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Historical Introduction 

'he effects  of visible electrcnugnetic radiation ai the eye can be traced back, 

a t  least, to Galen (130 - 200 A.D.); lie seew to  have been the f i r s t  to &scribe 

"eclipse blindness". 

sun throw$ his f m w  telescope. ( 2 )  

and U e l l  (3) described scientifically the piienuncnon of eclipse blindness b~ terms 

of t h e d  injury to the p i p n t  epithelium (E) anrl ciioroia as a result of the sun's 

image focussed on the retina. In this classic palrr it was pointed out that tiiese 

r e t i n a l  lesions were, in fact ,  "burns" and not caused by scare esoteric action of 

ultraviolet l i gh t  or by excessive stimulatim of the pllotochenical system respsible 

for vision. 

reversible plienon~=non of flashblinclness. 

during World War 11, observers, using optical  instmmmts to s p t  planes attacking 

fm the direct ion of the sun, also experienced retinal burns. 

Galileo is knm to have injured his eyes by observing the 

It was  not u n t i l  1316, however, tha t  Vedioeff 

Eclipse burns were  irreversible lesions not to be confused w i t h  the 

In the Ikditerranean and Pacific theatres 

(4) 

The developmnt of nuclear weapns a t  the close of the w a r  in t rduced  another 

re t ina l  hazard. 

vlllnerability of the eye to nuclear detonations w i t h i n  the earth's atwsphere, 

pointing out tha t  the optical p r o p r t i e s  of the eye orYnpfnsated for  the "inverse 

-e la" of attenuation out to distances where eye resolution failed. 

Ducttner and Wse, (') i n  1953, were the f i r s t  to a p h s i z e  the 
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In 1954 rakbits -sed a t  42.5 miles fran a nuclear explosion received mild 

retinal lesims; (6 ) l a t e r ,  in 1958, rabbits e x p s c d  to high altitude nuclear 

eXplosions over Johnson Island received retinal lesions out to distances of 

300 nautical miles fran the explosion. (7) 

h u m s  -sed to nuclear w a r n s  are 011 record. 

several cases of retina damage in 

I.kanwhile, during the early p;irt of 1950, hyer-Scilwickerath (8) 

expr imnt ing  with l i gh t  coagulation as a clinical te-p fo r  treating retinal 

dctachmt and certain types of intraocular tmrs; i n  his early e x p e r k -  

the sun w a s  used as the source of radiation; later, i n  collahratim w i t h  Lit-, (9) 

a l i gh t  coagulator w a s  developed i n  @rmany and used successfully on patients. 

?he f i r s t  clinical use of l i gh t  coagulaticm of the  re t ina repr ted  in this 

country w a s  by Gwrry (lo) i n  1958. Light coagulation as a mthod of treating 

certain ocular patholqies is used n m  extensively in m y  clinics both , i n  

tlus country and abroad. 

!the recent advances i n  research and dewlo-t of optical  masers and 

lasers have produced a new and -1 research tool i n  biology and d c i n e  

as w e l l  as another potential  hazard fo r  the eye. 

of alurbia university were the first to obtain a successful optical maser in 

1954. Maimn (12) succeeded i n  developing the ruby solid state  laser in 1959. 

m k a b l e  technological advances have been made in the past few years; today, 

the generation of coherent electroeMgnetic radiation by stimulated gnissicn 

exten& s p e d r d l y  fran the ul t raviolet  to the far infrared, involves gaseous, 

solid state, and Liquid lasers, covers a paer range f m n  m i l l i w a t t s  to gigawatts 

and prwides intense radaticn beams w i t h  unique properties of di rec t ia ia l i ty ,  

m a w ,  mndmmaticity, and plar izat im.  

(11) Cordan, Zeiger, and l’uines 

Lasers may be operated to produce 

radiation ((w) or pulses ranging frun a few ~~loseamds (ns) to 
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several milliseconds (ms) . Their widespread use (13) in industry, i n  ~e 

military, and in  wdicine inwlves appl icat ims as diverse as -cations, 

range finding, and l igh t  magulation of t k  retina.  

P w r t i e s  of the Eye 

Lasers d t  highly directional,  spacially oonfined, beams of rad ia t im;  

arigular divergences range f m  fractions of a milliradian to  about 10 milli- 

radians; the diamter of the beam a t  the source is generally mifind to less 

than 2 an. In the near f i e ld ,  the ent i re  mne of laser radiation, d e p r h g  

upon Leam diarleter relat ive to pupillary dimter, m y  enter the eye; here, 

the d i e t e r  of t h ~  imacye focussed on the retina w i l l  & p z d  on the p d u c t  

of the angle of divergence and the equivalent focal lenght of the h- eye, 

taken as approximately 17 mn. 

the hqe riimter is l ikely to ex& the diffract ion limit for  the human 

eye. 

diarneter mder diffracticm limit& cmditions;  nwst authorities estimate 

it to lie between 10 and 20 micr~ns (u ) .  (14) 

sourcs (secalled f a r  f ie ld)  the m e  of radiaticrm bathes tlle entire eye but 

the beam entering the eye is alrrost parallel .  

on the re t ina  w i l l  be diffract ion limited (10 - 201~). 
inst ruwntat ion is  employed, laser  beams inpinging directly m the eye prcduce 

small images on the hman ret ina,  varying i n  climter frun &out 200u clown 

to the d i f f r a c t i m  l i m i t .  ( l5 )  

of the sun’s image on the h i m  m t i n a  is approximately 160~. 

‘Ihe transmission of l i g h t  tlmugh the human ocular M i a  

Fur angles of divergence exweding l m i l l i r a d i a n  

There is  ccnflicting opinion as to what ccnst i tutes  the minimum image 

A t  large distances f m  a laser  

‘Illis mans that the h g e  diameter 

T~IUS, unless optical  

It is interesting to note that the diemeter 

as  a funct im 

w), (17) it fnrn of wavelength has been masured by Geeraets; 

appro*tely 400 to 1400 mu, exceeding 0.80 in the range 500 to  950 mu. 

Washington National Record Center 
Oflice of the Army Surgeon General 
Record Group 112 
Accession #: 6 - 4 SI 3 
Box #: 
File: 4-7- 

I ro&5Qc  bJh7 T. t-tCj-7 I ‘ s c .  j- lD-2.zLq 



- 4 -  

?here are two peaks i n  the near I R ,  a large one a t  1100 m, ad a m& snaller 

one (0.10) a t  1300 INJ. As might be expected the  transmission of the OM is 

similar to that of water, 

A negligible p x t i C n  of the radiaticn striking the re t ina is absorbed 

by the IJ-otopigments in the inner layers of the retina as cxnpred to that  

absorbed in the PE and in the choroid. 

measured for  24 hunm eyes by Geeraets. ("1 curves &wing absorption vs 

wavelength in the most l i g h t l y  and in  'die mst heavily pirprwterl hunan eyes 

measured in this group have been plotted for  both the PI3 and the choroid for  

Absorptim i n  these e l m -  has been 

fiat incident cn the cornea. 

the "spectral effectiveness factor"; wposure p a r a t e r s  being equal, it is 

possible to  the effectiveness of various laser wavelengths i n  tenns 

of transnission and absorption within the hwan eye. 

and minimm absorption i n  the PE a t  the ruby w a v e l e n g t h  '(694.3 IQI) is 0.40 and 

0.15, w t m a s  fo r  neodymium cbped glass (1060 m) the cxefficients are respectively 

0.15 and 0.05. 

between 500 and 550 n'q~. 

(530 m) and the y- lines in the a q o n  CW laser are in the spectral regia 

where &nun absorptim by the PE OCCUTS. 

the a m e a ,  the absorption in the PE and in the choroid w a s  found to be approxhrately 

equal in the 24 eyes studied. 

,mnpa.red t o  a choroidal tluckness of about l o o p ,  SO that the energy absorbed 

per uut ~ ~ 1 ~ 1 1 2  (J/cni ) m the PE may exceed tha t  absorbed in the choroid by 

as M as a factor of 10. 

of the ret ina p m  by r a d i a l i a  pulses of relatively short tint? duration 

(0.2 m - 2.0 ms) &anage is &served histologically t o  occur in the PE and i n  

the s t r a t a  of the retina irmediately adjacent to the PE rather than in the choroid. 

These curves give what Bredeneyer (I8) has called 

For example, maximum 

Peak atasorpticn i n  the PE for  light i n c i h t  m the cornea cccurs 

Thus, the f i r s t  harrronic of necdpiwl aaped glass 

Actually, for  l i gh t  i n c i d a t  on 

Hodever, the PE has a thickness of roughly 1011 as  

3 ,  

It is not surprising, therefore, tha t  for mild lesims 

(19) 
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Con-uting factors to this histological obsematia are t ha t  the -at- 

gradients favor heat flw Wards the inner layers of the retina rather than 

tmards tlr clloroid and that tile delicate structure of tie s t r a t i f i ed  retina 

is p r e s m d  to be mre sensitive to thermal h n g e  than the v a s d a r i z d  &mid. 

Experimntal Pmducticm of blild bsims 

l lw p d u c t i c n  of mild lesims i n  the rabit rctina by a pulsed ruby laser 

tw I ~ ; m r s  of diite l ight  has been studied as a function of average h a m  

irradiance and e q s w  tk?. (20) Mild lesions are defined as being just 

visible ophthahoscopid ly  within 5 minutes after -sure and are based on 

probit analysis of RD-50 data as previously described. (21) lbse lesions are 

not cmsidered t o  be threshold bums since irreversible m e  has been m t r a t e d  

a t  1- levels of irradiance by mre refined techniques such a s  histccliernistq, 

electroretinogra@iy, and electron microscopy. (19' 22)   so, it is well h a m  

tha t  irreversible lesions appear a t  a lwer irradiance when the abservation time 

post expsure is extended to several days. 

Figure I where average irradiance or p e r  density in watts/cm vs exposure 

time i n  s-ds is  plotted lqaxithmically for mild lesi- proauced by a m e  

of radiation having a diameter of 8 0 0 ~  cn the rabbit retina. 

between 1 7 5 p s  and 1.2 ms the white light source is an e l e c t r o n i d l y  pulsed xenm 

lmnp lxeviousljj clescrikd; (23) white l igh t  expsures  longer than 2 ms are 

obtained by operating the xenon 1- continuously (CM) w i t h  a f i l t e r  i n  the 

hem to rermw wavelengths greater than 900 rnp and using a mci7anical shutter to 

mtrol -sure tirws. 

are p m d  by an impmwd version of the appra tus  previously d e s c r W  by the 

authors. (24)  A11 laser expsures have also a m e  of radiation of 800p diarreter 

on the rrt ina.  

fran the white l i gh t  e x p s m .  

S z m  recent data are slim in 
2 

For exposure times 

Fuby laser expsures,  Loth multiple spiked and @-switched, 

Laser expsures are indicated by crosses to distinguish them 
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Mild lesicns resulting f m  expsures to ruby multiple spikes (200 - 3 0 0 ~ ~ )  

and to the p u l s l  m m  l;myr (17511s) &re alqmximately the sam3 average 

i r r ad imm ( 2  - 3 KW/m and are histologically simila. 01 the other hand 30 ns 

pulses of ruLy radiation with average irradiances keween 2 - 3 W/an result in 

2 

2 

mild lesions which are different i n  histolcrgical apjrarance (19) and cannot be 

explained solely in tern of thermal injury. 

30 ns and 175 u s  are currently available though tllis regicn is nay under investigatim 

using a i:rrr m l l  as a gating mchanism. 

to teame horizontal to the x-axis, thus def*y for a given h g e  size a limiting 

re t ina l  irradiance for mild lesicns. 'I'his implies that the maintenance of re t ina l  

tissuc a t  s a w  temperature JLrnre aribient for long periods of tircp does not pMuce  

visible t issue coagulation. 

m s t i t u t e s  a safe temperature for retinal tissuc. 

~ h e d  C ~ C C J ~  of R e t i n a l  Injury 

No &~ta on the cbtW regia bewm 

For long eqmsure tiires the tends 

The basic problem for W exposures is to determine what 

The biolcyical effects of laser raciiation can be investigakd in tenns of 

thermal injury for r e t i n a l  irradiances belcw the tlmshold fo r  nm-linear effects 

a d  for expsure tirnes of sufficient duration to allw the application of the 

classical laws of heat mnductim. 

and mst d t i p l e  spike operaticns where the pe& irradiance of individual spikes 

is not hi@ enough to introduce non-linear effects. 

'Ilus w i l l  include the chl owration of lasers 

Any attenpt to  mrrelate retinal burn data w i t h  a theory of thermal injury 

b a e d  p chemical kinetics and critical temperatures for protein denaturation 

-t win w i t h  a knmledge of terngerature-tim history in the retina. 

and others (27) (28) have treated theoretically the problem of heat f l a v  in the 

mtina. 

energy ia &sorbed uniformly througllout the PE and the choroid, taken as 1Ou and 

( 2 5 )  ( 2 6 )  Vos 

Vos calculates the temperatwe a t  the mter of the PE asS* that a l l  of the 
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l O 0 u  in thickness respectively: he umsiders a square image of e i ther  10 o r  

l o o p  in thickness i rmrr~ecl .  in an infinite medium of water. H i s  resulk 

shml in  FicJure I1 as a log-log plot of retirial -rat- rise p r  unit 

of incident radiaticn vs expcsure t i w  i n  seconds for  several different image 

sizes. 

a steady state t m p r a t u r e  ilze i n p r t a n t  functicms of the inwe size.  

curves include contributicsls to the tenpra ture  of the PE by heat flow frcm the 

choroid; howewr, the choroidal contribution is minimal for exposure times less 

tAan approximately 1 IN. 

tim t to propagate a d i s t a n ~  Z; as sham by Vos, t = 2 /4K for  the heat f m n t  

to reach f d l  effectiveness, where K is the t h e d  diffusivity. 

K = 1.5 x 

Z is approxi.mtely 25p for  an exposure t k  of 1 ms. 

It is apparent that  m a t u r e  r i s e  and ttie tire taken to approach 

These 

?his is lxcause the heat f m n t  takes an appreciable 
2 

Taking 
2 an /sec for water as a f i r s t  appmximticsl to retinal tissue, 

Sin= n P s t  laser pulses ra re ly  exceed 1 - 2 m, it follows that only the 

PE w i l l  be involvcd for mild lesims. 

proportions can be gained frun Ficpre I11 whidi is a schematic diagran i l lus t ra t ing  

the r a t i o  of i r ~ ~  diamter to thickriess for  qmsure t h s  less than 1 rns 

mge dianEters ranging fnm 200 - 20p are chosen 

Sane appreciaticn for geanetrical 

greater than 10 m. 

as i l l u s t r a t ive  of predicted laser  k a n  inuges cn the hwlan retina for near 

and far f ie ld  mndit icns. 

as i l lus t ra ted  in the lmer l e f t  of Figure IJT; radial heat flow w i l l  be 

negligil3le exoept for very small image.. 

m s  f m  histod~ernical evidence i l lus t ra t ing  

& image diamter for e-sure tines less than 2 m, whereas the longer 

m s u r e s  ( > 20 ms) ckmmstrate a marked spread of biological damage b e p d  the 

confines of the original irnage. (''1 

Short exp0;ure tim=s m m s p d  to a thin disc 

E x p e r k i t a l  s w p ~  for th i s  model 

radial spread beyond . .  

w l y  convincing aTe the negligible 

.. . 
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differenEs in the irradiance needed to produce mild lesions w i t h  b g e  

dimters of 1000, 800, and 500u as  s l i m  i n  a plrvi- s t a y  (24) 

ilistolcyical appearance of the lesicns which u e  restricted to thc PE and 

the inner layers of the retina,  

the 

(19)  

For expsurr t k s  grcatcr tlm approxinlately 10 ms there is thw for  h a t  

flcw fran the clioroid to &.e apprcciable contributions to the PE. 

evidencc m n f i m  the inmlvment  of the choroid as w e l l  as the PE for mild 

lesions p r w l u d  by long -sure timCs. 

is illustrated CXI the lmr  right hand side of Figure 111. 

absorbing thickness (PE + choroid) are m onparable and radial heat flow 

becanes an important factor in dissipating heat which would otherwise reach 

the PE. 

radial  dissipation b e m s  so great that  the choroid ccntr ibutes  a negligible 

amount of heat to the PE. 

approaches steady state tanperature equilibrim as illustrated by Vos' curves 

in Figure 11. Since these curves are given as a log-log plot the temperature 

differencz a t  the center of tlle PE for steady state squilibrim can d i f f e r  

by a factor of 10 o r  r n ~  for  image sizes of 20 and 200u. 

image s i ze  on the maxirmrm tenperatwe attained i n  the PE provides a safety 

f a d o r  for direct wposure of the eye to the sun and to CXY lasers w i t h  snall 

angles of divergence. 

tile retina frun excessive tmpra tu res .  

-sure t i m s  k a t  loss from bloorl. flow increases the irradiance necess~ry 

to create a mild lesion in the rahbit retina. (29) ~imever, fo r  image 

sizes and short expos- tirres such as those likely to be encountered on -- to @sed laser beams, the ef fec t  of blood f l w  is negligible. 

Histological 

The n-1 d e r  these circuwtances 

Image disncter and, 

For image diarreters appmachiq the ciiffractim l i m i t  (10 - mu), 

Thus, for snall image diawters the PE rapidly 

W influence of 

B l d  flm i n  the choroid is  another factor which protects 

Geeraets has sham that for long 
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k d F Y  (30) i n  t h i s  laboratory has calculated t l ~  maxirmrm m p r a t -  

in the PE by solving the different ia l  equaticm for ka t  flow in the s w a y  

state; the solutian has been programned an a cmputer for cylinders of various 

diameters for a length of 100 u, a s d g  expcnential absorption of 40 per cent 

in a 1 O u  depth of PE and 60 p cent i n  a lOOu depth of choroid. 

results frun this p q r a m  are sham in Figure IV,  which is a plot  of the 

irradianoe i n  watts/an vs k g e  radius i n  microns needed t o  a t ta in  - r a m  

rises of 5 ,  10, and 20T. ‘fie increase i n  irradiance with decrease in 

image radius agrees with Vos’ results for  long v u r e  t i w s  where the 

transient solution approaches the equilibrium state, 

image sizes the equilibrium t q r a t u r e  attained is almost exactly proportianal 

to the r a t i o  of image diameters. Taking the m i n h  irradiance in Figure I 

as 6 w a t t s /  an for  an exposure of 3 min, and using the plateau tenp2rature 

frun the ,vos CULVC in Figure I1 for an image 800~ i n  diameter, the ret inal  

temperature rise w i l l  be 17.6”. A similar estimate using the steady state 

solution taken f m  Figure I V  gives a r r t i na l  temperature of 17.7, an 

agreenent t o  better than 1 per cent. 

petinal Injury a t  High mer Densities 

some 

2 

In fac t ,  a t  the larger 

2 

TIE tlielmal omcept of re t ina l  injury is inadequate to  cope w i t h  the 
2 

biological e f fec ts  induced in the eye by the high p e r  densities (nqawatts/cm ) 

and short w u r e  thes ( 5  - 50 ns) produced by giant laser pulses resulting 

frun Q-swi tch ing .  

electric f i e ld  gradients are f a s t  processes ( ’Z 10-14sec) but heat conductim 

does not extend spacially beymd 0.1~ frun the site of absorptim during the tine 

~ led ron ic  excitation and/or icnizatian fmm intense 
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of a giant pulse. 

than tlus. 

Each  high tmpraturrs during the early stages of a giant pulse, prducing 

ionization and possibly a pl- d u c h  muld k e  op;\que to incaning &hotons. 

A nunbcr of processes including two quanta excitation, and Urillouin 

scattering, shock waws, freqwncy doubling, and reradiation by black bcdy 

emission must be amsidered as possible nudes of energy d i s s i p a t i o n . ~ i c h  

can occur before heat conduction has tirre to play a p m ~ i a i t  role. 

q l i c a t i o n  inklws the classical tempcratn concept when applied to t i n e  

intervals of 10-8sec insofar as macrarolecules (proteins and nucleic acids) 

are conczrned. 

Melanin granules i n  the PE and clmroid are generally larger 

Thus, the p i p t  granules or absorbing sites i n  the PE would 

A further 

Histological evidencz indicates that  for  mild lesions ind& in the 

rabbit  retina by Q-switched ruby pulses having an image ciiarwter of 8OOu 

2 damage is confined to the PE and the inner layers of the retina (2 - 3 W/cm , 
2 delivered in 30 ns) : a t  s-hat higher p e r  densities (5 - 10 Mq/m ) subretinal 

h-mging occurs in the region between the PE and the choroid. When pmer 
2 densities are increased still furtiler (20 - 50 bW/an ) material is extruded 

into the inner retina and the vitreous. A t  these p a g e r  densities henmrrhaging 

into the vitreous occurs: this represents catastrophic d m g e  which may result 

in loss of the eye. 'I'hese observations suggest s1ioc)r waves as a possible mde 

of biological dmage to the retina. 

Belgqvist e t  a1 (31) have studied the production of mild lesions i n  the 

r a i t  retina by both +switched and multiple spiked ruby laser pulses. 

report that much higher pder densities (170 W/cn~ ) are +red to p?xduce 

minimal lesiMs when the image or spot s ize  is 50 u in diameter. 

Wfim an optical system w a s  used to produe mild lesicns having a spot dimter 

They 
2 

Hmver ,  
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2 of 800 u, the retinal irradianoc was 3.7 W/an 

which agrees i n  o d r  of magnitude w i t h  the author's findings for ruby 

l'he authors do ()-switched pulses (2 - 3 W/un 2 for 30 ns exposure &). (32) 

not have, a t  present, any data for  wjwitctied pulses on the rakbit retina fo r  

image s i z e s  less than 5 0 0 ~  i n  dimter. 

irradiance required to prcdue mild lesions has been found for image sizes of 

1000, 800, and 500 u. Mre information is needed on non-linear pnxesses and 

their biolaj ical  effects  before an increase in  irradiance w i t h  decrease i n  

image s i ze  for @switched e x p s u e s  can be explained. 

for  a 16  ns pulse, a figure 

No wasurable d i f f e r a m  i n  the 
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2 Figure I: A log-log plot  of average irradi'mce i n  watts/cm vs 

q m s u r e  t h  in seam& for mild lesians in the r a i t  
retina. 
x - laser; 

The image dimter on tile retina was 800~. 
- xenm lmp.  

Figure 11: A log-lag plot of temperature in "C per uni t  of inc iden t  
irradiance (4.18 J/on /sec) vs tire h seccnds for several 
image dimnetem. 
radiation is absorbed, 0.4 in F'E and 0.6 i n  choroid. 

Pdapted f m n  Vos 

2 

It is a s s d  that all of the incident 

(26) 

Figure 111: A schemtic diagram of the mathematical m x k l  used to 
describe thermal injury i n  the retina. 

2 Figure IV: A plot of irradianoe i n  w a t t s / a n  vs imge radius 
in m i c m s  for equilibriun temp?ratures of 5, 10, 20 OC 

in the retina, asslrming expcnential absorption, 0.4 in 
PE and 0.G i n  &omid. 

state  solution. 
Adapted fmn Ridgeway (30) steady 
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TIME - SECONDS 

2 
Figure I: A log-log plot of average irradiance in vatts/cm 

exposure time in seconds for mild lesions i n  the rabbit 

retina.  

x - laser;  e - xenon lamp. 

vs 

The image diameter on the retina was 80%. 
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IYA6E SIZE 

2mc 
1000” 
000” 

5 W P  

200” 

63” 

20” 

Figure 11: A log-log plot of temperature in‘c per unit of incident 

irradiance (4.18 J/cm /sec) vs time i n  seconds f o r  several 

image diameters. It is assumed that a l l  of  the incident 

radiation is absorbed, 0.4 i n  PE and 0.6 i n  choroid. 

2 

Adapted from Vos (26) 
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SCHEMATIC DIAGRAM OF MATHEMATICAL MODEL 

FOR EXPOSURE TIMES LESS THAN I m S W  FOR EXPOSURE TIMES OREATER THLN 10 m I.C 

Figure 111: A schematic diagram of the mathematical model used t o  

describe thermal injury i n  the retina. 
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IMAGE SIZE 
Radius Of Circulor lmoge 
I n  Hundreds Of Microns 

Figure IV: A p lo t  of irradiance i n  watts/cm 2 vs image radius in microns 

for equilibrium temperatures of 5 ,  10, 20 C i n  the retina, 

assuming exponential absorption, 0.4 in PE and 0.6 i n  choroid. 

Adapted from Ridemmy (3') steady s t a t e  solution. 
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