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Lens damage ar i s ing  from exposure t o  ionizing radiat ion was reported soon 
a f t e r  the di'scoveey. of x-rays. 
the ea r ly  x - r d  techdidians and l a t e r  k n g  pa t ien ts  who had received radiat ion 
therapy +n the  head.: -These ear ly  cases were reported from time t o  time i n  the 
l i t e r a t w e  but occasioned scant i n t e r e s t  outside' o$thdLmological circles.  

Cyclotron Victims 

Isblated Lases'oP radiation'cataract'apwared among 

, (. 
. . .  , , .  

, . .  . .  . 

Early i n  December 19&8, it 'became knowwthat ' a t  l e a s t '  5' nuclear physicists 
of average age 31 had developed incipient  cataracts. 
mon h i s to ry  of radiat ion exposure from the cyclotron which was known .to. produce:. 
high f luxes of f a s t  neutrons and hard gamma rays. 
past  experience t h a t  r e l a t ive ly  high doses o f  gainmr ra$s were' needed t o  produce 
lens-damage, the presumption vas t h a t  f a s t  'neutrons ,d&t be the primary cause , 

of catarrict among these"cyc1otron workers. 'Accordingly; 'an "ad hoc" committee 
s e t  up by  the Division 'of Medical Sciences of the National Research Council ar- 
rariged 'to have q u e S t i o ~ $ i r e s  sent  t o  most of the major laborator ies  i n  the 
country where comnarable exposures might have ,occurred. 
a possible s i x  additional cases o f  , incipient  cataract ,  ' 

National Research Council and the United S ta t e s  Atomic Energy 'Comkssion t o  dis- 
cuss the oroblem. 
succeeding day 11,of  these cyclotron s,cieiltists were examined in.Baltimre.at the 
'.Tiher Ophthalmological Inst i tute .  
three of them were grossly handicapped.' The v i c t i m  made every e f f o r t  t o  estimate 
t h e i r  exposures but no great  re l iance could be placed on laboratory records several  
years old and on pocket dosimeters and film badges designed primarily t o  de tec t  
ganma.rays. Dura- 
t i o n  of exposures ranged from ten  weeks t o  250 weeks and estimates of t o t a l  neutron 
dose varied from eight  reps t o  270 reps. 
represent l i t t l e  more than educated guesses by physicists who were well qual i f ied 
t o  estimate t h e i r  e m s u r e s  but who were handicapped by incomplete laboratory 
records and f a u l t y  instrumentation insofar  a s  neutron dosimetry was concerned. 

These sc i en t i s t s ,h& ,a.com.- 

Since it was probable from 

Thi,s procedure uncovered . .  

A meeting was held i n  Washington i n  January 19& under : the .auspices of &e ' '  

%me of the known ca tarac t  victims were present 'and on the 

Ten of them showed opaci t ies  of the l ens  and 

Abelson and Kruger reported t h e  r e s u l t s  of t h i s  i n i t i a l  swvey. 

It should be emphasi,zed tha t  these doses 

Since t h a t  time, four additional cases of radiat ion ca ta rac t  have shown up 
'among- cyclotron workers i n  America, while Dollfus reported, in May 1950, a possible 
sevenvadditional victims.among workers on the cyclotron i n  Paris, France. 
makes a total of 2 1  s c i e n t i s t s  who, presumably, have received lens  damage from 
cycIotrun i r radiat ions.  

This 

,. t 

Atom Bomb Victims , .  1 .  

. . . . .  . .  
The Committee.oh OphthaImology of the National Research Council sent  a t e a m  

t o  Japan during the  swnmer of 1949 t o , i m e s t i g a t e  the incidence o f  radiat ion 
ca ta rac t  among the survivors' of the atomic expl?sions a t  Hiroshima and Nagasaki. 
This or ig ina l  survey, under the  leadership of Cogan, found ten  radiat ion cataract  
victims among the survivors. A l l  were within 3,000 f e e t  of t h e . h p c e n t e r  a t  the 
time of the explosion. 
radiat ion ca ta rac t  cases among the bomb survivors. 
hypocenter at  which l ens  damage has been de f in i t e ly  established i s  about 3,600 feet .  

Subsequent investigations have disclosed'well over 100 
The f a r t h e s t  distance from the 
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Estimates of the  f a s t  neutron exposure a t  t h i s  distance from the so-called nominal 
b o d  of 20 KT vary between three and 15 reps; the corresponding gamma ray exposure 
would be about 600 r. , . . . ,.. , 

. .  - .<' . . ~ , ~  .,,,., ,. , , .  *. .  ,>'.,, . 
I .  

Donaldson has re-examined 70 racliat5on'cataract cases among the  Japanese whose 
cli&xl h is tor ies .had  been recorded by other.&phthalmologtsts pr ior  t o  h i s . i q e s -  
t iga t ion  &ring the sunaner of 1951. Seventy percent of these victims had suffered 
comulete epi la t ion Eollowing t h e i r  exposures;. ariother .20 to 30 percent had undergone 
pa r t i a l  epilation. 
these uatients,  slight regression i n  17 percent, no change i n  36 percent, slight 
mogression in 15' percent, moderate mogression i n  26 percent, and' 6vidence of 
marked progression i n  four percent. This was six yeare after e x p o s r e  to the bomb. 

Accidental Nuclear Reaction Victims . .  

He found moderate regression of opacit ies i n  two percent of 

, ,  

Accidental nuclear reactions which injured t en  s c i e n t i s t s  occurred at  the Los 
Alamos Scient i f ic  Laboratory i n  August 1945 and May 1946. 
developed radiat ion cataracts.  
case h i s to r i e s  of nine of these t en  victims. 
damage in . these  pat ients  were primarily moderately f a s t  neutrons and hard gamma rays 
emitted by a f a s t  f i s s ion  process. 
f ica t ions  from the report  of Hempelmann e t  al. 

Victim Age Whole Body Neutron Whole Body : .: Remarks 

Tu0 of t h e  survivors have 
Hempelmann, Lisco, and Hoffman have reported the 

The radiations responsible fo r  biologic 

The data given below i s  taken n i t h  minor mOdi- 
, .  

Neutron Dose t o  Gama Ray 
Dose i n  Eye i n  Dose i n  

Reps Reps Roentgens - -  
1 26 i a  54 110 Touching assembl-y; died in  24 

days. 

4 years a f t e r  exposure. 

days. , 

2 29 1.2 Ir 1 1 2 '  from assembly; lenses  normal 

3 32 7L 222 114 Touching assembly; died i n  nine 

JJ 34 15 b5 26 3' from assembly; l e f t  s ide 
closest;  c3taract l e f t  eye, 3 
years a f t e r  exposure; cataract 
r i g h t  eye, 5 years after exposure. . .  

5 5L I 

6 21 5 

7 23 2 

8 36 1.6 

9 23 1.3 

21 

15 

6 

5 

4 

11 * 61 from assembly; lenses normal 
3 years after exposure. 

81 from assembly; lenses normal 
3 years a f t e r  exposure. 

8'. from assemblg; lenses  normal 
3+ years a f t e r  expsure.  

16' from assembly; lenses normal 
3 years a f t e r  exposure. : 

2 161 from assembly; lenses normal 
3$ years after exposure. 

9 

I4 

3 
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The neutron -dases ' to  the whole body given h c o l m . ' 3  abwe were estimated f r o m '  
the  Na2h 'and P32-content i n ' w e  blood serum of the patients- While the absolute 
magnitude of' the' khole body.neutron dose may be i n  considerable error by t h i s  
method, it does 'dfford a rather  a c c y a t e  c r i t e r ion  of the re la t ive  doses received 
by  the v i c t i k .  Radioactive assay of, the .bloqd serum n e c e s s ~ i l y  provvide9. &!I . 
estimate of the  , integrated dose to the whole b6dy~and'n6Y.,:the surface t is ,Ni .dode 
incident 'on the victims. Sny2er's c+culations by t h e  Monte, C h I o  methhd sha i  I 

t h a t  f a s t  neutrons incident on kissye are rapidly thermalized'tn their 'passage , 

through tissue. For example, neutrons of average ener$y;O.b8. Mev,'incident .on 
t issue,  have a half-value-layer of roughly b cm. The f a s t  f i s s ion  neutrons to, 
which these sc i en t i s t s  w e r e  exposed probably were concentrated m a i d y  i n  the  
energy range below 1 Mev, so t h a t  the great majority yere thermalized. i n  passing 
through t h e i r  bodies. 
moderately fast  neutrons makes it probable t h a t  t h e  surface dose was consi.derably 
l a rge r  than the  whole body dose, .so ,&.at the l ens  of ' , the eye must have received 
a m c h  l a rge r  dose t j ~ a n ' w ~ u l d  be, i,nmc'ated by the  w$ole,body dose. The estimated 
doses' to t h e  eye given i n  ' c a l k  h w,eqct, .obtained by' multiplying the  whole body 
dose by  a fac'tor 'of 3,' a conservative i?$$imate under , the circumstances appl!lying. 
here. ' 

A consideration of the  d&pth.dose curve i n  t i s s u e - f o r -  

. .  
.: 

These. estimates of f a s t  neutron, dose to  the eye may b,e subject t o  e r ro r s  of 
large magnifude but they, at l ea s t ,  @lo@ some conclusions t o  be drawn as  to what 
const i tutes  a cataractogenic dose iof ' fas t  neutrons fo r  man. Victims 1 and 3 died 
from whole body r a d i a t i o ~  exposure before lens  anomalies could have been expected 
t o  develop. 
the e ~ ; '  examinations up , to  . .  4 y e a s  a f t e r  exposure have f a i l ed  t o  disclose any : 

l e n t i c u k  abnormalitleti., Vict,jm 4; 'on $he other hand, received ,about &s reps t o  
t h e  1 e f t ' s i d e . o f  +e head and an ~ ~ ~ J - I O G  but cer ta ip ly  smaller. dose, of .  f a s t  neu- .. 

Datient',s head. It i s  significant t h a t  exahi&$.ion of pat ient  h about: 28 mon*s, - 
a f t e r  the accident f a i l e d  to disclose any c i e ? c a l  minifestations of . lena .dah&ge 
i n  e i the r  eye but when he was re-examined 32 months a f t e r  the exposure, the l e f t  
eye exhibited haziness i n  the  posterior cortex &$ch developed within 6 months 
into a moderately advanced radiation catafact.. ,It vas. not. until 58 months d t e r  
the e w b u r e  t h a t  t h e  r ight '  eye began t o  disfiay.~liniCaJly observab5e opx,ities..! 
It is 'reasonable t o  infer .  t ha t  the cataractogenic. aose of f a s t  neutrons. for t h i s ,  I 

i n d i v i d u d  was consideralily less than 45 reps. The other  survivors of, this"acci-, 
dental  exposure liave experienced no. lens abnomal i t ias  up to the ppsent, . t ime. .. 
(Feb. 1952); or  rather, no lens  changes wer.6 on record a t  the time of.,the.ir l a s t  
ex+nation; If,som':allowqnce i s  ;made f o r : .  the  age of victim 5 .who received .an 
estimated dose of ' 2 1  reps, i t ,seems probable t h a t  the cat'aractogenic.dose of fast 
neutrons m i d  l i e  somewhere above 15 reps and considerab8y below f6 reps. for  men 
in '  t he i r '  twenties' and,'early, t h i r t i e s .  

Cataract From Exposure t o  X-Rays and Gama Rays 

Victim 2 rec,eived an estimated dose o f  six reps of f a s t  neutrans t o  

- t rons  t o  t h e  r ight  si@. Epila+on'wa$,pronounced,ori the  l e f t  side ,of. tbisl  , 

.. , : 

. There i s  d ivers i ty  of opinion a s  t o  ,what const i tutes  a~,cataractogenic. dose 
of 'x-rays or g k a  r.+s. 
s a v e r a  thousand roentgens. 
kflovolt x-rays lies betyeen 500 and 1000 r. 
t h a t  ' a t ' l e a s t  1500 r are needed to ,produce cataract. 
clinical" data colle.cted on pat ients  who received radiat ion therapy to the -head. 
There 'is great need for a further i w e s t i g a t i o n  of available c l in i aa l  data . dong  
these li&s. Up t o  the present, there  i s  no evidence t h a t  x-ray or g h a  ray doses 
of a few hundred roentgens cause lens  damage i n  man; indeed, it seems probable that  

Estimates run all the way from:sever,aJ hundred.to 
According t o  H u n t ,  t h e  minimal dose f p r  .lbO $0.200 , 

Merriam, on the dther  hknd?. concludes 
These estimates. ake based on 
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the, cataractogenic dose i s  well above the LS50 In  hwmns. 
DOSUT~S on mice and rabbi ts  have shorm tha t  x-ray doses between 100 and 25'0 r 
can cause l ens  damage i n  these snecies. co-wo rkers  have 
b b  ormalitj.es i n  mice with x-ray exmsure: 

However, recent ex- 

C-nrrv 
I 

i m c l i n i c a l  data among humans, it seems-wise t o  re&rd 500 r of x-rays or gama 
r a y s : a s  . ,. potent ia l ly  dangerous t o  the human l ens , .  

. .  . .  

COfference on Radiation Cataracts, Febniary lp<O , . 

In February 1950, the C o d t t e e  on Radiation Cataracts held a m e t i n g  in  

Funds were provided by the,,United S ta tes  Atomfc Energy C o s  
Vashington t o  assess the present s ta tus  of the problem and to -p lan  a def ini t ive 
research program. 
mission -with the request , t h a t  they be a h i n i s t e n e d  by  the  National Research 
Council. 
physicis ts  who had been associated w i t h  research employing the cyclotron. 

A t  t h i s  time, there were I!! known cases of rad ia t ion  cataract  among 

A report  by Evans i n  1948 had shotm t h a t  .mice receiving s m a l l  dai ly  doses 
of fast neutrons and.gamna rays from the cyclotron develokd cataracts  i n  many 
,instances. Comparable e x p s u r e  - to  x-rays,fai led t o  produce cataracts. His data 
on the  chronic exposure of,mice;whole body, t o  the radiations.from t h e  cyclotron, 
when comuared t o  x-ray exposures, made it probable t h a t  fast neutrons were be- 
.tween 10 and 20 times mo7e .effective .in Droducing cataracts  in-mice than x-rays. 
These f i n d h g s  and the unfortunate exusfiemes' o f  the  cyclotron victims aroused 
much. i n t e re s t  i n  military and.ci.vivilian- c i rc les .  .-Scientists engaged i n  the deve lop  
ment of nuclear weawns, nuclear power, civll ian.defense,  and health physics were 
concerned, not t o  mention.those engaged i n ~ n u c l e a r  research and i n  the me&cal and 
,biological  . .  sciences. ,' a , - . -  

! .. 
Although a .g rea t  deal of fqda ,mnta l  nuclear research.had been going on among 

$he.physicists, it was apparent-that l i t t l e  was known about radiat ion fluxes, energy 

cyclQ$ron t a rge t s  bombarded by protons and. deuterons. For example, the  .fast. neutron 
flw .'emitted by a beryllium ta rge t  bombarded by deuterons .had :not .been appreciated 
generally. 
t a rge t  produce .about 20 reps/min of f a s t  neutrons having energies a b v e  3 Mev as  
determined n i t h  ~ U l p h ~ r  detectors. 
beam a t  a distance of 90 cm from the  target; a t  r i g h t  angles . to  the beam the dose 
r a t e  i s  approximately 5 reps/nin. 
consisted i n  shimning the magnetic f i e l d  of t h e  cyclotron while watching the gl& 

' s w c t r a ,  and angular dFstribution of the neutrons and gamma rays emanating fronl 

A current of lo0 microamperes of 16 MeV deuterons .hlOting a ' b e ~ U i u m  

This i s  i n  the forward direction .of the deuteron 

A comon laboratory procedure' among physicxsts 

, .. from the ta rge t  t o  determine the -efficacy of t he  .Qpration. ., .. 

. .  Radiation dosimetry f o r  mixed beans of neutrons and gammarays was not well 
deveiopad a t  t h i s  time. Biologists and physicists,. lacking sui table  instrument& 
tion,, employed commercially available 25 r and 100 r Bakelite thimble Chambers t o  
determine fast neutron doses in tissue. b'hen expoged t o  fast neutrons, the ionl- 
zation reading of the 25 r chamber i s  cal led the large 'IN!' u n i t , o f  fast neutron 
dose i n  tissue, while the reading of a 100 r chamber. i s  dal led .the .amdl1 ttnll unit. 
These uni t s  were estimated or ig ina l ly  t o  correspond t o  about 2.5 reps of energy 
absorption i n  t i s sue  by fast  neutrons. Recent determinations .Indicate tha t  the 
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ionization reading'shckid be multiplied by 2 ra ther  +ah 2.5 to obtain the t i s sue  
dose i n  reps. It' has %een pointed out t ha t  such Bakelite thimble chambers do not 
agree among themelves with .any accuracy when exposed to the' same beam of f a s t  
neutrons. Moreover, when these .thimble chambars are  exposed t o  a mixed bean of 
. f a s t  'heutrons, thermal,' neutrons;. a d  gama rays ' there  i s  no r e l i ab le  method of 
interpret ing the r e s u l t s  i n  -terms of t i s s u e  dose. The radiat ions emitted by 
cvclotmns and nuclear reactors  always'consist. oY neutl'ons and gamma rays. 

research"on radiat ion dosimetry and to encourage intercomparison$. between dif- 
fe,rent lziboratories SO tha t  t he  biological e f f ec t s  of ionizing radiat ions m i g h t  
,be d e t e d n e d  i i l  terms 'of a c o m n  denominator. There have. keeh 'several promis- 
ing -develbphenttg' d-ong t h e  l i n e s  of mixed radiat ion dosirhetry. One method, 
de$elo@d at"Dak Ridge' by qurst an8 h i s  associates, u t i l i z e s  a .proportional 
couhter surroiuided bfpblythene an-d' f i l l e d  wgth an hydrogenous gas, The counter 
is".designed on the Bragg-Gray principle; r eco i l  Drotons engendered i n  the poly- 
thene rad ia tor  are counted a s  ionization pulses. An ingenious 'electronic method 
of p d s e  integrat ion has'been described.by Glass ana Hurst.  &e major advantage 
of t h i s '  ty-ue of instrument, i s  t h a t  it may be used t o  measure faht neutron doses 
i n  the presence of a gam& ray  radiat ion field.  Since t h e  ionization' pulses from 
gamma..rays' a r e  smaller t h s  those .Wising f r o m  proton recoils,  the  former may be 
biased' out without sacr i f ic ing  any apnreciable efficiency i n  the counting of pro- 
ton recoils.  
of mixed beams of radiation. 
with walls of a t issue- l ike p l a s t i c  and containing a gas which is a l s o  s i m i l a r  
t o  t i s s u e  i n  composition. This ionization chamber w i l l  measure the energy ab- 
sorbed' i n  t i s sue '  regardless of the nature o r  mixture of  .the radiat igns concerned. 
%en placed i n  a mixed beam of neutrons 'abd gamma rays ,~  .the:tissiie-walJ, tipsue- 
gas ionization'chamber records the total ene&g absorbed i n  t$p&e-uLtho,ut, a$f- 
fe ren t ia t ion  as to' the  type- of radiation'depodting' the'  energjr. Wi'thin @ e .  past ., .: / .  

few' months, 'Hw,st.' ahd Rossi have performed sok 'p re ibdna ry ;  check3 trith. b6th types 
of instriunents ewosed to t h e  same beakbf hixed.ra+at$ofi. : :de resul ts ,  t o  ,date, 
arb'lmost encbur*agirig. It is possible. cy a~ p,ocess  of &b$rac%ipn,. t o  measure,, ac- 
c&&e'ey' d', s e p i A e i y ,  the f a s t  neutron ' a n d . g h a '  r q .  dosgs $0; t h a t -  the '  r e l a t ive  
biological effectiveness of each component can be t e e n ' i n t o  accgu$t,. 'Mixed beam 
dbsimetry i s  s t i l l  a fo'rinidable problem for  the health physicist  but .these twp 
instruments used h c o n j k t i o n  make it possible t o  measure the rddiation,compon- 

.. . 

One objective of the Committee on Radiation'catai 'acts ,was' t o  stimulate L : .  

. ,  

Fa i l l a  and Rossihave developed another approach t o  the  dosimetry 
Their instrument consis ts  of an ionization chamber 

en ts  emanating from a cyclotron or  a nuclear reactor. . .  

There were two p r i k r y  objectives t o  be kept Fn mind while p l d n g  a re-, 
search program on radiat ion cataracts! first, the immediate and pract ical  problem 
of'attemuting t o  ascer ta in  the cataractogenic f a s t  neutron dose i n  humans to a 
high& ,degree of accuracy . than  was known from the scanty data on ca ta rac t ,  victims; 
secondly, the need of promoting basic research on the biologic e f f ec t s  of ionizing 
rad ia t ion  as anplied t o  the l ens  of the eye. 
the first objective was t o  &termine the cataractogenic f a s t  neutron dose i n  a t  
l e a s t  3 srxcies  of animals, .*th the  hope' t h a t . i f  no la rge  s c a k v a r i a t i o n  among 
species were found, an extrapblation might be'hade to man. 
biological  effectiveness (RBE) between x-rays o r  gamma rays and neutrons f o r  the 
uroduction of ca ta rac t  should prove to be r e l a t iqe ly  constant f o r  several  widely 
d i f fe r ing  species, it should be possible t o  in fe r  the tolerat ion dose of neutrons 
i n  man on the bas i s  of a c r i t i c a l  evaluation of the c l i n i c a l  records on pat ients  
having received radiation therapy t o  the head with subsequent developent  of 
cataract.  

The prac t ica l  philosophy underlying 

Also,, i f  the re la t ive  
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A problem needing resolution was the capiyi ty  o f ~ t i s s u a  t o  recover a f t e r  
exposure to ionizing radiation. 
15 based on t h e  demonstrated a b i l i t y  of tissue' t o  recover pa r t i a l ly  from x-rkv 
damage. Was t h i s  t rue fo r  neutron i r r ad iavon? .  Yere the  e f f ec t s  of neutron ir- 
radiat ion completely i r revers ib le  .or-,only,.$amtial;y so7 
indicated a need for data on animd's subjected to both acute and chronic exposures 
of neutrons and x- or gama rays. 
a possibly large scale difference between x-rays and neutrons h e n  delivered i n  
s m a l l ,  f ractionated doses. 
additive was primary eyidence of.some difference i n  biologic e f f ec t  between x-rays 
and neutrons.. Current .thinking i n  radiobiology s t resses  t h e  ro le  of heavily 
.ionizing u b t i c l e s  1Lke high speed protons i n  poducing cell W a g e .  Some of the 
e f f ec t s  of the s p a t i d  d h t r i h ' t i o n  of ion pa i rs  i n  t issue (specif ic  ion  density) 
are discussed b r i e f ly  i n  the appendix to the  Proceedings of the  first conference 
on radiat ion cataracts. Was. lens damage the r e su l t . o f -  direct  h i t s  on'vulnerable 
material  within the c e l l  (so-called ta rge t  theory) or t h e  result of ind i rec t  ef- 
f e c t s  (chemical changes brought about by the production o f ,  H and OH rad ica ls  i n  
aqueous media)? 
c e l l  damage in  ternts of chemical changes induced by oxidative cm reductive radicals  
engendered i n  solutions by ior?izing radiation.. Support f o r  t h i s  t hes i s  i s  t o  be 
found i n  e m r i m e n t s  demonstrating t h e  protective effect of ce r t a in  chemFcals and 
in the pmductioh by chemicals, of ce l lu l a r  damage similar t o  that resu l t ing  from 
radiat ion exposure. Most of t h e  experiments on aerobic ,vs. 'anaerobic i r rad ia t ion  
s,eem to be bes t  interpreted i n  terms of some form of i n m e a t  mechanism involving 
chemical radicals. 

The practice of f ract ionat ion i n  radiat ion therapy 

Questions of this nature 

Many experiments in radiobiology had indicated 

The f a c t  t ha t  chrorclc doses of neutrons seemed highly 

There is a growing tendency among radiobiologists to think of 

h o t h e r  problem needing investigation was the possible e f fec t  of neqtron 
energy on lens damage. Dose fo r  dose, were lb Mev neutrons and 300 X w  neutrons 
equally e f fec t ive  i n  producing cataract? The poss ib i l i ty  of systemic effects in 
the production of cataract  (whole body ir-adiation VS. i r rad ia t ion  of the  eye or 
head alone) 
f e c t  o r  were there contributing causes from other sites i n  the body? 
another var iable  which had t o  be considered i n  attemgting to ,  determine suscepti-- 
b i l i t y  t o  cataract.  
growing lens  i s  more sensi t ive to radiat ion &age than the mature l ens  and both 
the l a t e n t  ueriod before onset and the severi ty  of the les ion  seem t o  be aef in i te  
functions o f  age a s  well a s  magnitude of dose. A fascinat ing problem was whether 
the  slow growth r a t e  of the l ens  could be r e l a t ed  to the  long l a t en t  period be- 
tween exDosure t o  radiat ion and the development of  cataract.  Poppets experiments 
i n  19h2 first suggested tha t  some of the  p e c d a r i t i e s  of radiat ion induced cataract  
might ar ise . f rom the f a c t  that ,  i n  the lens, new f i b e r s  a re  continually being l a i d  
dmm throtghout l i f e  by slow prol i ferat ion of the  ep i the l i a l  cells .  
known in 1950 regarding the  g r o w  r a t e  and mitotic index o f  1ens.epithelium.~ Some 
investigators were of the opinion tha t  mitosis was too infreguent . to  allow an ac- 
curate determination of c e l l  division. t 

could not be ruled out. Glas radiat ion cataract  a purely l o c d  ef- 
Age was 

A l l  available data indicate t h a t  the mung a n d . s t i l 1  act ively 

L i t t l e  was 

I ,  

In  the remainder of this paper, an attempt w i l l  be made to discuss some of 
the experiments which have helped t o  c l a r i f y  the problems facing the Committee on 
Radiation ca ta rac ts  i n  1950. Many of these problems still .. :await solution but de- 
f ini te  progress has been made i n  the interim. .. ,.. ;, i + ? .  . .,: r . .  ' .  

I . ,  

, .  , . . '  
. . , .  
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C,yclotron I r rad ia t ion  VS. X-Rays i n  Mice 
L- 

Evans has confirmed Seine of h i s  e a r l i e r  data on mice exposed t o  x-rays and 
t o  f a s t  neutrons from the cyclotron. For acute exposures, using t he  LE-50 as  the 
t i o lop ica l  c r i te r ion ,  he f inds t h a t  neutrons from the cyclotron are  2.5 times more 
e f fec t ive  i n  producing death than X-rays. Coniplete opacification i n  50 percent of 
t he  mice within one year was produced by 80 reps of fast neutrons delivered a s  an 
acute dose, This same dose producedvisible opaci t ies  i n  a l l  h i s  mice within one 
year. 
b l e  because most of t he  mice die  before the onset of cataract;  t h i s  problem was 
solved by shielding the body o f t h e  nice and delivering x-rays to the head alone. 
Thus, Evans compares whole body neutron i r r ad ia t ion  from the cyclotron with 
x-irradiation t o  the head alone. Preliminary data on acute exposures under these 
conditions result i n  an RBE of about 9 for  t h e  production of  v i s ib l e  opacities. 
That i s ,  750 r t o  the head d o n e  corresponds t o  & r eps  of neutrons in prociucing 
v i s i b l e  opaci t ies  i n  100 percent of t he  mice. Evans is experimenting current ly  
with chronic exposures i n  an attempt t o  define mre accurately the RBE f o r  cataract. 
There i s  l i t t l e  doubt t h a t  RBE r a t i o s  i n  excess of 10 w i l l  be obtained, sinc, 0 some 
recoverj  between x-ray Bxposures is t o  be expected on past experience, whereas re- 
peated s m a l l  doses of neutrons are highly additive. 

Comparable l ens  e f fec ts  by means of whole body x-irradiation were not feasi- 

Cyclotron exposures emnloying an in te rna l  beam of deuterons on a beryllium 
t a rge t  produce la rge  quant i t ies  of hard gamma rays a s  w e l l  as fast neutrons with 
energies extending from 15 Mev down to  epithermal and thermal energies. 
energy snectrum of t h e  f a s t  neutrons has a broad peak a t  about 5 MeV* 
shown by means of sulnhur detectors t ha t  roughly 50 percent of the t o t a l  t i s sue  
dose i n  the forward direct ion of t h e  deuteron beam is  comwsed of fast neutrons 
.rith energies above 3 MeV, As a first apxoximation, it is usual t o  assume t h a t  
f a s t  neutrons contribute the major portion of the t i s sue  dose; lead shielding can 
Le used t o  reduce the gamma ray  exwsure without affecting appreciably the f a s t ,  
neutron beam. The efficiency of deuterons on beryllium i n  producing -fast  neutrons 
makes the cyclotron an excellent accelerator f o r  acute exwsures. About 1 f a s t  
neutron i s  Woduced f o r  every 1000 deuterons s t r ik ing  t h e  t a r g e t  and it i s  not WI- 
common in mdern laboratory pract ice  t o  obtain deuteron beams of  several hundred 
microamperes. 
problems which complicate the experiment of the radiobiologist. More elegaht from 
t h e  standpoint of pure neutron beams and exact dosimetry are some.of the available 
react ions with t h e  V a n  de Graaff and Cockcroft-Walton accelerators. The eff ic ien-  
cies of t h e  P D  (deuterons bombarding deuterium) and the D.T (deuterons bombarding 
t r i t ium)  reactions are su f f i c i en t  f o r  biologic exposures. 
used. t o  provide a monoenergetic neutron beam of almost any desired energy and have 
the advantage of being uncontaminated with gama rays and slow neutrons. 
lengthy exposure times are  required for  acute radiat ion studies but the method is 
idea l  f o r  chronic exposure studies.  
ln'dton accelerator a t  Los A l m s  requires about 22 hours t o  deliver a dose of 250 
reps of 1 4  MeV neutrons a t  an i r r ad ia t ion  &stance of 10 cm from the target ,  using 
the D.T reaction. 

The 
It has been 

However, the mixed nature of the radiat ion beam introduces dosimetry 

These reactions can be 

Rather 

As an example o f  this type, the Cockcroft- 

Allen and h i s  co-workers a t  the University of Pittsburgh have succeeded i n  
bringing a beam of 15 MeV deuterons out of t h e i r  cyclotron and allowing it t o  ink 
pinge on an outside t a rge t  which is  well shieldell and far removed from the cyclotron 
prouer. This procedure Drovides an excellent source of  f a s t  neutrons w i t h  a much 
smaller aercentage of gama rays i n  the beam than can be obtained with a ta rge t  
s i tua ted  within the cyclotron. An experimental animal's head can be placed close 
t o  the outside ta rge t  i n  a manner t o  take f u l l  advantage of t h e  inverse square law 
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t o  minimize whole body i r radiat ion.  
f a s t  neutrons can be delivered t o  the head without gacr i f ic ing the animal t o  le- 
t h a l  doses of whole body radiation. 
study the production of radiation ca t a rac t . i n  dogs. 

Exposures of Mice t o  X-Rays and Slow Neutrons from the Thermal Column 

Acute exposures of several  hundred reps of  

L!oses and L i n n  are  using this a r r aqenen t  t o  

Furth, Christenberry, Upton and Sheppard have exposed mice t o  x-rays and 
t o  thermal.neutrons produced i n  the nuclear , reactor  a t  Oak Ridge. 
s i n g  t h e i r  f i n d i n p ,  it i s  necessary t o  describe t h e i r  method of grading l e n s '  
dama.;e i n  mice. 

, a r e . n o t ~ o r d i n a r i l y  observable with the ophthalmoscope. Qphthalmdogists are  i n  
genepal agreement that it i s  d i f f i cu l t ,  i f  not impossible, t o  define a t rue  thresh- 
old value f o r  radiat ion cataract ;  the tendency i s  to  regard 1enticular.abnormali.c 
t i e s  which do ilot a f fec t  visual  acuitjj or, a t  l eas t ,  are not observable k i t h  'the 
ophthalnoscope, as representing nezl igible  damage from a prac t ica l  standpoint. 
However, . sens i t ive  c r i t e r i a  of lens damage are desirable, especial ly  as  an ear ly  
indicat ion of radiat ion in jury  t o  t h e  lens. 
of lens damage i n  mice. 

not cons t i tu te  necessarily a v i s ib le  opacity which viould.interfere w i t h  vistun; 
grade I11 seems t o  be equivalent t o  a v i s ib le  opacity which would in te r fe re  with 
vision and grade I V  const i tutes  a mature radiat ion c a t a r a c t w i t h  p a r t i a l  i f  not 
comF1et.e .opacification. 

Before discus- 

By using the s l i t  lamp they are  able t o  detect  lens  changes'which 

5 

The Oak.%idge group recognize 4 grades 
Apparently, a grade I lesion i s  observable only wi th ' the  

. s l i t  .lamp, whereas grade I1 can often be seen with the ophthalmoscope but does 

. . .  

, .  

A t  Qak Ridge, tlie,TJl-50 of mice exposed t o  slow neutrons, from the thermal 
column of  the nuclear reactor mas coinpared with whole body 

:estimated b t o  .8 r of hard gama rays;' was found t o  be.'equivalent t o  an GO min- 
u t e  exposuFe t o  250 KVP x-rays a t  a. dose r a t e  of .6;4 r1nin.- k rough calculation 
indicates  that: about 300 reps of slow neutrons 'produced.%he- same l e t h a l  e f fec t  as  
512 r . o f  x-rays, o r  an RBC of  approxiaately 1;s f o r  1etiialL'ty. Daring these 
experiments, cataracts  made, t h e i r  appearance 70 t o  '80 days.!after exposure; the 
incidence of lens damage a t  a l l  dose levels 'was greater f o r t h e  mice exposed t o  
the themal .  column than f o r  those exlxsed . to .  a  comparable dose o f  x-rays. Suf-' 

' Sicient  data have not beeh made avaiIable t o  allow any quantitative estimates of 
t h e  WE f o r  x-rays vs. thermal neutrons i n  the production ol cataract and about 

. a l l  t h a t  can be judged i s  that  thermal neutrons are more effect ive than x-rays i n  
producing l e n s  damage. 
t o  39 and even t o  16 r of whole hdy x-irradiation. 

-ray xposures. 
Eighty minutes Exposure t o  a therma1,neutron flux of, 9 x 10 8 . 5  n/cm /sec, plus an 

Grade. I ' lens abnormalities were observed i n  nice expbsed 
Grade ZIT and grade IV lens 

damage vas seen only i n  aninals-receiving: l20 r or  more of  x-rays. . . .  
. - .  

Brennan e t  a1  have made an exhaustive study of the experimental conditions 
accompanying the exposure of nice within the thermal column attached t o  the homo- 
geneous reactor  iwater bo i le r )  a t  Los klvnoo. 
x-rays from a 250 KV:' machine and t o  the nixed radiat ion i n  the thermal colwnn. 
Correction fac tors  mere a lq l ied  f o r  (1) inherent gamma' rq-contaminat ion i n  the  
column, ( 2 )  inter--mouse gama ray dose due to  hydrogen capture ~ainma rays and 
( 3 )  attenuat'on of the ther!?al neutron flux i n  the exposure cavi ty  by the "s ink"  
e f f ec t  of the mass of mice. The 1'BE .for'x-rays-vs. thermal neutrons was found 
t o  be 1.7, using the LD-50 (death i n . 3 0  days): a s : theb io log ica l  c r i te r ion  and em- 
ployin,: acute exposures. 

Female Swiss mice were exposed t o  

S torer  e t  a1 have exposed white f e d l e  Swiss mice under the same general 
experimental conditions outlined above.in the Brennan report  with the 6bjective of 
studying the  incidence of lens opaci t ies  and of determining an RBE f o r  exposures 
t o  250 KW x-rays and t o  thermal neutrons from the thermal column of the hocogeneous 
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reactor.  They define as “lens opacities11 a l l  lens abnormalities charac te r i s t ic  
of radiat ion damage and v is ib le  v r i t h  the ophthalmoscope; the first examination a t  
vrhich an opacity which subsequently persisted was seen is  taken as the end point 
of the l a t en t  period f o r  i t s  production. The mice were observed for  30 weeks and 
the incidence and l a t en t  period of  radiation-induced lens opaci t ies  determined as 
a function o f  radiat ion dose. X-ray doses of 200 r or  more produced opacit ies i n  
100 percent of  the ariimals. It vas found that the higher t he  dDse the shorter  t h e  
l a t e n t  period before the appearance of opacit ies;  t h i s  was t rue f o r  both tries of 
radiat ion exposure. 
was equivalent t o  l44.L seconds of x-ray exposure i n  producing lens  opacit ies i n  
50 percent of t he  animals 30 weeks a f t e r  exposure. 
of t i s s u e  md  expressing a l l  radiation doses i n  terms of reps, it aFpears t h a t  
2.9 r e p  of thernal neutrons plus l .7 . reps  of inherent gamma rays (approximate 

valent t o  39.4 reps of 250 KVP x-rays. 
involves a knowledge o f  tne RBJ3 of L MeV gmma rays and 2.2 IieV g a m  rays Vs.  
259 K W  x-rays f o r  t h e  production of Lens opacit ies.  On the assumption t h a t  the 
RBE r a t i o s  f o r  these gama rays a re  the sane as  f o r  Lib50 studies determined by 
Brennan, Storer  concludes ten ta t ive ly  that therinal neutrons a re  roughly 15 times 
as  e f fec t ive  as 250 KVP x-rays i n  producing lens  opacit ies.  Even i f  these hard 
gamma rays are  assigned a RBE of 1 i n  conparison t o  x-rays, the RBE of x-rays vs. 
theraa l  neutrons f o r  lens  opacit ies comes out t o  be of the order of magnitude o f  
13 o r  14. 
presumably than f a s t  neutrons i n  the production of lens  opacit ies.  
a l l  the energy dissipated i n  t i s sue  by f a s t  neutrons goes in to  the production of 
proton recoi l s ,  whereas only those thermal neutrons captured by nitrogen o r  pos- 
s i b l y  by t races  of boron produce heavily ionizing par t ic les  i n  t i s sue .  
a d ~ t t e d l y  d i f f i c u l t  t o  calculate the energy dissipated i n  a small mouse by ther- 
nal  neutrons because of the Lincertainty as  to  what proportion of  the hard gamrra 
rays (2.2 Lev) engendered by hydrogen capture of  thermal neutrons i s  deposited i n  
the body of the mouse. 
o f  the t i s sue  dose deposited by thermal neutrons would not a l t e r  the E d  materially. 
Iiice display a congenital tendency tovm-ds lens  opaci t ies  as  shown by the fac t  t ha t  
controls which have received no radiat ion exposure of ten develop opacit ies.  It is 
more l i ke ly  t h a t  some biologic var ia t ion of t h i s  type might explain these high ABE: 
r a t i o s  f o r  x-rays VS. thermal neutrons. I t  should be pointed out  t h a t  no defini- 
t i v e  s tudies  comparable t o  those of Storer have been made on the production of lens 
opaci t ies  by f a s t  neutrons I n  mice. It may well be t h a t  the RBE f o r  i n i t i a l  lens 
damage i n  nice as a r e s u l t  of f a s t  neutron exposures is i n  considerable excess of 
t h a t  found for  thermal neutrons. 

Exposures of  , ; ice a t  Operation Greenhouse 

The data showed t h a t  4.7 seconds of thermal column exlaosure 

Taking the rep as  93 ergs/gm 

I energy liev) plus 0.5 reps o f  inter-mouse gamma rays (energy 2.2 ?!ev) was equi- 
Any calculation of a RBZ r a t i o  necessarily 

I t  i s  d i f f i c u l t  t o  understand how thermal neutrons can be more effect ive 
Pract ical ly  

I t  i s  

ilaking allowances f o r  possible e r rors  i n  the calculation 

LeRoy and the group a t  Oak Ridge ( f i r t h ,  Christenberry, Upton and Sheppard) 
collaborated i n  a study concerning the incidence of lens damage among mice exposed 
t o  atomic bomb radiations a t  Operation Greenhouse. 
ma ray elcposures, mice enclosed i n  bomb-proof aluminum containers were placed a t  
various ‘distances from the explosion where the f a s t  neutron exposure should be 
r e l a t ive ly  unimportant i n  comparison t o  the gama ray  dose. 
mice were exposed t o  gama ray doses ranging from,1300 t o  180 r. 
ma  rays f r o m  the bomb was found t o  be 750 r. 
750 r was received, the f a s t  neutron exposure was estimated t o  be l e s s  than 1 rep. 
Vhile t h i s  estimate may be low, it seems probable that the fast neutron .dose was 
under 10 reps. 
aye by the end of the th i rd  month; mature radiation cataracts  developed eventually 
i n  a l l  of these mice. 
eloped observable lens changes (grade I and grade I1 lesions).  

To insure r e l a t ive ly  pure gam- 

Forty-five hundred 
The LD-50 f o r  gam- 

A t  the distance from the bomb where 

Kice surviving the LD-50 exposure of gama rays developed lens dam- 

IC5ce experiencing the lowest gamma ray dose, 180 r, dev- 
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Belatively pure neutron exposures were obtained by placing mice i n  special  
bomb-proof containers shielded by 7 inches of lead. 
doses wi th in  the containers were estimated from sulphur and gold detectors. 
hundred and f o r t y  mice were placed a t  various s ta t ions where the f a s t  neutron dose 
varied from about 600 reps down t o  about 1 rep. 
the mice were estimated t o  have received somewhere between 1 and 10 reps of f a s t  
neutrons and about 1 r of g m a  rays, grade I and grade I1 lens changes developed. 
The unavoidable dosimetry problem encountered on these bomb exposures make it 
d i f f i c u l t  t o  assess the r e su l t s  but the experiments are i n  general accord with those 
of others and support the conclusion t h a t  neutrons are much m6re effect ive i n  pro- 
ducing len t icu lar  h a z e  than gama rays. 

Fast and thermal neutron 
Six 

Even a t  the f a r thes t  s ta t ion  where 

Exposures of Rabbits t o  Jiard XbRays and t o  Fast Neutrons -- -- 
Cogan and Donaldson have studied lens' damage i n  Clfinchilla rabbi ts  a f t e r  

acute exlosures t o  1200 KV (constant potent ia l )  'x-rdys. 
peared %t!i a l a t en t  period t h a t  was an inverse ' funct ion of the dose. 
old dose WRS estimated t o  be 250 r o r  l e s s  f o r  10 week old rabbi ts  and the l a t en t  
period f o r  the developnent of radiation cataracts  was much l e s s ,  the younger the 
animal. 
ca ta rac ts  vere the only biologic abnormality produced. 

,Padiation cataracts  ap- 
The thresh- 

The body of the rabbi ts  was shielded and f o r  dosesof l e s s  than 1000 r, 

!.s a complement t o  the hard x-ray exposures of rabbits,  Cogan, Goff and 
Graves exposed 10 week old, Bench Si lver  rabbits t o  pure neutron beams of 14 ;,lev 
produced by bombardinc t r i t i u m  with deuterons from the Cockcroft-Kalton accelera- 
t o r  a t  Los Alamos. Duplicate exposures t o  3 M  Kev neutrons were performed on the 
so-called f a s t  reactor.  The pur;nse here was t o  determine any differences i n  the 
cataractogenic properties of f a s t  neutrons having xidely different  energies. 
ma rays were completely negligible i n  both of these types of exposures. The 
animals were positioned i n  a manner t o  take f u l l  advantage of the inverse square 
law t o  reduce whole body exposure t o  a minimum and no animals died as  a r e su l t  of 
whole body exposures. Lither 4 o r  5' rabbi ts  were exposed simultaneously t o  acute 
doses which took anywhere from 6 hours t o  1 hour, depending on the t o t a l  dose de- 
l ivered. 
t o  t h a  f o l l o i d g  x-ray exposures. 
8 x 10 n/cm2 of 14 Mev neutrons corresponded t o  tha t  a f t e r  30 x lo9 n/cm 
Kev neutrons; t h i s  damage was comparable t o  t h a t  produced by 500 r of 1200 KV x-rays. 

Calculations o f  f i r s t  co l l i s ion  neutron t issue dose based on i'Jitchell's 

Gam- 

The course o f  events following neutron i r rad ia t ion  was basica1l.y similar 
The degree of lens damage a f t e r  expos r e  t o  5 Y of 300 

work 2nd the more elaborate investigations involving multiple scat ter ing by Snyder 
make it possi5le t o  estimate the t issue dose i n  reps' from Cogan's and Donaldson's 
data.  Thus, 9 x lo9 n/cm2 of 14 Xev neutrons corresponds t o  about 40 reps, while 
30 x lo9 n/cm of 300 Kev neutrons corresponds t o  about 50 reps. Thus, the depen- 
dence on neutron energy does not appear t o  be c r i t i c a l  i n  the production of lens 
damage, being a f ac to r  of about 1.25 between 14 &lev neutrons and 300 Kev neutrons. 
\%en the dose of 40 reps of 14 Nev neutrons i s  compared t o  500 r of 1200 KV x-rays 
f o r  conparable lens damage, a RBE of about 11 resul t s ;  similarly,  f o r  300 Kev 
neutrons, the RB; i s  about 9 .  These -RBE r a t i o s  compare favorably with Evans' data 
on mice exposed t o  the neutron beam from the cyclotron and t o  250 KVP x-rays. 
However, they are  somewhat lower than ' the  R3E f o r  x-rays vs. thermal neutrons ob- 
tained by Storer e t  a 1  a t  Los A l m s . .  
using the Cockcroft-5'alton acce lera tor -a t  M s  A l q o s  would help t o  determine wheth- 
e r  thermal neutrons are r e a l l y  nore effect ive i n  producing lens damage than f a s t  
neutrons. Cogan estimates t h a t  the threshbld' dose f o r  production o f  , lens damage 
which is detectable with the ophtiialmoscope I n  rabbi ts  i s  l e s s  than 2 x 109 n/cm2, 
o r  about 10 reps f o r  14 MeV neutrons. 

An experiment s imilar  t o  Cogan's on mice 

The corresponding threshold f o r  1200 KV 
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x-ra5.s ?.s a b m t  250 r. 
22 i n  rabbits,  a value which i s  considerably higher than Storer ' s  RB.: f o r  thermal 
neutrons. 
r o l e  of heavily ionizing par t ic les  i n  t issue damage. It skems quite l i k e l y  tha t  
both Cogan's and Storer l s  RBI: r a t i o s  i n  rabbi ts  and mice are much la rger  fo r  thresh- 
o ld  evaluations of lens  dama?e, whereas, if more extenSive damage is used a$ the 
bio1o;ical cr j ter ion,  t.he R9E r a t i o  between neutrons .and x-rays becomes corres- 
pondingly smaller. 

';ross hatomy of the Eye 

Thus, the RBE f o r  detectable threshold damage i s  roughly 

T h i s  i s  i n  accord with inodern radiobiological thinking rezarding the 

Before discussing some of the more recent experiments on biological mecha- 
n i s m  leading t o  rarliation ca ta rac t  i n  the mammalian lens, it w i l l  be helpful t o  
describe the Sross features  of lens aiatomy fo r  the benefi t  of those who do not 
have an ophthalmological backgruund. 
thick. 
maximun depth of t'le anter ior  chamber i s  along i ts  central  axis, being about 3 t o  
3.6 mm, so  tha t  tho maxiraum distance from the ariterior surface of the cornea t o  
the an ter ior  surface of the lens  i s  about 
chmber from the posterior chamber which is a l so  f i l l e d  with aqueous humour. The 
vitreous body, a c lear  transparent ge l  o f  semi-solid consistency, f i l l s  the  cham- 
her of the  eyeball behind the lens. The lens has no d i r ec t  blood supply and nust 
re ly '  on the nutr ient  f l u i d  bathing i ts  surface f o r  metabolism. The aqueous may be 
re,zardcd .as R dialysate of the  blood sew, ,  containing 'oxygen i n  solution and 
many of the  metabolites needed by the  lens. 

The cornea i n  i n a n  is about 0.6 t o  0.8 mm 
Behind the coriiea i s  the anter ior  chamber f i l l e d  with aqueous humour. The 

mm. The ir is  separates the  anter ior  

The lens i s  a tvansparent structure having a bi-convex shape with a rounded 
The anter ior  surface i s  curved a s  a f la t tened  el l ipsoid,  the  border, the equator. 

curvatme culminating i n  a central  anter ior  pole. 
hizhly curved as a pavabaloid, culninating i n  a cent ra l  posterior pole. 'the cen- 
t r a l  axis, from pole t o  pole, i s  about 4 mn i n  diameter while t h e  equatorial  dia- 
meter is about 9 m. The average vreizht of a nature human lens  i s  aboqt 0.2 gm 
and the averale volune about 0.2 m l ;  the water content i s  about 65 percent by weight 
and the  p-otein and hence the nitrogen content of the lens  i s  hif;h.compared t o  other 
, t issues,  being a l i t t l e  be t t e r  than 4 percent nitrogen by weight. 
the lens i s  divided i n t o  three parts: 
substance. 
of the lens;  it has a thickness of about 1 2  t o  14 microns a t  the an ter ior  pole. 
The epithelium extends as  a s inz le  layer of  hizhly viable cells under the anter ior  
capsule as f a r  as the  equator. 
ca2sular surface of the ].ens beyond the  equator. Towards the equator, i n  the  an- 
t e r i o r  peripheral  zone, the ep i the l i a l  c e l l s  become smaller and more cylindrical .  
This is the germinative zone where mitotic ac t iv i ty  i s  pronounced compared to  the 
r e l a t ive ly  s ta t ic ,  an ter ior  central  area. Near the equator, t h e  ep i the l i a l  c e l l s  
tend t o  become arranged i n  meridional rows and t h e i r  inner par t s  become elongated 
and o r i en t  themselves obliquely t o  run up underneath the e9ithelium of the an- 
t e r i o r  capsul~e. Jlt this stage, the ep i the l ia l  c e l l s  are more correctly character- 
i zed  as  young lens f ibers .  

The poster ior  surface i s  more 

Structurally,  
the  capu le ,  the  epithelium, and the  lens 

The capsule i s  a tough, c lear  inembrane en t i r e ly  surrounding the r e s t  

There are  no ep i the l i a l  c e l l s  on the  posterior sub- 

There i s  a c o n s t a t  layin: down of new lens f i b e r s  a t  the equator; goinz 
in to  the  lens substance, the older and older f ibe r s  are  encountered, so tha t  a t  
t he  center of the  nucleus are  found those oldest  i i be r s  which were l a i d  down i n  
fe ta l  1i:e. 
uishec! with t.he a id  o f  the s l i t  lnmp. 

The  i n t e r i o r  of the  lens i s  s t r a t i f i e d  in to  zones which can be disting- 
There i s  an embryonic and fe ta l  nucleus 
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compsed of the oEdest f ibers ,  an adul t  nuclear zone composed of f i b e r s  formed 
during early l i f e ,  and the cortex which i s  composed c i f  those younger and rnore 
s u p r f i c i a l  f i be r s  which l i e  between the nucleus and the capsule. The lens  i s  
ra ther  unique among m a m m a l i a n  organs ' in  tha t  i t  grows very slowly but continuously 
throuzhout l i f e  without being able t o  slough off o ld  c e l l s  because of +be lens  
cansule. 
t o  metabolites according to the concept first c lear ly  enunciated by  Schoenheimer; 
on the  contrary, some of the metabolic turnover rates have been exdored  by means 
of  radioactive tracers.  
mwrow a re  continually shedding o1.d c e l l s  whereas the  eDithel ia l  c e l l s  behind the 
cansule d i f fe ren t ia te  in to  iens  f ibe r s  which remain within the nucleus o r  cortex 
throughout l i f e .  
cytological scale,  of abnormal, damaged, o r  non-vi.able cells.  
mary reason for lens  suscept ib i l i ty  t o  radiat ion damage, as  pointed out by Poppe 
i n  1942. 

Effect of X-rays on Lens Epithelium i n  Rabbits 

This is not t o  say tha t  the l ens  i s  not i n  a dynamic s t a t e  with regard 

However, other generative t i s sues  l i k e  skin and bone 

There i s  no mechanism whereby the l ens  can r i d  i t s e l f ,  on a 
This m z y  be a pri- 

Von Sallrnann has conducted some i c t e re s t inz  investigations regarding the 
e f f ec t . o f  x-rays on the mitotic ac t iv i ty  and nucl-ear fragmentation of the lens 
e?itheelium i n  normal an6 cystejne-treated rabbits.  
fected by IIovard for  the preparation of t o t a l  f l a t  mounts of lens epitheiium at- 
tachzd t o  the capsule. T h i s  method ;Jrovided a means of obtaining re l iab le  e s t i -  
nates  of t h e  mitot ic  index i n  normal rabbi ts  and suggested the poss ib i l i t y  of study- 
i n 2  t!ie influence of ionizing radiation on c e l l  division, as vel1 a s  the possible 
protection afforded by chemical substarices l i k e  cysteine. The Fculgen-positive 
stainin,; technique m s  used f o r  countin:, c e l l s  i n  mitosis and f o r  detecting s igns  
of e a r l y  nuclear damage in. c e l l s  which had been i r radiated.  Chinchilla rabbi ts ,  
12  t o  16 weeks old, were used for an analysis of c e l l  division; von Sallmznn em- 
ployed l@O rabbi t s  and exazined 200 preparations of iens  epithelium. 

He has applied a technique per- 

The number of c e l l  elements was estimated t o  be approximately 730,000 i n  
the nornal, mature rabbi t  on the basis  of . c e l l  counts fop preparations of the en- 
t i r e  epithelium. The mitotic index for  the t o t a l  preparation of epithelium ranged 
between 18:100,000 and 27:100,000 i n  the rabbi t s  examined. 
dividing c e l l s  varied charac te r i s t ica l ly  i n  the several anatomic zones o f . t h e  epi- 
thelium. 
contrasted with an index of 0.11:100,000 i n  the spacious cent ra l  area, and ~ t h  
the apparent absehce of dividing c e l l s  i n  the nuclei  of the lens bow. 

The d is t r ibu t ion  of 

The highest index (6G:100,000) was found i n  the genrrinative zone,; this 

I r rad ia t ion  n i t h  1500 r of x-rays was foliowed by almost complete disappear- 
ance of dividing c e l l s  30 minutes a f t e r  exposure. 
3 t o  4 days t o  be followed by recovery of mitotic a c t i v i t y  within the n9xt 
T h i s ,  i n  turn, vias followed by a period of overcompensating increase i n  the pro- 
portion of  dividing c e l l s  which persisted f o r  a t . l e a s t  another week. 
fragmentation and extrusion of Feulgen-positive material was observed a f t e r  i r r a -  
diat ion.  Since those c e l l s  which have entered mitosis af, the  time of  exposure t o  
x-rajw presumably complete the cycle, -the cessation of mitosis 30 minutes a f t e r  
i r r ad ia t ion  indicated tha t  the time required f o r  mitosis was about 30 minutes. 
There i'm a stee? rise i n  the incidence of nuclear da?lag'e when the inh ib i t ion  of 
mitosis terminated, par t icu lar ly  :.hen the overshooting phenomenon had developed 
fully.  Among the pathDlogic reactions observed werk clumped chromosomes, trans- 
location of chronosomal materiai vrith a tendency t o  form bridges, and nuclear frag- 
mentat,ion. A d ras t ic  depletion of ce l lu l a r  elenents i n  the germinative zone was 
observed 3 months a f t e r  irracdiation. T h i s  observation confirmed the connnon raclio- 
biological experience t h a t  nuclear destruction i s  encountered predominantly i n  

Total  inhibi t ion las ted f rom 
days. 

liuclear 
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regions of act ive ce l lu l a r  prol i ferat ion and may.be considered a precursor of sub- 
sequent depletion of viable cel ls .  

The in jec t ion  of cysteine pr ior  t o  i r rad ia t ion  prolonged the inhibi tory 
e f f ee t  of x-rays on mitosis, slowed the speed of recovery, and reduced the extent 
of overshoot i n  c e l l  division. 
teine 9ras Zemonstrated by a lower incidence of nuclear fragmentation i n  a l l  zones 
as compared with the incidence of t h i s  type of damage in . the  eyes of untreated 
rabbi ts  which had been i r rad ia ted  and of rabbits injected with cysteine a f t e r  ir- 
radiation. 
pre-treatment with cysteine have not been reported a s  yet. It remains t o  be seen 
whether permanent o r  merely t rans i tory  protection was afforded. 

The protective action of pre-treatment with cys- 

Follow-up studies ov& a Long period of time on those rabbi ts  receiving 

Von Sallmann's painstaking research demonstrates c lear ly  t h a t  cytological 
damage from ionizing radiat ion can be detected i n  the lens epithelium p r i o r t o  
c l i n i c a l  manifestations of lens  damage. Similar findings by'Poppe i n  19k2 and 
Cogan i n  1951 are amply confirmed and emphasize M e  growing conviction among oph- 
thalmoloTists that the primary s i t e  of radiat ion damage leading eventually t o  
radiat ion cataract i s  i n  the lens  epithelium. Von Sallmann i s  the f i rs t  to obtain 
convincing mitotic indices for  the  different  regions of the  epithelium and t o  show 
the influence of ionizing radiation on the mitotic index. H i s  research indicates 
t h a t  the maximum damage from x-rays occurs where the c e l l s  a re  prol i ferat ing most 
actively,  namely, i n  the germinative zone, and his demonstration of the protective 
actioh OP cysteine stimulates hope t h a t  eventually some type of chemical protection 
against  ionizing radiat ion may be perfected t o  the stage where personnel undergoing 
radiation exposure i n  l i n e  of duty may be given pre-exposure treatment n-ith pal l ia-  
t i v e  resu l t s .  
used t o  uncover possible differences i n  the bio1o;yic actions of x-rays and neutrons. 

It is t o  be hoped thattechriiques similar t o  von Sallmann's can be 

C O ~ I  and Donaldson also have contributed convincing 'evidence of cytolo$iCal 
dmage t o  the lens epithelium of rabbits exposed t o  1200 KV x-rays. 
p s u r e s  of 1500 t o  2000 r they have observed such phenomena as  c e l l s  with abnor- 
mally large amounts'of cytoplasm and c e l l s  'with iml t ip le  nuclei and strUhg 
karyorrhexis. 
days a f t e r  a dose o f  2000 r m r e  found t o  have, aberrant ,cells-  affixed t o  the cap- 
sule. In  the ear ly  sta;es of cataract  formatlsn a t  the posterior pole and'before 
the subjacent cortex undergoes changes leading t o  opacif icat ion, ' these abortive 
c e l l s  may be rubbed off pr ior  t o  f ixat ion with a spatu1a;leaving a c lear  capsule 
beneath. 

PathDgenesis o f  Radiation Cataract 

After ex- 

Flat  preparations of the posterior capsules of r8bbit:lenses 1.w 

. .  

A puzzling problem i s  h m  manifestations of radiation. cataract f i r s t -appear  
c l in i ea l ly  a t  the posterior pole .of  the lens when the truly viable c e l l s  &e l o -  
cated en t i r e ly  on t h e  anter ior  surface o f  the 'lens beneath t+ capsule. 
has presented some f r u i t f u l  observations regarding the  pathogenesis of radiation 
ca ta rac t  based on his observations 6f 20 cases ainong bomb victims, cyclotron 
physiaists,  and others receiving radiation therapy t o  the"head. 
co l l ec t  26 human lenses which had been removed from cataractous pat ients  for  his- 
tologic  examination. 
opacification of the lens, suggest a disturbance o f  c e l l  dif ferent ia t ion and &e' 
compatible with the hypothesis t ha t  radiation disrupts normal c e l l  divis ion. ,  Some 
ep i the l i a l  c e l l s  are  k i l l e d  by the radiation 'dose; others undergo metamorphosis - 

Cogan 

He was able t o  

The cytological changes i n  the  epithelium, preceding the 
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aberrant mitosis -- whereby they become monster c e l l s  with abnormal cytoplasmic 
content and multiple nuclei. 
does not seem t o  be !mown. Other c e l l s  are damaged by the radiat ion and  show^ 
t h e i r  abnormalitywhen they come t o  d i f fe ren t ia te  a t  the equator. These c e l l s  
survive and perhaps divide but they can no longer f u l f i l l  t he i r  destiny of be- 
coming young lens  f i b e r s  a t  the equator; rather, they remain globular o r  e l l i p  
soidal and form a t  bes t  abortive processes. Then, apparently, they migrate o r  
are pushed toward the posterior pole between the cortex and the capsule, where 
they form the character is t ic  opacity of  ear ly  radiat ion cataract.  
migration i s  active o r  passive is not  c lear  but they move beneath the only poten- 
tial space available and come t o  lodge f i n a l l y  inthe central  area around the 
poster ior  pole o f  the lens, 
resis tance t o  the pi l ing up of damaged cel ls .  '%at re la t ion  these c e l l s  have t o  
the l a t e r  opacification of the subjacent cortex i.s conjectural; it seems reason- 
able t o  assume tha t  i t  i s  the degerieratiop of .  these damaged ce l l s ,  with l ibera-  
t i on  of t he i r  in t race l lu la r  enzymes,' t ha t  causes  the^ l y s i s  of the cortex. 
most charac te r i s t ic  observation i n  ear ly  radiat ion ca ta rac t  i s  the migration of 
these aberrant c e l l s  while the lens  appears otherwise perfect ly  normal. 

1.hether these monster c e l l s  die o r  develop fur ther  

Wmther t h i s  

This seems t o  be the place of l e a s t  mechanical 

The 

There i s  disagreement among ophthalmologists as t o  whether ear ly  manifest+ 

In man, the equator i s  not readi ly  v is ib le  on c l i n i c a l  examina- 
t ions  o f  radiat ion ca ta rac t  can be seen first a t  the equator o r  a t  the posterior 
pole of the lens. 
t ion  and t h i s  may explain why opaci t ies  are observed first a t  the posterior pole. 
I n  rabbi ts ,  on the other hand, lens  damage i s  seen of ten at  the equator before it 
can be observed a t  the posterior pole according t o  Leinfelder. 

Permeability Studies on Normal and Cataractous Lenses 

T Radioactive t racer  techniques have been employed by von Sallmann t o  s tu  

Specific a c t i v i t i e s  i n  the serum, i n  the 
the permeability of normal and cataractous lenses. Radioactive indicators  (Na2 , 
KL2, 1131, and P32) served as  tools., 
aqueous, and i n  normal and X-irradiated lenses were measured by standard counting 
techniques or  by densitometry on radioautographs. There was no difference i n  the 
uptake of radioactive sodium by normal and by i r radiated lenses immediately a f te r  
exposure but  the uatake was greater i n  i r rad ia ted  lenses a f t e r  ca ta rac t  had set 
in, and t h i s  uptake increased With the progress of opacificationo Radiopotassium 
penetrated well i n  the normal lens; there appeared to be a s l i g h t  decrease i n  the 
exchange of radiopotassium with the potassium of the cataractous lensa  
l a t i o n  of radioiodine in i r radiated lenses showing i n i t i a l  Cataractous changes ex- 
ceeded the accumulation i n  normal lenses. This was not t rue  f o r  i r rad ia ted  lenses 
pr ior  t o  the  onset of  cataractous changes. Radiophosphorus accumulated i n  normal 
lenses  pr incipal ly  a t  the equator and i n  the surface layers  of the cortex. 
differences between the c o r t i c a l  and deeper portions vanished i n  lenses with total 
radiat ion ca ta rac t  bu t  the autographs of normal lenses and lenses with i n i t i d .  
radiat ion damage were the same. 
theory tha t  changes i n  the permeability of the lens  a re  caused by ionizing radia- 
t i on  and t h a t  t h i s  r e s u l t s  i n  i n i t i a l  changes leading t o  radiat ion cataract. 
suggest ra ther  t h a t  changes i n  uermeability accompany and perhaps influence the 
progress of ouacification. 

Biochemistry of the Mamqalian Lens 

The accumu- 

The 

These investigations'do not lend supoort t o  the 

They 

Kinsey and Merriam have contributed valuable data on the bidchemistry of 
Their s tudies  demonstrate t h a t  the Schoenheimer concept of the mammalian lens. 

the dynamic s t a t e  of body consti tuents applies equally well to the avascular l ens  
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as  t o  other t i s sues  having a &re& blood suudy. 
was develoned to cul ture  the lens  " in  vitro". 
i s  concentrated highly i n  the mammalian l ens  was studied. Radioactive glycine 
was added t.o t he  cul ture  medium and rabbi t  lenses were cultured f o r  211 hours. 
tagged glycine was t&en up i n  the various portions of t he  lens  and mine of it 
was incormrated in to  glutathione vhich i s  a tri-peptide containing glycine as  o n e ,  
oT its consti tuent amino acids. 
turned over i i t h i n  2b t o  28 hours. The average rate of turnover of glycine i n  lens 
glutathione was 2.35 uercent per hour, and the turnover r a t e  of ,glycine i n  protein 
was of the same order of magnitude. 
and protein i n  the l ens  are being continuously synthesized from t h e i r  consti tuent 
amino acids. The r a t e s  of turnover of glutathione i n  lenses removed from animals 
which were fed naphthalene were great ly  reduced. Naphthalene i s  knorm t o  produce 
ca ta rac t  yrhen fed t o  experimental animals. 
known t o  be associated with the cataractogenic process i s  thought t o  r e su l t  pri- 
marily from an inhibi t ion of glutathione synthesis, probably through poisoning of 
e i ther  the enzyme systems d i rec t ly  responsible f o r  synthesis or ' those  responsible 
for  profiding energy f o r  t he  synthetic urocesses. 

The more recent s tudies  of Kinsey and Frohman on the enzyme systems opera- 
t i ng  i n  the lens  give biocKemical s u u w r t  t o  the be l ie f  t ha t  t he  lens  epithelium 
m a y  be the i n i t i a l  s i t e  of radiation i n j k y .  
energy available t o  the l ens  f o r  svnthesis, 
pure form from the  epithelium of 40 bovine lenses. 
demonstrate the presence of the cytochrome system i n  apweciable amounts within the 
m a m m a l i a n  lens  had met with l i t t l e  success because whole lenses had been used for  
the analysis. 
rest of the lens  before performing t h e i r  analysis and found,almost 200 milligrams 
of cytochrome C mr 100 grans o f  ep i the l ia l  t i s sue  on the  asswiption t h a t  the cap- 
sule contained negligible amounts of t h i s  enzyme. They a lso  found t h a t  r iboflavin 
was nresent i n  the  euithelium i n  concentrations 1oO'times greater than i n  the cor- 
tex, 
confined alnost  e n t i r e l y  t o  the epithelium of t h e  lens. 

A modified TTarburg technique 
The synthesis of glutathione which 

The 

H a l f  of the glutathione content of the lens  was  

These obsefi-ations suggest t ha t  glutathione 

The reduced concentration of glutathione 

' . 

They investigated the  sources of 
Cytochrome C was i so la ted  i n  r e l a t ive ly  

Previous attempts by others t o  

Kinsey and Frohman seuarated the epithelium and capsule from the 

These find5ngs demonstrate the existence of a resniratory system which is' 

The cytochrome and r iboflavin systems i n  the e$thelium aupear t o  function 

This deduction comes from a consideration of the'concentration of l a c t a t e  
in  the oxidation of  carbohydrate and.not so le ly  i n  the oxidation of amino acids or  
fats. 
and pyruvate i n  the euithelium, cortex, ^and nucleus of the rabbi t  lens. The data 
indicate  t h a t  the epithelium contains an unusually high concentration of pyruvate 
and a ~ O V J  concentration of lactate ,  vhereas the cortex and nucleus contain a high 
cohcentration of l a c t a t e  and a negligible concentration of pyruvate. 
atoms a r e  released i n  the overal l  process involving t h e  o e d a t i o n  of glucose t o  
pyruvic acid. 
hov these hydrogen atoms can conbine v i th  oxygen to form water; accordingly, they 
must combine with pyruvate t o  form l ac t a t e  i f  metabolism is t o  continue. 
lacking the cytochrome system, as  seems t o  be the case ' for  the cortex and nucleus 
of the lens, the amount of l a c t a t e  formed m u l d  be greater than 5.n t issue where 
this enzyme system i s  functiohing to  oxidize carbohydrate. 
l a c t a t e  i n  the epithelium i s  taken t o  mean, therefore, t ha t  the respiratory enzyme 
system funct.ions, a t  . l eas t  i n  part ,  i n  t h e  breakdown of carbolvdrate. 

The lens  epithelium a p k a r s  t o  have a s t r i c t l y  aerobic type of metabolism, 

Two hydrogen 

I n  the absence of a cytochrome system, it i s ~ d i f f i c u l t  t o  understand 

I n  t i s sue  

The deficiency of 

' 

and the  cortex and nucleus seem t o  have a s t r i c t l y  anaeI'obic type. 
6qrgen c o n s w t i o n  by the epithelium is  extremely high ...,. i n ,  commrison t o  most other 

The rate .of  
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t issues.  Since by far the greater  mount of energy derived from t h e  breakdown of 
ca.?bo!ly&ate i s  obtained aerobicdlly, the funhmental differences inmetabolism i n  
the various n a r t s  of the l ens  suggest t ha t  -an important function of t h e  epithelium 
m a y  be t o  furnish energy f o r  the maintenance of the en t i r e  lens. Presumably, the 
only oxygen available t o  the  lens  i s  tha t  &ich i s  dissolved i n  the aqueous. 
seems t o  have nrovided a highly e f f i c i en t  process f o r  the u t i l i za t ion  of t h i s  
l in i ted  supply of oxygen and has located the factory close t o  the source of supply. 

adeno,sine triphosphate (ATP) i s  broken dam t o  adenosine ctlphos$ate (ADP), the 
energy available i n  the phosphate bond can be used i n  the  presence of sui table  
enzymes for protein synthesis. T'ne lens  consumes about 3 milligrams of glucose 
dai ly  and i f  orJy the anaerobic glycolytic process were available, there would not 

.be enough energy available t o  account f o r  synthesis ir. t he  lens. Kinsey has zhmn 
thatythe supply of RTP is highly concentrated i n  the  epithelium but  f a l l s  off  
ranidly i n  the ir i terior of t h e  lens. Von Sallmann also found t h a t  radiophosphorus 
accmi la ted  pr incipal ly  a t  the equator and i n  the surface layers  of the cortex. 
&.T? i s  not avsilable i n  suf f ic ien t  quant i t ies  t-ithin the in t e r io r  of the lens  t o  
sunply i t s  energy requirements but vhosphocreatine which ac ts  as a storage house 
f o r  high energy nhosphate has a concentration gradient i n  the o p p s i t e  direction, 
being rwre abundant i n  the cortex than i n  the epithelium. 
can transfer energy to the cortex and nucleus for  protein metabolism has not been 
determined but  Kinsey postulates s m e  t p e  o f  diffusion mechanism. 
h i s  studies on i r rad ia ted  lenses. 

Nature 

Tissue usually derives i t s  energy from energy-rich phosphate bonds. When 

Just how the euithelium 

He is continuing 

It is temnting t o  postulate that  the inact ivat ion by ionizing radiat ion of 
the enzyme systems functioning i n  the enithelium might account f o r  von Sallmannrs 
observations concerning the inh ib i t ion  of mitosis, 
production of large amounts o f  desoxyribonucleic acid (DNA), f o r  example. 
ce l lu l a r  division ceases temporarily because t he  epithelium can no longer supply 
the energy needed f o r  synthesis, I n  v i t ro  experiments indicate  t h a t  it requires 
la rge  doses of ionizing radiat ion 
has been sho1.m i n  a t  l e a s t  one case tha t  when the enzyme i s  spread out as a t h i n  
layer  on the substrate  t h a t  surpr is ingly small doses of radiat jon can cause inact i -  
vation. 
r eco i l s  or alpha pa r t i c l e s  i n  inactivating e n z p s  i n  solution. 
several  types of biologic damage may be occurring simultaneously when ce l l6  under- 
go i r rad ia t ion  but  it rmuld be in te res t ing  t o  knov whether neutrons are as e f f e c t  
ive a s  x-rajk i n  causing the inhibi t ion of mitosis noted by von S d l l m m .  
inact ivat ion by ionizlng radiat ion i s  a reversible process o r  a t  l e a s t  a process 
capable of repa i r  with t ime ,  whereas nuclear damage like fragmentation or extrusion 
of Feulgen-positive material  i s  regarded generally a 3  a completely i r revers ib le  
process. 
the  c e l l  s t ructure  a s a  function of comnarable doses of x-rays and neutrons might 
uncover in te res t ing  rhenomena regarding the r o l e  of these radiat ions i n  producing 
biologic injury and might help t o  explain why 
seemingly niore i r revers ib le  than tkat  caused by x-rays. 
high spec i f ic  ion dens i t ies  a r e  more e f fec t ive  i n  producing nuclear dmage of the 
i r revers ib le  t jme than l o w  density ion tracks, it being postulated by sone radio- 
biologLsts t h a t  more than 1 ion pair is 'needed i,ri)thin a given area t o  cause the 
effect. 
suff ic ient  t o  inact ivate  the molecule. . Certainly, the voduct ion of H a d  OH radi- 
c a l s  i n  aqueous media must be o p r a t i v e  i n  producing chedcd l  changes i n  +he capsule 
and epithelium as  well  as i n  the aqueous humour. The poss ib i l i t i e s  f o r  fur ther  re- 
search on lens injury by ionizing radiat ion present a f e r t i l e  f i e l d  of investigation 
t o  the  radiobiologist. 

C e l l u l a r  division requires the 
Perhaps 

inactivate,  enzymes i n  aqueous solution but  it 

X-rays are mre e f f i c i e n t  than heavily ionizing par t ic les  l i k e  proton 
Undoubtedly, 

Enzyme 

A comparison of the inhibi t ion of mitotic a c t i v i t y  and nuclear damage t o  

the damage caused by neutrons i s  
It seems probable t h a t  

In  the case of enzymes, however, it is believed tha t  1 ion pa i r  i s  generally 
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. .  

Referring back to the s t a tus  of'kijowledge i n  1950 concerning rad ia t ion  ' , 

cataract ,  it can be seen that .notable  prog'ess has been made, though many problems 
are s t i l l  unresolved. 
cyclotron victims, and victims of nuclear reactol. accidents, it i S  apnarent t h a t .  . 
10 to 20 reps of f a s t  neutrons-must be regarded tentatively: as a suff ic ient  dose 
t o  induce lens  opaci t ies  tfhich might i n t e r f e re  with 'eyesight. 'Addi t iot id  data  
are needed badl,p' t o  determine the cataractogenic x-ray o+gamna m y  dose.in.humans; 
un t i l  such. data =e. forthcodng, it seems v%se t o  consider ' .$O roentgens of.x-rays 

Variation in  suscept ib i l i ty  among species needs fu r the r  exploration, ' 

especially among additional species l i k e  dogs and simians. In. mice ana rabbits,  
the cataractogenic dose level f o r  x-rays l i e s  somewhere between 100 and '250 r '  for  . 
acute exposures and the f a s t  neutron &se l eve l  seems to be between:l and 10- reps: 
The& is insuff ic ient  data on chronic exmsures t6 form any de f in i t e  conclusions ' 

beyond, the exoectation tht the RW, of x-rays vs  f a s t  neutrons w i l l :  be found to .  ' 

exceed t h a t  f o r  acute e m s u r e s  by a considerable factor.  The severity of Lens 
@;'age and the l a t e n t  period of developnent are inverse functions of both do'se and 
agee.' The incidence of lens  opaci t ies  does not seem to be a cri%ica3.ftinctirdn ' O f ,  
f a s t  neutt-on energy. Thernal neutrons i n  acute doses are from IZ..to 15 times more 
ef fec t ive  i n  nroducing v i s i b l e  ooaci t ies  i n  mice than x-raysa Syetemi'c e f f e c t s  a3 
a contributing cause t o  radiat ion cats-ract have not been shown t o  be important; in 
fact ,  the evidence t o  date indicates  that radiat ion ca ta rac t  i s  primarily a lais  
uhenomecon. Progress i n  neutron dosimetry, esuecially fo r  mixedbeams of fieutrons 
uld,&imna rays, has been made but  this instrumentation P s  not widely availzble t o  
radiobiologis ts  , 

~urvejring the humah cases such as atomic.bmb'victims, 

. ,  or gama rays as potent ia l ly  dangerous' to  the human lens. ,, 

' '. 

. . . I  

. .  
Cytological w d  b iochedca l  research on the l ens  suggest strongly t l iat . the 

lens  epithelium m a y  be the initial s i t e  of biologic ' injurjr  leading eventually t o  
radiat ion cataract.  
as a r e su l t  of '-sure to ionizing radiation have l e d  to a bet ter  -undersCan&ng 
of the pathogenesis of radiat ion cataract. It i s  postulated t h a t  the 1ong.latent 
period betieen exposure and the development of c l i n i c a l l y  observable abnormalities 
a t  the posterlor pole of the lens i s  the consequence of the  slow migration of in- 
j m e d  c e l l s  from the  equator to the posterior pole. Inhibi t ion of ce l lu l a r  divi- 
sion and the occurrence of an overcompensating increase i n  the  mitotic r a t e  a f t e r  
recovery from inhibi t ion have been demonstrated for  ep i the l i a l  c e l l s  of the lens  
i n  rabbi t s  a f t e r  exposure t o  l v g e  doses of x-rays; abnormal forms of ce l lu la r  
divis ion and nuclear fragmentation were observable i n  the  e2 i the l i a l  c e l l s  of these 
rabbi t s  . 

Clinical  obsenrations and cytological data on cellulaZ ;damage 

I k t a b l i c  s tud ies  on rabbit  lenses cultured i n  v i t r o  show tha t  glutathione 
and protein are  being continuously synthesized from the i r  consti tuent amino acids. 
There i s  no conclusive evidence t h a t  i n i t i a l  changes in prmeab i l i t y  o f  the l ens  
o r  l ens  capsule immediately a f t e r  i r rad ia t ion  are contributing fac tors  t o  lens 
damage; chnnges i n  Dermeability do accompany the nrocess of opacification. 
p i ra tory  en2yrne system i s  act ive i n  the lens eDithelium but  not i n  the  cortex. 
The lens epithelium amears  t o  have a s t r i c t l y  aerobic t n e  o f  metabolism, w h i l e  
the cortex and nucleus seem to have a s t r i c t l y  anaenobic type. It i s  proposed 
t h a t  one of t h e  major functions of  t he  lens epithelium may be t o  provide energy 
f o r  metabolism i n  the cortex and nucleus. 
the enithelium after i r r ad ia t ion  may be a contributing cause to mitotic inhibition. 

A res- 

Inactivation of the enzyme systems i n  
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Gray, i n  a recent survey of radiobiology, has pointed out t h a t  '%Then all 
the infoma:t;.on concerning mammalian generative t i s sues  i s  considered, the remark- 
able f a c t  emerges tha t  the c e l l s  uhich go to form generative t issues ,  vhether i n  
animal o r  ulant,  adult o r  enbryo, all require comnarable doses of x-irradiation t o  
davage them grossly Nhen they are ac t ive ly  omliferat ing.  It is noteworthy t h a t  
a l l  these t i s sues  have i n  c m o n  the f a c t  t h a t  they are  more e a s i l y  damaged by 
neutron radiat ion t h a n  by an equal dose of x o r  gamma radiation. The re la t ive  
effectiveness o f  the two radiations is, i n  f a c t ,  much the aame i n  the d i f fe ren t  
tissves". It seems l i k e l y  tha t  the r e l a t ive  e f fec ts  of neutrons and x-rays on 
the generative t i s sue  of the lens,  the.epithelium, are also similar t o  the e f f ec t s  
in  other generative t i s sues  but  that ,  because of the unique s t ructure  of the lens, 
the to le ra t ion  dose of i o n i z i n g  radiat ion i s  snialler than i n  other tissues. 
bore marrow, f o r  exannle, is  injured by radiation, the damaged c e l l s  .may be 
sloughed of f  and a f t e r  various metabolic changes, removed o r  excreted from the 
biologic system; eventually, the bone marrow recovers i t s  biologic function i f  
the dose of rad ia t ion  i s  not overiZieLing. 
t o  have a rrmemory'r f o r  ce l lu la r  damage, so tha t  c e l l s  vhich are  abnormal but s t i l l  
viable, remain within the lens  f o r  l i f e  because of the lens capsule and eventually 
co l lec t  around the equator or  uosterior pole, where they attempt unsuccessfully 
t o  d i f f e ren t i a t e  i n t o  normal lens  fibers.  This capacity of the  lens  to I1store-up1' 
damaged c e l l s  could account f o r  i t s  suscec t ib i l i ty  t o  chronic doses o f  radiation. 
In a sense, it becomes a question of how many damaged c e l l s  the lens  can to l e ra t e  
before the c l in i ca l  manifestation knoim as  radiat ion ca ta rac t  i n t e r f e re s  w i t h  
vision. . 

When 

The lens,  on the other hand, amears  

Both x-rays and neutrons cause nuclear damage to  prol i ferat ing c e l l s  but 
most of t he  evicknce avai-lable suggests t ha t  heavily ionizing pa r t i c l e s  are more 
e f f i c i en t  i n  vroducj.ng nuclear da..iage than x- rws  o r  gamma rayso 
hsnd, there i s  some cawe . f o r  believing t h a t  x-rq's are  esnecially e f f i c i en t  i n  
inact ivat ing enz:,mes and ip te r fe r ing  d t h  metabolic processes &ich are often 
reversible  w i t h  time. 
t h a t  experiments have shown neutrons to be mre effect ive i n  nrodudng lens  damage 
than x-rays. 

On the other 

In  view of the above observations, ,it i s  not surprising 

. .  
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