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Abstract

Corneal, lenticular, and retinal damage have been observed following exposures to a laser emitting in the
near-infrared wavelength range (Nd:YAG, 1.318 um). Ocular damage thresholds are much higher than
for visible wavelengths. However, it was found that infrared (IR) exposures may result in multiple
damage sites throughout the ocular medium and retina; that exposure sites which initially appear to be
unaffected may reveal slowly developing (days or longer) degeneration; and that late inflammatory
responses may ultimately spread to areas of tissue not directly irradiated by the laser.

The nature of tissue degeneration following IR laser exposure is examined and compared to that
following visible wavelength laser exposures using three approaches: histopathology, scanning laser
ophthalmoscopy, and optical coherence tomography. Each approach is shown to reveal unique aspects of

the IR laser-tissue interaction when contrasted with effects induced by visible wavelengths.

Introduction

Recent developments in laser technology have
yielded a variety of powerful infrared (IR) laser
sources, many of which fall in the wavelength
range broadly categorized as ‘eye-safe’. Used in
this context, the terminology is frequently di-
vorced from its original intent as a relative
descriptor meant only to convey the fact that ocu-
lar damage thresholds are significantly higher for
‘eye-safe’ wavelengths than for elsewhere in the
visible and IR spectra.

Transmission spectra of the ocular components
(comea, aqueous, lens, and vitreous) of the pri-
mate eye are plotted in Figure 1'. From this illus-
tration, it can be seen that transmission through
each component (and, therefore, transmission to
the retina) is high for visible wavelengths and

only begins to drop significantly for IR wave-
lengths above ~1.1 um, where water absorption
becomes appreciable. In the far-IR, the composite
absorption of the ocular components is such that
virtually no incident radiation is transmitted to the
retina. In the near-IR, absorption of incident ra-
diation is distributed across the ocular compo-
nents and, depending upon the precise exposure
parameters, damage may be induced in one or
more of the cornea, lens, and retina/choroid.

The simultaneous induction of laser-induced
damage in several tissues is perhaps best under-
stood by schematizing the distribution of energy
absorption through the ocular medium. This is
done in Figure 2 which compares the absorption
of 0.514-um argon laser radiation (Fig. 2a) to that
for the 1.318-um Nd:YAG laser emission used in
this study (Fig. 2c¢). Distance into the eye is meas-
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duced lesions are generally observed shortly fol-
lowing exposure and, within hours, stabilize so
that no further changes in appearance are noted,
save for the gradual fading in reflectivity over a
period of months. In contrast, the IR retinal le-
sions were first detected only upon re-examina-
tion of subjects on the day following exposure,
and thereafter. This delay time in the formation of
observable damage is suggestive of a damage
mechanism such as thermaily-induced programm-
ed cell death or apoptosis!s. Funduscopically, the
IR lesions reached maximum intensity at ~48
hours postexposure. Pathological evaluation at
that time revealed the presence of numerous in-
flammatory cells in the vitreous and at the ILM
interface directly above the IR retinal lesion. The
suggestion is made that this finding is a prognos-

ticator of the late inflammatory response which . -

expressed itself as the large, irregularly shaped
opacity found at a 1.318-um exposure site at two
months postexposure (Fig. 9). SLO observation of
the two-month inflammatory response indicated
strong involvement of the inner retina. Continued
monitoring of the subject showed that the inflam-
matory response gradually cleared during the fol-
lowing month, so that by three months postex-
posure the underlying circular lesion was again
visualized.

In summary, the IR wavelength studied (1.318
pm) defines the upper limit of wavelength where
there is still sufficient transmission through the
ocular medium to affect the retina of the eye!-.
Because such a large percentage of the incident
IR laser radiation is absorbed by the ocular me-
dium, and because that radiation which reaches
the retina is not focused to as small an image size
nor absorbed there as strongly as visible wave-
lengths, a very high dose of IR must be incident
at the cornea to cause detectable funduscopic
damage to the retina. Thus, the term ‘eye-safe’
has been applied even to higher power lasers in
this segment of the IR wavelength region. How-,
ever, it should be emphasized that applying the
term ‘eye-safe’ to a given wavelength or wave-
length band without regard to the laser power
level and other beam characteristics, is inconsist-
ent with published laser safety standards. Further,
we report several observations which belie the
‘eye-safe’ terminology. First, a threshold IR le-
sion involves a volume of retinal tissue many or-
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ders of magnitude greater than that affected by a
threshold-visible laser exposure and, hence, rep-
resents a more serious injury. Second, the usual
threshold definition of a minimal visible lesion
detected by funduscopic observation is not appro-
priate for the IR wavelength, since the monochro-
matic SLO imaging can detect retinal effects in-
duced by significantly lower exposure doses.
These observations, together with the delayed in-
flammatory responses observed histologically
(Fig. 10) and funduscopically (Fig. 9), suggest
that serious visual consequences may develop fol-
lowing a ‘threshold’ IR laser exposure.
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Fig. 13 TEM nmcrographs through: 3. the control tissue; /35, the conter of the large iR lesion in Figure 3: and J3¢. the center

of the central argon lesion in Figure 3.

Comparing the pathelogy of the argon and IR
retinal lesions at 38 bows postexposure (Figs. 10
1o 13}, reveals that the argon fesions show more
RPE invelvement than the IR lesions. but that

photoreceptor nuclear jnvolvement was greater

with the IR exposures. fnner nuclear layer re-
sponse was also greater in the IR lesions. Fusther,
the pronounced inflammatory reaction observed
at the vitreous-tLM interface suggests that the IR
exposures induced more inner retinal effects. Al
these observations emphasize that the gradual iis-
sue” absorption of theé IR radiation results in in-
volvemeni of the full retinat thickoess.

The argon marker lesions seen in Figures 3 to 6
were induced by exposures much higher than the
threshold dose required to produce a minimal vis-
ible lesion. At ihreshold, the argon lesion would
be ~20-30 pm in diareter and the damage con-
fined primarily to the RPE layer! where the
greatest part of the absorption occurs. Only as the

exposure does is increased above threshold does
the thevwal condustion away from the highly ab-
sorbinyg RPE layer result in damage 1o more distal
retinal and choroidal tissues. In conteast. ihe
1.318-um lesion at threshold (i.e., at the lowest
exposure  does which produces an  ophthal-
moscopically detectable lesion) is already several
hundred microns in diameter, in part becaase
chromatic aberrations at this wavelength yield a
much larger image diameter at the retina. And, as
indicated above, the threshold IR lesions involves
the full thickness of the retina. 1CG angiography
and the pathological evaluation also indicate mi-
nor choroidal involvement,

The L318pm retinal effect also differs from
thermal damage following visible-wavelength la-
ser exposures, both io the long delay times before
ophthalmoscopically visible lesions are first ob-
served and in the late progressive effects which
have been detected. Visible-wavelength laser-in-
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Fig. 13b,

see Fig. 9 tnvolving the retinal lesion and adja- the inner retina. Bot stepping through the retinal
cent vitreous. layers with the SLO shows that the lesions are

With 1.318-pum exposure doses sufficient to in- largest and most readily deiected o the outer
duce funduscopically visible retinal lesions, both retina {Fig. 6). Pathological evaluation shows that

SLO and OCT imaging indicate involvement of the 1.318-4um fesions are centered in the ONL.
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ht tiicrographs through the conters of the IR lesious i the same eve as that seen in Figure 3, but @ exposure sites
Jesions were not ophithalmoscopicaily visibie (see text}

Fig. 22,
A whi
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fig. i1, Light micrograpks through the centers ol the argon murker lesious shown in Figure 3. 7 fu. Center marker Jesion: /&, right-
haad marker tesion.
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Retinal pathology

Figures 10a and 10b are light wmicrographs
through the centers of the two IR lesions seen in
Figure 3. The ocular tissues were fixed at ~48
hours postexposure. Figure 10a cormesponds to
the larger ophthalmoscopic lesion but. in fact, the
two exposure sites received equal doses of IR ra-
diation. lojury appears to be centered in the ONL.
Photoreceptor inner and outer segments (IS and
0S8, respectively) both  show  degenerative
changes. OSs are separated about balfway along
their tength, and the OS tips are embedded in the
apical portions of the RPE. Tnflammatory cells
(arrows) are present in the vitreous close to the
M. Some nuclei in the inner noclear layer
(INL) stain dark, but involvemecat is much less
than in the ONL. The large subretinal vacuoles
(V) (typical for suprathreshold laser-induced
retinal {esions) are produced by RPE sweiling and
cdema, although they may be exaggerated by ad-
ditional artifactual separation. (Note that this type
of artifact would not be present in the OCT im-
age.) From Figure 10b, it appears that some of the
vitreous inflammatory cells are adhereat to the
ILM and that some OS8s are attached to the RPE
near the lesion center.

Figures fla and 1ib are light micrographs
through the centers of the central and right-hand
argon lesions seen in Figure 3. Photoreceptors
have darkly stained nuclei (arrows) and show de-
generative changes along their full length. The
amount of RPE swelling is much greater than in
the IR lesions, and vacuoles are apparent in the
subretinal space. OS tips are not attached to the
RPE apical processes. There are very few inflam-
matory cells in the vitreous above the lesions. In-
stead, more macrophages are observed in the
subretinal space than were found at IR lesion
sites.

Figures 12a and 12b are light micrographs
taken near the centers of two lower dose IR expo-
sure sites. Lesions (L) at these sites were visual-
ized only with 0.780-um SLO eobservation (Fig.
6). The only evidence of degenerative change at
48 hours postexposure are the few dark nuclet in
the ONL (arrows), the slight vacuolization in the
RPE. and shight swelling in the inner retina.

Figures 34, 13b and 13c are TEM micrographs
showing control retina, the center of the larger IR
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lesion seen in Figure 3, and the center of the cen-
tral argon lesion seen in Figure 3, respectively.
The conirol retina (Fig. 13a) illustrates normal
08, 1S, RPE, and choroid. In the center of the TR
leston (Fig. 13b), OSs have rounded up, ie., ouler
portions of broken OSs have formed circular pro~
files with vacuolated membranes found in the
centers, The RPE appears to be missing some
melanin granules, and the cytoplasm is edematous
and lightly stained, but intact. Bruch’s membrase
shows an increased lamellar deansity (arrows).
Polymorphonuclear leukocytes (PMNs) are pres-
ent in the choroidal vasculature, which is not con-
gested.

Figure 13c, taken through the center of the ar-
gon lesion shows OSs with a finer vesiculation
{(FV) or none at all. Large racrophages (M) are
seen engulfing outer segment debris (double ar-
rows) and melanin granules (arrows). The RPE
shows more extensive vacuolization than in the
IR lesions and the underlying choroidal vessels
show congestion (C).

Discussion

The resulis demonstrate both the unique nature of
the IR-laser-induced ocular damage and the
power of the SLO and OCT techniques in detect-
ing such damage and differentiating the effecis
within the various layers of the ocular mediun
and retina/choroid. Noteworthy is the fact that the
SLO was able to detect IR-induced lesions in the
retina (Fig. 6) even when the exposure dose was
below that which yielded lesions detectable by
fundus camera observation. Also of interest is the
OCT image revealing the path of the 1.318-um
laser beam through the aqueous humor at two
months postexposure (Fig. 8). The ‘wack® is
clearly seen to be in line with the corneal and lens
lesions induced by the 1.318-pum exposure, and is
prominent even when the imaging beam is not
aligned with normal incidence to the corneal and
lens swrfaces. This latter observation differenti-
ates the aqueous scattering from OCT artifuct
usually associated with specular reflection. There
may be an analogy between the secondary ague-
ous reaction (visualized between the corneal and
lens lesions) and the delayed inflammatory re-
sponse (also noted ar twoe months postexposure;
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Fig. 1. Light micrographs through the ceuters of the 1R lesions shown in Figure 3. 20u. Larger of the two IR lesions; 70b, smaller
(right hand) of the two IR lesions. The tissue was iixed at 48 hours following laser exposures.
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1.3 um LASER INJURY

vitreous

choroid " .

1.3 pm lesion in rabblt retina

il Reflectance

Fig. & OCT images, taken at two months postexposure, illustrating 1,318 .um anterior chamber lesious (left panel) and a retinal
lesion (right panel) in the same eye, with all the fesions induced by the same exposure.

hours postexposure (Fig. 7). The OPL/ONL dam-
age is similar in appearance (6 that observed at 24
hours postexposure, while the deeper retinal lay-
ers remain relatively unaffected. This OCT image
is to be reconciled with the funduscopic appear-
ance of the lesion dt two months postexposure,
shown in Figure 9. Whereas the 24-hour post-
exposure fundus camera observation revealed an
~500-pwim circolar lesion and that appearance was
stable with several viewings over the next ten
days. by two-months postexposure, the effect had
progressed 10 the Jarge (~1 mm) irregularly
shaped lesion seen in Figure 9. This irregularly
shaped lesion which, upon funduscopic and SLO
observations, appeared 1o jovolve the anterior
retina, slowly dispersed so that by three months
postexposure the underlying circular lesion was
again revealed.

Fig. 9. Fundus photograph. taken at two months postexposuse,
of the samw eye as that seen in Figure 8. ifustiating the large
(-1 mny, tregularly shaped retinal lesion which bad devel-
oped at the site of a 1.2{8-un laser exposure.




20

Lasers and Light in Ophthalimology. 8&(1) 1997

RETINAL LASER LESIONS INRABBIT

i Reflectance

Fig. 7. OCT images comparing & 1.31%-un vetinal lesion {upper panel) to three 8.314-pum Jesions in the same eye (lower panc).

The images were taken at 24 hours following laser exposures.

Several retinal features are explicitly visualized
in the OCT images. inclading the ouler plexiform
laver (OPL} and the retinal pigment epithelium
{RPE) choroid interface, whicl appear as the up-
per and lower fighly scattering red lavers, re-
spectively. Below the RPE, the backscatier signal
is gradually attenuated as one moves deeper into
the choroid. The joner-limiting membrane (ILM)
of the retina is clearly delineated from the vitre-
ous humor. Normal retina is found at the right
and left borders of the images.

The L318-um-induced damage seen in Figure
7 (upper panel) is pronounced in the OPL and the
adjacent outer nuclear layer (ONL). There is also
3 noticeable increase in backscatter throughout
the inner retinal layers. In contrast, the argon le-
sions (bottom panel). exhibit more exteosive
damage in the deeper retinal layers including the
RPE and choroid. In all three argon lesions, el-
evation of the retina is observed, possibly due o
the rapid heating and vacuolization within the
retina. The right-most fesion also shows a vacuole
below the LM, involving the NFL and ganglion
cell layers.

Figure 8 shows OCT images acquired from the
anterior chamber (left panel) and retina (right
pancl) of an eye which, two months earlier, had
received a 2 W, ~10-second exposure to the
£.318-pm Nd:YAG laser. Thus, the exposure
dose is comparable to those which induced the IR
lesions sees in Figures 3-6 but, in this instance,
the laser beam diamecrer incident at the cprnea
was ~1 mm instead of 3 ;. Ay g reswlr
of the higher irradiance level incident ar the
eve, corneal and fenticular lesions were induced
in addition to the retinal lesion. Slit-lamp and
fundus camera photographs of these lesions have
been published in an earlier report’.

The corneal and lenticular lesions are visual-
ized in the left panel of Figure 8. Sigoificant
opacification is indicated in the nuclear region of
the lens, while relatively minor damage is seen in
the carnea. The path of the laser beam through
the aqueous humor is visnalized, although this
opacification is also minor.

The retinal image of Figure 8 indicates that, at
two moniths posteaposure, the disruption of the
tnner retinal layers is more pronounced than at 24
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Fig. 3. fundus photograph showing IR (1.318 pm) and argon
(0.514 um) laser-induced lesions in the rabbit eye. Arrows
indicate the three argon marker lesions. The photograph was
taken 24 hours after laser exposures.

Fig. 4. SLO image (40° field of view) of the same eye as that
seen in Figure 3 taken with 0.488-pm illumination and using
the smallest confocal aperture. The image was taken at 24
hours following laser exposures.

exposure showed leakage at the argon lesion
sites, but not elsewhere. The filling pattern indi-
cated some blockage of retinal vessels across the
area between the two argon and two IR lesions in
Figure 3. ICG angiography showed choroidal
blockage and diffuse staining at the IR exposure
sites.

Optical coherence tomography

OCT images through the centers of retinal lesions
induced by 0.514- and 1.318-um laser radiation

Fig. 5. SLO image (20° field of view) taken with the same
viewing conditions as for Figure 4, but with confocal slice
moved in the anterior direction to visualize the nerve fiber
layer.

Fig. 6. SLO image (40° field of view) taken with 0.780-um
illumination, but with other viewing conditions the same as
for Figure 4. :

are shown in Figure 7. The OCT images were
also taken at 24 hours postexposure, and laser ex-
posure doses were comparable to those which
produced the funduscopically visible lesions seen
in Figures 3-6. The top panel of Figure 7 is an
image through a 1.318-um lesion (arrow). The
bottom panel is a cut through three adjacent argon
lesions (arrows). The color bar under the images
scales the intensity of tissue backscatter. The red/
white end of the scale represents the highest
backscattering, while the blue/black end is associ-
ated with the lowest backscattering.
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nologies image-processing system, and printed.
SLO examinations generally included fluorescein
and indocyanine green (ICG) angiographies. The
former allowed evaluation of retinal vascular
leakage and blockage from lesion sites in the sen-
sory retina, while the ICG angiography was used
to detect blockage in the choroidal blood supply.

The OCT instrument utilized a modified oph-
thalmic slit-lamp to image in vivo ocular struc-
tures of two rabbit subjects. The subjects con-
tained a variety of corneal, lens, and retinal le-
sions induced by the 1.318-um Nd:YAG laser?, as
well as retinal lesions induced by the argon laser.
The light source for the OCT interferometer was
an 830-nm super-luminescent diode laser that
enabled imaging with an incident optical power
of 200 pW. Images were acquired either verti-
cally or horizontally (as viewed with the slit-
lamp) through selected lesions. The instrument
achieves a spatial resolution at the retina of ~15
pm in both the longitudinal and transverse direc-
tions.

Two rabbits selected for pathological evalua-
tion were euthanized with an overdose of
Nembutal. The retinas were processed for routine
transmission electron microscopy (TEM)!2,
Briefly, both eyes were enucleated and immer-
sion-fixed within five minutes of death with a
cacodylate-buffered solution (4°C) containing 1%
glutaraldehyde and 1% paraformaldehyde's. Ap-
proximately 24 hours later, strips of retina (~2x4
mm) containing the laser-induced lesions were
dissected out for further processing. Plastic sec-
tions of l-um thickness were first examined by
light microscopy to determine lesion centers.
Then, thin sections for electron microscopy were
cut through the lesion centers, using a diamond
knife. The thin sections were stained with uranyl
acetate and lead citrate, and then examined and
photographed with a Zeiss TEM at 60 kV.,

Results

Figure 3 is a fundus photograph illustrating
retinal lesions induced in the rabbit eye by 0.514-
and 1.318-um laser radiation. The photograph,
taken at 24 hours postexposure, shows three ar-
gon-laser-induced marker lesions (arrows) and
two IR-laser-induced lesions directly above the

Lasers and Light in Ophthalmology, 8(1) — 1997

central and vight-hand marker lesions. The
marker lesions are ~200 um in diameter and were
visible immediately following exposure. The IR
lesions were not funduscopically visible on the
day of exposure. By 24 hours postexposure, the
IR lesions were readily detected with the fundus
camera and, as seen in Figure 3, were larger and
more reflective than the argon marker lesions.
The IR lesions developed somewhat further in
size and reflectivity during the ensuing 24-hour
period, but beyond 48 hours postexposure, the ap-
pearance of the lesions stabilized.

Scanning laser ophthalmoscopy

SLO observations on the eye seen in Figure 3 also
failed to visualize the IR lesions on the day of
exposure. By 24 hours postexposure, the two IR
lesions were apparent with all illuminating wave-
lengths of the SLO. Figure 4 is an SLO image, at
24 hours postexposure, using 0.488-um illumina-
tion. The smallest confocal aperture (C1) was
used, and the confocal slice (-1.9 D) lies in the
inner retina but below the nerve fiber Ilayer
(NFL). In this image, both the argon and IR le-
sions have appearances similar to those seen with
normal fundus camera viewing (Fig. 3). Figure 5
shows a 0.488-um image of the same eye, but
with the confocal plane moved in the anterior di-
rection into the NFL. Intact NFL fibers are
imaged over both the argon and IR lesions.

Figure 6 shows an SLO image of the same eye
using 0.780-um illumination, but with all other
viewing conditions as in Figure 4. With 0.780-um
illumination, the image is moved deeper into the
retina. The argon lesions at this plane are the
same size as in Figure 4, but exhibit dark central
areas. The IR lesions are considerably larger and
more diffuse. Further, several additional IR le-
sions are now detected. The additional IR lesions
are seen at sites directly below and in between
the argon marker lesions, and resulted from expo-
sure doses ranging from ~0.25 to 1.0 times the
dose required to induce the IR lesions visible in
Figures 3 and 4. These additional lesions were
not visualized with the SLO imaging wavelengths
other than 0.780 pm, nor with the white light
fundus camera illumination.

Fluorescein angiography at 24 hours post-
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non-invasive, in situ observations of ocular tis-
sues and, specifically, to detect laser-induced
retinal effects. The imaging techniques allow re-
peated post-exposure examinations of the pro-
gression of damage, potentially yielding a more
detailed interpretation of the laser-tissue interac-
tion and the subsequent tissue reactions than does
the static picture(s) captured by pathological
evaluation. :

While the SLO approach is relatively well es-
tablished, use of a confocal aperture in the SLO
apparatus has not been widely applied*s. The
confocal aperture effectively allows adjustment
of the depth of the imaged confocal slice within
the eye. Coupled with the use of any of several
illuminating wavelengths, this technique allows
visualization of discrete retinal layers and affords
the opportunity to detect differential damage ef-
fects within those layers.

OCT is a new imaging modality that per-
mits high-resolution, cross-sectional tomographic
imaging of the architectural morphology of bio-
logical tissues in vivo®. Imaging is performed by
directing a focused light beam into the tissue and
using low-coherence interferometry to measure
the delay time (echo delay) for the backscattered
light to return to the instrument. In contrast to the
end-face view provided by slit-lamp and fundus-
copic observations, OCT permits the imaging of
ocular structures from the cross-sectional per-
spective. The clinical diagnostic potential of OCT
has been demonstrated in the transparent tissue of
the eye™, as well .as in highly scattering tis-
sue'o,

Methods

The experimental subjects were /5 Dutch Belted
rabbits (Oryctolagus cuniculus). Animals used in
this study were procured, maintained, and used in
accordance with the Animal Welfare Act and the
“Guide for the Care and Use of Laboratory Ani-
mals” prepared by the Institute of Laboratory
Animal Resources, National Research Councii;
and the ARVO Resolution on the Use of Animals
in Research. All experiments used appropriate
levels of anesthesia (/M injection of ketamine (20
mg/kg) mixed with xylazine (0.5-1.0 mg/kg)), so
the subjects did not experience pain or distress.
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Pre-exposure screening of subjects to ensure
clear ocular media and normal ocular tissues gen-
erally consisted of a slit-lamp examination, a
fundus camera examination, fluorescein angio-
graphy, baseline photography taken while the
subject was still in position at the fundus camera,
and refraction to the nearest 0.25 diopter.

Ocular exposures were made with a cw Nd:
YAG laser equipped with a pair of mirrors to
optimize the output at 1.318 um. An intracavity
etalon was used to select the wavelength of inter-
est while suppressing other Nd:YAG emission
lines. The laser beam was directed through a 0.5-
m scanning monochromator to a germanium
photodiode to ensure that the selected wavelength
was free of contaminating laser emissions. CW
output was stable at a maximum level of ~2 W.
An electronically controlled mechanical shutter
was used to select the exposure duration, which
was the variable for ocular threshold deter-
minations. Beam profiles were determined using
a 2-D laser beam analyzer. Marker lesions were
produced on the subjects’ retinas with an air-
cooled argon-ion laser with a cw power of 60
mW and an exposure duration of 15 msec. Else-
where, we have reported corneal, lens, and retinal
thresholds in both rabbits and primates for 1.318-
and 1.356-um radiation obtained from the
Nd:YAG laser’. The SLO and OCT observations
discussed in this paper, as well as the pathologi-
cal evaluations, were conducted only in rabbits
and only for one IR wavelength (1.318 pm) and
one visible wavelength (0.514 pm).

IR laser exposure times ranged from one to ten
seconds. The 1.318-um collimated beam was ~5
mm in diameter when incident at the cornea. This
yielded exposure doses of ~10-100 J/cm? at the
cornea. Procedures for delivering laser exposures
and laser beam diagnostics are described else-
where?.

Subjects were examined by standard fundus
ophthalmoscopy and SLO immediately following
laser exposure, and again at 24 and 48 hours
postexposure. The Rodenstock SLO was capable
of projecting four wavelengths: argon blue (0.488
pum), argon green (0.514 pum), helium neon (0.633
um), and gallium arsenide (0.780 um)°. A con-
focal aperture was employed®. Images were re-
corded on super VHS video tape. Individual
video frames were digitized with a Delta Tech-
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Fig. I. Transmission spectra of the components of the primate
eye. C: cornea; A: aqueous humor; L: lens; V: vitreous humor.

ured along the horizontal axis, as indicated in
Figure 2b. Figure 2a remains essentially un-
changed if any other visible wavelength is substi-
tuted for 0.514 um,

The solid lines in Figures 2a and 2c show the
variation in absorption coefficients as one moves
through the ocular medium!. Using these absorp-
tion coefficients and treating each ocular compo-
nent as homogeneous, the percent of corneal inci-
dent radiation reaching any given depth into the
ocular medium is calculated and shown by the
dotted curves in Figures 2a and 2c. At 0.514 pm,
most of the corneal incident radiation reaches the
retina, but at 1.318 um, the transmission to the
retina is <5%. Taking the focusing power of the
eye into account, the relative laser irradiance at
any point along the horizontal axis can be ap-
proximated, and is plotted as the dashed curves in
Figures 2a and 2c. For visible wavelengths, the
retinal hazard is readily appreciated from the high
irradiance level at the retina, coupled with a high
retinal absorption coefficient?. At 1.318 pum, on
the other hand, the retinal irradiance exceeds that
incident at the cornea by a relatively small mar-
gin.

In a preliminary report3, it was shown that ex-
posures in the ‘eye-safe’ wavelength range can,
indeed, result in multiple damage sites throughout
the ocular medium and the retina. It was also
noted that initially unaffected IR laser exposure
sites, when monitored over time, may reveal
slowly developing (days or longer) tissue degen-
eration, and that the tissue degradation may ulti-
mately progress to involve regions surrounding
the discrete areas subjected to laser radiation.

In this report, the laser-tissue interaction at
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Fig. 2. Schematic depiction of penetration of 0.514-um and
1.318-um radiation (2a and 2c, respectively) into an eye of
focal length, f (25). The vertical axes of 2a and 2c are, in turn,
absorption coefficient in cm™ (for the solid lines); percent of
comeal incident radiation penetrating to a given depth into the
eye (dotted lines); and relative irradiance at a given depth
(dashed lines). The relative irradiance is set equal to 1.0 at
the corneal surface.

1318 pm is further characterized via confocal
scanning laser ophthalmoscopy (SLO) and optical
coherence tomography (OCT), as well as by ex-
amining the associated retinal pathology. For both
the imaging approaches and the ocular pathology,
the findings in IR laser-exposed retinal tissues are
contrasted to those in argon laser-exposed tissues.
The SLO and OCT imaging techniques are briefly
described below.

Background

Two imaging technologies (SLO and OCT) which
employ coherent light sources are applied to yield



