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~~~~~~resent laser standards are based primarily on a single acute
exposure and evaluation of acute gross retinal pathological end—
points. While data obtained under these conditions have been of
significant value in answering past immediate needs of military

> laser safety, theyThre limited in evaluatitLg long term effects in
vision that might be induced by required prolonged repetitive viewing
of new laser display systems, holographic investigations and, in
general, repeated exposure to very low levels of laser light.

~ w
• ...._1 In almost all of these situations, levels of laser radiation

are well within present permissible safe limits. Yet refinement of
histological retinal criteria by electron microscopy has shown that

C..~3 changes in retinal ultrastructure at the level of the photoreceptor
H can occur in the absence of a gross “burn.” Such changes were

~~~~ 
observed at the safe level for very acute laser exposure (1) and
were persistent to at least 3 years postexposure. It is plausible,
therefore , that low level chronic repetitive viewing conditions at
even lower laser exposure levels might induce permanent changes in
the visual process.

In this investigation we have used rhesus monkeys trained in
a behavioral acuity task to evaluate long term changes in visual
function at levels many t imes below current extended source criteria .
Correlative retinal electrophysiological measurements in rhesus at
slightly higher exposure levels, but still below safe levels, corre—
late well with our behavioral findings and establish the origin of
these effects at the level of the retina.
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*ZWICK , P~EATRICE & CANHAN

METHOD

A detailed description of the apparatus and training proce—
dure has been provided previously (2). Spectral sensitivity func-
tions were determined in each session by determining the log threshold
background intensity required at each wavelength . These determina-
tions were made by an up—and—down threshold procedure in which Landolt
and gapless rings were presented in sets of four rings of equal dia-
meters. Three rings were gapless and the four th  was a Landolt ring
whose position was always randomized within the set. Correct
responses to Landolt rings decreased background intensity by 0.2 log
uni ts, whereas incorrect responses to Landolt rings increased back-
ground intensity by 0.2 log units (a log unit Is a factor of 10 or
10 times).S Measurements of threshold intensity were made every 20 nm
through the spectrum in a quasi—random order. All measurements of
backg round threshold intensity were normalized for quantal  flux

S with the threshold at 600 nm. Spectral sens i t iv i ty  was measured for
various Landolt ring gap sizes from our largest gap at 0.14 mIn~~ to
our smallest at 1.85 min 1 (1.85 min 1 = 0.5 mm of arc).

Behavioral data from two mature rhesus monkeys were obtained.
Animals were emmetropic (no optical correction was required). Fun—
duscopic examination of both eyes prior to and postexposure revealed
no evidence of light—induced funduscopic change. Each animal was
chaired and enclosed in a standard primate chamber that attenuated
extraneous noise and light. A plexiglass head restraint minimized
the ability of the animal to move his head during experimental ses-
sions. The beam from an Argon laser (Spectra Physics Model No. 164)
was reflected Into the primate cubicle from behind the animal’s head
and was diffused by a small (5x5 cm) ground glass slide located out-
side the direc t view of the animal (Figure 1). Forward scatter from
this diffuser nearly uniformly irradiated a hemisphere painted flat
white whose radius was 0.5 m. The location of the animal’s head
was approximately at the center of the hemisphere. The animal viewed
the rear projected stimuli and background through a 5 cm diameter
tube protruding 6 cm into the hemisphere. Viewing of the stimuli

S was binocular . The average of the measured luminance of the hemis-
phere was 25 nits ± 8 nits. Radiometrically , the average Irradiance
of the hemisphere was approximately 20 ~iW/cm

2 and a corneal irradi—
ance of 20 pW/cm2. Retinal irradiance was 0.2 i~W/ cm2 over the entire
retina. Retinal illuminance was 2.11 log trolands.
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Figure 1. Schematic drawing of a chaired rhesus monkey in the exper-
imental apparatus which was used to test Landolt ring visual acuity S

as well as to irradiate the animal with the low level forward scatter
from the hemisphere. The arrows indicate the position of the animal
during test sessions. The carousel, neutral density wedge, and inter-
ference filters were located outside the animal’s cubicle. The test
stimuli (Landolt rings) were projected onto a rear projection screen
mounted in a tube that protruded from the center of the hemisphere.
The animal’s task required titration of the background threshold in-
tensity for detecting a fixed Landolt ring. Spectral sensitivity
for a given criterion gap was obtained by plotting the reciprocal of
threshold as a function of wavelength through the visible spectr~mi.
Spectral sensitivity curves were obtained for a range of gap sizes
from 0.14 to 1.85 inin ’ (9.0 to 0.50 mlii of arc) or from very large or
coarse acuity criteria to very fine acuity criteria.
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Retinal spectral sensitivity measurements were made for a
low level ERC (electroretinographic) criterion (0.5 

~
iV rms) using a

lock—in amplifier technique (3). Exposure to 514 run was made in
maxwellian view for  a visual angle of 55 degrees.  The re t ina l

. 4 i r radiance equalled 12 .5 pW/ cm 2 . Exposure durat ion was two hours per
session .

RE SULTS

Changes in log relative sensi t ivi ty  over a 14—month period at
a ~ing1e monochromatic back ground (520 nm) are shown in Figure 2 for
a single animal.  Arrows on the abscissa indicate exposure days.

S Each exposure was 2 hours (h) for a total  of 38 cunulative h .  All
measurements  made in Figure 2 were obtained a f t e r  an ini t ial  15 m m —

S utes of dark adaptation and prior to the exposure period . The first
sign of change during the exposure period occurred at the finest
acuity criterion , 1.85 min 1 (0.5 mm of arc). By the end of 18 h,
measurements of sensitivity at 520 nm were no longer obtainable
(i.e., sensitivity was depressed by at least 5 log units). Measure-
ments of the entire dark—adapted spectral sensitivity function for
this cri terion acui ty  were also unobta inable  from this time to
about 2’2 months postexposure (Figure 3) .  Sensi t iv i ty  at coarser but
still photop ic criteria (1.42 and 0.98 min ’ or 0.7 and 1.02 mm of
arc, respectively), however , showed relatively little change through-
out the remaining exposure period at 520 nm . Two weeks after the
last exposure , however , sensitivity at the 1.42 min 1 criterion
(0.7 mm of arc) declined sharply and was not obtainable for several
weeks. Measurements at the 0.98 min4 (1.0 mm of arc) criterion
were increased and also reflected a decline in sensitivity . But ,
corresponding measurements at the 0.14 min ’ (7.0 mm of arc) cr1—
ten on increased in sensitivity by almost a log unit (factor of 10).
Several weeks later , sensitivity at the 1.42 min 1 (0.7 mm of arc)
criterion returned as did that at the 1.85 min 1 criterion . However ,
long term measurements still indicate that recovery is incomplete one
year after the last exposure.

Spectral sensitivity at the 1.85 min 1 criterion was obtain-
able prior to exposure and only after 2’2 months postexposure. Com-
parison of pre— and postexposure data at this time and approximately
9 months later are shown in Figure 3. Postexposure measurements at
21~ months were depressed by a log unit or more through most of the
visible spectrum but maximal depression occurred at 540 nm. The

S smooth curves drawn through the postexposure data points are the cone
photopigment nomograms for the 445 and 575 nm primate cones (4).
The 445 am pigment is a poorer fit to our short wavelength data than

S is that made by the 575 nm pigment to our data.
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Figure 3. Pr o— and postexposure dark adap ted spec t ra l  s e n s i t i v ity
func t ions  at 1.85 tnin~~ . Pre—exposune function is the mean of two
sessions and ver t ica l  bars represent  the range across two sessions . S
Postexposure func t ions  were obtained at 2’~ months and at 12 months
a f t e r  the exposure . Data obtained 2’~ months postexposure were
f i t t e d  with the 575 and 445 urn photopigment  nomograrn . Data obtained
12 months postexposure were f i t t e d  wi th  the 575 urn photopi gment nomo—
gram in the long wavelength region but with the CIE scotopic curve
in the shorter wavelength region . (The CIE scotop ic curve is a
standardized curve representative of the human eye ’s sensitivity at
night; the CIE photop ic curve is a standardized curve representative
of the human eye’s sensitivity during daytime . The nomograms are
mammalian cone photopigments derived from standard curves established
to re f lec t  current  available knowled ge of mammalian and ver tebra te
photoreceptor  p igments . )
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S Postexposure data obtained 9 months after the first post—
exposure measurements is still depressed by a log unit or more
through the visible spectrum . The 575 am pigment nomogram is still a
good fit to the long wavelength data points. In the short and inter—

S mediate spectrum , however , we found the scotopic CIE function to pro-
vide a more reasonable fit than the short wavelength cone photop ig—
mont used to fit the earlier postexposure measurements in this
spectral region.

The repetitive effect of the 514 nm exposure on the spectral
sensitivity measured for a fine photop ic acuity criterion (1.42 min 1)
is shown in Figure 4A. These data were obtained during chromatic
exposure (514 nm) conditions. The initial chromatic function was
measured within the first 10 h of repetitive exposure , whereas the
postchromzitic function was measured at 32 h of repetitive exposure .
Postexposure measurements for the CIE scotop ic curve normalized at
520 am to a better degree than initial measurements normalized to the
same wavelength. (Similar findings were obtained for coarser criteria
down to 0.14 min 1. The best fitting function was obtained at the
0.98 min 1 criterion . Most of the departure from the scotop ic func-
tion occurred in the long wavelengths , as measured sensitivity

S tended to be slightly broader than the CIE- scotopic curve above
580 i-un.) Postexposure measurements made about one year postexposure
still fit the scotopic function better than pre—exposure data .

In Figure 4B, ERG spectral sensitivity data for one animal
taken before and 2 months postexposure are shown normalized to the
CIE scotopic curve at 520 nan. The postexposure fit is considerably
closer to the CIE function than pre—exposure data. Measurements of
ERG spectral sensitivity that yielded more purely cone receptor
system functions for pre—exposure measurements were substantially
depressed for postexposure measurements made postexposure at one hour
and at two months. . 

S

In a second behavioral animal , which has presently been ex-
posed up to a total cumulative dose of 20 h , very similar changes in
spectral sensitivity at various acuity criteria have been obtained .
As with our first animal, the largest and most extensive depressions

S in sensitivity have occurred at the finest acuity criterion
(1.85 mia~~). Relatively little change has occurred for the coarsest
acuity criterion (0.14 min~~).

Both animals showed substantial changes in log relative
sensitivity for acuity targets measured against white light back—
grounds. These changes were somewhat less than that observed at

0 1
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Figure 5. The solid line shows the C a l c u l a te d  permissible r et ina l
i r radia t ion  for  extended source viewing and data from other investi-
gations where hi gher levels  of 514 nm coherent radia t ion  were used
to obtain morpholog ical e f fe c t s .  The behavioral data of Sperling
and Uarworth (6) were obtained w i t h  a 520 ni-n incoherent source at a
leve l a f a c to r  of 1000 t imes higher than that obtained for  our
behavioral s tudy . Data obtained by Lawwill , Crockett  and Courrier (7)
and Ham , Nueller and Sllney (8) for  a 4—hour and a 1—hour 514 i-sri
coherent exposure , respectively , were obtained at levels at least 10
times above the  calculated permissible r e t i na l  i r radiance .  The data
point of Ham et al.  represent a threshold point  for  funduscopic
opac i ty .  Lawwill’ s point is a leve l that  produced morphological
a l t e ra t ion  throughout  the various lay ers  of the retina .
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M o i p lio 1 og t o i l  lv , t I c t ~~1t inv i - st  i gat  i Otis of i ght i i  ~c t s on
S 

t i  t [i-ia at or be I ow opa i i — v  l~-v~ is I i a v t -  shown th~tt cent out or—
Segme nt  lame 11 at  st  m c t  t ire is n~O i-S e-S marked 1 a l t  t rod than t ha t  of r ods
Si -io u ~ f f ~~c t 5 appear t o  h~- in d e p e n d e n t  of Wave l e n g t h  (7  .8) . In our
r oot -nt  inves t  I i~at  j o t ’ ~ , we have  found  Vt- t5 v s int l lar  di f f i - ren t  ial

S 
i t  I t O  I s  it levels h -  low thos i - ri -qu I rod t o  1)ti )du cO ooac i tv  • The
re l~It  ionsll i 

~ 1’ ~
- t we on t h e  So l i t  1 itt - S il t I at mor-pht ol e ~‘ i~~al of f i t ~ t s and

1 o t i i ~— I i -  rm t ’ L r s  I St cUt  ~- llat1gc ~ in phiot epic and s~~o ep ic  f u n c t i o n  i s

c u r ren t  lv hi - j n i~ d e t e r m i n e d  in our lab i I r t t  e rv

We a re spec ii it~a 1 ly concc  r u ed w i t h  w h e t h e r  cones a re  050 in—
sivo  lv a l te r e d  and t i o r ~- f or o  ou t - s c et op  Ic ( rod)  m t  r ius  ion of feet s
s in ~plv Hi l t i  t1 i ~i t  sor t - i l  cone inhibition on r od a c t i v i t y  is roli -~t i-td ,

or whet  her bo th  rod s  and cones a rt - nonexc ins I ye lv  a f f o o t  1-d , Pot 1i oar

b~-hav i or a1  ari d ~ 1~~c t r o p h v s i e 1 e g i c a l  da ta  showed in cr i -a s i -s ill tt ’ i-~t ’ l U t i -S

s : t c  t ra 1 sons i t  i\ - S i t  v under  scot  op i c con d i t i o n s .  Such changes can be
in t er p r e t o d  t ither as a ro lease of neural inhibit ion  or d i  f t  cr en t  ial
alti-rat ion t o  normal rod and i-Sent ’ m e t a b o l i c  p r occs s t- s  . I f  the  Lit t or
is t r u e , then our of foot na\- invo lve  severe impai  rmt nt  t o  nornni l
n i g ht  as we l l  as item -il day v i sua l  function . This point w i l l  be
c l a r i f ied  ~is mor p h o l o g i c a l  cer r o l at  ivo i n f o r m a t i o n  is ga t h e r e d .

In sumnit ry , our s tud ies  to date i nd ic a t e  t ha t  p r esen t  laser
s a f e ty  or  i t e r i a  a r e  probably not sufficient to dea l  with prolonged
visua l changes that might be i nduced  by viewing of laser display
sy s t  ems cons ide red  s a f e  1w such s t a n d a r d s .  Our exper iments  i nd i ca t  i-
permanent behavioral  and e b c  t r ophvs  lo logica l  r e t i n a l  changes at  n a n v

S : lines below l eve l s  p r e s e n tly  presumed sa f e .  The in tended USi of
lase r  v is ible  d i sp lay  sy s tems as t r a in i n g  devices  and the c u r r e n t  use
of low level  laser holographic  d e vi ce s , t h e r e f o r e , pose ~-i potential

na iard to  human visual f u n c t i o n . Our i n ve st i s t r i on s  also sut ~cest
t h a t  a l t e r i n g  the c o h e r e n cy  c l t ar a c t e r i s t  ics of the  laser  sour o i -s
involved in such sy s t ems  may a t ten u a t e  these ~.f f e c t s .  Exp l o r a t i o n
of i n t e r a c t i o n s  of var ious  aspects of coherency w i t h  v i sua l  p r ocess i -s
r ep r e s e n t s  a most promising avenue of i nves t i ga t ion  fo r  at t e n u a t i o n
and /o r  e l iminat ion of the e f f e c t s  r epor ted  he re .

The impact of these  invest iga t ions  on Arms’ laser  svst i -ms w i ll
not be an easy problem to exped i te .  On the one hand , the laser has
proven its utility in a diversity of militar y technical situations
that render it almost a conunonpiace In present and future m ilitar~environments. Yet , the data presented in this paper definitely
suggest that present laser  s a f e ty  s tan d a r ds , based in large par t  on
gross morphological  change (p h otocoagulat  Ion) , are vor~- poor predic-
tors  of permanent change in visual  fu n ct i o n . Our data would suggest
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si g ni f i ca n t  lower ing  of l a s e r  sa fe t y  st a n d a r d s .  However , our d .  Ia
base is s t i l l  not s u f f i c ie n t  to  ind ica te  the n a t u r e  of the p a t h o —
ic o i c a l  changes r e f l e c t e d  by our long t e rn  c h a ng e s  in v isual  sens i—
t iv itv . F u r t h e r  cor r e l  ~it  ion w i t h  r e t i na l  u l t ra s t ru c t u r e  and with
humin retinal diseases  r e l a t e d  to incoherent  l i g h t  exposure a re
r equ i red  to d~-t e r n i in e  the long term patholog ical base of our findings .
We would recommend s t r o n g l y ,  however , t h a t  i n d i v i d u a l s  requi red  to
work j U low h -vo l  c h r o n i c  laser e n v i r onm e nt s  be clos~~1v moni tor ed
f o r  c han g e s  in visua l  f u n c t io n  and be removed f rom these s i t u a t i o n s
if suc h changes  are  p e r s i s t e n t .  Simp le  m c - i s t i r e m en t s  of visual
a c u i t y  and dark  a d a p t a t i o n  made f r e q u e n t  iV mi ght serve well  to pro-
vide  an e ar ly  w a r n i n g  of changes in visual  f u n c t i o n  for  such worke r s .
Our data  s t rong ly suggest  tha t  v i sua l  f u n c t i o n  me a s u r e m e n t s  may be
t u e  most s en s i t i v e  i n d i c a t o r s  p r e s e n t l y  a v a i l a b l e  to de tec t  the type
oi visua l dy s f u n c t i o n  that low level c h r o n i c  laser  exposure has pro-
duced in our animal  s u b j e c t s .

In ccsi-duc t in g  t h e  research descr ibed  in t h i s  re t o r t  , the  i n v e s t  i a—
t or s  a d h e r e d  to  the “Guide fo r  L abora to r ’-- An in~ i l  Fac i i  i t  los  and Care ”
as p r cniu 1~~it ed  1w the C o m m i t t e e  on the Gu i~1e for Laboratory Animal
F a c i L I t i e s  and Care of the  I n s t i t u te  of L ab o r a t or y  Ani r ~l 1 Resourc i -s
N at ~~~-a l  Academy of Sciences  — N at i o n a l  Resea rch  Counc i l .
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