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v. I?. Eoid 

axl  r e c e n t  s t u d i e s  have i n d i c z t e d  t h a t  the r e l a t l v e  (1) way :or SOL= t h e ,  

blo:oglcal e f f e c t i v e n z s s  ( a s )  of l o w  eaergy  fzst neutroirs 50;- i h e  bLologica1 

e f f e c t  xighc  be q u i t e  h igh  at low doses  a d  low dose r a t e s .  (2) 

of che ccrrsa:  p a ~ e r  i s  t o  ?ress;.z so=? o f  t h e s e  daza ir, s m z z r y  f o r n  and 

The purpose 

t h e n  t o  d i s c u s s  t h e  possibls ? s r ~ i i i e ~ . c e  of scch  f i n d i a g s  f o r  n&.il. 
2 

I n  t i .2  ? r e s e n t a t i o n ,  t h e  fo l lowing  a??;-oach w i i l  be u s e d :  Yhe 

p rocess  of l e x  o p a c i f i c z z l o n  fo l lowing  ex2osure t o  r a d i a t i o n  vi11 be 

d i scussed  ia g e n e r a l ,  azd t h e  exper iner , ta l  t e c h a i c u e s  and s c o r i n g  nethod 

en2loyed will be  Zescr ibzd .  R e s u l t s  oa  l e n s  o p s c i f i c a t i o n  fo l lowing  x- ray  

ex?osure a s  a funcz ioa  of dose and dose  r a t e  or f r a c t i o n a t i o n  w i l l  be out- 

l i r ied ,  as well  as t h e  e f f e c t s  of Ziypxia  arid hyperbard ic  oxygea. The e f f e c t s  

of i i i o i i o ~ n e ~ g a i i c  fas; neut rons  on l e n s  o p a c i f l c a t i o n  as a f u n c t l o a  of  dose 

and of  l o s e  zzts o r  f r a c t i o n a t i o n  w i l l  be sun;,zrized. The r e l a t i v e  b i o l o g i c a l  

e f f s c t i v e n e s s  (BE) of  neut rons  w i l l  t h e n  be d i s c u s s e d  i n  terms of  how it i s  

dsie*- ..- 9 3 .....L L d ,  .x.d how it v a r i e s  as a f u n c t i o n  o f  dose ,  o f  dose  ra te  and of 

oxyge:. tenslo?,. 

be I l s c u s s e d .  

-.. r i n a l l y ,  t h e  poss i3?e  p e r t i n e n c e  of  t h e s e  da ta  f o r  n a n  w i l l  

1 L 

I n  t h e  d i s c u s s i o n s ,  bo th  RBE and QE' ( q u a l i t y  f a c t o r )  w i l l  be d e a l t  

. w i d ? .  The 325 i n d i c a t e s  t h e  r a t i o ,  as  determined by expe r imen ta t ion ,  of  t h e  

* 
Prss sn ted  a t  t h e  Second Panel  on c h s  Biophys ica l  Aspec ts  of  Rad ia t ion  Qua l i ty ,  
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. .  . rzqdizcc  eo g i v z  i n  eZuzl degree 02 tkLe S E C ~  5 i o l o g i c a l  e f f e c t .  Q? r e ? r e s e n t s  
' - .  

*L LAre  S C X  r a t i o ,  b u t  i s  a " i e g i s ~ a t e c i "  v,zlu? e s t a b l i s h e d  by a p rope r ly  con- 

s t 5 t u E e d  group such a s  t h c  i n t e r c s t l o a s l  Cox-,lssioa orl Siadia t ios  P r o t e c t i o a ,  

f o r  css La Z o 2 Z i i . s  r i .diacLoa p r o t e c t i o n  rirork. 

GL C 3 w L l l  52 l e s l t  v i c h ;  i iow~ver  i t  s h o u l d  Sc c ? e s r  t h a t  these are c o t  i n -  

The numerical  v a l u e s  for RaZ 

Lab 0 .- - C L ~ -  c - r .p : A e ~  s: Coluakia  UnLv2rsi:y. T h e  bLoLogicai d z t a  were o 5 t a i i e d  l a r g e l y  

by Dr. 50ha 3 z z e r a  st E~ooX-~zven ,  s a d  c t e  d o s i z e t r i c  d a t a  were obtaii led c h i e f l y  

by 3r. Earald k s s i  sad  h i s  g r o u p  st ColunSia i h i v e r s i t y ,  The exper ice i iza l  

dacs  will be p b i i s h e d  i n  d e t a i l  elsewhere: (2) 

%e ocu1,z.r l e n s  i s  e;..closcd.in a ca?sule ,  and can  be d iv ided  i n t o  

an eq i i a to r i a i  reg ion ,  aad m t e r i o r  po le  ;;id a p o s t e r i o r  'pole.  The lezs con- 

'siszs l a r g e l y  0: f i b e r  c e l l s ,  and i s  covered wich a n  e p i t h e l i u m  a n c e r i o r l y .  

Div id ing  c e l l s  a r e  l i m i t e d  l a r g e l y  to zhe a n t e r i o r  e q u a t o r i a l  r eg ion ,  1 

and :?.e progeny of t h e s e  d i v i d i n g  ce l l s  n i g r z z e  p o s t e r i o r l y  and then  c e n t r a l l y  

t o  foriii the l e n s  f i b e r s .  Cell d i v i s i o a  a p p a r e a t l y  c o n t i n u e s  throughout  l i f e  



~ i _ "  c e l l s  f r o 3  ::-,E l e n s .  Ti-,us, i f  t diviZL-r: c e l l  i s  i n j u r e d  and does 30: 

. .  
Gf roore  in?ortz.rrce I n  ~ : - ~ a  forr;,a:ion o f  o?zcL:y, w i t h  even ve ry  low doses ,  i s  

r. -*- L I I ~  9 ir 'aliure 02 t r zns i ; i on  f r o 3  nt ic les ted Xibey c e l i s  to t h e  non-nucleated 

prisr;..z:ic c s l l .  

Lne h i s z o l o g l c z l  l e v e l  and a t  t h e  r io lecular  l e v e l  as  evidenced by a s t r o n g  

The ? r i s z a t i c  c e l l s  show a h igh  Zegree o f  o r d e r i n g  both zt 
! 

- 1  

b i- -e , L , , ~ n g e i . ~ e  5 -Cy? p a t t e r n .  The young f L b e r s  f a i l  t o  ach ieve  t h i s  degree of  

d"' ;LLe'=e'^ '"  r l L i c ~ . . o n  -.. z f t e r  r r d i a t i o n  exposare ,  and Lndergo cy;o?lasriic cordensacion,  

coget;-.er w l t h  t h e  a?para.nce or' ab to rza l  c y t o ? l a s a i c  bod ie s .  

t lo r i  o f  t h e  cytoplasm m a y  f r o n  t h e  c e l l  nacbrx ie  occur s ,  and t h e r e  i s  a 

Distal  r e t r z c -  

! \  
I 

~zO22ec ing  o f  t h e  c e n t r a l  p o r t i o n  of  t h e  f i b e r .  Thus t h e  p rocess  a??ears  'LO 

1 
.! 

Sa r a l z t e d  r.02 ? r imar i ?y  to c e l l  dea25, b u t  to c e l l  i n j u r y .  

8 --L uazble t o  n rcu re  aorz ia l ly ,  and t h a  ?zescace o f  the i n j u r e d  c e l l s  would 

see= t o ' b e  t h e  b a s i s  f o r  t h e  observed ?regress of opac i f icz i t ion .  

The i n j u r e d  c e l l s  - 
1 

Although a number of  systems f o r  s c o r i n g  t h a  deg ree  of  lens  opac i -  

'- f i c a t i o n  have bsea  developed,  t h e  meghod developed by Batenan'') a??ears t o  

I 

1 2 b O Q S I  
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ZxariLcs:tioa i s  ti;;.lertzXen u s i q  a s i n g l e  " b l i i d "  s y s t e n ,  

?osteuio:: a r e  scored  

t r b l t r a r y  s c s i c  of  0 t o  103 i s  e;;,,sloyed t o  i a d l c z z e  I n c r e a s i a g  degrees  o f  * 

o ? ~ s l f i c z t l o ~ .  The  cet?.oi hss b2en f0tir.d to y i e l d  r ena rkzb ly  re ixoducable  

r e su l t s  i n  t h e  haads o f  a s i r ig le  ohservkr .  

beea l e s c r i h d  ia d s t a i i  previously' ') a 6  w i l l  be! st i&aarized only  b r i e f l y  
I 

here. 

. L ~ r e  doszs  zccur sce ly  d e t e r a i c e d .  X o c o e x r g e t i c  i n  zke ~ s u a l '  i z shFon ,  

ceutr0r.s ar? obta ined  by t ise of  a Van de  G r s a i i  ger ie ra tor ,  princi7a:ly by 

catisiilg 2 . 8  XeV Tro toas  t o  im?inge oa a tritiux t a r g e t .  

Lhe e x r g y  of z k 2  zeut ro i l s  e z i t t e d  i s  a s t roo;  f u z c t i o n  of ang le  w i t h  r e s ? c c t  

Ex?osuze t o  X-rzys a d  to gz.c;;,a r z y s  :;-on Cobait-60 are  zccoa2l i shed  
\ 

7 -' c -  

i 
With :ne p , T  r e a c t i o n ,  

I 

, 

t o  c:-.? 5eaa a x i s ,  2nd t s k e s  o n  va?ti:es from c l o s e  t o  2 XeV i n  t h e  forward 

, 2L* -= -  -cLL-on - 2  

c z x l z d  o u t  zt B distaance of 10 cn. f rom t h e  z a r g e t  w i t h  0 . 4 3  XaV i leutrons,  

zz2 st a dis tszlce of 20 ciil. from the ' i a rge t  with 1.SO.XeV neut rons .  

t o  0.43 Xe'J a2 a n  ang le  o i  130' to t h e  beam ax i s .  ' Ex?osures are 

The 

pzeszrlz d isczss ior r  wiil deal n a i a l y  with exposuras  t o  0.43 XzV neu t roas ,  

w:?Ich d 2 l i v 2 r  rzdiatloss w i t h  the hlghsst i.37 t isad i n  t h e s e  s t u d i e s .  
1 

Dosinetry was c a r r i e d  o u t  w i t h  'hlgh ? r e c i s i o n ,  u s ing  a conb ina t ioa  

phzz ton -dos i rx fe r  des igned  t o  a l low a c c u r a t e  measurement of t h e  dose 

a c t t i z l i y  d s l i v e r z d  t o  t h e  l e n s .  

. I 2 b 0 9 5 8  
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, 
p o s t c z l o r  o ? & c i f i c a t i o i i s  scored  a t  t h e  5'1, G Z  hig!-Lsr l e v e l ,  are  g iven  i n  

( 5 )  i a c i d a a c e  of o p c i f i c s t i o n  a: a g l v e a  l e v e l  o f  s e v e r i t y  . 
A s  t h e  dose of  r d i a t i o a  is i n c r e z s e d ,  the lezs o p c i f i c a e i o n  curve 

l 

i s  d i s? l aced  s u c c e s s i v e l y  t o  t h e  l e f t .  F r g c t i o n a t i o n  s t u d i e s  have been c a r r i e d  

oi;til) w i t h  eqtitil doses  of  x - r z d i a t i o n  ZelLvered 1 2  hours  a p a r t .  The 

fz;ctiona:ed ex?osti;rc was less e f z e c c i v e  :hiin a s i a g l e  exposure of t h e  s m e  

, ~ , ~ l  d o s e ;  t ke  f r x c l o i i a t e d  ex?ostira re+lr-eS a tots1 dose a ? ? r o x i m t e ? y  1.5 & - - *  

. A:-, ~~~~~~a _. h i g h r  t a  y i e l d  the  sarie degree  of S i o l o g i c a l  e f f e c t .  

6h oxygen; e q o s u r e s  were a l s o  c a r i e d  o u t  under hyperbar ic  c o n d i t i o n s  i , e .  

t h  r i c e  wcre e x p s e d  w h i l e  under t h r e e  a tmosiheres  of  pure oxygen . I n  

a d d i t i o n ,  l o s e  ;-ate s t u d i e s  were c a r r i e d  o u t  unzer  e i t h e r  noriaal o r  hypa rba r i c  

cozd iz ions ,  asld t o t a l  doses were d e l i v e r e d  ct tSe ra tes  of 2 and 100 rads/min. 

(6) 

' 



- t- 

s k i n ,  L a  stL;Zies i n  w'i11ch hixian be iags  ixve  Lesz ex2osed t o  x - r a d i a t i o z  under 

The e f f e c t s  of a e u t r o n  ex2osurc are  qi-izil i tat ivcly i n d i s t i n g u i s h a b l e  

f r o n  r;zose o3-;al;..ed fo l lowing  x- ray  ex?osure,  and are i l l u s t r a t e d  i n  F i g .  1. 

ILLS t k e  res;;oT.sa o h r a i x d  w i t h  x- rays  can  be duplicated w i t h  n e u t r o a s ,  b u t  

at a xdch 1017a;- dose l e v e l .  

spozsa curves t h z t  e s s e n t i a l l y  s u p r i m p o s e  can  be ob ta ined .  

I 
l-l? 

Sy adjus"-----' L,LLL..L 04 ti12 x- ray  or z e u t r o a  dose ,  rs- 
1 

i 
F r a c t i o z a t i o n  s t u d i e s  were c a r r i e d  o u t  w i t h  neu t rons ,  i n  which equal  

I 

doses  of  neu t rons  wera g i v e n  w i t h  a 22 hour i r i t e r v a l  between exposures .  With 

. .  
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I 

e i - ' r  L..dr G.k3 XzV C Y  1.80 X2V ; l2utro3s, t he  resc;its 1 . ~ 2 ~ 2  id2 .n t ica l  w i t h  t hose  
,. 

f o r  a s i n g l e  e x p s i l r e  i . e .  fzzct io---- :  ..CLL~n d i d s o i :  a f f e c t  zhe degree of  re-  

sporise ;s i t  d i d  with x-r&y e q o s c z s .  

KO dits i i a e  been ob tz i zed  vi:;; ex?osz re  t o  r,eutro;;s under  e i t h s r  

hypoxic o r  k y p z b z r i c  c o s d i t i o n s .  

I,?- AL.e 233 of x u t r o n s  :or l e x  o?zcifics:io:l c s n  be d e t e r a i n e d ,  even 

thoi lzh  c h i s  e f f e c t  i s  i n   any wzys liffere;.: f r o n  t h e  m r e  u s u a l  c r i t e r i a  

used t o  l e t ezn i r ' e  223:. Many c r i t o r i z  o f  e f f e c t ,  such as 33 day 

r e ? r e s z ~ t  al:-or-nor.2 ?henor.e;..a \ihic;i can 52 2 z s i l y  scored a t  a d e f i n i t e  

l e t h a l i t y ,  

tii.5 I.L f o ~ ~ o v ~ ~ ~  e q o s u r e .  -Le.s o?~cLfica:ioz, 02 rhe o t h e r  hand, rep rase;..:^ 
i. .. 

a c x t i c u i n g '  ~ Z G C Z S S  rc.ith(the s e v a r i c y  of o p c i f i c z t i o n  i n  a g i v e s  eye  CGZ-  

LiZzL?Az to I:&;cre&~e w i t h  t l ; ; ~ ,  aiid the  ef5ec;. i s  s e ~ n  even i n  uzexposed aniri,;ls 

of s c f f l c i e - -  r i ~  age. it: i s  c l e a r  f r o a  I L g .  1 t h s t  oce can n e v z r t h e l e s s  dupl icGte  

p r e c l s e l y  ;:-'e coca1 res?onse  t o  a gLvz;, dose of x- rays ,  by a l x i n l s t e r l n g  a 

snaller dose of neu t rozs ,  i . e . ,  t h e  szzz r z t e  of  ?rogressioa o f  t h e  saae bio-  

l o g i c s 1  e f f e c t  can  be obta ined  by e iLhe r  m a s .  

i .  

i' 

I . /  

The r a t i o  of t h e  doses  r equ i r ed  

I, -_ t 

t o  ? r o d w e  t h i s  response can then  be c o q a r e d  and i s  by d e f i n i t i o n  tke RB': of 

che r.eutrons r e l a t i v e  t o  x- rays .  

i nc idzace  t: a g iven  l e v e l  of o p z c i f i c a t l o n ,  i s  a mzasure o f  r a c e  of progres s ion  

The l a t e n t  poi-iod, i . e .  t h e  tic? t o  50% 

and hzs  been f o m d  t o  be a n o s t  u s e f ~ l  parzcster for purposes  o f  comparison (5) . 
The IWZ of 0.43  XeV neu t rons  as a f u n c t i o s  of  dose when each  r a d i a t i o n  

i s  2z l lv2 red  ia  8 s i i l g l e  exposure over  a s h o r t  poriod. o f  t i n e ,  i s  i n d i c a t e d  i n  

n ~c>li?.  1. 

lowast c?ose.or' r-eutrons a t  which a c t u a l  d a t a  are. a v a i l a b l e  i s  0.50 rads. 

The ~ 2 1 ~ 2 s  narked w i t h  ELI a s t e r i s k  aze  sx t r apo lazed  v a 1 u e s ; ' t h e .  
1 

Note 

. .  

1 2 b O 9 . b I .  
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i s  z;?zrcric s i x 2  t h e  response  t o  nectroris a?pears to be e s s e n t i a l l y  i n d e p n d -  , ' 

e n t  05 d o s s  r a t e  or i r a c t i o n a t i o a  ; )a '~tera ,  t rh i le  w i t h  low dose rates or f r a c -  

tio---. L.GLion  tke Zose of  x - r ays  r equ ized  to gLv2 t 5 e   sax^ degree  of  b i o l o g i c a l  

of x-zcys i s  z?? rox ica t e iy  1 .5;  thus ~ ' i i s  223 v . ~ ? u e s  a t  low dose rzces  wou ld  

i L A ~ ~ e z s z  by t faczoz  of a t  l e a s t  1 . 5 ,  ar.d p r h s 2 s  zaze i f  t h e  ex?osures  are  - - _.- 

deilvered i n  3 o r  mre s e s s i o a s ,  s e p r a t e d  by i 2  h0cli-s Or rzore. 

CI i h e  Z e g ~ e e  of oxygsaztio-;: n.ay a l s o  be e x p c t e d  to a f f e c t  t h e  X a E ,  

siccc t h z  r e s ? o x e  to neu t rons  i s  expected t o  be e s s e z t i a l i y  independer,: of 

oxygen cens ion  whi le  t h a t  t o  x- rays  i s  riarkedly enhanced under h y p e r h r i c  

oxygezzt ion.  The l a c k  of e f f e c t  of hy?oxia w i t h  x- ray  ex2osure nay indica:e 

thzt c;-.B l e x  i s  i .orxal iy  hypoxic as conpz;-ed t o  o t h e r  t i s s u e s .  T h i s  i s  a l s o  

i d . i c z r e d  by t h e  f a c t  t h a t  h y p r b z ; - l c  oxygen enhances t he  e f f e c t  o f  x - r a d i a t i o n  

oa i>.E lens/ ,Dy a f a c t o r  

\ 

3 d *  '2 ,  as op?osed t o  a f a c t o r  of appzox iza t e ly  1.3 f o r  

o"-=-- L I i L L  -. L ~ s s u s s ' s u c h  cs t h e  skin. The c i r c u x s t a n c e  n-zy well be t h e  p r i n c i p a l  

v- L ~ ~ ~ ~ ; :  :or :?.e r e l a t i v e l y  h i g h  R3S nozed f o r  t h e  l e n s  o f  t h e  eye  exposed under i 

- . m y  A.O~...-I z tmos2keric  conZLtions.  

-CYBLSCS t h e  l o s e  necessary  t o  qroduce a g iven  e f f e c t  s e l e c t i v e l y  f o r  x r r a y s  

b G z  7.0: for neut rons .  Thus t h e  R3Z i s  higher thsn n i g h t  be ' expec ted  i f  t h e  

lens wzre oxygenated t o  the same degree  as o t h e r  t issues.  

The n o r z a l  k.y?oxic c o n d i t i o n  02 t h e  l e n s  in -  
1 

. .  1 2 b 0 9 b Z  . .  ; .. 



/ - _  
. .  of  t k e  xousc i s  <c i t e  s2x; r ;ve  ;a ralia:ian as c o n p r s d  to t k t  or' c o s t  

othaz s p e c i e s ,  i n c l u d i q  zzn.  

s e n s l t i v i t y  ;,e n o t  ~ z I o : ~ .  

t o  u s e  l a t a  o b t i i n e d  i n  t 2 e  name t o  estc=biLsh absolute l o s e s  st which a 

given  l e g z e e  of  e f f e c t  ~ : ' o u l d  be ex'jecced. IZ:?e;-e are  b e t t e r  g ~ o u n d s ,  on t h e  

o'L-' - *-' 
L L . ~ L  . .cL.o, L o r  acce2t2.n; t h e  r a z l o  of  thi i  Zoses o f  x-rays iizd neu t rons  re- 

~ G L Y ~ G  t o  ?ro2cce a g lven  62gree of ef;r'ecz L n  022 s ? a c i e s  f o r  e x t r z p l a t l o n  

\ 

T;-,z reasozs f o r  :he observed d i f f e r e n c e s  i n  

It Is ;?,us c l ea r  t h a t  it woul2  riot be a z v i s a b l e  

. .  

Fig .  2 i s  sfiorm sc'i.e;;,scicaiiy t h e  ?r isen;  ?33 l e v e l s  f o r  low LET (x o r  g.irz,a 

. r & i a t i o n s )  azd h i g h  L E  (fast r,aiitzons l n  t k e  K a V  r a g e ) .  The accuzulz ted  

dose  vs. zgs i n  y e s r s  i s  ? l o t t e d .  K2ch low LLY'T r a d i a t i o z  t h e  riaximum a c c m u -  

l z t i o a  of  Lose 'is ~t ti.2 r a z e  o? 5 r i z s  ?ez y e a r  s t t i r i i n g  at age 18, so t h a t  

the  naxlm~tn a l lowab le  ex?osure a: any given  222 i s  5 (N - 18) rads, where X 

i s  ~ t a  age ia y e z r s .  

accmu?atL;a or' h i g h  LZT r a d l s t i o ; l ,  when all ex2osure is assumed t o  be froin 

h i g h  LET r c d l z t i o n  o n l y .  

t 3 L s  curve.  Th2 broken line i s  i n i x c l e d  t o  i n d i c c t e  t h a t ,  f o r  b r i e i  pe r iods  

Th2 1or.7e-r c ~ i r v e  s3or7s t h e  allowed naxinun ra t2  of 

A QF value of 10 is used i n  arriving a t  the s lope  of  

of t i c 2  o m  can  accunulate ex?osure ac .  tS.a r a t e  of  12  r a d s  per  y e a r ,  provided 

t h e  zotal e q o s u r e  r e n a i n s  below t h e  5 (X-13) value. Note t h a t ,  in a working 

l i f e t i x e  02 40 years, a maxinuin o f  200 rals'of l ow .LET r a d i a t i o n ,  o r  of 20 rads 

. .  

. .  1 2 b 0 9 b 3 '  . 



t h e  zocse .  

dar;.z.ge, t h e  s c h i e  of whic?, hzs  been ct;ose;: so  as to nake the reg-ression of  

62 t h e  ordina.;e is plo.;:;d t h a  Lzgzss 02 radiaeioz-ii-.Zuced l e n s  

riotise o p c i c i c z t i o a  oa Sese of ;izu;rorls 1 I x a r .  

of  s c s l e  a r e  a s  fo l lows:  

%-,e r e a s o x  f o r  t h i s  cholce  

a l though i t  i s  re:a:ively easy t o  e s z z b l i s h  a s c z l e  

0 2  ;;s:ificatioa i n  t e x s  o r 'wh ich  g e n s r a i  agrl?err.ent can  be reached on which 

05 a 9  e f f e c s  5 s  g r e a t e r ,  t h e r e  i s  ;;a coma;l ly  accepted  s c a l e  i n  t e x s  of 

w?.%ch t k i z  r a t i o  a2y 3e e q r e s s e d .  A scale m u s t ,  o f  cour se ,  be chosen i f  

o:-.z I s  t o  ?lot e f f a c z  E. dose,  and t h 5 s  c h o i c e ' i s  s r b i t r a r y  excezz f o r  t h e  

-- -Lc-~~zs:,ieiit i tho-, t h e  s c a l e  rust p r e s e h e  t h e  a c c e ? t i 2  o r l c r  of degrees  of 
a I 

- c  e z z z c t .  The s c a l e  employed (Fig.  3) s a t i s f i e s  this r s ~ ~ u l r s r i i e n t  and i s ,  

fur therrnora,  coavea iea t  f o r  prese;lz p r p o s e s  i n  t h a t  t h e  r e g r e s s i o n  o f .  e f f e c t  

o n  l o s e  of c e c t r o n s  i s  l i n e a r .  Using c h i s  zeasure of e f f e c t  'g ives  t h e  d e s i r e d  

I 

1 
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! 

4 '  I 

I 

1 

I 

I 
i *  

j .  

2 ;o i2dica:e lecl-zaslfig effec:Lvsaess t71:h p r o t r e c t i o z .  

wzs tz.';ce;l z r b i t r a r i l y  a s  a do.;SlLr;g 04 t h e  i z c i d e n c e  o f  2.5% posEer ior  lezs 
r( 

o ~ z c l f i c ~ t ~ o n s ,  occur i5ng  a t  t h e  t i m  tibat 70% of t h e  l i f e  span of  t h e  aninal 

',- . A ~ ~  eispseZ (12  icon;hs a f t e r  exposcre of  a zouse whea 4 Konths o l d ) .  I ac ldence  

of this degree of  o ? a c i f i c a t i o a  i n  u a i r r z Z l a t e d  c o n t r o l  az imals  i s  35% a t  t h i s  

L .- 
L L Z ~ ;  ~ h a  scce;;:z'a?e lev21 fo l lowing  r c d i a t i o n  i s  taken  t o  be 70%. 

rs; d o t t e d  l i n e  r e p - e s e n t s  t h i s  l e v e l  o f  2znage. 

The horizon-  

krith 

dtr.ag;e i n  t k a  

r lvod .  I n  so  

t\ure.a;i s p e c i e s  

tihese assuEpt ions  one c a n . t h 2 a  a t t e q t  t o  d e r i v e  a dose of  

w i i l  be expected t o  r e s u l t  i n  the  sane level of 

saxa t h e  i n t e r v a l ,  f ro=  whlch t h a  Qi? v a l u e  f o r  m n  can  betde-  

doing t h e  q u e s t i o n  a r i s e s  2s t o  whether  one should compare be- 

a t  t h e  saze l ev21  of p'iiysical dose of low LET r a d i a t i o n  t o  pro- 

d ~ c e  t h e  g iven  l e v e l  of  damage i n  t h e  huaan being., or whether  on2 should 

.. 

1 2 b 0 9 b S .  
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600 r z Z s  o f  :i-zhys, o r  does 0;;s u s 2  che co i i s lderably  h i g h e r  ?dS t h a c  corres?oiids 

t o  prcsczably tha s a e  lev21 of  dazzge, b;l:?ro: a dose  l e v e l  ~ L C S  lOP7EZ than  t h e  

600 r d s  used f o r  nsn.  

' .- . 
c. 

There t??ea.-=s LO be ;=o b a s i s ,  i n  t h e  a j s e n c e  of  sor. .~ 

I-* 

alt:-.o;lgS s ~ c h  iiic1lnz':ions are more o a  t ha  b s i s  o f  i i i t u i t i o n  t h a n  l o g i c .  inere  

is sor;.a s v l l s x e ,  a l thocgh  the l o s e  estima:2s a d n l t t e d l y  could  be i n  e r r o r  

. .  j 
t h a  333 o j t z l a e d  for t h e  noGse a t  that lev21 of  e f f e c t ,  t o  d e r i v e  fro3 t h e  

600' ,3 :&ken as t h e  dose o f  x - r ays  :ha': w i l l  produce o p a c i f i c a t i o n  i n  ixn, t h 2  

I 
! 

' corzes?oadiag  dose of  neu t rozs  t k t  s i i o d d  produce t h e  sace degree  o f  effec:  
I 
; i n  t h e  zouse.  , i d o s e  t h u s  ge r ivsd  i s  i n d i c a t e d  o n  t h e  d o t t e d  l iae  i n  Zig.  3 ,  
I 

123eled 0.C3 XaV n a u t r o a s ,  YAY. 

The pzocess o f  e x t r a p o l a t i o n  an2 t h  dar ived .nu ;na r i ca l  v n l u e s  a r e  

I I s ur.z.ar i z sd  bz 1 ow : I 

! Cose f o r  caa to produce s i g n i f i c a n t  o p a c i f i c a t i o n ,  x - r ays ,  
I p r o t r a c t e d  exposura ---- . 600 r ads  

1 Dose to couse fo r  sane degree  o f  e f f e c t ,  x - r ays ,  s i n g l e  
e q o s u r e - - - -  70 r ads  

Dose to mouse t o  g i v e  similar degree  of  e f f e c t ,  x - r ays ,  
p r o t r a c t e d  exposure----  

Dose t o  nouse t o  g i v e  saze degree  of  e f f e c t ,  neu t rons ,  

I 1 

1 I 

i I s i n g l e  o r  3 r o t r a c t e d  exposure----  2 r ads  

140 rads  t 
1 '  

i 
Rat io  of x-ray d0sk.s t o  pzoduce a c c e p t a b l e  l eve l  of - 

4 . 3  damage, m a i l  t o  nouse; = 
140 

I 2 b O q . b b  
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x - r a d l z r i o n  thee an  L c d l v i l u r l  i s  aIlowed t o  a c c u c u l a t e  i n  a worklag l i f e c i m e  

of k 3  years,  (200 R). The vz?ue for exlosure t o  high  LET r z d i a c i o n s ,  r e t a i n -  

i n g  c 1 - L ~  SBZ..C f ic l ioz ~2 s z f e t y ,  L J G G I Z  be  8 . 6  

Ic is ec?:?ssizad chat che 333 valuss  &cez;;,Lnsd i n  ;-,he nouse i s  a 

o r  2.9  r d s .  - 
3 

s t r o z g  f u i ; c ~ l o ; ~  o f  d o s e ;  t h i s ,  n x L 5 ~ z s  d2rLvz.d f r o 3  t h e s e  24s v s l c e s  i rL11  be 

a S : ~ G Z ~  fur iczlos  o f  d o s e  l e v e l  ckosas.  
i 

* ,:?e s ~ s e  degzee of h y p x i a  i n  the  122s of t h e  i;;ioase a c d  o f  t h e  nan. The v a l u e  

04 iJ0 3 used zs t ' e -+ ilLb necessary  E O  2roduce leas o p c i f i c a t i o n  i n  3x1 was d e -  

r i v e d  from l a t a  o3:ained on the xr; ; .a l ,  presu;r,ably hy?oxic hunan l e n s .  

As 2oin-ied o u t  above, che h igh  RX2 values cb=ained  f o r  l e n s  l azage  

in t h e  rxusc xzy be p a r t l y  on tha  basis t h a t  the l ens  is nornally hy?oxlc azd 

i h e r c f o r e  r e s i s c a n t  t o  i h e  e f f e c t s  of low LET r a d i a t i o a .  

low dose l e v e l s  n lgh t  well be e x p c z e d  from ths survival  curves ob ta ined  w i t h ,  

The high  B E ' S  at 

lor..;, ~ z . 2  high LS? , r a d i a l t i o m  i n  o t h c r  b i o l o g i c a l  systsns: I n  nany s y s t e n s  

s c u d f s d  :he dose s u r v l v z l  curve f o r  high.LZT r a d i a c i o a s  i s  c h a r a c t e r i s t i c a l l y  

e:;-,o- - .- 2.. . . ~ . . - ~ a l ,  v h i l e  the curve f o r  low LET r a d i a t i o n s  e x h i b i t s  a "shoulder" be- 

f o z ~  t ? ? a r e n t l y  bacoming eqo i i en t l a l .  

t 

From the n a t u r e  of r h e s e  t w o ' c u w e s ,  t h e  

Z33 i x r e a s e s  wi2h dec reas ing  dose. E f f e c t s  can  be observed i n  t h e  lecs pre-  

suazl5ly at much lower levels  of  damaga and lowar doses  than i n  o t h e r  system i n  



I * 1) >-a i x r e a s e d  i;.clde;,ce of 12;s o?acities t s  seea  fo l lowing  eve; 
1 

s x z l l  doses .  . 

h a c t i o a a t i o n  with a 1 2  hour I;.:arval bStween e q o s u r e s  dec reases  i 2)  

L LL.e 1- degree o f  effec:. 

I 3) T h e  saze tots1 doses  g iven  a t  t h e  rzices of 2 o r  r a d s / n i i t  a r e  

e q u a l l y  e f f e c t i v e .  

Zypoxia does not s i g z i f i c a n c l y  slteic r a d i o s e n s i t i v i t y .  
I 

4 )  

6 )  E y p r b s r i c  oxygen a p p r e c i z b l y  i n c r e a s e s  r a d i o s e n s i t i v i ~ y .  

c"x?osures t o  rxoaoenergetic r , eu t roas  have d e z o n s t r a t e d  a d d i t i o n a l l y  

I 

! 
1 .  

thzt : 

1) RE3 va lues  are relatively high  . 

i 2) The va lues  i n c r e a s e  w i t h  dec rezs ing  neu t ron  energy 

3 )  T'nc R3S i n c r e a s e s  a p p r e c i a b l y  w i t h  d e c r e a s i n g  dose  

4 )   ne values inc re - se  with dec reas ing  "dose rate", due t o  a r a t e  

1 .  i . dependence of e f f e c z  w i t h  x-rays. 
I I 1 2 b 0 9 b 8 .  



-15- 

1 

I 

I ,  

E d  

t he  ? r e p a r a t i o n  

3 

. .  



. .  

A ' G s o - ~ ~ ~  3ase ia R & s  

2.0 

3 

5 

// 

7 _ I .  

10  

15 

40 

53 

6 0  

-1. n c x t r a p l a t e d  - values 

250 RV? x - rays  

15.0-X 

31.0 

' 40  

47 

7 1  
\ 

123 

150 

190 

i 

240 

2 9J 

365 

440 

500 ' 

550 

RB3 

l o p ;  

62 

53 

47 

3 6  

30 

25 

2 1  

19 

16 

- _  

15 

12 

11 
1. 

10 

9 



Cuxula t ive  L-;.,cid.e;ice of leAs o p c 5 f i c a t l o c s  i n  the notise, as  

G f u n c t i o c  o f  c i n e  f 0 1 1 ~ ~ L ; i g  ex2osure. 

- .  

S c h e ~ ~ z t i c  repzesea:atloz o f  d i f f s r e i c s s  i n  dose! e f fec ;  re- 

l s t i o z s h i ? s  w i t h  res?ecc '10 rx:z:ioa .. izduced 1er.s o p c i f i c a t i o n  

i n  t h e  zouse vs .  cas. The degree o f  r s d i a t i o a  induced lens - 

I 
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