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LONG-TERM AND PROGRESSIVE CHANGES IN RHESUS SPECTRAL SENSITIVITY AFTER
LOW-LEVEL COHERENT LIGHT (514 nm) EXPOSURE

Tn a previous investigation (1), 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 fourtr 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 uvnits.

Measurements of threshold intensity were made every 20 nn
through the visible spectrum in a quasi-random order. All
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measurements of background intensity were normalized for quantal flux
at 600 nm. Spectral sensitivity was measured for various Landolt ring
gap sizes from our largest or coarsest gfp at 0.14 min-', to our
smallest or finest at 1.85 min-' (1.8% min-' = 0.5 min of arc).

Behavioral data from two mature rhesus monkeys were owotalned.
Animals were emmetropic (no optical correction was requiregd).
Funduscopic examination of both eyes before and after exposure
revealed no evidence of light-induced funduscopic change. FEach
animal was chaired and enclosed in a standard primate chambder that
attenuated extraneous noise and light. A plexiglaess head restraint
1 inimized the ability of the animal to move his head during
experimental sessions. The beam from an argon lasser (Spectra Physics
Model No. 164) was reflected into the primate cubicle from behind tne
animal's head and was diffused by a small (% x 5 cm) ground glass
slide located outside the direct view of the animal (Fig 1). Forward
scatter from this diffuser almost uniformly irradiated a hemisphere

A loser b _ __
} rg?: Am ' %’ \ Figure 1. Schematic drawing of
! rhesus in experimental apparatus.

1

]

I; The beam from an Ar lasr (514

1 nm) was diffused at a small dif-

' fusing plate behind the animal’s
'-7’ head and outside of its view.
Blocking plates (not shown) were
routinely used to fix or restrict
animal's head movements. The
radiance of the hemisphere was
61 uyWem 251,  Assuming a
3 mm pupil during exposure, this
radiance corresponds to an aver-
age retinal illuminance of 2:25 log
td and an average retinal irradiance
of 0-2uWcem™? over the entire
retina.

Carousel Filters
Tub

painted flat white, (radius, 0.5 meters). 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
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. PRadiometrically, the averasge irrcdiance of
the hemisphere was approxmately 20 uW cm -~ over the entire retina
(assuming &8 3 mm pupil). Retinal illuginaqce was 2.25 log td. The
radiance of the hemisphere was 6 uW cm™“ sr” .

Retinal spectral sensitivity measurements were made for a low-
level FRG criteria (0.5 “Vrmq)' by using a lock-in ampiificr
technique. Exposure to 514 nm was made in Maxwelliarn view for a
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visudl angle of B9 degrees.  Test stinull subtended 4 deprees, T
retinal irradiance equaled 12.5 uW cm~“. Data from this anim=zl were
compared with that obtained from behavioral animsls so the! the

cxtent of scotopic intrusion on btoth of these functional criterin
could be assessed (Figure 6).

RERILTS ,
; Changes in log relative sensitivity for two animals at a singls
moncehromatic background (820 nm) are shown in Fig 2. Arrows on the
X abscissa indicate exposure days. FEach exposure was 2 h for 2 totsa:l :
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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 2h 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
b for the highest acuity criterion, 1-8$ min™'. In both cases, loss at high photopic acuity cti-
teria was permanent, although more ‘waxing and waning’ are evident for our first animal (a)
than for the second (b). Both animals showed much less change in sensitivity for the coarsest
acuity criterion, 0-14 min™', than for any of the higher acuity criteria. i

6f *% h given each animal. The exposure given to our first animal is
shown in Fig 2(a).  Sensitivity for four acuity criteria (1.8%, 1.4
_ 7,09, and 0.14 min~ ') has been tracked for more than 2 1/2 years.
;* The first sign of change in, this measurement became apparent after 10
h exposure st the 1.8% min~ criterion, our finest gap size. By 18 h
+otal exposure, measurements at this criterion were no longer
obtainable with our apparatus. Measurements of the entire liark-
adapted spectral sensitivity were also not obtainable from this time
to about % months after exposure (Fig 3).

Sensitivity ffr 520 nm a* coarser but still photopic criterin
{1.42 and 0.98 min~ ') showed relatively little change throughou® *he
tot1l exposure period. Two weeks after the last exposure, howover,
sensitivity at the 1.42 min~' criterion declined sharply and was not
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Figure 3. Pre- and post-exposure dark-adapted spectrai sensitivity functions at 1-85 min™’
are shown for both animals. Post-exposure 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. Howeves, in
subsequent measurements the short-wavelength nomogram was replaced by the CIE scc 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 sensitivity 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'1

acuity criterion were increased in frequency, and also reflacted a
decline in sensitivity by alﬂost a log unit. Several weeks later,
sensitivity at the 1.42 min~' and the 1.85 min~ acuity criteria
returned.

Long-term measurements, continued for more than 2 1/2 years after
the last exposure, have shown a gradual decline in sensitivity at
1.85 and 1.42 min~ ' acuity criteria. At present, measurements of
sensitivity at 520 nm for these acuity criteria are unobtainable.
Increased "waxing and waning” are evident for the 0.98 min~
criterion. Much less change in sensitivity has occurred at our
coarsest acuity criterion (0.14 min™') 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
carliest 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 1.8% and 1.42 min'1 criteria. Drop off in sensitivity was
much more rapid for this animal and showed much less evidence of




“waxing and waning” in scnsitivity *than our firs* = %1 exhibited
over a1 comparable time frame. At the end of atout 5OC daye,
sensitivity at 1.85 snd 1.47° min~ vas either not m&'a:‘.rxrzab";er, cr
barely so with our apparatus, Senuitivity #t o014 minT , our
coarsest criterion gop, remained fairly unchanged auring *hic +time,
I although evidence of a slight increase in sensitivity is present.
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Tn Figure *{a), long-term post-exposure changes in spectra’l
sensitivity for our finest criterion, 1.85 min~ , are shown for thr

4 . two animals presented in Figure 2. For our first animsl, spectral
3 sensitivity at this criterion was no longer measurable after 18 I
P total exposure (Figure 2(a)'. Spectral sensitivity measurements were
; not possible until approximately thrce months af*er exposure. At
X this time, it was possible to fit a long-wavelength cone nomogram and
3 a short-wavelength cone nomogram. The maximum loss in sensitivity
i appeared in the intermediate spectral region. HKHowever, the fit in

the short end of the spectrum became increasingly more difficult to

make with continued measurement. At 12 months 2f%ter exposure,

spectral sensitivity had decreased and shifted in peak wavelength so

1 that the Commission Internationale de 1'E~nlairage scotopiec function

now made a more reasonsble fit to the short-wavelength region. Long-

wavelength sensitivity decreased &t this criterion, and measurement
of the entire spectral sensitivity curve was unobtainable 14-1¢€
months after exposure.
Tigsure %(b) corresponds to the spectral sensitivity of cur
second =nimal (Fig 2(b)), =lso measured for our finest acuity
eritsrion and tracked over a 9-month period. After 22 h *to*al
exprosure, spectral sensitivity at this criterion dropped nearly two

: lofs units ascross the spec*trum and showed & slight pear shift in

_ maximal zensitivity toward the longer wavelengths, A* *his time,

s “his animal had received a to*al exposure of 22 L over approximately
the same period of days tha*t our first animal received its total *8 h
exposure. Decline in sensitivity frcem three months %o six montihs is
evident. At O months, measurements were no longer possible at this -
aculty criterion.

o
&
c

b Figure 4 shows changes in spectral sensitivity at *he 1.42 and
‘ 0.87 min~' criteria for our first animal. Tecline in s?nsitivity is
. slower for these criteria than for the 1.85 min criterion.
j Nevartheless, at 1.42 min~ neasurements weres no longer possible 70O
. | months after exposure, while much reduceq sensitivity was or+tninsble
; at *N morths after exposure for 0,98 min~ . Furthermore, sensitivity
‘} nt both criteria underwent broadening in the long-wavelength spectral
“ region, and shifted in peak spectral sensitivity toward the long-
wavelengths for measurements made more than a year :Tter exposure.
At *he coarsest acuity criterion enrloyed (C.1Amin'1\.
sensitivity showed little decline over 1% months ufter expusure
(Figure 5). Presently, loss in the short and intermedis‘e spectrun ]
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Figure 4. At 1:42 and 0-98 min™' spectral sensitivity declined more slowly than that at
5 1-85 min!, as evidenced by these data from our first animal. At 1:42min™*, 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 aiterion. In both these criteria,
spectral sensitivity reduction is accompanied by an apparent broadening of the functions in
the long end of the specttum.
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b Figure 5. Spectral sensitivity at
3 0-14 min™' for our first animal
b showed relatively little decline in
sensitivity over an 18-24 month
postexposure period. Some loss
20N in the short and intermediate
spectral region became evident
after 24 months post-exposure.
Also note that at the end of 30 h
3 total exposure, spectral sensitivity
[ at this criterion was increased by
X about one log unit across the
3 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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hias become evident with Iittle change in the long-woveliength region.
A peax in the long-wavelength region may be develnoping at this
criterion. Changes in spectral sensitivity a*®t +*his nculty criterion
for our second animal have been minimal, and similar %o those
obtained with our initial subject. In both of these animals, as well
as several others of similar age, baseline measurements (before
exposure) of spectral sensitivity made over ! to 2 years showed
little change. Changes that 4id occur were ron specific to acuity
criteria, and were never wavelength-specific in the manner we nave
described.

Tn Figure (1Y, measurenments at 1.47 rin” taken =fter 10 % of
chromatic exposure are compired with meneuremence cakern 4% 30 %L total
exposure, and both curves are normali7at with *he Tommigsion
Internationale de Y'FEelairuge (CTEY secotop. - ~arv. w¢ 520 rm,  The
behavioral spectral sensitivity measurements —oic - 77 n ¢f exposure
‘niicate ¢loser agreement with the Comm.osiorn rn*errnwtionale de
Y'Eerlairage VTR srotopi~ curve than i tersvicrel function
measured at 10 h. 4 similar corresypandence ¢ crrerved for

nmeasurements made with ERGC ~oriteria, (Fig &'b’'. Tu*a from one
rhesus monkey are shown before and after a sinsic 7 h exposure.

Pecst-exposure spectiral sensitivity mesasurements moic [ menths later
conform better than pre-exposure measurenents *~ *he “cmmisciorn
Internationale de 1'Relairage "7I1E) scotorie ourve. Thanges in
absoluts spectral sensitivity for ERG criteria alsc parslleled the
behinvioral data. At 40 Hz, where most of *he neural component was
core dominated, absolute depression in sensitivitv of =t least & log
unit was obtained, while enhanced sensitivity was otserved at lower
chopping frequencies where rods dominated the lock-in FRG criteria.
h la) . ® .n LS Cchromatic
& FPo3t Chromgt
o
1
21
L]
-
D= e ~ .
Z o4 senovioural 142 mn Figure 6. A xompan_son of exposure effects
_‘% . on behavioural and ERG specteal sensitivity.
& w0 500 600 700 In (@), behaviourally determined spectral
: 5 ( (bl sensitivity measured after 10 and 30h total
g . . Pre 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
§ function than the 10h functon. In (), pre-
4 and post-exposure ERG spectral sensitivity
functions are compared u: a similar manner,
and also indicate that exjosure produces
better conformity with the scotopic
2 function.
°l R 8
&30 500 630 700

Waovelength inm)
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DISCUSSION

The duta presented here indicate that low-level, prolonged,
repetitive viewing of visible laser light at 514 nm can substantially
depress photopic function, and that such eftects 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 bdbui 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 in 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
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 a2 measurable but
altered spectral sensitivity at this criterion acuity. This effect
showed no recovery between the 22nd hour of exposure and the nex+*
exposure session. In fact, a gradual decline in sensitivity
occurred, which suggests the same process in this ani.al 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,
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[ Figure 7. The full line shows the calculated

R . permissibie retinal irradiance for extended

source laser viewing, and relevant data frum

other rhesus investigations where changes in

morphology and function were induced

from intermediate spectral exposure (514,

520nm). The level used by Harwerth and

*Ham et al Sperling (1971) was about 1000 times

1975) higher than that used in our investigation

for filtered white light at a peak wavelength

Lawwill = of 520 nm. Other investigations where laser

(1977} sources were used at 514 nm (single expo-

sure and morphological aiteria) are shown

Horwerth and 3 (Hzfm et al 1975.. Lawwill et al 1977.) in

Sperling {1971) which morphological changes were obtained

-4 Turtle £rg o with at least 10 times above the calculated

permissable retinal irradiance. The data of

Rhesus ErG ¢ Ham er al represent a threshold determina-

tion of the energy required to produce fun-

-61 duscopic alteration. The retinal aradiance of

! Lawwill er al representsa level ti.at produced

| Behavioural rhesus s morphological alteration throughout the

2 0 2 L various layers of the retina. Levels which

Log exposure duration {s) produced change in our ERG and behaviour-

al measurements are also desigaated. (Turtle

; ERG refers to an irradiance level from

% Zwick and Jenkins (1979) obtained at
: 620 nm)

Log retinal irradiance {W cm™?)

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

3 coherency of a laser source produces a unique interference phenomenon

- when interactive with a surface. Such speckle patterns may pose

b unique stimulus characteristics to the retina and the visual process
: itself. Laser speckle is highly monochromatic, compressing light ,
P quanta at 514 nm into a spectral bandwidth of less than 0.05 nm. N
' Spatial frequency measurements, made in our animal'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
b such stimuli moving over the entire retina. In our succeeding
experiments, we have demonstrated that greatly attenuating this
! speckle pattern will significantly alter the obtained effects on
4 visual processes in turtles (8,11). Other studies (12-14) indicate

i 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.
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