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1 Introduction

Retinal effects of picosecond laser pulses may vary signifi-
cantly depending on the energy per pulse and laser spot size a
the retina. Spot-size effects on threshold for retinal injury
have been well documentd@ain et al'). However, in con-

Abstract. We investigate the relationship between the laser beam at
the retina (spot size) and the extent of retinal injury from single ul-
trashort laser pulses. From previous studies it is believed that the reti-
nal effect of single 3-ps laser pulses should vary in extent and loca-
tion, depending on the occurrence of laser-induced breakdown (LIB)
at the site of laser delivery. Single 3-ps pulses of 580-nm laser energy
are delivered over a range of spot sizes to the retina of Macaca mu-
latta. The retinal response is captured sequentially with optical coher-
ence tomography (OCT). The in vivo OCT images and the extent of
pathology on final microscopic sections of the laser site are com-
pared. With delivery of a laser pulse with peak irradiance greater than
that required for LIB, OCT and light micrographs demonstrate inner
retinal injury with many intraretinal and/or vitreous hemorrhages. In
contrast, broad outer retinal injury with minimal to no choriocapillaris
effect is seen after delivery of laser pulses to a larger retinal area (60 to
300 wm diam) when peak irradiance is less than that required for LIB.
The broader lesions extend into the inner retina when higher energy
delivery produces intraretinal injury. Microscopic examination of
stained fixed tissues provide better resolution of retinal morphology
than OCT. OCT provides less resolution but could be guided over an
in vivo, visible retinal lesion for repeated sampling over time during
the evolution of the lesion formation. For 3-ps visible wavelength laser
pulses, varying the spot size and laser energy directly affects the ex-
tent of retinal injury. This again is believed to be partly due to the
onset of LIB, as seen in previous studies. Spot-size dependence should
be considered when comparing studies of retinal effects or when pur-

suing a specific retinal effect from ultrashort laser pulses. © 2004 society
of Photo-Optical Instrumentation Engineers. [DOI: 10.1117/1.1805554]
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breakdown(LIB) from ultrashort pulses of visible laser en-

ergy delivered to the retina without the aid of external focus-
'pg optics have been demonstrated experimentally by Cain
et al? using a model human eye. Figure 1 demonstrates the
threshold irradiance for avalanche and multiphoton mediated

pulses delivered at a small focus increase the likelihood for Cai d hi Kers di d the fabricati ‘ i
peak irradiances to surpass the threshold required to induce a ain and Nis coworkers discussed the fabrication ot an artihi-

plasma event within the eye. Thresholds for laser-induced cial eye that mimicked the focusing geometry of the human
eye. This artificial eye was used to measure several nonlinear

optical phenomena believed to have impact on retinal damage
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Fig. 1 Threshold irradiance for avalanche and multiphoton ioniza-
tion, mediated LIB for ultrashort laser pulses (Cain et al.?). Note that
OCT lesions 3 thru 8 (<10-um-diam laser spot size) have achieved
irradiance levels that exceed the threshold for LIB in both processes.
OCT lesions 1 and 2 have irradiance values sufficient to exceed the
avalanche threshold. For OCT lesions 9 thru 17, the spot size is
greater than or equal to 60 um and the irradiance levels fall well
below the threshold for either avalanche or multiphoton ionization.

Fig. 2 (a) Light micrograph of 9-day-old lesion (3 ps, 4 wJ, and 10-um
spot-size). (b) OCT image of the same lesion. This very small (less than
20-um horizontal lesion) site of disturbed photoreceptor nucleii with
retinal pigment epithelium or macrophage migration into the photo-
receptor outer segments was nonetheless visible on the comparable
OCT scan. The arrows on the OCT point to the focal sites of increased
reflectivity in the photoreceptor nuclear and inner segment zone of
relative low reflectivity.

Retinal response of Macaca mulatta to picosecond laser pulses . . .

Fig. 3 (a) Light micrograph of 1-h, high-energy lesion (3 ps, 20 uJ, and
10-um spot size). (b) OCT image of the site of the (a) lesion prior to
laser delivery. (c) OCT image at 3-s postlaser delivery. (d) OCT image
at T min postlaser delivery, and (e) OCT image at 1-h postlaser deliv-
ery. In (b) the baseline OCT demonstrates focal shadowing from a
small blood vessel in the inner retina. The 3-s and 1-min scans both
show a definite change in focal reflectivity of the inner and outer
plexiform layers [arrows in (d)]. The lesion expands with focal low
reflectivity in the photoreceptor layers. This could be due to shadow-
ing from the inner retinal lesion. Note the larger zone of inner retinal
damage without adjacent retinal pigment epithelium damage (also not
seen in adjacent sections). Pyknotic nucleii are found in ganglion cell,
inner nuclear, and photoreceptor nuclear layers, while there is swell-
ing and vacuolization of adjacent tissue in a vertical band.

Fig. 4 (a) Light micrograph of a 9-day-old lesion (3 ps, 42 uJ, and
10-um spot size) and (b) OCT image of the lesion at 9 days after laser
delivery. Pigmented cells have migrated into the small focal site of
photoreceptor damage, but anterior to this, there is a broad area of
ganglion cell swelling with vacuoles and pyknotic nuclei. (b) Note
that the OCT images the inner retinal damage as a more highly reflec-
tive site (top arrow) and shows shadowing of subsequent layers (lower
arrows).

Journal of Biomedical Optics ¢ November/December 2004 « Vol. 9 No. 6 1289



Roach et al.

from ultrashort pulsed lasers, including LIB. Work by Toth 843-nm center wavelength superluminescent diode as a low-
et al? demonstrated that LIB is a significant factor in suprath- coherence light source. The coherence length in the eye was
reshold fluence retinal laser lesions from 3 ps and 90 fs, where10 um (full width half maximun), which defines the longitu-
suprathreshold fluence is defined as fluence above thresholdsiinal ranging resolution. The beam diameter at the cornea was
that would produce a minimal visible lesion at the retina. 1.2 mm, which, neglecting ocular aberrations, results in an
From this work, low energy<2-uJ) exposures demonstrated  estimated 13zm (full width half maximum) spot size on the
focal damage to the retinal pigment epitheli&PE with retina. An optical power of 17%W was incident on the eye
minimal photoreceptor or choriocapillaris effect. It is believed and the signal-to-noise ratio of the OCT systéime maxi-

that these observations are due to melanosome-based focalmum signal when the optical beam was reflected from a high-
thermal and accompanying focal-acoustic damage to the RPEreflectance mirror, divided by the instrument noise Ipveds
without spread to adjacent tissti. calculated to be 109 dB. A galvanometer-scanned retroreflec-

From these and other studies, it is proposed that greaterior was used for reference arm pathlength delay and enabled
energy delivered into a small focus will induce LIB events 109 axial scans to be acquired in 2.5 s.

showing full-thickness retinal damage. If LIB is a mechanism The OCT scanning and imaging optics were retrofitted

Or]: retlna] d?mage from uItra}short puijses ?f V'S'ﬁ:le Iﬁjser light, 4nto a standard slit-lamp biomicroscopfeTwo orthogonally
then retinal response to picosecond pulses should vary not,, qeq scanning mirrors provided lateral beam positioning

only With. energ;? but also with Iasgr Spot size across a range on the retina. Retinal tomography was performed in a manner
of energies. This study used optical coherence tomographysimilar to indirect ophthalmoscopy using & 60-diopter

(OCT) to detect and image refinal response by layer and OVET jouble aspheric condensing lens mounted on the slit lamp in

time, immediately after laser pulse delivery. Retinal response g . .

"=~ front of the eye to relay an image of the retina onto the slit-
from the same exposure was measured at selected time mteriam imace plane. An infrared-sensitive charge-counled de-
vals during the evolution of tissue reaction to exposure using P gep : Y P

both OCT and light microscopy observations of correspond- v@qe (CCD) camera attached to the siit Igmp.enat.)led the- po-
ing histology. sition of the scanning OCT beam to be visualized in real time.

For this study, the OCT imaging beam was aligned with the
picosecond laser aiming beam. OCT beam scanning and data
2 Materials and Methods acquisition was user initiated and computer controlled. Cross

The treatment and procedures used in this study conformed tosectlonal tomographic imagd200 (horizonta) X250 (verti-

the use of animals in ophthalmic and vision research and Fed-C?D pixelg] of the retina were constrycted by Ia?erally' scan-
eral Guidelines. Animals used in this study were procured, "N9 f[he l'ght bea”? through the_ speumen_and displaying lon-
maintained, and used in accordance with federal regulations,9itudinal information from different adjacent transverse
the Animal Welfare Act, the “Guide for Care and Use of POSItions. The OCT-generated images represented the retinal
Animals” NIH publication number 86-23nfiprepared by the structqre based on the optical chkscattereq intensity, which
Institute of Laboratory Animal Resources, National Research Was highly dependent on the optical properties of the struc-
Council, and the ARVO statement regarding the Use of Ani- ture. OCT images were taken in real time while viewing the
mals in Ophthalmic and Vision Research. The United States fundus. Therefore, the position of the lesion on the OCT im-
Air Force (USAPF) Armstrong Laboratory at Brooks Air Force ~ age is well correlated with what was seen on the fundus and
Base(AFB), Texas and Duke University, North Carolina, are later in histology.
both AAALAC accredited institutions. The globes were incised anterior to the equator and im-

Macaca mulattaof age approximately one to three years mersed in a 3% gluteraldehyde and 0.1-M sodium cocodylate
and weighing 3 to 4 kg were maintained under standard labo- buffer immediately following enucleation. The posterior eye-
ratory lighting conditions, were monitored and cared for dur- cup was cut away from the anterior segment after 10 min and
ing laser lesion placement, and were euthanized and enuclereplaced in the fixative. The macular area was later dissected
ated as previously describ@dSingle laser pulses at visible and embedded in Spurr’s resin and sectioned. The tissue sec-
wavelengths were delivered to the macular area, outside thetions were 1um in thickness and stained with methylene
fovea of each eye, as described previously by Cain 2t al. blue. Digital images were captured along with a 24@-scale
Eight eyes of four animals were used for the vivo and bar and scored for size of lesion and extent of damage into
histologic study of 18 lesions. In the 1-h exposure, three le- tissue layers. The size of the image was matched to the OCT
sions were produced in each eye and two lesions per eye inusing the micron scale bar in each image.
the remaining animalésee Table 11 Test sites received 3-ps, The retinal irradiance was calculated from the laser energy
580-nm laser energy. All laser energies reported<f@0-uJ delivered divided by the area of the retinal laser spot size.
pulses are energies delivered to the cornea and either meaThis is reported for each lesion as retinal irradiance as tera-
sured as a percentage of beam delivered to a beamsplitter, oivatts per square centimetgk0*2W/cn? or tW/cn?) in Table
determined from similar pulses delivered to a mirror and de- 1, column 4.
tector just prior to ocular delivery. Laser spot sizes were de-  The extent of the lesion in sectioned retinal tissue was
termined through diffraction-limited calculations and verified given a score based on the following criteria.
experimentally with the Cain et &leye model.

OCT images were obtained pre- and postlaser exposure ¢ A score of O indicates that there were no retinal, retinal

using an experimental system, as reported previdudly. pigment epithelialRPE or choriocapillaris abnormali-
summarize the technical details of this system, the fiber-based ties at the site of laser delivery, compared to adjacent
OCT system utilized a Michelson-type interferometer and an normal retina.
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Table 1 Summary of 3-ps laser lesions. In the 1-h exposure pathology, three lesions were produced in each eye and two lesions per eye in the
remainder. Lesion 18 is a 5-ns lesion for comparison. Clinical appearance: RH is red hemorrhagic lesion in or beneath retina; VH is vitreous
hemorrhage; WL is white retinal lesion. Pathology grade: H is hemorrhage.

Beam Clinical
diameter at Retinal appearance OCT-demonstrated Pathology Age of
Lesion Energy retina irradiance of acute location of grade lesion at
number (W) (m) (TW/cm?) lesion lesion of lesion OCT/pathology
1 4 10 1.70 WL outer 2 9 days
2 4 10 1.70 WL inner 4 9 days
3 20 10 8.50 WL inner 4 1h
4 20 10 8.50 WL inner 4 Th
5 20 10 8.50 VH inner 5H Th
6 20 10 8.50 VH inner 5H 1 day
7 21 10 8.91 VH inner 5H 9 days
8 42 10 17.80 WL+RH inner 3 to 4H 9 days
9 20 60 0.24 WL outer 2 1h
10 20 60 0.24 WL outer 2 1 day
11 50 200 0.05 WL outer 2 1 day
12 95 200 0.10 WL+RH outer 3 to 4H Th
13 95 200 0.10 WL+RH outer 3 to 4H 1 day
14 80 300 0.04 WL+RH outer 3 to 4H 8 days
15 100 300 0.05 WL+RH outer 3 to 4H 8 days
16 100 >300 >0.05 WL outer 2 8 days
17 100 >300 >0.05 WL outer 2 8 days
18 150 >300 >0.06 WL+RH outer 3H+Bruch’s Th

membrane effects

» A score of 1 indicates that only RPE cells were affected age, in contrast to laser irradiances below threshold for LIB,
at the laser site, usually appearing as a single disruptedwhich produced outer retinal damage sometimes associated
or lifted cell. with intraretinal hemorrhage. OCT imaging could be used to

« A score of 2 indicates that morphologic changes could identify the location of laser effect within the retina. This was
be found in RPE cells, photoreceptor inner and outer Verified with the light microscopy of the retinal lesions.

segments, and photoreceptor nuclei, without inner retinal ~ We compare irradiance levels at the retina from this work
effects. to the threshold for LIB described elsewhéreas shown in

Fig. 1, where OCT lesions 1 and 2 had laser irradiances well
above the calculated threshold for LIB via avalanche ioniza-
tion, and OCT lesions 3 to 8 exceeded irradiance threshold
- . . . levels for multiphoton ionization processes. For the OCT le-
© A score of 4 indicates a fuII-_th|ckness retinal lesion in- sions 9 to 17, the irradiance levels achieved did not reach the
volving RPE through nerve fiber layer. critical fluence required for either ionization process, owing to

* Ascore of 5 indicates a retinal lesion with rupture of the - an increasing laser retinal spot-size area as energy increased
internal limiting membrane, which was usually associ- and exposure duration remained constant.

e A score of 3 indicates a lesion that extended through
RPE cells and outer and inner retinal layers, but not into
the nerve fiber layer.

ated with a vitreous hemorrhage. Imaging these lesion® vivo with OCT provided useful
« In addition, H indicates that a hemorrhage was visible in information regarding the location of injury within the retina.
the tissue sections. Inner retinal damage could be clearly differentiated from
outer-retinal damage as seen in Fig. 2. The cluster of pixels of
3 Results high reflectivity was present in each of the multiple scans of

Laser irradiances well above threshold for LIB for the 3-ps this lesion. The cluster of higher reflectivity corresponded to
laser pulse almost always produced full-thickness retinal dam- the site of the laser lesion, observed during scanning, and is
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Fig. 5 (a) Light micrograph of 1-day-old lesion with vitreous hemor-
rhage (3 ps, 20 wJ, and 10-um spot size). (b) OCT image of the site
before laser delivery. (c) OCT image at 10-s postlaser delivery (3 ps,
20 wJ, and 10-um spot size). (d) OCT image at 1-min postlaser deliv-
ery. (e) OCT image at 5-min postlaser delivery. (f) OCT image at 24-h
postlaser delivery. The prelaser OCT scan included a retinal vessel
with a focal shadow [arrows (b)]. After laser delivery, focal bleeding is
seen into the vitreous cavity. This miniscule bleed could be observed
by the researchers and on OCT produces a focal shadow in scans (c)
through (f). The broadened area of low reflectivity of the outer retinal
layers could be shadowing, or less likely other laser damage. Light
micrographs demonstrate a very narrow column of full-thickness reti-
nal damage along with extravasated blood in the inner retina.

Fig. 6 (a) Light micrograph of 1-h lesion with vitreous hemorrhage (3
ps, 20 w, and 10-um spot size). (b) OCT image at prelaser delivery.
(c) OCT image at 4-s postlaser delivery with acute LIB hemorrhage
producing a shadowing effect, which is a major drawback of OCT. (d)
OCT image at 5-min postlaser delivery, and (e) OCT image at 32-min
postlaser delivery. On the light micrograph, the blood could be seen
extending from the vitreous cavity to the outer plexiform layer, but not
deeper in the retina. The OCT images (c), (d), and (e) demonstrate the
absence of data in the shadows of preretinal hemorrhage.

Fig. 7 (a) Light micrograph of 1-h lesion (3 ps, 20 wJ, and 10-um spot
size). (b) OCT image at prelaser delivery (3 ps, 20 uJ, and 60-um spot
size). (c) OCT image at 10-s postlaser delivery. (d) OCT image at
1-min postlaser delivery. (e) OCT image at 2-min postlaser delivery,
and (f) OCT image at 38-min postlaser delivery. The light micrograph
has a fixation artifact with some distortion. The retinal pigment epi-
thelium is elevated from Bruch’s membrane, and overlying photore-
ceptors are displaced. The inner retina appeared normal. The OCT
images show a diffuse area of increased reflectivity in the photorecep-
tor layers (c) through (f) in contrast to (b) the prelaser scan.

Fig. 8 (a) Light micrograph of 1-day-old lesion (3 ps, 20 w), and
60-um spot size). (b) OCT image at prelaser delivery (3 ps, 50 uJ, and
200-um spot size). (c) OCT image at 10-s postlaser delivery. (d) OCT
image at 1-min postlaser delivery. (e) OCT image at 1-h postlaser
delivery, and (f) OCT image at 24-h postlaser delivery. On the light
micrograph the prominent outer retinal lesion is visible with retinal
pigment epithelial migration and pyknotic photoreceptor nuclei.
There is no disturbance anterior to the outer plexiform layer. On OCT
images there are broad areas of higher reflectivity corresponding to
the laser lesion. The reflectivity of the lesion appears to increase be-
tween 1 and 24 h after laser delivery. Note that pigmented cells have
migrated into the lesion at 24 h and may be associated with this
change.
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different from the reflectivity pattern surrounding this site, as toreceptor damage. Retinal pigment epithelium appeared in
shown in the sample Fig.(B). The OCT changes that could double layers[Fig. 4@)]. Choroidal layers appeared unaf-
be readily seen were a prominent focal increase or decrease irfected.

reflectivity relative to adjacent structures. Some lesions had a On OCT, the two nonhemorrhagic, high-energy, small
greater focal difference in relative reflectivity and thus were spot-size lesions demonstrated a pattern of high relative re-
more prominent on OCT than other more diffuse lesions. For flectivity in the inner retinal layers with relative low reflectiv-
all the lesions, however, the focal changes in reflectivity were ity in outer retinal layers in the hour after laser delivgFyg.
consistent in location in dozens of OCT scans over the laser3(g)]. This began as very mildly increased reflectivity of the
delivery sites, and only selected captured images are shown ininner and outer plexiform layeryb3 s after laser delivery
Figs. 2—8. For all lesions, the focal changes in retinal reflec- [Fig. 3(c)] in contrast to the prelaser appearance of the retina
tivity on OCT became more prominent as the first 1 to 4 min on OCT [Fig. 3b)]. By 1 min, these sites in both lesions
passed after laser delivery. Similar patterns of focal high or demonstrated pronounced increased reflectivity, along with a
IOW I’efleCtiVity were not seen in the nonlaser'treated I’etina, decrease in the typ|ca||y intense nerve ﬂber |ayer re|ative re-
except for the typical shadowing patterns seen under majorfiectivity and decrease in relative reflectivity of the photore-
retinal vessels. None of these laser lesions were created Neageptors, retinal pigment epithelium, and chorfg. 3(d)].
major retinal vessels. Retinal response differed by the peak at 35 to 45 min, a decrease in reflectivity of the nerve fiber
iradiance delivered to the site. Seven of eight lesions 2 10 8 |ayer persisted and prominent increased reflectivity extended
that received laser at irradiances well above LIB threshold o the inner nuclear layer through the outer plexiform layer
demonstrated inner retinal damage on OCT and full-thickness g possibly into the photoreceptor nuclei. Immediately adja-
injury in light micrographs, while one lesion that was imaged cent 1o the ‘inner area of high reflectivity, there was a pro-
only at 9 days after laser delivery demonstrated outer retinal ., \nced low reflectivity with poorly defined margins at the

dhamigei(leIH of the lesions %reated with gradiance F)e||C)WﬂL|B level of the photoreceptors and extending slightly into the
threshold, lesions 9 to 17, demonstrated outer retinal effects, o 1o biexiform layer and choroifFig. 3e)]. In another le-

while lesions 12 to 15 also had associated inner retinal hem'sion examined at 9 days, inner high reflectivity was present

orrhage. with shadowing or relative low reflectivity of outer retinal
layers[Fig. 4(b)].
Light micrographs of the hemorrhagic lesiortslah or 1
3.1 Small Spot Size (10 um) and Low Energy (4 ) day demonstrated either preretinal hemorrhage with very little
Lesions (Lesions 1 and 2 in Table 1) blood within the retina, or contained hemorrhage within the
The 10um spot-size laser area andwd-lesions(1l and 2 in inner retina. These lesions demonstrated a site of photorecep-

Table 1 were captured by OCT and light microscopy on day tor damage less thangm across and a site of retinal pigment
9 postexposure. One lesiphRig. 2(a) arrows, demonstrated a  epithelial damage less than »n in diametefFigs. 5a) and
focal site of outer retinal vacuolization, debris, and RPE or 6(a)] without adjacent choriocapillaris changes.
pigmented macrophage migration into the photoreceptor In lesions with hemorrhages, using OCT, the high reflec-
layer. There was no focal visible change in choriocapillaris. tivity of the hemorrhage and subsequent shadowing of the
Thein vivo OCT demonstrated a corresponding focal site of outer retinal layers depended on the thickness and location of
relatively high outer retinal reflectivitFig. 2(b) arrows. The the blood[Figs. §b) through %f) and &b) through &e)], al-
other laser lesion, however, demonstrated inner retinal vacu-though vacuole formation could also cause shadowing, as
oles and very minimal outer retinal damage in the light mi- seen in Fig. &). The hemorrhage was prominent within 4 to
crographs similar to, but smaller in lateral extent, to that seen 10 s of laser delivery and increased in extent over subsequent
in Fig. 4. There was a corresponding focal site of increased minutes[Figs. 5b) through %f) and Gb) through &e)]. A
retinal reflectivity with outer retinal shadowing on OCT simi- focal site of preretinal hemorrhage shadowed all underlying
lar to, but over a narrower area than, Fig. 4. This was pre- retinal layers. In the 24-h lesion, the hemorrhage had cleared
sumed, but not definitively due to the vacuoles, as a prelesionfrom the overlying retina. The retinal lesion demonstrated
OCT was not performed. prominent inner retinal high reflectivity and outer retinal
shadowing, possibly from erythrocytes in the inner retina or
from the inner retinal vacuoles of the full-thickness narrow
3.2 Small Spot Size (10 um) and High Energy (20 to columnar lesiorjFig. 5(f)].
42 uJ) Lesions (Lesions 3 through 8 in Table 1)

The 1-h fixed tissue sections of the nonhemorrhagic lesions
[Fig. 3(a)] demonstrated full-thickness retinal lesions with . . .
vaguolization adjacent to, but not directly over, the site of >3 Medium Spot Size (60 um) 20-uJ Lesions

outer retinal injury. These lesions were prominent in the inner (Lesions 8 and 9 in Table 1)

retina with pronounced vacuolization from the site of the rup- With the same energ20 J) but with the spot size increased
tured internal limiting membrane to the inner nuclear layer in to 60 um, such as in lesions 8 and 9, the retinal response both
one lesion and into the outer plexiform layer in the other by OCT and subsequent light microscopy demonstrated a
lesion. There were dense foci of pyknotic nuclei and underly- broadened area of outer retinal injury rather than a full-
ing retinal pigment epithelial disturbance without vacuoliza- thickness retinal lesion. The light micrograph of one lesion at
tion. The lesions examined at 8 or 9 days demonstrated innerl h demonstrates the 70m zone of retinal pigment epithelial
retinal vacuolization out of proportion to the very focal pho- damage with elevation of the RPE cells from Bruch’s mem-
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brane. The overlying injury extended only into the outer intense predominantly inner retinal injury or column of full-
plexiform layer, with normal inner retingFig. 7(a)] and nor- thickness retinal injury in response to laser exposure to a 10-
mal choriocapillaris. pm-diam spot at the retindesions 3 and ¥ We believe this
OCT of the two lesions as they evolved supported the lesion was the result of LIB within the retina similar to that
pathologic findings of one lesion at 1 ht 8 s through 2 min, described in Cain et &lThis was in contrast to a confined
the lesions demonstrated outer retinal diffuse high reflectivity, broader outer retinal injury from delivery of similar laser en-
with almost no change in reflectivity in inner retinal layers. ergy over a larger retinal argéesions 9 and 10 Those le-
By 36 min, the photoreceptor high reflectivity persisted with sions we believe originated primarily from melanosome ab-
overlying low reflectivity in the outer plexiform layer. Again  sorption of the laser energy in the RPE. Therefore, for a given
no notable inner retinal effect was appreciated. At 24 h, there spot size, we see outer retinal damage with low energy, and
was a pronounced site of relative high reflectivity in the pho- full-thickness damage and hemorrhage with energy above the

toreceptor layers in the other lesion. threshold for LIB.

Previous worR of lower energy(<1 to 11 uJ) 3-ps laser
3.4 Large Spot Size (200 to 300 um) and High pulses demonstrated partial to full-thickness retinal injury
Energy (50 to 100 wJ) Lesions (Lesions 11 to 18 in Table from 1.2- to 11.2uJ laser pulses. When comparing the mor-
1) phology of lesions from these studies, the horizontal extent of

Lesions produced with high laser energy and spot sizes vary-RPE damage increased minimally from low to high energy
ing between 200 to 30@m demonstrated a different retinal PU|SeS(1-2 to 20 ), while the inner retinal area of injury
pattern of injury. With examination by a light microscope mcrgaseq greatly \_/vhen greater energy was dellvered. In both
when there was no vitreous hemorrhagech as lesion 11 in ~ Studies, inner retinal hemorrhages occurred. With hemor-
Table 1, these lesions demonstrated a much broader area ofrhages, the confinement of the blood within the retinal layers
outer retinal injury primarily affecting the RPE and overlying d_eflned the extent of lateral damage from the lesion. Thus,
photoreceptordFig. 8a]. When there was retinal hemor-  Vitreous hemorrhages produced by the20-small-spot, la-
rhage, the broad area of retinal injury extended into the outer SE €xposure in this study produced limited horizontal extent
nuclear, outer plexiform, and inner nuclear layers. There was ©f rétinal injury (40 um), compared to the broad-150 um)
almost no laser effect visible in the inner plexiform, nerve [NNer retinal hemorrhages when there was no breakthrough of
fiber layers, or choroidal layers. There were no narrow col- Neémorrhage into the vitreous cavity after lower energy laser
umns of injury or any pronounced vacuoles seen acutely or atd€livery. With high-energy delivery to a site 206m or
1 day in these lesions. At 8 to 9 days, one lesion with previous 9r€ater, a retinal hemorrhage often occurred. There were no
retinal hemorrhage demonstrated a small area of inner retinalhoroidal or choriocapillarial sites of bleeding found after
vacuolization. The remainder of the lesions demonstrated Careéful microscopic examination of all hemorrhagic lesions,
outer retinal focal lesions. and all hemorrhages involved the retina above the outer
The OCT of these developing lesions demonstrated a muchnucléar layer, supporting the theory that these hemorrhages
broader area of increased reflectivity in the outer retinal layers Originate from retinal and not choroidal vessels. _
that also extended into the middle retinal laygFigs. 8&b) The experimental OCT system was useful in capturing se-
through 8f)]. Except for one lesion with intraretinal hemor- quential images o_f relatlve_ retinal reflectivity as the_lesu_)ns
rhage, there was no pronounced high reflectivity of the middle d€veloped. Thén vivo OCT images were, however, quite dif-
layers relative to the outer retin@s was seen in the small ferent from the light micrographs. With OCT, the tissue was
lesions. No lesion demonstrated definite inner retinal change €xamined with energy delivered to the surface of the retina

in reflectivity. There were no vitreous hemorrhages seen with @nd using alignment of signal reflected back from the different
these lesions. layers of the tissue into the Michelson interferometer. Thus

there were great differences in OCT imaging in contrast to the
. . light microscopy.
4 Discussion First, the depth of penetration of the signal into the retina
Numerous researchers have calculated and tested/unthe and choroid determined the extent of the OCT examination.
different ocular effects of the application of picosecond laser Deep choroidal structures could not be seen on OCT exami-
pulses’™* Some of the studies have described the onset of the nation, and highly reflective components prevented signal
in vivo appearance of retinal injury after subnanosecond laser penetration into deeper tissue. This was most obvious with
pulses were delivered '8 Some of these studies used lenses cyst or vacuole formation or with bleeding, e.g., shadowing
to create a larger or fixed-size retinal laser spot, and thus awas prominent in Figs. 5 and 6 with pre- and intraretinal
visible lesion that could be readily found for pathology. This hemorrhage. One could not define whether outer retinal low
increase in the retinal spot size of the laser beam from the reflectivity was a pathologic change or due to shadowing.
diffraction-limited spot size of the eye thus increased the en-  Second and third, the resolution of this OCT system was
ergy required to achieve threshold for LIB. Thus, columnar much more limited than light microscopy, and the OCT im-
damage from LIB was not recognized as an injury event at aging of a lesion depended on a change in reflectivity relative
moderately low levels of laser energy delivery until the mor- to that of surrounding tissue. Small cellular elements could
phology of small spot size lesions was examined by Toth not be differentiated with OCT, though retinal layers and lo-
et al® cation of the lesion within these layers could be identified
The current study has demonstrated that the variation in vivo. The initial laser-induced tissue effe@first and second
retinal response to picosecond laser pulses appears to be de®CT scans over a lesion, 3 to 8ia some lesions may have
pendent on the spot size achieved at the retina. We found anbeen associated with no change in reflectivity or a change
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beneath the level captured by this OCT system. In such a casepne time due to tissue excision, and the high resolution is only
no perturbation would be seen on OGg.g., the lack of in one plane of imaging due to the disassembly of the tissue
prominent OCT visible lesion in the first few seconds after with sectioning.
3-ps laser delivery The subsequent tissue response to the  Traditionally, laser safety studies have used fundus exami-
initial injury (swelling, vacuolization, and pyknogimay am- nation, fluorescein angiograms, histopathology of fixed tissue,
plify the original lesion and produce focal areas of disturbed and visual function testing to identify laser effects on the
tissue that are large enough to be captured on OCT imagingretina. In vivo information from OCT is a useful adjunct in
by this system(e.g., the evolution of OCT lesions over time such studies providing information, which will be useful in
seen in Figs. 3, 7, and)8 the clinical care of retinal disease. OCT data regarding normal
Despite these limitations to OCT imaging, over the time retinal tissue and evolving retinal lesions are of use to clini-
course of lesion development, tissue response followed a pre-cians applying this technique for human study and patient
dictable pattern of high reflectivity at the site of initial laser care. First, these correlate location of retinal structures within
effect, with adjacent low reflectivity as the lesion evolved. the OCT image. Second, these associate tissue elements or
The timeframe of the evolution of bleeding could be followed pathologic process with a pattern of relative reflectivity,
with the development of shadowing on OCT. We could differ- which can aid in diagnosis. Third, these demonstrate use of
entiate lesions with inner retina versus outer retinal changes inOCT in monitoring wound healing or evolution of retinal pa-
reflectivity from the laser energy. When inner retinal injury thology over time.
produced highly reflective lesions on OCT, we could not Despite high-energy laser delivery to create lesions, the
clearly determine the extent of associated outer retinal dam- pathologic response to the picosecond laser pulses remained
age. confined to the retina. Retinal vasculature rupture occurred
frequently in this study, with vitreous hemorrhage more com-
mon with smaller beam diameter at the retina. This informa-
5 Conclusions tion may be of use in developing therapies using laser-induced
Of fundamental importance to industry, medicine, and re- vascular anastamoses. The picosecond laser pulses at optimal
search is a well-characterized, functional understanding of thebeam diameter and energy may produce selective retinal vas-
mechanisms for laser-ocular interactions and how this might cular rupture with contained intraretinal hemorrhage. This is
impact the extent of tissue effect and visual funcfid@iven in contrast to lasers of longer pulsewidths where delivery pa-
the appearance of dependence of retinal pathologic responsgéameters can be selected for choroidal vascular disruption.
on the spot size of high-energy ultrashort laser pulses, we
conclude that a careful spot-size study should be undertakenAcknowledgments

to analytically show this dependence as a critical componentwe would like to acknowledge several individuals whose
of observed retinal damage. The hypothesis would be that if york the authors believe merit more than a mention at the end
the retinal spot size were larger than the diffraction-limited of this work. We wish to heartily thank Ewa Worniallo for her
spot size used in laser safety studies, then onset of LIB ob- meticulous support of the histopathology effort, Katrina P.
served in previous studies and resulting acute retinal responsepjinter for her continued work and coordination on the manu-
to the laser pulse exposure would be different, as demon-script, Cheryl D. DiCarlo for her meticulous and intensive
strated in this work but requiring further study. Thus one must animal model work along with critical preparation of tissue
be cautious in comparing data between studies, which usedfor histopathology transport, Michael R. Hee for the OCT
different retinal Spot sizes in the evaluation of short laser software deve|opment and Operation during the experiments’
pulse effects on the retina. This challenge is increased by theand David J. Stolarski for his continued support of the manu-
d|ff|CU|ty in direCtIy- meaSUring the diffraction-limited laser Script’ |aborat0ry preparation and Setup, and data ana|ysis_
spot size at the retina. The research was supported by the Air Force Office of Scien-
In this work we demonstrate contrasting benefits in the two tific Research (grants F49620-95-1-0266 and 2312AA-
methods of imaging ultrashort pulse laser retinal lesions. Non- 92A1 014 and the USAF Armstrong Laboratorgcontract
invasive OCT provides less resolution and minimal informa- F33615-92-C-001)7
tion at the subcellular level. However, since it is guided over  The views and conclusions contained in this document are
the visible lesion by video observation of the aiming beam, those of the authors and should not be interpreted as neces-
retinal lesion sites are not missed. Because it is nondamagingsarily representing the official policies or endorsements, either
and performedn vivo, repeated rapid OCT sampling over expressed or implied, of the Air Force Office of Scientific
time could be performed at each lesion site, and lesion exami- ResearcHAFOSR or the U.S. Government.
nation could be conducted with scans directed across a lesion
of interest at any axis. We found, as in earlier wotkat OCT
response over time for laser retinal lesions appear to correlateReferences
closely with subsequent pathology found with light micros- 1. C.P.Cain, C. A. Toth, G. D. Noojin, D. J. Stolarski, S. Cora, and B.

A. Rockwell, “Visible lesion threshold dependence on retinal spot
copy. In contrast, the OCT pattern of early response to laser size for femtosecond laser pulses]’ Laser Appl.13(3), 125—131

delivery more clearly elucidates the evolution of the injured (2000.

site and demonstrates the early pattern of high reflectivity 2. C. P. Cain, C. D. DiCarlo, B. A. Rockwell, P. K. Kennedy, G. D.
within the zone of injury. On the other hand, microscopic ‘l‘\looj_in, D. J. Stolarski, D. X. Hammer, C. A. Toth, and W. P. Roach,
examination of stained fixed sections of excised tissue clearly ~  cunal damage and laser-induced breakdown produced by

. . . ultrashort-pulse lasersGraefe’s Arch. Clin. Exp. Ophthalma234,
provides the greatest resolution of retinal structure. Unfortu- $28-37(1996.

nately, this information can only be gathered for each lesion at 3. C. A. Toth, D. G. Narayan, C. P. Cain et al., “Pathology of macular

Journal of Biomedical Optics * November/December 2004 « Vol. 9 No. 6 1295



Roach et al.

10.

11.

1296

lesions from subnanosecond pulses of visible laser enetgygst.
Ophthalmol. Visual Sci38, 2204-22131997).

M. W. Kelly and C. P. Lin, “Microcavitation and cell injury in RPE
cells following short-pulsed laser irradiationfProc. SPIE 2975
174-178(1997.

C. P. Cain, C. A. Toth, C. D. DiCarlo et al., “Visible retinal lesions
from ultrashort laser pulsed in the primate eymvest. Ophthalmol.
Visual Sci.36, 879—-888(1995.

C. P. Cain, G. D. Nogjin, D. X. Hammer, R. J. Thomas, and B. A.
Rockwell, “Artificial eye for in-vitro experiments of laser light inter-
action with aqueous mediaJ. Biomed. Opt2(1), 88—94(1997.

C. A. Toth, R. Birngruber, S. A. Boppart et al., “Argon laser retinal
lesions evaluateth vivo by optical coherence tomographyXm. J.
Ophthalmol.123 188-198(1997).

M. R. Hee, J. A. lzatt, E. A. Swanson et al., “Optical coherence
tomography of the human retina&rch. Ophthalmol. (Chicago}13
325-332(1995.

B. Zysset, J. G. Fujimoto, and T. F. Deutsch, “Time-resolved mea-
surements of picosecond optical breakdowagpl. Phys. B: Lasers
Opt. 48, 139-149(1989.

A. Vogel, M. R. Capon, M. N. Asiyo-Vogel, and R. Birngruber, “In-
traocular photodisruption with picosecond and nanosecond laser
pulses: tissue effects in cornea, lens, and retitrajest. Ophthalmol.
Visual Sci.35, 3032—30441994).

D. X. Hammer, R. J. Thomas, G. D. Noojin, B. A. Rockwell, P. K.
Kennedy, and W. P. Roach, “Experimental investigation of ultrashort
pulse laser-induced breakdown thresholds in aqueous md&gE

J. Quantum ElectronQE-32, 670—-678(1996.

12.

13.

15.

16.

P. K. Kennedy, “A first-order model for computation of laser-induced
breakdown thresholds in ocular and aqueous media: Part I—Theory,”
IEEE J. Quantum ElectrorQE-31, 2241-22491995.

P. K. Kennedy, S. A. Boppart, D. X. Hammer, B. A. Rockwell, G. D.
Noojin, and W. P. Roach, “A first-order model for computation of
laser-induced breakdown thresholds in ocular and aqueous media:
Part Il—comparison to experimentEEE J. Quantum ElectrorQE-

31, 2250-22571995.

B. S. Gerstman, C. R. Thompson, S. L. Jacques, and M. E. Rogers,

“Laser-induced bubble formation in the retinal’asers Surg. Med.

18, 10-21(1996.

C. R. Thompson, B. S. Gerstman, S. L. Jacques, and M. E. Rogers,
“Melanin granule model for laser-induced thermal damage in the
retina,” Bull. Math. Biol.58(3), 513—553(1996.

A. J. Goldman, W. T. Ham, and H. A. Mueller, “Ocular damage
thresholds and mechanisms for ultrashort pulses of both visible and
infrared radiation in the rhesus monkeykp. Eye Res24, 45-56
(2977.

17. J. Toboada and W. D. Gibbons, “Retinal tissue damage induced by

18.

19.

single ultrashort 1060-nm laser light pulseg\ppl. Opt.17, 2871—
2873(1978.

R. Birngruber, C. A. Puliafito, A. Gawande, W. Z. Lin, R. T. Schoen-
lein, and J. G. Fujimoto, “Femtosecond laser-tissue interactions:
Retinal injury studies,”|lEEE J. Quantum ElectronQE-23, 1836—
1845(1987.

J. Marshall, “Structural aspects of laser-induced damage and their
functional implications,”Health Phys56, 617—624(1989.

Journal of Biomedical Optics * November/December 2004 « Vol. 9 No. 6



