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Purrose. RPE disruption with light exposures below or close to the American National
Standards Institute (ANSD) photochemical maximum permissible exposure (MPE) have
been observed, but these findings were limited to two wavelengths. We have extended
the measurements across the visible spectrum.

MerHops. Retinal imaging with fluorescence adaptive optics scanning light
ophthalmoscopy (FAOSLO) was used to provide an in vivo measure of RPE disruption
at a cellular level. The threshold retinal radiant exposures (RREs) for RPE disruption
(localized detectable change in the fluorescence image) were determined at 460, 476,
488, 530, 543, 561, 594, 632, and 671 nm (uniform 0.5° square exposure) using multiples
locations in 4 macaques.

Resurts. FAOSLO is sensitive in detecting RPE disruption. The visible light action
spectrum dependence for RPE disruption with continuous wave (CW) extended field
exposures was determined. It has a shallower slope than the current ANSI blue-light
hazard MPE. At all wavelengths beyond 530 nm, the disruption threshold is below the
ANSI blue-light hazard MPE. There is reciprocity of exposure irradiance and duration for
exposures at 460 and 594 nm.

Concrusions. We measured with FAOSLO the action spectrum dependence for
photochemical RPE disruption across the visible light spectrum. Using this in vivo
measure of phototoxicity provided by FAOSLO, we find that thresholds are lower than
previously measured. The wavelength dependence in our data is considerably shallower
than the spectral dependence of the traditional ANSI blue-light hazard, emphasizing the
need for more caution with increasing wavelength than expected.

Keywords: fluorescence adaptive optics scanning light ophthalmoscopy (FAOSLO), retinal
pigment epithelium (RPE) disruption

he absorption of light is a necessary first step to seeing,

but too much light can cause injury to the retina and the
underlying structures.!~> Light can result in damage through
various mechanisms, such as photothermal, photomechan-
ical, and photochemical effects. Photochemical injury is a
commonly observed mechanism for light induced retinal
damage, such as solar retinopathy, welder’s maculopathy,
operation microscope toxicity, and endoilluminator toxic-
ity.>® Photochemical damage occurs at ultraviolet and visi-
ble wavelengths and tends to appear with longer duration
exposures where it is not masked by other forms of damage,
such as thermal. Under relatively ambient conditions, photo-
chemical damage has a potential role in chronic retinal
damage throughout life and may be linked to retinal degen-
erative diseases, such as age-related macular degeneration
( AMD).lo,ll

Copyright 2024 The Authors
iovs.arvojournals.org | ISSN: 1552-5783

Retinal imaging with a fluorescence adaptive optics scan-
ning light ophthalmoscope (FAOSLO) provides an in vivo
cellular scale measure of light-induced changes. It can nonin-
vasively reveal cellular level changes in photoreceptor and
RPE layers. The unique autofluorescence (AF) property of
lipofuscin granules accumulated in the cytoplasm of RPE
cells makes imaging possible. The RPE mosaic appears as
a pattern of cells with dark centers likely including the cell
nuclei, and brighter fluorescent surrounds from the lipofus-
cin granules located in the cytoplasm of the cells.!? At light
levels that were previously thought to be safe, Morgan et al.
discovered using FAOSLO 2 changes in AF images of the RPE
following long duration uniform exposure to 568 nm light in
macaque.'>'* The first was an immediate reduction in lipo-
fuscin AF that recovers in several hours. This RPE AF reduc-
tion was observed with exposures two orders of magnitude
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below the maximum permissible exposure (MPE) for the
American National Standards Institute (ANSI) standard at
that time."> The other phenomenon was characterized by
a disruption in the appearance of the lipofuscin distribution
of the RPE mosaic. This RPE disruption is defined as any
detectable structural change from the pre-exposure condi-
tion of the cell mosaic in the exposed region relative to the
corresponding mosaic in the immediately surrounding area.
RPE disruption does not appear immediately following the
exposure. RPE disruption was observed at irradiances that
were approximately 3 times below the ANSI Z136.1-2007
standard. In addition, Hunter et al. observed RPE disruption
at 488 nm for light exposures below previously published
damage thresholds.'® The appearance of RPE disruption at
light levels that were previously thought to be safe raised
concerns that the ANSI Standard and other safety guide-
lines may provide insufficient protection for specific cases
of long duration intentional uniform exposures. In response,
the ANSI Z136.1-2014 standard applied highly restrictive
limits for intentional long-duration ophthalmic exposures as
a temporary interim solution.!” These observations under-
score the need to accurately measure the damage action
spectrum. To address these concerns, we determined the
threshold for photochemical RPE disruption in macaques
for 9 wavelengths across the visible spectrum from 460 nm
to 671 nm. We utilized the FAOSLO imaging of RPE AF to
determine the threshold for RPE disruption across the visible
spectrum.

METHODS
Animal Preparation

Thresholds for RPE disruption were determined using eight
eyes from four macaques. Table 1 provides information
about each monkey. Animals were handled in accordance
with a protocol approved by the University of Rochester’s
Committee for Animal Research and in adherence with the
ARVO Statement for the Use of Animals in Ophthalmic and
Vision Research.

During imaging and light exposure, macaques were
sedated using ketamine (10-20 mg/kg) and valium
(0.25 mL/kg). Pupils were dilated and cyclopleged with one
drop each of phenylephrine hydrochloride (2.5%) and tropi-
camide (1%). For FAOSLO imaging, macaques were then
intubated and maintained under anesthesia with isoflurane
(1.0-5.0%). To reduce involuntary eye-drifts, the paralytic
dose of vecuronium (20-50 pg/kg/hour), was administered
for a maximum period of 6 hours. Breathing was maintained
with a ventilator. During anesthesia, heart rate, O,, CO,,
blood pressure, and anal temperature were monitored at
15-minute intervals. The body temperature was maintained
between 36.7 and 39.4°C using a heating pad. A lid specu-
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lum held the eye open for imaging, and a rigid gas perme-
able contact lens coated with Genteal (Alcon, Fort Worth, TX,
USA) was used to correct for base refractive error and main-
tain corneal hydration for the duration of each experiment.
The pupil of the imaged eye was aligned with the imaging
system by a head post rotation mount and a three-axis trans-
lation stage, or a five-way motorized stereotaxic cart. Light
was directed to different retinal locations by adjusting the
angle of rotation of the animal’s head relative to the optical
system.

Fluorescence Adaptive Optics Scanning Light
Ophthalmoscope

A custom FAOSLO designed and built to achieve dual chan-
nel (reflectance and fluorescence) retinal imaging in the
living monkey eye has been described previously.!® An
843 nm laser diode (QFLD-850-75S; QPhotonics) provided
approximately 20 pW of light for measuring the eye’s
aberrations with a Shack-Hartmann wavefront sensor. A
deformable mirror (DM 97-15; ALPAO, France) was used
in closed loop to correct the aberrations and adjust the
retinal plane in focus.'®~?! Two 2° square field of view
images were captured simultaneously at a 26.5 Hz frame
rate. One was a reflectance image of the cone mosaic using
approximately 200 pW of 794 nm light from a superlumines-
cent diode (S-790-G-I-15 Broadlighter; Superlum, Ireland)
captured through a 1.8 Airy disk diameter pinhole onto a
PMT (H7422-50; Hamamatsu, Japan). The second was a fluo-
rescence image of the RPE mosaic using 20 to 40 pW from
a 561 nm laser diode (iChrome MLE-LFE; Toptica Photon-
ics, Germany) for excitation and emission collected in the
range of 624 £+ 20 nm (FF01-620/40-25; Semrock) through a
2 Airy disk diameter pinhole onto a PMT (H7422-40; Hama-
matsu, Japan). The gain of the fluorescence channel was set
to fully use the dynamic range of the system without saturat-
ing pixel intensity. By offsetting the vergence of the 561 nm
source to compensate for the longitudinal chromatic aberra-
tion in the eye, light reflected from photoreceptors and AF
from RPE cells were imaged simultaneously. Motion traces
from the high signal-to-noise (SNR) photoreceptor images
were used to register the low SNR fluorescence images.!?
Each RPE image is the average of 1300 individual fluores-
cence frames.

Uniform Light Exposure

Prescribed light exposures were delivered to the retina via
an additional Maxwellian view channel on the FAOSLO
that bypassed the scanning and adaptive optics. Nine wave-
lengths between 460 nm and 671 nm were tested: 460,
476, 488, 530, 543, 561, 594, 632, and 671 nm. An Ar/Kr
laser (643-AP-A01; Melles Griot, Rochester, NY, USA) was

Macaque # Species Age Sex Weight (kg) Axial Length (mm) Exposure Wavelengths Tested (nm)
1 Macaca fascicularis 7 M 7.9 OD 18.06 OS 18.34 460, 476, 488, 632, 671

2 Macaca mulatta 10 F 5.8 OD 19.96 OS 19.72 460, 476, 530, 561", 594, 671

3 Macaca fascicularis 6 M 4.3 OD 17.24 OS 17.09 488, 476, 530, 543, 594, 632, 671

4 Macaca fascicularis 15 M 10.4 OD 17.53 OS 17.33 488, 530, 543, 671

5% Macaca fascicularis 6 M 4.9 OD 17.55 OS 17.56 460, 594

6f Macaca fascicularis 4 F 3.0 OD 17.88 OS 17.87 460, 594

*This wavelength was only tested in one macaque because we have limited access to another 561 nm laser for FAOSLO imaging.
T Exposures in these macaques were not used for threshold determination but were only used for reciprocity testing.
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TasLe 2. For Each Wavelength, the Retinal Radiant Exposures are Determined From the Exposure Power and Duration for an Assumed

Macaque Eye With a Focal Length of 15 mm

Radiant Radiant Radiant
Exposure Power Exposure Power Exposure Power
A(@m) (J/ cm?) (umW) Duration (s) A (nm) (J/ cm?) (umW) Duration (s) A (nm) (J/ cm?) (umW) Duration (s)
460 17 83 35 488 17 21 138 594 246 59 709
24 12 329 12 236 136 300
29 141 24 14 288 257" 500 88
29 10 497 40 100 1010 44
20 249 48 14 587 2040 22
50 99 42 196 267" 46 1000
114 43 530 49 20 420 92 500
227 22 70 30 399 114 400
451 11 65 184 490 94
563 9 80 150 1000 46
33" 548 10 99 65 260 2000 23
227 25 80 212 2280 20
451 12 100 169 310 500 106
550 10 543 49 43 196 1000 53
34 29 200 69 50 235 1450 37
140 42 156 76 1660 32
36" 10 624 98 60 280 348 98 608
20 312 88 191 136 438
50 125 138 77 307 491 70 1202
48 15 563 561 152 48 543 136 618
476 25 4 1127 215 48 768 671 3394 257 2262
11 384 303 48 1082 282 2100
36 4 1418 632 903 235 658 290 2005
32 191 1275 228 958 4794 274 2998
33 187 283 772 347 2367
51 11 794 1801 200 1542 6772 286 4057
32 271 283 1090 405 2822
9565 274 5982
310 5287

" Data were not used to determine thresholds but were included in reciprocity assessments.

For the purposes of this table, values are rounded to the nearest integer. However, delivered retinal radiant exposures were accurate to
within +5%. Variations in exposure power were occasionally the consequence of reduced system input for a given imaging occasion. A larger
number of exposure power and duration combinations were used to confirm reciprocity specifically using 460 nm and 594 nm exposures.

used for the 476 and 530 nm exposures. Six stand-alone
fiber-coupled solid-state lasers (MDL-E-460, MGL-III-543,
MGL-III-594, MRL-FN-671, CNIlaser, China; iChrome MLE-
LFE, Toptica Photonics, Germany; iFLEX-Mustang, Qioptiq,
Germany) were used for 460, 488, 543, 561, 594, and 671 nm
exposures. A Helium Neon laser was used for the 632 nm
exposures. All lasers were fiber coupled into the uniform
exposure channel. A computer-controlled motorized shut-
ter aligned with the exposure beam allowed precise control
of the exposure duration. The optical elements in this expo-
sure channel were in a 4f configuration (input at the primary
focal point of the first optical element is a finite conjugate
to the output at the secondary focal point of the second
optical element) as described previously.' Light was colli-
mated with a 100 mm focal length lens. Assuming a Gaussian
beam profile, only the central part of the beam with intensity
greater than 96% of the peak was permitted through a mask
3.5 mm square. A 400 mm focal length lens was used to
focus the light into the pupil of the eye. The exposure beam
was combined with the FAOSLO system just prior to the final
fold mirror using a 92/8 pellicle beamsplitter (BP208; Thor-
labs, USA). The uniform exposure illuminated a 0.5° square
field of view within the 2° FAOSLO imaging area on the
retina. To ensure that there were not substantial temperature

Downloaded from intl.iovs.org on 05/06/2024

increases and to prevent thermal damage within the expo-
sure areas, we used laser powers for all wavelengths well
below ANSI thermal limits at the cornea.l” Laser power at
the cornea and the exposure duration together were used to
define the retinal radiant exposure (RRE) of the 0.5° square
exposure area to within +5%. During each uniform expo-
sure, simultaneous 2° field of view reflectance imaging and
wavefront sensing were carried out to facilitate monitoring
and compensation of any eye drift by manually adjusting
the macaque’s head position to cancel any eye movements
except the pulsing from the heartbeat and respiration, which
was less than approximately 0.1° in any direction. The imag-
ing and exposure locations are typically 8° to 20° eccentric to
the fovea. Exposure location was chosen to avoid any over-
lapping with blood vessels for better RPE disruption charac-
terization. Table 2 summarized the parameters for exposure
delivery.

Exposure Delivery and Assessment

The same experimental protocol was followed for each indi-
vidual exposure. Using the FAOSLO, pre-exposure images
of the RPE cells and cone photoreceptors were acquired.
The retina was then exposed to a prescribed RRE. If the
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eye motion could not be stabilized because of large drifts,
the exposure location was abandoned and a new expo-
sure location was found. Immediately after each exposure,
cone reflectance and RPE fluorescence images of the same
area were captured. The image acquisition software auto-
matically recorded the pre- and immediately post-images
as well as reflectance recording throughout the exposure.
Infrared reflectance imaging during the exposure allowed
precise monitoring of the exposure location for stabiliza-
tion. A simultaneously recorded fluorescence video identi-
fied the location of the exposure region within the imag-
ing field and identified when a system controlled shutter
automatically opened and closed to provide precise control
of the exposure duration. Follow-up photoreceptor and
RPE images were acquired 2 and 4 weeks following expo-
sure. Some exposures were imaged at longer follow-ups to
10 months. In addition to FAOSLO, fundus photography,
confocal scanning laser ophthalmoscopy (cSLO) and optical
coherence tomography (OCT; Spectralis HRA+OCT; Heidel-
berg Engineering, Heidelberg, Germany) were performed
on each animal prior to delivery of any intentional
light exposures and at various time points following
exposure. For cSLO, this instrument has four imaging
modalities: infrared (IR) reflectance, blue-light reflectance,
blue-light autofluorescence, and infrared autofluorescence
(IRAP).

Threshold Determination

The initial RRE tested for each wavelength (1) was based
on a logarithmic fit to the midpoints between RREs show-
ing no retinal changes and those demonstrating RPE disrup-
tion from previously published 488 nm'® and 568 nm'* data
(Supplementary Fig. S1).

log (RRE [J/cm®]) = 0.0109A [nm] — 3.7832 (€))

A focal length of 15 mm was assumed for all calcula-
tions of the RRE.'* Each starting RRE at a specific wavelength
was repeated at four different retinal locations which were
randomized in retinal eccentricity in a single animal. The
time of day within the 6-hour imaging session for each wave-
length and eccentricity were also randomized. Visual inspec-
tion of the RPE and photoreceptor images at 2 and 4 weeks
post-exposure determined the next RRE tested. If no RPE
disruption was detected, then the RRE was increased by 0.3
log units. If RPE disruption or photoreceptor changes were
visible, then the RRE was decreased by 0.3 log units. For each
wavelength, the same monkey was used to test the second
RRE in four new locations at random retinal eccentricities.
Again, based on qualitative evaluation, the subsequent RRE
was either increased (no RPE disruption at previous step)
or decreased (RPE disruption at previous step) by a step of
0.15 log units. This was repeated until bounding RREs with
and without RPE disruption or photoreceptor changes were
observed. Figure 1 depicts a typical decision diagram for
594 nm light exposure. An additional one to two monkeys
were exposed to these bounding RREs to confirm the
findings.

Evaluation of RPE Disruption

Cellular level microscopic structural changes visible with the
FAOSLO were used to define the presence or absence of
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RPE disruption? Yes aca L

2
246 Jlcm? disruption? No ? 980 J/cm
[- [-=""- |
o
174 Jlcm? 348 J/cm? 694 J/icm? 1385 J/cm?
Ficure 1. Staircase diagram for RRE threshold determination with

594 nm exposure. Actual testing RREs are highlighted with solid
lines and other potential testing RREs were also shown.

light-induced retinal changes in an in vivo monkey model.
The RPE disruption threshold was determined by compar-
ing the 4 weeks follow-up RPE images with the pre-exposure
images. For each retinal location, the 4 weeks post-exposure
RPE image was aligned with respect to the pre-exposure
image and the area of the exposure marked using 4 dots
at the corners. We had people who were masked to wave-
length, monkey, and RRE identify RPE disruption using two
different methods. First, 10 people evaluated the images
using a 2-alternative forced choice (2AFC) task. Second, 4
out of the above 10 graders evaluated the same set of images
using a yes/no task.

2AFC Task. In the 2AFC test, the graders were simul-
taneously presented with the RPE images from a single
location in the retina. The left/right positions of the pre-
and post-exposure images were randomized. The grader
was asked to indicate which image was the post-exposure
image. To help maintain attention, audio feedback was
provided. The dataset, consisting of all the RPE image pairs
of specific exposure wavelength and RRE, was displayed
in a random order. Each grader repeated the analy-
sis on the complete dataset eight times. Chance perfor-
mance on this task corresponds to 50% correct, indicat-
ing that the graders could not identify which image was
the post-exposure image. We defined the threshold for
detection of RPE disruption as 75% correct performance
based on the cumulative responses of all trials in all
graders.

Yes/No Task. In some circumstances, perceptible
differences existed between the two images, such as sharp-
ness or noise, which allowed them to be distinguished even
if the grader could not observe RPE disruption. This poses a
problem for the 2AFC approach, because a grader’s selection
of which image is the post-exposure image can be influ-
enced by extraneous factors unrelated to a retinal change
produced by the light exposure. To check that this was
not corrupting the measured thresholds, we also performed
a yes/no task, which explicitly asks the grader whether
RPE disruption is visible in the image. The graders were
repeatedly (2 Hz refresh rate) presented with the pre- and
post-exposure RPE images from a single location in the
retina until a decision was made. Using a handheld game
controller, the grader was asked to identify if there was RPE
disruption in the post-exposure RPE images. The dataset,
consisting of all the RPE image pairs of specific exposure
wavelength and RRE, was displayed in a random order. Each
grader repeated the analysis on the dataset eight times. In
the yes/no task, we obtained the percentage of responses
with RPE disruption. The threshold is defined as 50%, which
means any location with >50% threshold based on the
cumulative responses of all trials in all graders had RPE
disruption.
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After the evaluation, whether 2AFC or yes/no, each individ-
ual location was labeled as with or without RPE disruption
(as described above). For a given exposure wavelength and
RRE, the fraction of exposure locations determined to show
RPE disruption was calculated. This is then plotted and the
data fit with a probit curve for threshold determination. For
all 9 wavelengths, from the plot of percentage of cases show-
ing photochemical RPE disruption versus RREs, the thresh-
old disruption level was determined as the 50% threshold
using a probit regression of the dose-response curve. The
dose-response function is:

g A2-d1 ,
Y=t T omr @

where, A1 is the bottom asymptote, A2 is the top asymptote,
X is 50% threshold, and p is the Hill slope.

Reciprocity

Reciprocity was assessed by varying the power at the cornea
and the exposure duration while total RREs remain constant.
At 460 and 594 nm, constant RREs with different pairs of
duration and irradiance were tested (see Table 2). Thresh-
old determination of RRE for RPE disruption was based on
the assumption of a 15 mm focal length emmetropic eye.
To determine irradiance, we divided the input power by
the exposed retinal area of the eye with an assumed focal
length of 15 mm. Considering that axial length variation will
affect actual exposure level and reciprocity, the true expo-
sure areas were also used to calculate irradiance. The actual
exposed areas were calculated by:

Exposure Area (cmz)
I 2
= 0.5 deg x 291.2 um/deg x —— 3
24.2 mm

where L is the measured axial length of tested macaques,
291.2 ym/deg is based on the Le Grand human model eye
with axial length of 24.2 mm. At least 5 graders determined
whether there was RPE disruption as assessed by 2AFC
(described above).

REsuLTS
Action Spectrum for RPE Disruption

Visible RPE disruption was observed for some exposures
at every wavelength across the visible spectrum between
460 nm and 671 nm, as shown in Figure 2. RPE cell
mosaic remained unchanged in the surrounding area. We
observed RPE disruption at the site of exposure starting
at the first follow-up taken 2 weeks post-exposure. The
area of RPE disruption is smoother-edged than the square
exposure, no doubt partially due to eye movements during
exposure.

For each wavelength, the probit curve was used to deter-
mine the 50% threshold based on the 2AFC and yes/no grad-
ing. Both grading methods showed a similar trend, except
that the yes/no tests had a slightly higher (around 15%)
threshold compared with the 2AFC method. A comparison
of thresholds obtained using 2AFC and yes/no test is shown
in Figure 3. If the retinal radiant exposures were adjusted
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based on the axial length of the individual primates rather
than an assumption of a 15 mm focal length eye, the 2AFC
thresholds were also higher (around 20% to 40%). For the
remaining threshold analysis, we adopted the more conser-
vative 2AFC results with an assumption of a 15 mm focal
length as the threshold to best protect the retina from photo-
chemical RPE disruption due to light exposure. We summa-
rize the 50% RPE disruption thresholds for wavelengths
tested in Table 3.

Photochemical RPE Disruption After 671 nm
Continuous Wave Laser Exposure

Photochemical retinal damage was thought to occur only
with A < 600 nm.?* Figure 4 shows the mosaic of the RPE
cells before exposure, 2 and 4 weeks following the expo-
sure from monkey #2, obtained in vivo using the FAOSLO.
At 6772 J/cm? (see Fig. 4¢), long term imaging showed RPE
disruption by visual inspection. Therefore, we tested the
RRE 0.3 log unit less (3394 J/cm?) and observed no long-
term RPE disruption (see Fig. 4a). Increasing the RRE by
0.15 log units to 4794 J/cm? resulted in subtle RPE disrup-
tion at the exposure site (see Fig. 4b). These results were
confirmed in a different monkey eye. Based on the 2AFC
results, the threshold for RPE disruption from 671 nm expo-
sure was 4691.5 J/cm?. With RREs above threshold, the
extent of RPE disruption increased with increasing exposure
level.

Long-Term Photoreceptor Loss and RPE
Disruption at 460 nm

Although we observed RPE disruption at the higher RREs
for all 9 wavelengths tested, the photoreceptors remained
unchanged, except for the 460 nm exposures. Figure 5
shows the RPE images and the corresponding photorecep-
tor mosaic before exposure, 2 weeks, 8 weeks, and 18 weeks
after the exposure. At 2 weeks, dark cones were observed
at the site of exposure. Cone loss was then observed start-
ing at 8 weeks and was further confirmed at 18 weeks
follow-up. Enlarged rod photoreceptors with diameters 3 +
0.4 pm took over the positions of disrupted cones. Further
investigation of the structural change at 10 months follow-
ing the exposure by confocal, offset pinhole, and fluores-
cent imaging shows long-term disruption of the RPE layer
and cone outer and inner segments disruption, as shown in
Figure 6.

FAOSLO is Sensitive in Detecting RPE Disruption

We used a custom in vivo FAOSLO that allows us to accu-
rately determine the threshold for RPE disruption. In addi-
tion to FAOSLO, cSLO and OCT images of the retina were
obtained on each animal prior to delivery of any intentional
light exposures and at various time points following expo-
sure.?24

The OCT data collected at the 0.5° exposure location
can be used to test whether the exposure had an effect
on photoreceptors or RPE. The approach was described
in detail by Masella et al.*> We compared the OCT data
before and after 594 nm exposure, and no measurable
changes were detected at testing RREs (maximum RRE
tested was typically within 2-fold of the disruption thresh-
old). Therefore, the OCT approach could not provide
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FiGure 2. Pre-, 14, and 28 days post-exposure images of the RPE cells in locations exposed above threshold for uniform light exposure field
at 460, 4706, 488, 530, 543, 561, 594, and 632 nm. The squares in the first column depict the exposure locations inside the 2° imaging area.
In the last column, corresponding probit curves were shown for each wavelength, indicating the 50% threshold. For all the RRE at these
wavelengths, RPE disruption was observed starting at 2 weeks post-exposure. Scale bar = 100 pm. The 671 nm data were shown in Figure
4 separately.
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a sensitive enough measure of the photochemical RPE
disruption.

Blue-light AF can be used for RPE disruption evaluation
due to the unique fluorescent property of the RPE lipo-
fuscin. Typically, visible changes caused by RPE disruption
would result in AF signal loss which is usually more than
15% decrease of the mean pixel value within the exposure
region.'* We tested the AF reduction based on blue light AF
images of all the tested eyes. With RREs above but within
0.15 log unit of the threshold, 35% of the locations have >
15% mean pixel value drop. With RREs 0.15 log unit higher
than the threshold, 67% of the locations show mean pixel
value drop in the blue light AF images. Figure 7 gives a
typical example of the intensity drop in blue-light AF image
from monkey #2 OS after the 594 nm exposure with test-
ing RREs of 491 J/cm? (location 1-4), 980 J/cm? (location
5), 348 J/cm? (location 10-13), and 246 J/cm? (location 6-9).
We observed blue-light AF decrease within the 2° imaging
field, at the sites of exposure to 491 J/cm? and 980 J/cm?.
The mean pixel value of the exposure area dropped more
than 15% for all 5 locations. However, the mean pixel value
remained unchanged and no visible changes were observed
at the other 8 locations with RRE level below 348 J/cm?.
We note that long-term RPE disruption was observed at the
site of 348 J/cm? by FAOSLO, which has a more sensitive
measure than cSLO and OCT.
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Reciprocity
O 2AFC
100 | 0 . . . .
o vesko To test for reciprocity of laser power and duration, addi-

tional exposures were tested in monkeys #5 and #6 after
the thresholds were established. Plots of irradiance versus
exposure duration were generated for both a standard model
eye (Figs. 8a, 8b) and accounting for specific axial lengths
(Figs. 8¢, 8d). The 50% threshold is that provided in Table 3
assuming a 15 mm focal length emmetropic eye.

As shown in Figure 8, the data points representing 0%
to 30% occurrence of RPE disruption are distributed near
or below the 50% threshold line; the data points indicat-
ing 50% RPE disruption are on or near the line; those
with > 75% RPE disruption are at or above the threshold
line. These relationships are most evident when the actual
exposed retinal area is considered. These data suggest that
there is reciprocity of exposure time and power for these
wavelengths.

DiscusSION
Threshold Determination

To establish the threshold for RPE disruption at each wave-
length, we implemented 2 different psychophysical proce-
dures, a yes/no task and a 2AFC task. The 2AFC procedure
has the advantage that it forces the grader to guess which
image is the post-exposure image, which tends to protect
the thresholds from criterion shifts that can influence yes/no
task outcomes. Not surprisingly, 2AFC generates the same
shape function but with slightly lower thresholds indepen-
dent of the wavelength under test.

Minimum Visible Lesion Assessment

We acknowledge that there is no guarantee that RPE disrup-
tion corresponds to a complete loss of RPE cell integrity.
According to the ANSI Z136.1-2022 light safety standard “the
primary metric upon which the MPEs are based continues to
be the presence of a minimum visible lesion (MVL) detected
via ophthalmic examination after exposure” (ANSI Z136.1-
2022 Appendix E1.3).2° Much of the data for threshold deter-
mination included in safety standards do not incorporate
histological analysis. Therefore, our data are consistent as
a measurable change in the retina for light safety threshold.
In fact, we consider that the use of cellular-scale retinal imag-
ing in stabilized monkey eyes is a more sensitive, accurate,
and precise measure of photochemical damage thresholds
than clinical ophthalmoscopy.

Histological confirmation of these findings in the
macaques used in this study is not possible. Nonetheless,
our earlier publications?**> showed evidence of histologi-
cal findings in macaques with RPE disruption. In whole-
mounted and 6 pm paraffin sectioned macaque retina, expo-
sure to 568 nm light with retinal radiant exposures of
788 J/cm? (approximately 4 times above the threshold for
RPE disruption) showed visible disruption of the RPE layer

TaBLE 3. Photochemical RPE Disruption Threshold and the Hill Slope (Steepness or Slope Factor) at the Testing Wavelengths

Investigative Ophthalmology & Visual Science

Wavelength (nm) 460 476 488 530 543 561 594 632 671
RPE disruption threshold (J/sz) 32.75 34.17 38.81 82.42 89.3 207.4 291.3 1120 4691.5
Hill slope p 0.161 0.192 0.156 0.10 0.031 0.033 0.021 0.0056 0.0007
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28 days after

o

FIGURE 4. Pre-, 14, and 28 days post-exposure images of the RPE cells in locations exposed by uniform light exposure field at 671 nm with
four RREs. (a) The 3394 J/cm? (290 uW for 2005 seconds), (b) 4794 J/cm? (277 uW for 2965 seconds), (¢) 6772 J/cm? (286 uW for 4057
seconds), and (d) 9565 J/cm? (274 uW for 5982 seconds). The red square depicts the exposure locations. No visible change was detected at
the site of 3394 J/cm? exposure. RPE disruption was observed starting at 2 weeks post-exposure for > 4794 J/cm?. Scale bar = 100 pm.

and cone outer segments. The near threshold exposure to
247 J/cm? (compared to the ED50 threshold of 207.4 J/cm?
for 561 nm exposures reported here) was clearly visible in
the wholemount but there were no obvious changes in the
6 um section of retina.

We have also previously assessed the relationship
between RPE disruption from 568 nm exposures and find-

Downloaded from intl.iovs.org on 05/06/2024

ings with clinical OCT and rhodopsin densitometry.? In clin-
ical OCT (Heidelberg Spectralis HRA+OCT), a 0.5° lesion
within a 16° B scan would impact only 19 A scans across
the exposure region. Nonetheless, in regions of RPE disrup-
tion resulting from an RRE of 800 J/cm?, there was a signifi-
cant reduction in the separation of the inner/outer segment
junction (or the ellipsoid zone) and the insertion of the
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8 weeks 18 weeks

FiGure 5. Pre-, 2, 8, and 18 weeks post-exposure images of both the RPE cells and photoreceptor mosaics in locations exposed by uniform
light exposure field at 460 nm, with 34 J/cm? (140 pW for 42 seconds). The blue square indicates the exposure location. Both RPE and
photoreceptor disruption was observed starting at 2 weeks post-exposure. Long-term cone photoreceptor outer segment loss was observed

starting at 8 weeks and further confirmed at 18 weeks follow-up. Scale bar = 100 um.

FiGure 6. Structural imaging at 10 months follow-up after 460 nm exposure by (a) confocal, (b) offset aperture, (c¢) fluorescence AOSLO
suggests long term cone loss and RPE disruption after a 460 nm exposure.

photoreceptors into the RPE (or the outer segment tips).
However, there were no significant changes in the mean
apparent density of photopigment or the initial rate of
photopigment recovery from photobleaching (considered
to be a correlate to retinal function). Higher light expo-
sures displayed a significant reduction in mean apparent
density of photopigment. At lower light levels (400 J/cm?),
approximately two times the threshold for RPE disruption,
there were no notable differences measured with OCT or
photopigment densitometry (although there was an unex-
plained, minimally significant, increase in mean apparent
density of photopigment).
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Based on these previously published results,?*?> near

threshold exposures for RPE disruption exhibit less disor-
ganization of the photoreceptor outer segments and, in
turn, less accumulation of cellular debris than more severe
cases of RPE disruption. This may indicate that RPE func-
tion is not impacted by RPE disruption. Alternatively, it
may be indicative of photoreceptors overlaying minimal
visible lesions being serviced by healthy RPE cells in
close proximity and surrounding the affected RPE cells.
It is also possible that the sensitivity of the OCT and
densitometry measurements were not sufficient to measure
subtle changes in photoreceptor size and function. Although
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Figure 7. Blue-light autofluorescence of the M#2 retina at least 2
weeks (variable for each location) following 594 nm exposure. AF
decrease (appeared as dark dots indicated by the black arrows) were
observed at the site of exposure on or above 491 J/sz. No visible
signal change was detected at the site of 348 J/cm? (location = 10-
13) and 246 J/cm? (location = 6-9) exposure, as indicated by the

white arrows.

a 10
o~
N
1S
(&)
=
= 1
@
Q
c
= o
® > 25%
= < 50%
. " 75%
0.1 ¢ 100%
=—50% threshold
10 100 1000
Duration(s)
c 10
0%
> 25%
< 50%
= 75%
&0 ¢ 100%
E =—50% threshold
o
b
2 1
@
[&]
(=
S
©
@©
E
0.1

10 100
Duration(s)

1000

IOVS | February 2024 | Vol. 65 | No.2 | Article43 | 10

unlikely, we cannot completely rule out that RPE disruption
stems from local changes in the environment impacting the
autofluorescence signal from the underlying RPE. These are
potentially interesting questions that may be answered with
recent advances in adaptive optics (AO)-OCT techniques
but are outside the scope of this project. Nonetheless,
the presence of RPE disruption meets the criteria for
ophthalmoscopically minimal visible lesions for light safety
considerations.

A Photochemical Damage Mechanism

Based on the exposure conditions, the retinal damage in this
study would be from either photochemical or photother-
mal effects. Photothermal damage occurs immediately in
response to a > 10°C increase in temperature. Such ther-
mal effects did not occur with the exposures in this study.
The temperature rise during exposure was calculated using
a thermal model to be less than 1 K at all tested wave-
lengths.?’ In addition, photothermal damage appears right
after the exposure, however, we did not observe any changes
in the immediate post-exposure images beyond the expected
AF reduction.”® Photochemical damage is expected to be
confined to the illumination field. However, regions of RPE
disruption are often not the square shape of the illumina-
tion field and are occasionally larger. This is a consequence
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Ficure 8. Reciprocity plots of irradiance versus exposure duration for (a) 460 nm and (b) 594 nm input light assuming an emmetropic
monkey eye with a focal length of 15 mm. Reciprocity plots for irradiance calculated using the actual axial length of individual monkey
eyes are also shown for (¢) 460 nm and (d) 594 nm input light. In all plots, the solid line represents the established disruption threshold
(Table 3). Data point color and shape indicate the percentage of locations showing RPE disruption.
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Ficure 9. Comparison of the action spectrum for photochemi-
cal RPE disruption with previous data for minimum visible lesion
threshold and the ANSI blue light hazard.'”-?® Exposure threshold
levels are adjusted for direct comparison at the cornea.

of the natural ocular motion from heart rate and breath-
ing during exposure leading to a less sharp border between
exposed and unexposed RPE cells. Photochemical damage
can occur when the rate of energy deposition related to the
wavelength and exposure duration is too low to give rise
to an appreciable temperature increase in the retina. The
principle of reciprocity between the radiant flux (exposure
power) and exposure duration is a hallmark of a photochem-
ical damage mechanism. This reciprocity was observed for
two of the tested wavelengths representing opposite ends
of the visible spectrum. Therefore, we conclude that the
damage observed under the conditions of our experiments
was via a photochemical damage mechanism.

Light Safety

Cellular level imaging with FAOSLO and the stabilized
exposure during imaging under anesthesia, as well as the
2AFC method for threshold determination, provided the
most sensitive measure of the disruption threshold to date.
We plotted the action spectrum as well as the previously
published data for photochemical damage thresholds for
minimal visible lesions reproduced from van Norren and
Gorgels’ compilation of data in Figure 9.%® All the minimum
visible lesion thresholds shown here were converted to the
exposure irradiance level at the cornea, removing the ocular
transmission function, if necessary. At the shortest wave-
length tested, the threshold for RPE disruption is 32.75 J/cm?
at 460 nm, which agreed well with Dawson’s 28.57 J/cm?
threshold at 458 nm. Previously in our laboratory, Morgan
et al. observed permanent retinal RPE disruption at 568 nm
using FAOSLO,'* but we obtained the threshold for 561 nm
RPE disruption at a slightly lower light exposure level in this
study by testing RREs with smaller intervals and the applica-
tion of 2AFC evaluation method. The measured photochemi-
cal RPE disruption threshold has a slope similar to the previ-
ous threshold data, but the measured thresholds are much
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below the thresholds established previously by Lawwill et
al.,? Ham et al..’° and Lund et al.?? in their earlier work. In
this study, we measured the action spectrum for RPE disrup-
tion and observed only RPE disruption except for with the
460 nm exposures. This also indicated that action spectra
for RPE disruption and photoreceptor damage are differ-
ent. Apparently, the thresholds for photoreceptor damage
are larger beyond 476 nm, which means that the slope of
the action spectrum for photoreceptor damage should be
steeper.

The ANSI blue light hazard!” is also plotted in Figure 9
for direct comparison. We observed RPE photochemical
disruption at 671 nm, extending the photochemical action
spectrum close to the near infra-red (NIR) range. Our
measured RPE disruption threshold is lower than the previ-
ous published result using traditional fundus imaging or
histology. Compared with ANSI Z136.1-2014 section 8.3.2,'7
the RPE disruption threshold we obtained is only 3 times
above the ANSI blue light hazard at 488 nm. This indi-
cates that in the blue region of the spectrum, the ANSI
standard is safe, but does not provide the order of magni-
tude of protection often assumed to be incorporated into
the standard. At 594 nm, the measured threshold is 5
times smaller than the 2014 ANSI blue light hazard.'” The
measured photochemical RPE disruption threshold has a
much shallower slope than the ANSI blue light hazard
MPE and the 2 curves cross at approximately 530 nm,
which indicates that the blue light hazard provides insuf-
ficient protection for laser and other light sources, espe-
cially at longer wavelengths and needs to be modified for
better ocular protection from laser exposure. We recom-
mend a new ocular MPE for the blue light hazard in the
regime of 450 to 700 nm with a maximum retinal radi-
ant exposure of 2.7 x 100012¢-50 j/cm?2 This has been
incorporated into the recently published ANSI Z136.1-2022
standard.?® Overall, our study provides updated photo-
chemical thresholds for visible light safety especially in
ophthalmic settings, such as endoilluminator, operating
microscope, fundus imaging, and visible-light OCT or AF
imaging.

CONCLUSIONS

We delivered exposures with different RREs at nine wave-
lengths across the visible spectrum into four living monkeys’
retinas to measure the action spectrum for photochemi-
cal RPE disruption threshold. By using an FAOSLO, pre-
exposure, immediately, 2 and 4 weeks post-exposure RPE
images were captured, aligned, and characterized to analyze
the exposure outcomes. We tested our results with the 2AFC
method to evaluate the RPE disruption at individual loca-
tions. For each wavelength, a probit fitting was used to
accurately measure the 50% threshold for photochemical
RPE disruption and generate an action spectrum. We found
that photochemical RPE disruption thresholds are slightly
lower than published thresholds. Further photochemical
RPE disruption extends to longer wavelengths than previ-
ously observed. The action spectrum is considerably shal-
lower than the spectral dependence of the traditional ANSI
blue light hazard, emphasizing the need for more caution
with increasing wavelength than previously published data.
The mechanism for photochemical RPE disruption remains
unknown, pending experiments that measure the action
spectrum for RPE disruption caused by individual molecular
species.
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