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Long-term and Progressive Changes in Rhesus Spectral Sensitivity
after Low-level Light (514 nm) Exposure--Zwick et al
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LONG-TERM AND PROGRESSIVE CHANGES IN RHESUS SPECTRAL SENSITIVITY AFTER

LOW-LEVEL COHERENT LIGHT (514 nm) EXPOSURE

In a previous investigation (I), we showed that lcw-level

exposure to repetitive, diffuse argon laser radiation can permanently
depress intermediate spectral sensitivity and produce an effect
similar to that reported by Harwerth and Sperling (2) for
intermediate incoherent spectral light. However, unlike their

effects (2), our sensitivity functions failed to show recovery.

We've used retinal irradiance levels about 1000 times lower than

those used by these investigators (2). This investigation presents
additional data for one animal more than two years after exposure,
and evidence of gradual decline in sensitivity long after cessation
of exposure in the case of two animals. Electroretinographic (ERG)
spectral sensitivity measurements indicate that these effects

originate at the retina.

METHOD

A detailed description of the apparatus and training procedure
has been provided previously (3,4). Spectral sensitivity functions
were determined in each session by determining the log threshold
background intensity required for discrimination of a specific acuity

criterion at each wavelength. These determinations were made by an
up-and-down threshold procedure in which Landolt and gapless rings
were presented sequentially in sets of four rings of equal diameter.
Three rings were gapless and the position of the fourt ring, a
Landolt, ring was always randomized within the set. Correct

responses by the animals to Landolt rings decreased background
intensity by 0.2 log units, whereas incorrect responses to Landolt

rings increased background intensity by 0.2 log inits.

Measurements of threshold intensity were made every 20 nm
through the visible spectrum in a quasi-random order. All



measurements of background intensity were normalized for quantal flux
at 600 nm. Spectral sensitivity was measured for various Lardolt ring

gap sizes from our largest or coarsest gpp at 0.14 min- , to our
smallest or finest at 1.F5 min -  (I.P9 min- = 0.5 min of arc.

Behavioral data from two mature rhesus monkeys were obtained.
Animals were emmetropic (no optical correction was required).
Funduscopic examination of both eyes before and after exposure
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
rinimized the ability of the animal to move his head during
experimental sessions. The beam from an argon laser (Fpectra Physics
Model No. 164) was reflected into the primate cubicle from behind tne
animal's head and was diffused by a small (5 x 5 cm) ground glass
slide located outside the direct view of the animal (Fig 1). .7orward
scatter from this diffuser almost uniformly irradiated a hemisphere

A51 o r n Figure 1. Schematic drawing of
rhesus in experimental appuatus.

The beam from an Ax hla.r (514
e nm) was diffused at a small dif-

Screen Diffuser fusing plate behind the animal's
- - - - - - - -/ head and outside of its view.

Blocking plates (not shown) were
routinely used to fix or restrict
animal's head movements. The

Carousel Filters radiance of the hemisphere was
Tube cPe 6.1 pW cmv sr"'. Assuming a

3 mm pupil during exposure, this
radiance wrresponds to an aver-
age retinal iUuminance of 2.25 log
td and an averageretinal irradiance
of O.2uWcm 2 over the entire
retina.

painted flat white, (radius, 0.5 meters). The location of the
animal's head was approximately at the center of the hemisphere. Th e
animal viewed the rear projected stimuli and background through a 5
em diameter tube protruding 6 cm into the hemisphere. Viewing of the
stimuli was binocular. The average of the measured luminance of the

hemisphere was +25 nits. Radiometrically, the average irrdiarce of
the hemisphere was approxmately 20 uW cm - over the entire retina
(assuming a 3 mm pupil). Retinal illu ina_ ce was 2.25 log td. The
radiance of the hemisphere was 6 uW cm- sr

Retinal spectral sensitivity measurements were made for ri low-
lpvel ERG criteria (0.9 uVrms ), by using a lock-in amplifi r
technique. Exposure to 514 nm was made in Ylaxwellian view for a

' '



vuu~ i an gle o f 1)', e~ e st s t imrulIi su b I tndI it1 ~ri -L.
retinal irrsdinn:e eQualed 1?., uW cm - '. Pata from this animal wor-

oompared with that obtainr.d from behavioral! !nimis so thY-t the

-xtent of scotopic intrusion on both of these functionajl eriteri>
'ould be assessed (Figure 6.

SChanges in lop relative sensitivity for two animals at a sing>,
monochromatic background ("520 m) are shown in Fip 2. Arrows on the

abscissa indicate exposure days. Each exposure was 2 h for a total

8 Pre
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Figure 2. Log relative sensitivity at 520nm as a function of consecutive days, including
exposure period and post-exposure period for two subjects. Each vertical arrow on the
abscissa represents a 2 h exposure session. Each animal received a total dose of 38 h. al-
though the density of exposure differed. Both animals showed earliest loss in sensitivity
for the highest acuity criterion. 1.85 min- '. In both cases, loss at high photopic acuity cri-
teria wa'. permanent, although more 'waxing and waning' are evident for our first animal (ta
than for the second (h). Both animals showed much less change in sensitivity for the coarsest
acuity criterion, 0.14 nin- ', than for any of the higher acuity criteria.

of 5 h given each animal. The exposure given to our first animal is

shown in Fig 2(a). ?ensitivity for four acuity criteria (1.PI, 1.42,
>0. , and 0.14 mn1- has been tracked for more than 2 1,'2 years.

Th first sign of change in this measurement became apparent after 10

h exposure at the I.R5 min- criterion, our finest gap size. By 1F h
total exposure, measurements at this criterion were no longer
obtainable with our apparptus. Measurements of the entire lark-

.adapted spectral sensitivity were also not obtoincb'o from this time

to about 7 months after exposure (Fig -).
Sensitivity ffr 520 nm at coarser but still photopic criterin

(1.42 and .OR mn- ) showed relqtively little change throuphour th

tot'B exposure period. Two weeks after the last oxrosurE, how-.'ir,
sensitivity at the 1.42 min -  criterion declined sharTly and was not

3
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Figure 3. Pre- and post-exposure dark-adapted spectral sensitivity functions at 1.85 miun-1
are shown for both animals. Post-expiSure spectral sensitivity functions for the first animal
(a) are shown at 3, 12, 13 and 14 months. Data obtained at 3 months post-exposure were
capable of being fitted with the short-wavelength photopigment nomogram. However, in
subsequent measurements the short-wavelength nomogram was replaced by the CIE sc( topic
function to better fit data in the short and intermediate spectral regions. After 14 months,
no measurements at this criterion were possible. (b) Measurements of spectral sen~itivity at
the 1-85 min acuity criterion obtained before, during, and after cessation of exposure for
the second animal. Sensitivity for this animal also declined after exposure ceased and
measurements were no longer possible after 8-9 months post-exposure.

obtainable for several weeks. Measurements made at the 0.98 min - I

acuity criterion were increased in frequency, and also reflected a
decline in sensitivity by al ost a log unit. Several weeks later,
sensitivity at the 1.42 mVn and the 1.85 min - 1 acuity criteria

returned.

Long-term measurements, continued for more than 2 112 years after
the last exposure, Ihave shown a gradual decline in sensi*tivity at
1.85 and 1.42 rmin - I acuity criteria. At present, measurements of
sensitivity at 920 nm for these acuity criteria are unobtainable.
Increased "Waxing and waning" are evident for the 0.918 min - 1

criterion. Much less change in sensitivity has occurred at our
coarsest acuity criterion (0.JA min - 1) over this same time period.

Our second animal received 22 h (Figure 2(b)) total exposure
over approximately the same time frame (40-45 days) in which our
first animal received its total cumulative exposure of 38 h. The
earliest changes in this animal occurred between 18 and 22 h total
exposure. A gradual decline in sensitivity was evident after 22 h
exposure for our highest acuity criterion. Ten more exposures
virtually eliminated our capacity to measure sensitivity at 520 nm
for the 1.85 and 1.42 rain - I criteria. Drop off in sensitivity was
much more rapid for this animal and showed much less evidence of

4~ A4



wrxing and wninpg" in sensitivity than our fz rst nlsal exhibitl
over a cormparable time frame. At the end of about OC( 3ays,
sensitivity at 1.Oh and 1.4? min -  was (eith}r ro'israbl, cr
bharly ,,o with our ippiri tus. "ons.- i vi'y -, a . 4 min , cur
coarsest criterion gap, remained fairl unchainged 'uring this tir,
although evidence of a slight increase in sensitivity is present.

n Figure =Ca), long-term post-exposure 1changes in spectra:

sensitivity for our finest oriterion, 1.P min , are shown for t}.r

we animals presented in Figure 2. For our first anim-l, spectral
sensitivity ,at this criterion was no longer measurabe after 10 i
total exposure (Figure 2(a) . Spectral sensitivity masurements were
not possible until approximately three months after exposure. A+
this time, it was possible to fit a long-wavelength cone nomogr-im and
a short-wavelength cone nomogram. The maximum loss in sensitivity

appeared in the intermediate spectral region. However, the fit in
the short end of the spectrum became increasingly more difficult to
make with continued measurement. At 12 months -fter exposure,
spectral sensitivity had decreased and shifted in peak wavelength so
that the Commission Internationale de lVEhlairage scotopic function
now made a more reasonable fit to the short-wavelength region. Long-
wavelength sensitivity decreased at this criterion, and measurement

of the entire spectral sensitivity curve was unobtainable '4-i

months ,fter exposure.

Fi ure (b) corresponds to the spectral sensitivity of our
sooonc Rnimal (Fig ?(b)), ilso measured for our finest acuity
cr: 'rion and tracked over a 9-month period. After 22 h tot-'
cxrosure, spectral sensitivity at this criterion dropped nearly twn
IoF- units across the spectrum and showed a slight peak shift in
maximal sensitivity toward the lonp r wavelengths. A+ this time,
this animni and received a total exposure of 22 1. over approximately
t same period of days that our first animal received its total ", h
exposure. Decline in sensitivity from three months to six months is
evident. At 9 months, measurements were no longer possible at this
acuity criterion.

Figre 4 shows changes in spectral sensitivity at the 1.42 and
(.2 min criteria for our first animal. recline in s.nsitivity "s
slower for these criteria than for the 1.8r min criterion.
Nevortheless, at 1.42 min 1 measurements were no longer possible 20
months after exposure, while? much reduce sensitivity was cb:anl
at 7,0 months after exposure for 0.09 min Furthermore, sensitivity
at both criteria underwent broadening in the long-w-velength spectral
region, and shifted in peak spectral sensitivity toward the long-

wav'elengths for measurements made more than a year -fter exposure.

At the coarsest acuity criterion employed (C.1 iin -  ,

sensitivity showed little dccline over 1q months after expo.--
S(Figure 5). Presently, loss in the short and intersediate spectrum



6 b ) A Pre

v Pre Post 1 month_ Post 3Pre 0h Post 6 months
0 Post months Post 12 months

- 0 Post .mnh4 8 months 4

2- 2

0 1-.2 min-' 0 0 98 min -'

400 500 600 700 400 500 600 700

> A Pre> v Pre z 6 (d - 0 Post 18 months
(c) a Post 15 months I U Post 2, months

0 v Post t0 months
- APost16 months 1

4 a Post 20 months 4

0 112 mn- 1  
0 0 98 min-'

400 500 600 700 400 5003 600 700
Wavelength (rm)

Figure 4. At 1.42 and 0-98 min-' spectral sensitivity declined more slowly than thit at

185min"1 ,as evidenced by these data from our first animal. At 142 min', spectral sensiti-

vity measurements were no longer possible 20 months post-exposure, while more gradual

decline in sensitivity was noted for the 0,98 min' acuity citerion. In both these citeria,

spectral sensitivity reduction is accompanied by an apparent broadening of the functions in

the long end of the spectrum.
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Figure 5. Spectral sensitivity at

0.14min
-  

for our first animal

showed relatively little decline in
sensitivity over an 18-24 month
post-exposure period. Some loss

in the short and intermediate
spectral region became evident
after 24 months post-exposure.
Also note that at the end of 30 h
total exposure, spectral sensitivity

at this criterion was increased by
about one log unit across the
spectrum. In our second animal,

measurements at this criterion
have so far been made over 12
months post-exposure with very
little loss in overall sensitivity,

and as yet no apparent shift in
peak wavelength.
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kas be comv ev ide-n* with lit tle change in the- I or.(-w,'vel e(ngth regi on.
A p.,%i in the long-wa velength region inay be It-ic-loping at this
criterion. Changes in spectral sensitivity at This 'Icuity criteri4on
for our second anima have been minima', anr similar to those
obtstined with our- initial subject. In both of these animals, as well

A ~as several others of similar age, baselint, mea -sureme-nts before
exposure) of spectral sensitivity made over Ito 2years showed
little chnne. Ch-nges that did occur were non specifC to aicuit y
c-riteria, and were never waivelength-specific in the mnrer we -naive
described .

n Figure ',i', me-asu remernts a- j rn t,.kc'% f e r 0 of
c-hromatic exposur- --r- comparedl with i.kcr~ tot!al
ex posure, andi baotK curvc!- are, norm.. w- '-rrrr sion
I nterna tionale do 'Fci ai rage- (CTF sco-, i r,. -" rnm. -h P
behavioralspct1 sensi 4i' tv m easurem, cf '-xposurr
~ni irtoecloser ag-ree-n!n wi th Thr- ('cr n r~onale de

2'-'ai'-ge(('7V> (0otop>r curve than. function
measured ait 10 'n. A silrcorresronr4onre ct -,rvpd for
measurements made, with FRCG criteriaql fo n
rhesus monkey are shown before and rifter as-ni_-. h o xposure.
Pcst-exposure spectral sensi tiv;,4y meapsurements Mcrnt1s late r
conform better than pre-exposure measure-me-nts, 'C rcM 4 4 o
:nternntinnale dFe I'Ecl44 raige '":F) soctor>' ir hn pos in
a3bsolute spectrail sensiti;vity for FRG criteria al r.lledthe
beaaivi oral d-ita. At 4() 11z, where most o.f 'he. neur-3l component wais
cone d om4iated, absolute, depression :n sensitivity of a t least ai log,
unit was obtained, while enhanced sensitivity wf- F clierved at lower
chopping frequencies where rods dominated the loc-k-n F?.G criteria.

C..: CrOmCt,C

2-*

&0., hvorl 4 ir Figure 6. A comparison of exposure effects

__________________________on behavioural and ERG spectval sensitivity.
I00 S00 60 0 In (a), behaviourally determined spectral

" 6 1lb)- sensitivity measured after 10 and 30h total
aPre exposure have been normalised to the CIE
*Post 2 months scotopic function at 520 nm. The 30h func-

* tion makes a better fit with' the scotopic
5 ** *function than the 10 I funct on. In (b). pre-

4 *and post-exposure ERG spectral sensitivity
* functions are compared iii a similar manner,

and also indicate that exposure produces
*better conformity with the scotopic

2 *function.

0 6F 0 700
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DISCUSSION

The data presented here indicate that low-level, prolonged,
repetitive viewing of visible laser light at 514 nm can substantially
depress photopic function, and that such effects have retinal origin
as evidenced by our ERG studies. Long-term follow-up measurements
indicate that such photopic depression is most severe for our highest
acuity criteria, which suggests that foveolar visual processes are
permanently altered, although the full effect may be delayed for many
months after the cessation of exposure. Similar observations at our
lower, but still photopic, acuity criteria indicate that the decline
in spectral sensitivity at these criteria is slower but still
progressive. Little change in sensitivity at our coarsest acuity
criterion was observed out to 18 months after exposure. At 24
months, the significant peak shift which had occurred is suggestive
of loss of photoreceptor function in the short and intermedate
spectral regions and may reflect changes in rod function and/or
changes in more peripheral central cone processes absorbing i.n these
wavelength regions. In other investigations, our studies (5)
indicate that spectral sensitivity for this acuity criterion can
involve both rod and cone function.

Further comparison of our two animals suggests a nossible
cumulative process. Our first animal received 38 h total exposure
over a 45-day period. Measurements of spectral sensitivity at 1.85-1
min were not possible up to 3 months after termination of exposure.
Our second animal received a total exposure of 22 h over
approximately the same period of days, and had a measurable but
altered spectral sensitivity at this criterion acuity. This effect
showed no recovery between the 22nd hour of exposure and the next
exposure session. In fact, a gradual decline in senritivity
occurred, which suggests the same process in this ani..ial was
initiated, but in milder form.

In Figure 7, we have compared the retinal irradiance levels used
in our experiments with those used by other investigators.

9
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Figure 7. The full line shows the calculated
permissible retinal irradiance for extended
source laser viewing, and relevant data front
other rhesus investigations where changes in
morphology and function were induced
from intermediate spectral exposure (514,

0 520nm). The level used by Harwerth and
Ham etol Sperling (1971) was about 1000 times

E 11975 higher than that used in our investigation
for filtered white light at a peak wavelength

-2 Lowwll- of 520 nm. Other investigatiois where laser
(1977) sources were used at 514 nm (single expo-

sure and morphological aiteria) are shown
S (Ham et al 1975, Lawwill et al 1977) in~~Harwerth and *_rSperling (1971) which morphological changes were obtained

Trtle E19 7 with at least 10 times above the calculated

T permissable retinal irradiance. The data of
oy 4 Rhesus ERG* Ham et at represent a threshold determina-

tion of the energy required to produce fun-
duscopic alteration. The retinal .rradlance of6 Lawwill et al represents a level tL at produced

Behavioural rhesus * morphological alteration throughout the
-2 0 2 various layers of the retina. Levels which

Log exposure duration (s) produced change in our ERG and behaviour-
al measurements are also desigsated. (Turtle
ERG refers to an irradiance level from
Zwick and Jenkins (1979) obtained at
620 nm.)

Because the exposure levels in our experiments are much lower

than those used by Harwerth and Sperling (2), and the spectral

sensitivity early as 18 h after exposure, it is quite possible that

our effects are unique to the characteristics of the laser source, as

well as to the peak wavelength of the stimulating source (2). The

coherency of a laser source produces a unique interference phenomenon

when interactive with a surface. Such speckle patterns may pose

unique stimulus characteristics to the retina and the visaal process

itself. Laser speckle is highly monochromatic, compressing light

quanta at 514 nm into a spectral bandwidth of less than 0.05 nm.

Spatial frequency measurements, made in our animpl's hemisphere, of

the laser speckle from the diffuse 514 nm source indicate the

presence of fine spatial frequencies that may be reproduced at the

retina (9). Although such spatial frequencies are rare, they can

occur with peak irradiances much greater than those given by our
average irradiance. Such small diffraction-limited spots from lasers
are capable of being imaged on the retina, as laser speckle does not

seem to be affected by the eye's optical apparatus (10). Unique

saturation of photoreceptors may result, therefore, from an array of

such stimuli moving over the entire retina. Tn our succeeding
experiments, we have demonstrated that greatly attenuating this

speckle pattern will significantly alter the obtained effects on
visual processes in turtles (8,11). Other studies (12-14) indicate

10



that cone photoreceptors are more susceptible to alteration than are

rods, which suggests, that the uniqueness of the laser source may be

related to characteristics of the cone photoreceptors that are not

possessed by rod photoreceptors.

Finally, the nature of the changes observed in these experiments

remains to be elucidated. Although we presently have no

morphological parallel to this study, the progressive decline in cone

spectral sensitivity would indicate long-term suppression of the

neural output of these receptors. Whether or not such effects are

permanent and indicative of an injury process may require

morphological correlation. Whether or not our effects are ultimately

recoverable with time or through alternative stimulation is also

unknown. It seems plausible to us at the present time to entertain

two hypotheses: first, that we are dealing with a progressive

central retinal injury process precipitated by prolonged laser light

exposure; or, secondly, that we are dealing with a long-term adaptive

process that has been evoked by a unique input to the visual system

and paradoxically could be protective in function.

Mim
'I'
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