-damaged hemopoiet ic  t i s sue  can be r ep laced  by t r a n s p l a n t a t i o n  

of non i r r ad ia t ed  i so logous  bone marrow o r  sp l een  c e l l s .  This  measure not  

only promotes recovery of animals from otherwise a c u t e l y  l e t h a l  r a d i a t i o n  

i n j u r y  of t h e  mar row,  b u t  i t  i n h i b i t s  t he  subsequent development of lymphomas 

and f a c i l i t a t e s  r e s t o r a t i o n  of t h e  depressed immunological defenses  of t h e  

i r r a d i a t e d  animals.  Whether t h i s  procedure a f f o r d s  p r o t e c t i o n  aga ins t  

r a d i a t i o n  i n j u r i e s  un re l a t ed  t o  hemopoietic damage appears  doubt fu l ,  bu t  

t h e r e  i s  some evidence t h a t  marrow-injected m i c e  s u f f e r  less shor ten ing  of 

l i f e  than  nonin jec ted  i r r a d i a t e d  c o n t r o l s .  

animals t h a t  are a n t i g e n i c a l l y  d i f f e r e n t ,  t he  r e c i p i e n t  f r e q u e n t l y  develops 

a f a t a l  immunological r e a c t i o n .  Hence, the a p p l i c a t i o n  of t h i s  procedure t o  

man w i l l  be g r e a t l y  l i m i t e d  un le s s  means can be found t o  prevent  o r  overcome 

t h i s  complication. I f  t h i s  can be accomplished, p r o t e c t i o n  aga ins t  l a t e  

e f f e c t s  i n  var ious nonhemopoietic t i s s u e s  may b e  f e a s i b l e  through replacement 

of damaged organs. 

When marrow is  t r ansp lan ted  between 

, 



V I .  COMMENTS AND RECOMMENDATIONS 

Long-term e f f e c t s  of whole-body e x t e r n a l  r a d i a t i o n  appear t o  be q u i t e  

genera l ,  c o n s i s t i n g  of some degree of i r r e v e r s i b l e  i n j u r y  t o  a l l  t h e  organ 

systems. The organ pathology and t h e  d i s e a s e s  occurr ing  are not  unique, 

The d i s e a s e  e n t i t i e s  t h a t  develop are l a r g e l y  those ,  cornon t o  t h e  populat ion,  

t h a t  occur ea r l i e r  i n  the  l i f e  of i r r a d i a t e d  animals than  i n  t h e i r  non i r r ad ia t ed  

counterpar t s .  Although not  c l e a r l y  e s t a b l i s h e d  a t  low p r o t r a c t e d  dose levels, 

the  syndrome resembling premature ag ing  w i t h  sho r t en ing  of l i f e s p a n  appears  

t o  be common t o  a l l  whole-body exposure.  Because l i f e  sho r t en ing  presumably 

occurs i n  a l l  i n d i v i d u a l s  i n  an i r r a d i a t e d  populat ion,  i t s  magnitude may 

provide a more v a l i d  c r i t e r i o n  f o r  exposure l i m i t s  than  increased  incidence 

of c e r t a i n  d i s e a s e s  t h a t  a f f e c t  on ly  a l i m i t e d  number of i n d i v i d u a l s .  

Nevertheless ,  i n  bo th  animals and man, it may o f t e n  be more f e a s i b l e  t o  

determine increased  d i s e a s e  incidence than  l i f e  sho r t en ing  a t  l o w  dose 

levels. We recommend increased  e f f o r t  toward t h e  eva lua t ion  of the  

re la t ive s e n s i t i v i t i e s  of t hese  two c r i t e r i a .  

Some q u a n t i t a t i v e  experimental  evidence has  been obtained on t h e  e f f e c t s  

of par t ia l -body i r r a d i a t i o n  on l i f e s p a n .  More information i s  needed, however, 

about q u a n t i t a t i v e  dose -e f f ec t  r e l a t i o n s  wi th  r e s p e c t  t o  exposure dose o r  

i n t e g r a l  dose, and w i t h  respect t o  i r r a d i a t i o n  of d i f f e r e n t  reg ions  o r  

s p e c i f i c  organs. With h i g h l y  l o c a l i z e d  i r r a d i a t i o n ,  l o c a l  pathology is 

probably the  b e s t  c r i t e r i o n  f o r  exposure l i m i t a t i o n  a t  the  p re sen t  t i m e ,  

s i n c e  the  inc rease  i n  incidence of d i s e a s e s  r e l a t e d  d i r e c t l y  or  i n d i r e c t l y  t o  

the par ts  exposed tend t o  exceed the  inc rease  i n  those r e l a t e d  t o  nonexposed 

p a r t s .  

00 t 8 b 3 2  
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I n  t h e  case of p r o t r a c t e d  i r r a d i a t i o n ,  most pa thologic  s t u d i e s  have 

been made on animals dying o r  s a c r i f i c e d  during exposure r a t h e r  than  a f t e r  

exposure and r e p a i r .  Consequently, tk permanent a f t e r - e f f e c t s  have not  been 

w e l l  separa ted  from t h e  t o t a l  i n j u r y  and r e l a t e d  q u a n t i t a t i v e l y  t o  dose,  

I n  genera l ,  t h e  sequence of time-dependent h i s t o p a t h o l o g i c  events  

fol lowing e i t h e r  b r i e f  or l i m i t e d  p r o t r a c t e d  s u b l e t h a l  expcsures  r e q u i r e s  

much a d d i t i o n a l  s tudy  t o  permit eva lua t ion  of t h e  progress ion  of a f t e r - e f f e c t s .  

Animals prematurely aged by i r r a d i a t i o n  have not been s tud ied  s u f f i c i e n t l y  

t o  determine those  changes t h a t  presumably occurred i n  t h e i r  phys io logic  

e f f i c i ency .  Inves t iga t ions  i n  t h i s  area are recommended. 

Except f o r  a l t e r a t i o n s  i n  p r e n a t a l  development, ve ry  l i t t l e  is known 

of t h e  a f t e r - e f f e c t s  of e i t h e r  whole- or  pa r t i a l -body  r a d i a t i o n  i n  t h e  

young as compared t o  mature animals.  Research on t h i s  ques t ion  is needed. 

I n  experimental  work on l a t e  e f f e c t s ,  as the dose is p rogres s ive ly  reduced 

below l e v e l s  a s s o c i a t e d  wi th  s u b s t a n t i a l  e a r l y  f u n c t i o n a l  o r  morphologic changes, 

t h e  appearance of t h e  l a t e  e f f e c t s  seems t o  be inc reas ing ly  delayed. Most of 

t hese  delayed e f f e c t s  cannot be q u a l i t a t i v e l y  d i s t ingu i shed  from e f f e c t s  of 

o the r  non-spec i f ic  damaging agents  or from e f f e c t s  occur r ing  spontaneously.  

Some e f f e c t s  seem t o  be more cumulative than  o the r s .  These condi t ions ,  

toge ther  wi th  spec ie s ,  sex,  and ind iv idua l  d i f f e r e n c e s ,  and t h e  s p e c i a l  

s e n s i t i v i t i e s  of d i f f e r e n t  age groups (embryos, f e t u s e s ,  ch i ld ren ,  and 

perhaps t h e  aged),  make i t  d i f f i c u l t  t o  re la te  small r a d i a t i o n  doses and 

the  e f f e c t s  i n  ind iv idua l s  o r  l a r g e  popula t ions .  Under these  condi t ions ,  

i t  is d L f f i c u l t  t o  p o s t u l a t e  t h e  ex i s t ence  o r  t h e  lack  of dose thresholds .  
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On t h e  b a s i s  of p re sen t  in format ion  r e l a t i n g  l a t e  e f f e c t s  w i t h  dose, 

i t  i s  not p o s s i b l e  t o  eva lua te  a c c u r a t e l y  t h e  poss ib l e  somatic hazards  of 

exposure t o  low dose levels. More a c c u r a t e  e v a l u a t i o n  w i l l  r e q u i r e  a b e t t e r  

understanding of t h e  fundamental mechanisms of the  product ion and manifesta-  

t i o n s  of r a d i a t i o n  i n j u r y .  One of t h e  g r e a t e s t  obs t ac l e s  i s  t h e  l a c k  of 

knowledge on t h e  s t r u c t u r e  and func t ion  of c e l l s  and t issues ,  and on the  

mechanisms i n  t h e  ag ing  process  and development of d i seases  and malignancies .  

Since r a d i a t i o n  is  a u s e f u l  t o o l  f o r  t he  s t u d y  of many of t h e  fundamental 

cy to logic ,  h i s t o p a t h o l o g i c ,  ge ron to log ic ,  and pa thologic  problems, such 

fundamental r a d i o b i o l o g i c  s t u d i e s  should c o n t r i b u t e  g r e a t l y  t o  t h e  knowledge 

of l i f e  processes  and the  development of methods t o  d e t e c t  s u b t l e  damage. 

Since d e f i n i t i v e  informat ion  on man can probably be obtained only  by 

e x t r a p o l a t i o n  from animal r e s u l t s  and comparison t o  meager human d a t a ,  

r i go rous ly  conr a l l e d  animal s t u d i e s  on low doses should be widely extended, 

us ing  g r e a t e r  numbers of experimental  animals f o r  increased  accuracy of 

observat ion.  S ince  r a d i a t i o n - s e n s i t i v i t y  f o r  d i f f e r e n t  delayed e f f e c t s  

v a r i e s  widely among species and s t r a i n s ,  experimental  s t u d i e s  wi th  a g r e a t e r  

v a r i e t y  of s p e c i e s  are  needed t o  a s c e r t a i n  t h e  g e n e r a l i t y  of q u a n t i t a t i v e  

dose-ef fec t  r e l a t i o n s .  

Systematic r eco rd ing  of p e r t i n e n t  f a c t s  and abserva t ions  on i r r a d i a t e d  

humans over l o n g e r  per iods  of time w o u l d  y i e l d  needed  information on l a t e  

e f f e c t s  of low r a d i a t i o n  doses i n  humans, and the  d e t e c t i o n  of e f f e c t s  p re sen t ly  

observed only i n  experimental  animals .  
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Except f o r  t he  case of r a d i a t i o n  c a t a r a c t s ,  knowledge on delayed 

e f f e c t s  i n  man from r a d i a t i o n  doses under 1000 r a d s  has  come l a r g e l y  from 

popula t ion  s t u d i e s .  

e . g . ,  the c o n t r o l  of v a r i a b l e s  o the r  t han  r a d i a t i o n  exposupe, the  development 

Many d i f f i c u l t i e s  are involved i n  such s t u d i e s ;  

of r o s t e r s  of rad ia t ion-exposed  persons a v a i l a b l e  f o r  s tudy ,  and the  

e s t ima t ion  of t he  s e n s i t i v i t y  of such s t u d i e s  f o r  d e t e c t i n g  radiat ion-induced 

d i seases .  

s t u d i e s  of popula t ions  exposed t o  h igh  n a t u r a l  o r  a r t i f i c i a l  r a d i a t i o n  levels 

It is neve r the l e s s  urged t h a t  demographic and medical s t a t i s t i c a l  

be given more emphasis i n  r a d i a t i o n  research .  

reveal unexplored sources  of information.  

A review of such s t u d i e s  may 

Much experimental  work is  needed a l s o  on the  mechanism of recovery 

and of chemical p r o t e c t i o n  a g a i n s t  r a d i a t i o n  i n j u r y ,  p a r t i c u l a r l y  wi th  

r e spec t  t o  inc reas ing  t h e  r e v e r s i b i l i t y  o r  r e p a r a b i l i t y  of i n j u r y  thereby  

diminishing the l a te  e f f e c t s .  

Increased a t t e n t i o n  should be g iven  t o  d e t a i l e d  comparison of senescence 

i n  i r r a d i a t e d  and non i r r ad ia t ed  experimental  animals and humans. It should 

be noted t h a t  an  a c c u r a t e  eva lua t ion  of the degree of advancement of senescent  

processes ,  as d i s t i n g u i s h e d  from changes more d i r e c t l y  r e l a t e d  t o  a c u t e  

r a d i a t i o n  in ju ry ,  can be made i n  experimental  animals only a f t e r  maximal 

r egene ra t ion  and r e p a i r  of acu te  i n s u l t s .  Also,  many t i s s u e s  and organs 

possess  r e se rve  c a p a c i t i e s ,  and senescence involves  r educ t ion  of t h e s e  

c a p a c i t i e s ;  phys io logic  changes r e l a t e d  t o  senescence are b e t t e r  measured 

under condi t ions  t h a t  cha l lenge  these  r e se rves  or  cha l lenge  homeostasis 

r a t h e r  than under r e s t i n g  cond i t ions ,  
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Since the dose-effect relationships for late somatic effects of 

low-level radiation are unsettled and subject to great uncertainty at present, 

it must be anticipated that increasing radiation exposure of human populations 

might result in a statistically detectable increment of somatic damage. 
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