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Purposk. Infrared ultrashort pulse lasers are becoming increasingly popular for applications in
the living eye. However, safety standards are not yet well established. Here we investigate
retinal damage close to threshold for this pulse regime in the living macaque eye.

Mernops. Retinal radiant exposures between 214 and 856 J/sz were delivered to the
photoreceptor layer with an ultrashort pulse laser (730 nm, 55 fs, 80 MHz) through a two-
photon adaptive optics scanning light ophthalmoscope. Retinal exposures were followed up
immediately after and over several weeks with high-resolution reflectance and two-photon
excited fluorescence ophthalmoscopy, providing structural and functional information.

Resurrs. Retinal radiant exposures of 856 J/cm® resulted in permanent S cone damage.
Immediately after the exposure, the affected cones emitted about 2.6 times less two-photon
excited fluorescence (TPEF) and showed an altered TPEF time course. Several weeks after the
initial exposure, S cone outer and inner segments had disappeared. The space was filled by
rods in the peripheral retina and cones near the fovea.

Concrusion. Interestingly, S cones are the receptor class with the lowest sensitivity in the near-
infrared but are known to be particularly susceptible to ultraviolet and blue light. This effect
of selective S cone damage after intense infrared ultrashort pulse laser exposure may be due
to nonlinear absorption and distinct from pure thermal and mechanical mechanisms often
associated with ultrashort pulse lasers.

Keywords: light damage, ultrashort pulse laser, S cone, visual cycle, two-photon
ophthalmoscopy

emtosecond lasers are nowadays commercially available as

turnkey systems and are gaining popularity for retinal
applications. These lasers have been used for visual psycho-
and show promise for ophthal-
mologic treatment and diagnostic purposes. Femtosecond
lasers emit light pulses with much higher peak photon density
compared to continuous-wave (CW) lasers at the same average
power output. As a result, the likelihood of two-photon
events>? is substantially increased>® because of the enhanced
probability that a molecule quasi-simultaneously absorbs the
energy of two photons. Two-photon absorption at a given
wavelength has a similar effect to single-photon absorption at
half the wavelength. This feature is of particular interest for
retinal applications in the primate eye because the cornea and
the crystalline lens absorb wavelengths less than 400 nm and
normally prevent these from reaching the retina.” Femtosecond
lasers in the near-infrared (NIR) take advantage of the optical
transmission window at longer wavelengths and can evoke
events in the retina that are extremely rare for CW light
sources. These highly unnatural illumination conditions raise

physics in human subjects"?
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concern over light safety, especially for the sub-100 fs pulse
regime. The consequences of such retinal exposures still lack
rigorous investigation, which is also acknowledged in the
current American National Standard for the Safe use of Lasers
(ANSI Z2136.1-2014).

At present, ultrashort pulse lasers are used for photodynam-
ic therapy® and retinal imaging.'®'! Two-photon excited
photodynamic therapy aims to damage tumors'> or excessive
microvessels® that develop in wet age-related macular degen-
eration. The damage is primarily conveyed through drugs that
are selectively taken up by the target tissue and become
phototoxic upon light exposure. In two-photon excited
photodynamic therapy, light damage to the tissue surrounding
the target structure must be kept to a minimum. On the other
hand, ophthalmoscopy with femtosecond lasers interrogates
retinal morphology and physiology through intrinsic fluoro-
phores. Some retinal fluorophores that are relevant for cellular
composition,*? metabolism,'* and function'® can only be
excited in the ultraviolet (UV) wavelength range and are thus
inaccessible in the primate eye’ with CW lasers. By shifting to
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ultrashort pulse lasers, the possibility for two-photon excita-
tion of these fluorophores emerges. Two-photon excited
fluorescence (TPEF) ophthalmoscopy in macaque has suc-
ceeded in imaging retinal structures'® that have remained
invisible by conventional confocal reflectance imaging. For the
first time, retinal ganglion cells could be visualized in the living
macaque eye without extrinsic labeling.'®!” Furthermore, the
change in TPEF from photoreceptors over time allows for
assessment of visual cycle function. TPEF increases in response
to visual stimulation and decreases during dark adaptation.'®
The relative change in fluorescence is well correlated with the
amount of visual pigment bleached."®

Being a diagnostic technique, TPEF ophthalmoscopy will
only succeed if it is truly noninvasive and the required light
levels are well below the damage threshold. Previously, we
have demonstrated functional TPEF ophthalmoscopy in
macaque without indications of retinal damage.*® Before
studies in the human eye are initiated, the first indications of
damage that can be observed during TPEF ophthalmoscopy
with higher light levels must be explored in an animal model.
Here our goal was to establish the damage threshold and
investigate damage at threshold in the living macaque with a
two-photon adaptive optics scanning light ophthalmoscope for
retinal exposures to an ultrashort pulse laser that is suitable for
TPEF ophthalmoscopy.

METHODS

Animal Preparation

Four Macaca fascicularis (three males, aged 5, 10, and 15 years;
one female, aged 6 years) with axial length of 17.5 = 0.8 mm
were imaged in this study. Only one eye was imaged per animal.
Macaques were handled in accordance with protocols approved
by the University of Rochester’s Committee on Animal
Resources and in compliance with the ARVO Statement for
the Use of Animals in Ophthalmic and Vision Research. Imaging
sessions lasted for a maximum of 6 hours. A trained animal
technician constantly monitored vital signs and recorded these
vital signs every 15 minutes. Anesthesia was induced with
ketamine (5-20 mg/kg), midazolam (0.25 mg/kg) and glycopyr-
rolate (0.017 mg/kg) and maintained with isofluorane (1.5%-
3%). Paralysis was induced with rocuronium bromide (200-400
mcg/kg/h) and the animal was artificially respirated. The animal
was positioned on a stereotaxic cart consisting of an XYZ-stage
and a two-axis goniometer, such that the pupil of the eye to be
imaged was goniometrically centered. This setup facilitated
alignment of the animal’s eye with the imaging system and
provided access to different retinal locations by moving the
animal. The animal’s body temperature was maintained at
~38°C with a heated air flow system (Bair hugger; 3M,
Maplewood, MN, USA) and warming packs. Lactated Ringer’s
solution was given via intravenous drip for fluid replenishment.
A lid speculum held the eye open, and a contact lens lubricated
with eye gel prevented dehydration and corrected for refractive
errors. Pupil dilation and cycloplegia were induced with up to 4
drops of phenylephrine hydrochloride (2.5%) and tropicamide
(1%). In addition, up to 4 drops of cyclopentolate were given if
the pupil did not fully dilate. At the end of the experiment,
paralysis was reversed with neostigmine (0.05 mg/kg) and
glycopyrrolate (0.01 mg/kg).

Two-Photon Adaptive Optics Scanning Light
Ophthalmoscope

Experiments were conducted with a custom two-photon
adaptive optics scanning light ophthalmoscope (TP-AOSLO)
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reported in detail elsewhere.'® The ultrashort pulse laser (Mai
Tai XF-1 with DeepSee attachment, Spectra-Physics, Santa
Clara, CA, USA) emitted ~55 fs pulses at 80 MHz and allowed
precompensation of second-order dispersion that was induced
by the optical system and the eye. The tunable laser was set to
emit at 730 nm, and a continuously variable neutral density
filter wheel attenuated the beam so that the maximum power
for retinal imaging did not exceed 7 mW at the cornea. An 840
nm laser diode (QFLD-850-20S, QPhotonics, Ann Arbor, MI,
USA) served for wavefront sensing with a Shack-Hartmann
sensor (lenslet array: 203 pum pitch and 7.8 mm focal length;
camera; Rolera XR QImaging, Surrey, Canada) and was
operated at a maximum power of 45 UW at the cornea. A
deformable mirror (DM 97-15, ALPAO SAS, Grenoble, France)
corrected the measured aberrations. A superluminescent diode
(§8-790-G-I-15, Superlum, Carrigtohill, Ireland) with peak
emission at 790 nm and maximum power of 200 puW was
used for imaging (confocal reflectance mode). Both diodes
were cofocused with the pulsed laser at the retina. The focal
spot was raster scanned across the retina by a resonant
(Electro-Optical Products Corp., Fresh Meadows, NY, USA) and
a piezo scanner (S-334.2SL, Physik Instrumente, Karlsruhe,
Germany). By changing the curvature of the deformable mirror,
the imaging light could be focused at different retinal layers.
Two PMT modules (H7422-50, Hamamatsu Photonics, Hama-
matsu, Japan) captured light between 780 nm and 800 nm and
710 nm and 750 nm in confocal reflectance configuration. A
third PMT (H7422-40, Hamamatsu Photonics, Hamamatsu,
Japan) in non-confocal, non-descanned configuration captured
TPEF between 400 and 550 nm. The frame rate of the imaging
channels was 26.7 Hz. This setup enabled a special paradigm of
simultaneous exposure, high-resolution confocal reflectance
and TPEF imaging.

Experimental Protocol

Experiments were performed at retinal eccentricities between
2° and 15° from the fovea. Fundus images showing the fovea,
optic nerve and blood vessels served as a navigation aid to steer
to different retinal locations. The selected areas were imaged in
confocal reflectance mode with a field of view of 2.2° X 2° for
20 seconds through the fully dilated pupil to relocate the same
location in later imaging sessions. Following 15 minutes of dark
adaptation, the photoreceptor layer was exposed to ultrashort
pulse laser light over a field of view of 1.3° X 1.1°. During the
exposure, reflectance and TPEF videos were captured simul-
taneously and the TPEF time course was tracked. The imaged
location was dark adapted for 15 minutes and followed up
immediately after the exposure and again after several weeks.
In the immediate follow-up, the PMT gain was maintained and
the residual wavefront error was comparable. Tested retinal
radiant exposures were 214 J/ecm?, 245 J/cm?, 428 J/cm?, 489
J/em?, and 856 J/cm?. Corresponding laser powers and
exposure durations are listed in Appendix A, Table Al, and
illustrated in Figure 1. For the highest exposure, the same
experiment was performed with induced dispersion during the
initial exposure, which lead to pulse broadening in the time
domain. Dispersion was induced via the dispersion-compen-
sating prism pair inbuilt in the pulsed laser’s cavity. Dispersion
does not affect the average power but the peak power. The
probability of single-photon events is therefore virtually
maintained, while the probability of a two-photon event is
considerably decreased. Follow-up experiments were always
performed with the dispersion-optimized pulsed laser. Images
of exposed retinal locations were overlaid on a fundus image so
that the characteristic vessel pattern surrounding the area
could serve as guidance to re-identify exposed locations at a
later time point.
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Ficure 1. Tested exposures in comparison to estimates of maximum
permissible exposures (MPEs; red dashed line) for the macaque eye.
The red x marks the exposure where immediate changes were
observed. All other exposures did not cause detectable changes (black
crosses: tested in this study, above MPE; gray squares: tested in a
previous study,° below MPE).

Image Processing and Analysis

During exposure to the ultrashort pulse laser, reflected light
and TPEF from the photoreceptors were recorded simulta-
neously. The reflectance channel delivered a video with high
signal-to noise ratio (SNR), whereas the TPEF video had low
SNR. Eye motions due to heartbeat and artificially maintained
breathing were clearly visible. Cross-correlation-based soft-
ware computed the displacement between frames and applied
a correction to both the high SNR reflectance video and the
low SNR TPEF video for dual channel registration.>! Forward
and horizontally flipped backward scans were averaged.
Photoreceptors of interest (either all photoreceptors with
reduced or maintained TPEF intensity in the follow-up) were
marked in registered reflectance images. Binary circular masks
with manually selected diameters suitable for the retinal
location were applied to TPEF videos in order to extract the
TPEF time course. To increase the temporal SNR, TPEF was
binned spatially across a group of photoreceptors (i.e., all
affected and unaffected photoreceptors during the follow up,
respectively).

Histology and Ex Vivo Confocal Microscopy

The oldest monkey was euthanized for histology 1 week after
several retinal locations in one eye had been exposed once to
856 J/cm”. The animal was perfused with 4% paraformalde-
hyde in 0.1 M phosphate buffer. The eye was enucleated and
injected with the fixative. After 1 hour, the eye was dissected,
and the retina was separated from the sclera and placed in 4%
paraformaldehyde for 2 hours. For wholemount immunostain-
ing, the retina was rinsed with PBS and pretreatment solution
(0.4% Triton X-100 in 0.01 M PBS). To reduce nonspecific
binding, the retina was incubated in blocking buffer (5%
normal horse-serum and 0.4% Triton X-100 in 0.01 M PBS) at
room temperature for 4 to 6 hours and then at 4°C overnight.
The tissue was incubated in primary antibody solution against
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S cone opsin (AB5407; EMD Millipore, Billerica, MA, USA) at a
dilution of 1:100 at room temperature for 2 hours, then at 4°C
for 6 days. After several rinses in PBS, the retina was incubated
in secondary antibody goat anti-rabbit coupled to AlexaFluor
568 (ab175471; Abcam, Cambridge, MA, USA) at a dilution of
1:200 at room temperature for 2 hours, then at 4°C for 2 days.
Finally, the retina was rinsed, mounted in medium (Vectashield,
Vector Laboratories, Burlingame, CA, USA) and coverslipped.
The ex vivo tissue was imaged under a laser scanning
confocal microscope (FV1000; Olympus, Tokyo, Japan) with a
X10/0.3 NA microscope objective. DIC mode allowed for
steering to the exposed locations as the vessel pattern was
clearly visible. Fluorescence from Alexa 568 was captured.
Since the flat mounted retina was imaged with the RPE
attached, fissures in the RPE were evident. Ex vivo images were
high-pass filtered to reduce the visibility of the fissures.

RESULTS

Figure 1 compares the tested exposures to an estimate of the
maximum permissible exposure for the macaque eye as
proposed in ANSI Z136.1-2014 (see Appendix A). No structural
or functional changes were detected for exposures between
214 and 489 J/cm? (black crosses; Supplementary Fig. S1). For
856 J/cm2 (red x), the highest exposure tested, immediate
changes were observed as described next.

Laser Exposures Affect Structure and Function of a
Subset of Cones

Data that were taken during the initial exposure and the
immediate follow-up at a peripheral location are shown in
Figure 2. Reflectance (Fig. 2a) and TPEF (Fig. 2c¢) images
captured during the first exposure show regular mosaics of
rods and cones in the periphery. The most evident change can
be observed in the TPEF follow-up (Fig. 2d). A regularly
distributed subset of cones emitted notably less fluorescence
than during the first exposure. The same cones were still
visible in the reflectance image (Fig. 2b) but appeared smaller
in diameter (arrows) or blurred. An animated version of Figure
2 is provided as Supplementary File S2. At the exemplified
peripheral retinal location, the affected cones constituted 12%
of all cones. During the first exposure (Fig. 2e) TPEF intensity
emitted from the unaffected cones increased, peaked and
declined. In contrast, TPEF intensity emitted from cones that
were identified as affected in the follow-up TPEF images
showed a slower initial increase. TPEF intensity from these
cones never plateaued but gradually kept increasing for the
entire exposure time. At the end of the exposure, similar TPEF
intensity to the unaffected cones was reached. During the
second exposure (Fig. 2f), both curves of TPEF intensity
essentially showed the same trend. However, at the end of the
second exposure, the affected cones emitted 2.6 = 0.2 times
less TPEF compared to the end of the first exposure.

A similar analysis was conducted for a near foveal location
(~2° from the fovea) where the photoreceptor mosaic
consisted of mostly cones (Fig. 3). The brightness of individual
cones in reflectance images (Figs. 3a, 3b) varied widely for
subsequent exposures. Colocalizing the same cone in consec-
utive images was often easier based on fluorescence images
(Figs. 3¢, 3d). An animated version of Figure 3 is provided as
Supplementary File S3. About 14% of all cones were affected by
the exposure, and the regular distribution (spatial frequency
~13 cyc/deg, Supplementary Fig. S4) was particularly striking.
The TPEF time course data (Figs. 3e, 3f) showed the same
trend as for the peripheral retinal location.
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FiGuURE 2.

Representative reflectance and TPEF images of the same retinal location ~15° from the fovea taken during the first exposure of 856 J/

cm? (a, ©) and the immediate follow-up (2nd exposure: b, d). The yellow arrows indicate affected cones that appeared decreased in diameter. Cones
that emit less TPEF (e, f) during the 2nd exposure also appear structurally affected in the reflectance image. Shaded areas represent SD.

The relative number, the regular distribution, and the
distinct response to the imaging laser suggest that the affected
cones may be short wavelength sensitive cones (S cones).zz’25

The Affected Cones Are S Cones

Figure 4 shows TPEF images captured in the living macaque
eye during exposure to the ultrashort pulse laser overlaid on a
fundus image (Fig. 4a) and histology of the same section of
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retina stained for S cone opsin (Fig. 4b). At the 856 J/Cm2
exposure sites, which are delimited by solid line corners, S
opsin expression was drastically reduced. S cone opsin in outer
segments on the far left of the left imaging field might have
been protected by the thick vessel that blocked the laser light
delivery to the photoreceptor layer. Intrinsic fluorescence from
the underlying RPE revealed a largely intact cell mosaic. At the
control location exposed to 428 J/cm? (delimited by dashed
line corners) S cone opsin remained.
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FiGURE 3. Representative reflectance and TPEF images of the same retinal location ~2° from the fovea taken during the first exposure of 856 J/cm”
(a, ©) and the immediate follow-up (2nd exposure: b, d). The yellow arrows indicate examples of affected cones. The TPEF time course (e, f) during
the 2nd exposure is distinct from that during the 1st exposure. Shaded areas represent SD.

The Effect Is Related to the Laser Peak Power

The correlation between the laser peak power and the
observed S cone changes was tested by inducing dispersion,
which broadened the laser pulses, reducing the laser peak
power. Induced dispersion caused an 8-fold decrease in two-
photon fluorescence intensity, giving rise to the estimate that
the effective pulse duration at the retina was increased likewise
by a factor of 8 to ~440 fs. Figure 5 shows TPEF images
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acquired during the first exposure with the broadened pulse
configuration and the immediate follow-up with the usual
dispersion-optimized configuration. Even though both images
were taken with the same average laser power, the TPEF image
acquired with the broadened laser pulses has low SNR and
contrast as a result of less efficient two-photon excitation. No
changes in structure or function were observed following
these pulse-broadened exposures.
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FIGURE 4.

S opsin staining was greatly diminished at the 856 J/cm? exposure site, but largely remained at the location exposed to 428 J/cm?. (a) In

vivo TPEF images of two retinal locations once exposed to 856 J/cm?® (marked by solid lines) and one location exposed to 428 J/cm® (marked by
dashed lines) overlaid on a fundus image. (b) Flatmounted retina of the same location with S opsin stain.

Degeneration of Photoreceptors Leads to
Reorganization of the Photoreceptor Mosaic

Remarkably, several weeks after the 856 J/cm® exposure had
been delivered the targeted locations did not reveal obvious

Ficure 5. No damage was observed following exposures with induced
dispersion. Representative TPEF images of the same retinal location
taken during the first exposure with broadened pulses (a) and the
immediate follow-up with optimized pulse duration (b).
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irregularities in the photoreceptor mosaic, even though ~10%
of the cones had disappeared. Figure 6 shows reflectance and
TPEF images at a peripheral location. By week 3, degenerating
cones appeared as dark structures that spread in between
neighboring cones. Over the course of weeks, these structures
became smaller until they finally disappeared. By week 16,
rods had rearranged and filled in the spaces where cones
disappeared. Apart from cones that were already affected in
week 3 (white arrowheads), several additional cones had
disappeared in week 16 (yellow arrows).

In another near-peripheral retinal location 1° X 1° in size
(Supplementary Fig. S5) that was repeatedly imaged, 18 of 62
cones disappeared. Two observers counted the approximately
1000 surrounding rod outer segments. No change in the
number of rods could be detected (change: 37 = 62 [mean *=
SDJ), suggesting that these cells redistribute.

Figure 7 shows TPEF images and analysis of near-foveal cone
dropout and subsequent redistribution of the surrounding
cones. An animated version of this figure is provided as
Supplementary Material S6. The foveal photoreceptor mosaic
proved to be particularly plastic. Matching up near-foveal pre-
and post-exposure images where cones has disappeared was
challenging and could only be achieved when a part of the
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week 16

Ficure 6. Representative reflectance and TPEF images of selective cone degeneration and photoreceptor rearrangement in the near-periphery.
Images were taken at the same retinal location during the 856 J/cm? exposure (a, d), in week 3 (b, €) when cone outer segments were degenerating
and in week 16 (c, f) when the surrounding rods had rearranged. The yellow arrows mark cones that were affected by the exposure in week 0,

white arrowhbeads mark 3 cones that degenerated after week 3.

imaging field contained intact retina. Cones that surrounded
the degenerating cones tended to close the gaps in the
photoreceptor mosaic. However, some gaps remained and a
number of cones in Figure 7e appeared as if they were not
upright but tilted.

Di1scussION

Manifestation of S Cone Damage

Retinal exposures with ultrashort pulse lasers in the IR can
cause selective photoreceptor changes. In vivo imaging and

week 53

cone displacement
[]

15 um

Ficure 7. As S cones degenerate near the fovea, the remaining cones
redistribute. Blue dots mark S cones (a, d) and locations where S
cones had degenerated (b, e). In (¢) and (D), yellow vectors illustrate
the displacement of cones from their initial position when damage
was induced (green dots, a, d) to their position 1 year later (pink
dots, b, e).
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histology suggest that the affected photoreceptors are the short
wavelength sensitive cones. S cones differ from M/L cones in
many features including topography and morphology.®> In
contrast to human,26 the central fovea in Macaca fascicularis
is not S cone free but contains up to 10,000 S cones/mm?> (Ref.
24). To prevent light damage to the fovea, the most central
exposure was delivered at an eccentricity of about 0.5 mm in
this study, where 16% of all cones were affected by the imaging
light. At a more peripheral location, this percentage dropped to
11%. These numbers agree well with known S cone densities in
this species.24 Furthermore, the affected cones were observed
to form a relatively regular submosaic across the retina, which is
consistent with S cone topography.”” Especially in near-foveal
locations, some affected cones appeared larger in diameter than
the surrounding cones. In ex vivo studies, a greater diameter at
the transition of the inner to the outer segment for S cones
compared to M/L cones was repol'ted.26’28 Even though this
feature might be detectable here, the increased diameter could
also be due to rapid cellular swelling upon stimulation by the
imaging laser as has been reported for the photoreceptor outer
segment length.?3°

In vivo time course images and histology lead us to the
conclusion that § cone outer segments atrophy following an
856 J/cm” exposure. The injury appears to be specific to $
cones, though additional exposures may affect additional cone
classes. Changes are visible in reflectance and TPEF images
shortly after the exposure. Reflectance images reveal photore-
ceptor inner and outer segment morphology®’ and wave-
guiding properties.>*3> In registered images taken during the
immediate follow up, some affected S cones appeared
decreased in diameter or blurred, suggesting that morphologic
changes or changes in refractive index had occurred before (or
were still occurring while) capturing the video sequence.
Changes were also visible in immediate follow-up TPEF images,
where the cones appeared darker, but their contour was
widely maintained. At the photoreceptor layer the time-varying
TPEF signal is mostly due to the fluorophore all-trans-retinol."
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Reduced fluorescence might imply one of the following
situations: First, disruption of the visual cycle may cause a
lack of fluorophore. Second, reduced transmittance of
excitation light to the fluorophore and/or loss of waveguiding
could lead to reduced efficiency of fluorophore excitation.
Third, the quantum yield of the fluorophore might decrease
due to a change in cellular environment. Fluorescence lifetime
ophthalmoscopy (Feeks J, et al. IOVS 2017;58:ARVO E-Abstract
3431) may provide further insight as to the reason of TPEF
reduction.

The manner in which the appearance of hyporeflective-
hypofluorescent patches changed over the course of several
weeks is in line with the degeneration of S cones. If the
photoreceptor inner segments were maintained, the cone
mosaic should show irregularities similar to what has been
observed in a patient with acute idiopathic blind spot
enlargement.34 Since we did not observe such irregularities,
we infer that at least the outer and inner segments
degenerated.

The hyporeflective-hypofluorescent patches that were
observed during S cone degeneration may be due to the
degenerating part of the photoreceptor becoming opaque and
casting a shadow onto the imaging plane with the dark
structures that spread in between neighboring cones (Fig. B1)
resembling the S cone pedicles. S cone pedicles are smaller
than those of other cone classes and make contact with few
neighboring cones via gap junctions.’55

Although S cones (and sometimes additional cones; see
white arrowhead in Fig. 6 and Supplementary Fig. S5)
degenerate, rods appear to be largely unaffected®® and fill in
the space where cones disappear. Similarly, near the fovea the
cones neighboring damaged cones tend to close the gaps in
the photoreceptor mosaic; however, some irregularities
remain visible. Redistribution of photoreceptors may be
guided by least resistance but might involve some active
retinal remodeling. Gradual changes in the arrangement and
organization of preexisting retinal cells and structures®’ 8
have previously been observed following several types of
retinal degenerations.

In this study, we did not seek evidence for cell death with
immunohistochemistry or TUNEL assay due to the increased
difficulty of timing the histology and the risk of damaging the
retinal locations of interest. In general, obtaining high quality
histology in macaques that are primarily used for in vivo
imaging is challenging. First, these animals are extremely
valuable for longitudinal imaging experiments and our
priority lies in studying the living animal. Consequently, there
are not many opportunities to obtain the tissue for ex vivo
preparation. Second, the procedure is complicated further
because the exposed areas are small and must be located in
the flat-mounted tissue. The sections of interest need to be
largely free from damage and artifacts. Less artifacts would
have been visible, if the RPE had been removed from the
retina; however, the delicate outer segments could have been
damaged during this procedure. Despite these limitations, the
histology shows an apparent reduction of S cone opsin
staining consistent with our hypothesis that S cones are
affected by intense near-infrared pulsed light exposure.
However, more comprehensive histological analysis of the
M/L cones, possibly in other animal models or cultured
retinae, needs to be undertaken to confirm the selectivity of
the reported damage.

Nature of the S Cone Damage Mechanism

Paradoxically, S cones are the receptor class with a spectral
sensitivity furthest from the IR illumination that induced the
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dzlmage,zz‘25 but are known to be susceptible to UV and blue
light.”’40 Retinal light damage can occur through several
pathways, and a number of theories have been proposed to
explain the susceptibility of S cones. The major hypotheses are
discussed in light of the present experimental paradigm.

The light levels at which S cone damage was observed
exceeded the estimates of thermal maximum permissible
exposures by a factor of 5 (see Appendix A). Nevertheless,
the appearance of selective photoreceptor injury does not
agree with typical thermal damage to the retina, though it is
detectable soon after the exposure. Irreversible thermal retinal
damage usually occurs following a temperature increase by
10°C. In the eye, melanin absorbs most of the near-infrared
light and converts the electromagnetic energy to heat. This
pigment is mostly contained within the RPE (and choroid),
manifesting as the primary site of thermal damage. Disruption
of the RPE cell mosaic has been detected previously by imaging
lipofuscin fluorescence.! In follow-up images of RPE lipofus-
cin underlying the exposure sites, we did not detect any
irregularities (Supplementary Fig. S7). Even though, chorioca-
pillaries and choroid were not inspected for damage, the
possibility that these layers were affected is minor. Given the
increased proximity to the focal plane, irregularities in the RPE
should be apparent before damage occurs to the vascular
layers. The enhanced focusing capabilities adaptive optics
provides may explain why the damage was limited to the
photoreceptor layer but not the exclusiveness of damage to S
cones.

The pulsed emission of the laser could potentially cause
mechanical (or acoustic) damage due to compression or
tension within the tissue*? when energy absorption occurs
more rapidly than dissipation. Based on calculations that
estimate the threshold for mechanical damage,20 the S cone
damaging exposure is too weak for low density plasma
formation but generates a free electron density of 2.4 X 10"
cm 2. These free electrons could interact with other substrates
via photochemical processes. Photochemical damage is the
most common damage and dominates in the UV-visible
spectrum especially for long-lasting, low-power exposures.
This type of damage is mostly mediated by photosensitizers,
such as visual pigments and their bleach products, and requires
the presence of oxygen. Upon excitation, the chromophores
transfer energy to other substrates, leading to the generation of
reactive oxygen species. Photochemical damage to other cell
types after comparable exposures to the same kind of laser has
been reported previously.“’44 Photochemical damage selective
to photoreceptors is likely to be caused by excessive
stimulation.

During femtosecond laser exposures, the photoreceptors
are stimulated via single-photon and two-photon pigment
isomerization (see Appendix B).l’z’45 The involvement of a
two-photon absorption process in selective S cone damage
stands to reason because of the matching action spectrum and
the laser peak power playing a role. Exposures delivered in this
study stimulated S cones about 4 orders of magnitudes less
than L cones. Selective S cone damage can therefore not solely
be explained by pigment bleaching. A factor of uncertainty in
these calculations is the assumed two-photon absorption cross
section (TPXS) of visual pigment, which may differ substan-
tially from the actual curve. Usually the TPXS of a fluorophore
tends to be broader and blue shifted with respect to the
corresponding single photon action spcctrum46 and for some
molecules, such as FAD, the secondary peak in the single
photon action spectrum can even result as the most prominent
peak for two-photon excitation.’” Further research is necessary
to determine the TPXS of rhodopsin and the cone visual
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pigments. Additionally, fluorescence excited at the retina
might also contribute to photoreceptor stimulation. Since the
detector of the ophthalmoscope is sufficiently sensitive to
capture TPEF emitted through the pupil of the eye, it is
plausible that a fraction of the TPEF is also absorbed by visual
pigment. If 730 nm-excited TPEF in macaque is spectrally
comparable to that in mouse (Supplemental Material of Ref. 1),
it can cause single-photon pigment isomerizations in all
photoreceptors.

The functional response of dark adapted S cones to the
onset of the imaging laser in this study suggests that pulsed
730-nm light results in efficient stimulation. Nevertheless,
functional responses of S cones to the onset of the imaging
light were markedly different from responses of M/L cones.
As anticipated, a lower initial rise of TPEF intensity from S
cones was observed. However, contrary to expectations, S
cones emitted similar amounts of TPEF intensity to M/L
cones at the end of the exposure and a clear plateau was not
reached. The transient decrease in TPEF intensity during
steady illumination was only observed for M/L cones. In a
previous study,'® this behavior has been observed in cones
in response to steady-state illumination that instantaneously
bleaches all available photopigment. In general, the TPEF
time course of S cones was more rod- than M/L cone-like.'®
Despite active investigation, physiologic differences in
primate S versus M/L cones are still not fully elucidated
due to the sparsity of S cones in the primate retina. However,
such physiologic differences could increase the susceptibil-
ity of one cone type over the other. In recent studies,
immunohistochemistry revealed cone class selective expres-
sion of compounds, which spurred speculations on discrep-
ancies in visual cycle and metabolism. It has been proposed
that M/L cones might rely on both the traditional®® and the
alternate® visual cycle for pigment regeneration,’® whereas
S cones (like rods) have access to only the traditional visual
cycle® Our data supports a difference in visual cycle
function between S and M/L cones. Further, S cones might
use glycolysis as their main energy source, whereas M/L
cones use both metabolic pathways (Hoh Kam J, et al. JOVS
2017;58:ARVO E-Abstract 3015). Increased presence of
oxygen in S cones might also increase the likelihood of
photosensitized reactions. Interesting in this regard, is the
selective sensitivity loss of the S cone pathway in diseases as
diverse as retinitis pigmentosa, diabetes and glaucoma.
Common factors in these diseases may be metabolic
abnormalities and changes in access to oxygen.52

S cone damage has also been proposed to be based on the
enhanced rate of pigment regeneration via photoreversal of
bleaching,®® which can occur in the living eye.54'55 Visual
pigment consists of 11-cis-retinal covalently bound to an opsin
protein. Photon absorption by the visual pigment causes a
conformational change of 11-cis-retinal to all-trans-retinal. Until
retinal dissociates the opsin undergoes a series of reactions.
The intermediate that persists longest (~s) is metarhodopsin II
with an absorption maximum at ~380 nm. Absorption of UV/
blue light can re-isomerize the trans- to a cis-conformation and
thus photochemically regenerate visual pigment. In contrast to
other studies on blue light damage, our paradigm does not
preferentially stimulate S cones but M/L cones. Therefore, if
the likelihood for photoreversal of bleaching is the same for all
cone types, we have reason to believe that the reported
experiments provide evidence against the photoreversal
damage theory. While this study does not unravel the
mechanism of the selective S cone damage, it emphasizes the
benefit of in vivo functional imaging to investigate light
damage.
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CONCLUSIONS

Retinal exposures with IR ultrashort pulsed light can cause
selective S cone damage. This unexpected finding is particu-
larly important because the first sign of damage was observed
in cells in which single-photon absorption at the illuminating
wavelength is extremely low. The effect may be related to a
multiphoton event and distinct from pure thermal and
mechanical mechanisms often associated with ultrashort pulse
exposures. As ultrashort pulse lasers become increasingly
popular and commercially available, it might be necessary to
revise the current safety guidelines to prevent this type of
damage.
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APPENDIX A. LASER SAFETY CALCULATIONS

Calculations of MPEs are based on those recommended in
the ANSI Z136.1-2014 standard and detailed in previous
publications‘il 8, ; particularly, see Appendix 2 in Schwarz et
al.?® All light sources that emit pulses of pulse durations
shorter than 5 ps are considered CW light sources. However, a
scanned exposure of the retina by a CW laser can be
considered a pulsed exposure.’®

The imaging wavelength of 730 nm requires calculation of
thermal MPEs only (as per ANSI Z136.1-2014). First, the
thermal limit of a CW beam uniformly distributed over the
entire field is calculated. If exposure durations are within the
range 5-107% < ¢ <3 - 10%s, the maximum permissible beam
power to safely illuminate the retina is given by the following
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Tasie Al. Parameters of the Exposures Tested and MPW's

Retinal Exposure [J/cm?] 214 428 245 489 856

Exposure duration, s 30 60 120 120 120
Laser power, mW 7 7 2 4 7
MPW, mW 2.0 1.7 1.4 1.4 1.4
Factor above ANSI 1.4 2.8 3.4 4.1 4.9

MPW, maximum permissible laser powers.
equation:

MPWeyw g, =1.8-1072 - Cy - Cp - Ap7 - 170

with the parameters C, = 10°092(730-700) ~ 1 15 (rough ab-
sorption spectrum of melanin), C;, = 2272radtl9.2mrad ~ 13 96
(scaling factor for extended rectangular sources) and Ap; =

(O 35 cm) ~0.385 cm? (pupil area 7 mm in diameter).

Next, the thermal limit of a pulsed exposure of a line
segment is calculated.?1%¢ The pulsed line segment (PLS), a
rectangular area of length 3.17 mrad and width 1.5 mrad
(comparezo), is exposed during the thermal confinement
duration t;, = 5 ps. During the total exposure, the PLS is
scanned more than 40 times (compare®®), so that the multiple
pulse correction factor is Cp = 0.4 as determined by ANSI Z
136.1-2014, Table 6C. The maximum permissible beam power
is given by

MPWpism, = 1.8 - 1073 -Cp-Cy ‘C;‘,PLS Ap~ ‘tmm—o,zs

with the parameters C, and Ap- being the same as before and
the shape factor of the PLS Cj ¢ = 555 pradismiad ~ ()11,
For all imaging conditions in this study, the limit for a CW beam
uniformly distributed over the entire field is more restrictive
than that of a PLS exposures. Here, we apply two additional
scaling factors to the limiting maximum permissible beam
power MPW_CW,th. The factor (}—;)2 accounts for the smaller
size of the macaque eye Compared to the human eye (ratio of
focal lengths squared), 1050
100 fs pulse duration of the laser (ratio of minimum pulse
duration, which the standard is defined for, and pulse duration
used here). Maximum permissible laser powers are listed in

Table Al.

APPENDIX B. PHOTORECEPTOR STIMULATION BY THE
IMAGING LASER

The pigment isomerization rates per photoreceptor due to
single-photon stimulation by the imaging laser are:

s
Mip_iso = ¢ﬂc = ij.Z(A)um
where ¢ is the photon flux of the stimulating light source of
average power, P,,,, at the wavelength, 2, illuminating the
retinal area, A, through the ocular media with transmittance
T(J) at this wavelength,”>” b is Planck’s constant, and ¢ is the
speed of light. The photoreceptor end-on collecting areas>®>°
(neglecting waveguiding) were calculated as follows:

d\? ,
ac=m(=) [1—1074201
2

where d and [/ are the average diameter and length of the
photoreceptor outer segment (rods: dg = 2 um, lp = 25 pum;
cones: d¢o = 2. 1 um, Ip =13 um) and y = £ is the isomeriza-
tion efﬁc1ency Rod and cone outer segments are assumed to
be cylinders. This assumption is valid for rods and foveal
cones.®! The axial pigment density at the imaging wavelength
AD(Z) is the product of the photoreceptor’s sensitivity
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8(Zy Amax) and the axial specific density (rods: 0.019 pm™!;
cones: 0.015 pm™).%? Relative spectral sensitivities S(, Apax)
were computed using the standard template@’“ by Govardovskii
et al®® J,pue Of macaque S, M, and L cones were set to 430, 531,
and 561 nm?**?3; L4 Of macaque rods was set to 491 nm.>®

Pigment isomerization rates per photoreceptor due to two-
photon stimulation by the imaging laser’°®®” were calculated
as:

Pag? [ NA?\®
nzp_iso = O—(Z)S(z)CV& ( «) Vs
Tp * frep \THCL

where NA ~ 0.2 is the numerical aperture of the macaque eye,
V= n(%) [ the volume of the photoreceptor outer segment, C
the pigment concentration (~3.5 mM) and ¢(4) the two-
photon absorption cross-section (TPXS) of the photoreceptor’s
visual pigment. 7, and f,, are the imaging laser’s pulse
duration and repetition rate, g is a factor related to the pulse
shape of the laser (e.g., for a Gaussian pulse g(z) = 0.66), and
all other parameters are the same as above. To our knowledge,
the TPXS of visual pigment has not been measured experi-
mentally. However, the maximum TPXS of rhodopsin was
estimated based on combined quantum and molecular
mechanical simulations as 2.1 GM'. In light of the validity of
a standard template for single photon absorption of rhodopsin
and cone visual pigments, we make the assumption that TPXSs
are also well-described by a standard function with the peak
wavelength being the only parameter. As a crude approxima-
tion, we assumed that TPXS(Z, lmax) = 2.1 GM - S(L, Amax),
resulting in 0.8 GM for S cone opsin and 0.5 GM for rhodopsin
and M/L cone opsin at the imaging wavelength.

Figure B1 shows pigment isomerization rates versus average
laser power for the two photoreceptor classes, for which two-
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Ficure B1. Isomerization rates versus laser power for S and L cones.
In S cones, isomerizations after two-photon (2p) absorption are more
frequent than after single-photon (1p) absorption, whereas in L cones
single-photon isomerizations are most likely.

photon stimulation is least and most efficient, respectively. The
single-photon isomerization rate in L cones is about 10° times
greater than in S cones. For the light levels used, two photon
isomerization in S cones is at least a factor of 10 more likely
than single-photon isomerization. Two-photon isomerization
rates are similar in S and L cones. Broadening the pulse
duration by inducing dispersion reduces the two-photon
isomerization rates by approximately 1 order of magnitude.
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