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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 mm 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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1 Introduction
Retinal effects of picosecond laser pulses may vary signifi
cantly depending on the energy per pulse and laser spot size
the retina. Spot-size effects on threshold for retinal injury
have been well documented~Cain et al.1!. However, in con-
trast to continuous wave laser exposures, short duration las
pulses delivered at a small focus increase the likelihood fo
peak irradiances to surpass the threshold required to induce
plasma event within the eye. Thresholds for laser-induced
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breakdown~LIB ! from ultrashort pulses of visible laser en
ergy delivered to the retina without the aid of external focu
ing optics have been demonstrated experimentally by C
et al.2 using a model human eye. Figure 1 demonstrates
threshold irradiance for avalanche and multiphoton media
LIB for ultrashort laser pulses using the Cain et al.2 eye model
and the laser system employed in this study. In that wo
Cain and his coworkers discussed the fabrication of an ar
cial eye that mimicked the focusing geometry of the hum
eye. This artificial eye was used to measure several nonlin
optical phenomena believed to have impact on retinal dam
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Fig. 3 (a) Light micrograph of 1-h, high-energy lesion (3 ps, 20 mJ, and
10-mm 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 1 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. 1 Threshold irradiance for avalanche and multiphoton ioniza-
tion, mediated LIB for ultrashort laser pulses (Cain et al.2). Note that
OCT lesions 3 thru 8 (<10-mm-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 mm 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 mJ, and 10-mm
spot-size). (b) OCT image of the same lesion. This very small (less than
20-mm 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.
Fig. 4 (a) Light micrograph of a 9-day-old lesion (3 ps, 42 mJ, and
10-mm 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).
medical Optics d November/December 2004 d Vol. 9 No. 6 1289
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Roach et al.
from ultrashort pulsed lasers, including LIB. Work by Toth
et al.3 demonstrated that LIB is a significant factor in suprath-
reshold fluence retinal laser lesions from 3 ps and 90 fs, wher
suprathreshold fluence is defined as fluence above threshol
that would produce a minimal visible lesion at the retina.
From this work, low energy~,2-mJ! exposures demonstrated
focal damage to the retinal pigment epithelial~RPE! with
minimal photoreceptor or choriocapillaris effect. It is believed
that these observations are due to melanosome-based foc
thermal and accompanying focal-acoustic damage to the RP
without spread to adjacent tissue.2,4

From these and other studies, it is proposed that greate
energy delivered into a small focus will induce LIB events
showing full-thickness retinal damage. If LIB is a mechanism
of retinal damage from ultrashort pulses of visible laser light,
then retinal response to picosecond pulses should vary n
only with energy3 but also with laser spot size across a range
of energies. This study used optical coherence tomograph
~OCT! to detect and image retinal response by layer and ove
time, immediately after laser pulse delivery. Retinal respons
from the same exposure was measured at selected time inte
vals during the evolution of tissue reaction to exposure using
both OCT and light microscopy observations of correspond
ing histology.

2 Materials and Methods
The treatment and procedures used in this study conformed
the use of animals in ophthalmic and vision research and Fed
eral Guidelines. Animals used in this study were procured
maintained, and used in accordance with federal regulation
the Animal Welfare Act, the ‘‘Guide for Care and Use of
Animals’’ NIH publication number 86-23m~prepared by the
Institute of Laboratory Animal Resources, National Research
Council!, and the ARVO statement regarding the Use of Ani-
mals in Ophthalmic and Vision Research. The United State
Air Force ~USAF! Armstrong Laboratory at Brooks Air Force
Base~AFB!, Texas and Duke University, North Carolina, are
both AAALAC accredited institutions.

Macaca mulattaof age approximately one to three years
and weighing 3 to 4 kg were maintained under standard labo
ratory lighting conditions, were monitored and cared for dur-
ing laser lesion placement, and were euthanized and enucl
ated as previously described.5 Single laser pulses at visible
wavelengths were delivered to the macular area, outside th
fovea of each eye, as described previously by Cain et al.5

Eight eyes of four animals were used for thein vivo and
histologic study of 18 lesions. In the 1-h exposure, three le
sions were produced in each eye and two lesions per eye
the remaining animals~see Table 1!. Test sites received 3-ps,
580-nm laser energy. All laser energies reported for,20-mJ
pulses are energies delivered to the cornea and either me
sured as a percentage of beam delivered to a beamsplitter,
determined from similar pulses delivered to a mirror and de
tector just prior to ocular delivery. Laser spot sizes were de
termined through diffraction-limited calculations and verified
experimentally with the Cain et al.6 eye model.

OCT images were obtained pre- and postlaser exposur
using an experimental system, as reported previously.7 To
summarize the technical details of this system, the fiber-base
OCT system utilized a Michelson-type interferometer and an
1290 Journal of Biomedical Optics d November/December 2004 d Vol.
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843-nm center wavelength superluminescent diode as a
coherence light source. The coherence length in the eye
10 mm ~full width half maximum!, which defines the longitu-
dinal ranging resolution. The beam diameter at the cornea
1.2 mm, which, neglecting ocular aberrations, results in
estimated 13-mm ~full width half maximum! spot size on the
retina. An optical power of 175mW was incident on the eye
and the signal-to-noise ratio of the OCT system~the maxi-
mum signal when the optical beam was reflected from a hi
reflectance mirror, divided by the instrument noise level! was
calculated to be 109 dB. A galvanometer-scanned retrorefl
tor was used for reference arm pathlength delay and ena
100 axial scans to be acquired in 2.5 s.

The OCT scanning and imaging optics were retrofitt
onto a standard slit-lamp biomicroscope.7,8 Two orthogonally
mounted scanning mirrors provided lateral beam position
on the retina. Retinal tomography was performed in a man
similar to indirect ophthalmoscopy using a160-diopter
double aspheric condensing lens mounted on the slit lam
front of the eye to relay an image of the retina onto the s
lamp image plane. An infrared-sensitive charge-coupled
vice ~CCD! camera attached to the slit lamp enabled the
sition of the scanning OCT beam to be visualized in real tim
For this study, the OCT imaging beam was aligned with
picosecond laser aiming beam. OCT beam scanning and
acquisition was user initiated and computer controlled. Cr
sectional tomographic images@100 ~horizontal!3250 ~verti-
cal! pixels# of the retina were constructed by laterally sca
ning the light beam through the specimen and displaying l
gitudinal information from different adjacent transver
positions. The OCT-generated images represented the re
structure based on the optical backscattered intensity, w
was highly dependent on the optical properties of the str
ture. OCT images were taken in real time while viewing t
fundus. Therefore, the position of the lesion on the OCT i
age is well correlated with what was seen on the fundus
later in histology.

The globes were incised anterior to the equator and
mersed in a 3% gluteraldehyde and 0.1-M sodium cocody
buffer immediately following enucleation. The posterior ey
cup was cut away from the anterior segment after 10 min
replaced in the fixative. The macular area was later disse
and embedded in Spurr’s resin and sectioned. The tissue
tions were 1mm in thickness and stained with methylen
blue. Digital images were captured along with a 250-mm scale
bar and scored for size of lesion and extent of damage
tissue layers. The size of the image was matched to the O
using the micron scale bar in each image.

The retinal irradiance was calculated from the laser ene
delivered divided by the area of the retinal laser spot s
This is reported for each lesion as retinal irradiance as te
watts per square centimeter(1012W/cm2 or tW/cm2! in Table
1, column 4.

The extent of the lesion in sectioned retinal tissue w
given a score based on the following criteria.

• A score of 0 indicates that there were no retinal, retin
pigment epithelial~RPE! or choriocapillaris abnormali-
ties at the site of laser delivery, compared to adjac
normal retina.
9 No. 6



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

Lesion
number

Energy
(mJ)

Beam
diameter at

retina
(mm)

Retinal
irradiance
(TW/cm2)

Clinical
appearance

of acute
lesion

OCT-demonstrated
location of

lesion

Pathology
grade

of lesion

Age of
lesion at

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 1 h

4 20 10 8.50 WL inner 4 1 h

5 20 10 8.50 VH inner 5H 1 h

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 1 h

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 1 h

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
membrane effects
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• A score of 1 indicates that only RPE cells were affected
at the laser site, usually appearing as a single disrupte
or lifted cell.

• A score of 2 indicates that morphologic changes could
be found in RPE cells, photoreceptor inner and outer
segments, and photoreceptor nuclei, without inner retina
effects.

• 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.

• A score of 4 indicates a full-thickness retinal lesion in-
volving RPE through nerve fiber layer.

• A score of 5 indicates a retinal lesion with rupture of the
internal limiting membrane, which was usually associ-
ated with a vitreous hemorrhage.

• In addition, H indicates that a hemorrhage was visible in
the tissue sections.

3 Results
Laser irradiances well above threshold for LIB for the 3-ps
laser pulse almost always produced full-thickness retinal dam
Journal of Bio
age, in contrast to laser irradiances below threshold for L
which produced outer retinal damage sometimes associ
with intraretinal hemorrhage. OCT imaging could be used
identify the location of laser effect within the retina. This w
verified with the light microscopy of the retinal lesions.

We compare irradiance levels at the retina from this wo
to the threshold for LIB described elsewhere,1,2 as shown in
Fig. 1, where OCT lesions 1 and 2 had laser irradiances w
above the calculated threshold for LIB via avalanche ioni
tion, and OCT lesions 3 to 8 exceeded irradiance thresh
levels for multiphoton ionization processes. For the OCT
sions 9 to 17, the irradiance levels achieved did not reach
critical fluence required for either ionization process, owing
an increasing laser retinal spot-size area as energy incre
and exposure duration remained constant.

Imaging these lesionsin vivo with OCT provided useful
information regarding the location of injury within the retin
Inner retinal damage could be clearly differentiated fro
outer-retinal damage as seen in Fig. 2. The cluster of pixel
high reflectivity was present in each of the multiple scans
this lesion. The cluster of higher reflectivity corresponded
the site of the laser lesion, observed during scanning, an
medical Optics d November/December 2004 d Vol. 9 No. 6 1291
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Fig. 5 (a) Light micrograph of 1-day-old lesion with vitreous hemor-
rhage (3 ps, 20 mJ, and 10-mm spot size). (b) OCT image of the site
before laser delivery. (c) OCT image at 10-s postlaser delivery (3 ps,
20 mJ, and 10-mm 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.
1292 Journal of Biomedical Optics d November/December 2004 d Vol.
Fig. 7 (a) Light micrograph of 1-h lesion (3 ps, 20 mJ, and 10-mm spot
size). (b) OCT image at prelaser delivery (3 ps, 20 mJ, and 60-mm 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. 6 (a) Light micrograph of 1-h lesion with vitreous hemorrhage (3
ps, 20 mJ, and 10-mm 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. 8 (a) Light micrograph of 1-day-old lesion (3 ps, 20 mJ, and
60-mm spot size). (b) OCT image at prelaser delivery (3 ps, 50 mJ, and
200-mm 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.
9 No. 6
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Retinal response of Macaca mulatta to picosecond laser pulses . . .
different from the reflectivity pattern surrounding this site, as
shown in the sample Fig. 2~b!. The OCT changes that could
be readily seen were a prominent focal increase or decrease
reflectivity relative to adjacent structures. Some lesions had
greater focal difference in relative reflectivity and thus were
more prominent on OCT than other more diffuse lesions. Fo
all the lesions, however, the focal changes in reflectivity were
consistent in location in dozens of OCT scans over the lase
delivery sites, and only selected captured images are shown
Figs. 2–8. For all lesions, the focal changes in retinal reflec
tivity on OCT became more prominent as the first 1 to 4 min
passed after laser delivery. Similar patterns of focal high o
low reflectivity were not seen in the nonlaser-treated retina
except for the typical shadowing patterns seen under majo
retinal vessels. None of these laser lesions were created ne
major retinal vessels. Retinal response differed by the pea
irradiance delivered to the site. Seven of eight lesions 2 to 8
that received laser at irradiances well above LIB threshold
demonstrated inner retinal damage on OCT and full-thicknes
injury in light micrographs, while one lesion that was imaged
only at 9 days after laser delivery demonstrated outer retina
damage. All of the lesions created with irradiance below LIB
threshold, lesions 9 to 17, demonstrated outer retinal effects
while lesions 12 to 15 also had associated inner retinal hem
orrhage.

3.1 Small Spot Size (10 mm) and Low Energy (4 mJ)
Lesions (Lesions 1 and 2 in Table 1)
The 10-mm spot-size laser area and 4-mJ lesions~1 and 2 in
Table 1! were captured by OCT and light microscopy on day
9 postexposure. One lesion@Fig. 2~a! arrows#, demonstrated a
focal site of outer retinal vacuolization, debris, and RPE or
pigmented macrophage migration into the photorecepto
layer. There was no focal visible change in choriocapillaris.
The in vivo OCT demonstrated a corresponding focal site of
relatively high outer retinal reflectivity@Fig. 2~b! arrows#. The
other laser lesion, however, demonstrated inner retinal vacu
oles and very minimal outer retinal damage in the light mi-
crographs similar to, but smaller in lateral extent, to that see
in Fig. 4. There was a corresponding focal site of increase
retinal reflectivity with outer retinal shadowing on OCT simi-
lar to, but over a narrower area than, Fig. 4. This was pre
sumed, but not definitively due to the vacuoles, as a prelesio
OCT was not performed.

3.2 Small Spot Size (10 mm) and High Energy (20 to
42 mJ) Lesions (Lesions 3 through 8 in Table 1)
The 1-h fixed tissue sections of the nonhemorrhagic lesion
@Fig. 3~a!# demonstrated full-thickness retinal lesions with
vacuolization adjacent to, but not directly over, the site of
outer retinal injury. These lesions were prominent in the inne
retina with pronounced vacuolization from the site of the rup-
tured internal limiting membrane to the inner nuclear layer in
one lesion and into the outer plexiform layer in the other
lesion. There were dense foci of pyknotic nuclei and underly-
ing retinal pigment epithelial disturbance without vacuoliza-
tion. The lesions examined at 8 or 9 days demonstrated inne
retinal vacuolization out of proportion to the very focal pho-
Journal of Bio
n

r
n

r
ar

l

,
-

-

r

toreceptor damage. Retinal pigment epithelium appeare
double layers@Fig. 4~a!#. Choroidal layers appeared una
fected.

On OCT, the two nonhemorrhagic, high-energy, sm
spot-size lesions demonstrated a pattern of high relative
flectivity in the inner retinal layers with relative low reflectiv
ity in outer retinal layers in the hour after laser delivery@Fig.
3~e!#. This began as very mildly increased reflectivity of th
inner and outer plexiform layer by 3 s after laser delivery
@Fig. 3~c!# in contrast to the prelaser appearance of the re
on OCT @Fig. 3~b!#. By 1 min, these sites in both lesion
demonstrated pronounced increased reflectivity, along wit
decrease in the typically intense nerve fiber layer relative
flectivity and decrease in relative reflectivity of the photor
ceptors, retinal pigment epithelium, and choroid@Fig. 3~d!#.
At 35 to 45 min, a decrease in reflectivity of the nerve fib
layer persisted and prominent increased reflectivity exten
from the inner nuclear layer through the outer plexiform lay
and possibly into the photoreceptor nuclei. Immediately ad
cent to the inner area of high reflectivity, there was a p
nounced low reflectivity with poorly defined margins at th
level of the photoreceptors and extending slightly into t
outer plexiform layer and choroid@Fig. 3~e!#. In another le-
sion examined at 9 days, inner high reflectivity was pres
with shadowing or relative low reflectivity of outer retina
layers@Fig. 4~b!#.

Light micrographs of the hemorrhagic lesions at 1 h or 1
day demonstrated either preretinal hemorrhage with very li
blood within the retina, or contained hemorrhage within t
inner retina. These lesions demonstrated a site of photore
tor damage less than 5mm across and a site of retinal pigme
epithelial damage less than 50mm in diameter@Figs. 5~a! and
6~a!# without adjacent choriocapillaris changes.

In lesions with hemorrhages, using OCT, the high refle
tivity of the hemorrhage and subsequent shadowing of
outer retinal layers depended on the thickness and locatio
the blood@Figs. 5~b! through 5~f! and 6~b! through 6~e!#, al-
though vacuole formation could also cause shadowing,
seen in Fig. 4~b!. The hemorrhage was prominent within 4
10 s of laser delivery and increased in extent over subseq
minutes @Figs. 5~b! through 5~f! and 6~b! through 6~e!#. A
focal site of preretinal hemorrhage shadowed all underly
retinal layers. In the 24-h lesion, the hemorrhage had clea
from the overlying retina. The retinal lesion demonstrat
prominent inner retinal high reflectivity and outer retin
shadowing, possibly from erythrocytes in the inner retina
from the inner retinal vacuoles of the full-thickness narro
columnar lesion@Fig. 5~f!#.

3.3 Medium Spot Size (60 mm) 20-mJ Lesions
(Lesions 8 and 9 in Table 1)
With the same energy~20 mJ! but with the spot size increase
to 60mm, such as in lesions 8 and 9, the retinal response b
by OCT and subsequent light microscopy demonstrate
broadened area of outer retinal injury rather than a fu
thickness retinal lesion. The light micrograph of one lesion
1 h demonstrates the 70-mm zone of retinal pigment epithelia
damage with elevation of the RPE cells from Bruch’s me
medical Optics d November/December 2004 d Vol. 9 No. 6 1293
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Roach et al.
brane. The overlying injury extended only into the outer
plexiform layer, with normal inner retina@Fig. 7~a!# and nor-
mal choriocapillaris.

OCT of the two lesions as they evolved supported the
pathologic findings of one lesion at 1 h. At 8 s through 2 min,
the lesions demonstrated outer retinal diffuse high reflectivity
with almost no change in reflectivity in inner retinal layers.
By 36 min, the photoreceptor high reflectivity persisted with
overlying low reflectivity in the outer plexiform layer. Again
no notable inner retinal effect was appreciated. At 24 h, ther
was a pronounced site of relative high reflectivity in the pho-
toreceptor layers in the other lesion.

3.4 Large Spot Size (200 to 300 mm) and High
Energy (50 to 100 mJ) Lesions (Lesions 11 to 18 in Table
1)
Lesions produced with high laser energy and spot sizes vary
ing between 200 to 300mm demonstrated a different retinal
pattern of injury. With examination by a light microscope
when there was no vitreous hemorrhage~such as lesion 11 in
Table 1!, these lesions demonstrated a much broader area
outer retinal injury primarily affecting the RPE and overlying
photoreceptors@Fig. 8~a!#. When there was retinal hemor-
rhage, the broad area of retinal injury extended into the oute
nuclear, outer plexiform, and inner nuclear layers. There wa
almost no laser effect visible in the inner plexiform, nerve
fiber layers, or choroidal layers. There were no narrow col-
umns of injury or any pronounced vacuoles seen acutely or a
1 day in these lesions. At 8 to 9 days, one lesion with previou
retinal hemorrhage demonstrated a small area of inner retin
vacuolization. The remainder of the lesions demonstrate
outer retinal focal lesions.

The OCT of these developing lesions demonstrated a muc
broader area of increased reflectivity in the outer retinal layer
that also extended into the middle retinal layers@Figs. 8~b!
through 8~f!#. Except for one lesion with intraretinal hemor-
rhage, there was no pronounced high reflectivity of the middle
layers relative to the outer retina~as was seen in the small
lesions!. No lesion demonstrated definite inner retinal change
in reflectivity. There were no vitreous hemorrhages seen with
these lesions.

4 Discussion
Numerous researchers have calculated and testedex vivumthe
different ocular effects of the application of picosecond lase
pulses.9–15Some of the studies have described the onset of th
in vivo appearance of retinal injury after subnanosecond lase
pulses were delivered.16–18 Some of these studies used lenses
to create a larger or fixed-size retinal laser spot, and thus
visible lesion that could be readily found for pathology. This
increase in the retinal spot size of the laser beam from th
diffraction-limited spot size of the eye thus increased the en
ergy required to achieve threshold for LIB. Thus, columnar
damage from LIB was not recognized as an injury event a
moderately low levels of laser energy delivery until the mor-
phology of small spot size lesions was examined by Toth
et al.3

The current study has demonstrated that the variation i
retinal response to picosecond laser pulses appears to be d
pendent on the spot size achieved at the retina. We found a
1294 Journal of Biomedical Optics d November/December 2004 d Vol.
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intense predominantly inner retinal injury or column of ful
thickness retinal injury in response to laser exposure to a
mm-diam spot at the retina~lesions 3 and 4!. We believe this
lesion was the result of LIB within the retina similar to th
described in Cain et al.5 This was in contrast to a confine
broader outer retinal injury from delivery of similar laser e
ergy over a larger retinal area~lesions 9 and 10!. Those le-
sions we believe originated primarily from melanosome a
sorption of the laser energy in the RPE. Therefore, for a giv
spot size, we see outer retinal damage with low energy,
full-thickness damage and hemorrhage with energy above
threshold for LIB.

Previous work3 of lower energy~,1 to 11 mJ! 3-ps laser
pulses demonstrated partial to full-thickness retinal inju
from 1.2- to 11.2-mJ laser pulses. When comparing the mo
phology of lesions from these studies, the horizontal exten
RPE damage increased minimally from low to high ener
pulses~1.2 to 20mJ!, while the inner retinal area of injury
increased greatly when greater energy was delivered. In b
studies, inner retinal hemorrhages occurred. With hem
rhages, the confinement of the blood within the retinal lay
defined the extent of lateral damage from the lesion. Th
vitreous hemorrhages produced by the 20-mJ, small-spot, la-
ser exposure in this study produced limited horizontal ext
of retinal injury ~40 mm!, compared to the broad~.150 mm!
inner retinal hemorrhages when there was no breakthroug
hemorrhage into the vitreous cavity after lower energy la
delivery. With high-energy delivery to a site 200mm or
greater, a retinal hemorrhage often occurred. There were
choroidal or choriocapillarial sites of bleeding found aft
careful microscopic examination of all hemorrhagic lesio
and all hemorrhages involved the retina above the ou
nuclear layer, supporting the theory that these hemorrha
originate from retinal and not choroidal vessels.

The experimental OCT system was useful in capturing
quential images of relative retinal reflectivity as the lesio
developed. Thein vivo OCT images were, however, quite di
ferent from the light micrographs. With OCT, the tissue w
examined with energy delivered to the surface of the ret
and using alignment of signal reflected back from the differ
layers of the tissue into the Michelson interferometer. Th
there were great differences in OCT imaging in contrast to
light microscopy.

First, the depth of penetration of the signal into the ret
and choroid determined the extent of the OCT examinati
Deep choroidal structures could not be seen on OCT exa
nation, and highly reflective components prevented sig
penetration into deeper tissue. This was most obvious w
cyst or vacuole formation or with bleeding, e.g., shadowi
was prominent in Figs. 5 and 6 with pre- and intraretin
hemorrhage. One could not define whether outer retinal
reflectivity was a pathologic change or due to shadowing.

Second and third, the resolution of this OCT system w
much more limited than light microscopy, and the OCT im
aging of a lesion depended on a change in reflectivity rela
to that of surrounding tissue. Small cellular elements co
not be differentiated with OCT, though retinal layers and
cation of the lesion within these layers could be identifiedin
vivo. The initial laser-induced tissue effect~first and second
OCT scans over a lesion, 3 to 8 s! in some lesions may have
been associated with no change in reflectivity or a cha
9 No. 6
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Retinal response of Macaca mulatta to picosecond laser pulses . . .
beneath the level captured by this OCT system. In such a cas
no perturbation would be seen on OCT~e.g., the lack of
prominent OCT visible lesion in the first few seconds after
3-ps laser delivery!. The subsequent tissue response to the
initial injury ~swelling, vacuolization, and pyknosis! may am-
plify the original lesion and produce focal areas of disturbed
tissue that are large enough to be captured on OCT imagin
by this system~e.g., the evolution of OCT lesions over time
seen in Figs. 3, 7, and 8!.

Despite these limitations to OCT imaging, over the time
course of lesion development, tissue response followed a pre
dictable pattern of high reflectivity at the site of initial laser
effect, with adjacent low reflectivity as the lesion evolved.
The timeframe of the evolution of bleeding could be followed
with the development of shadowing on OCT. We could differ-
entiate lesions with inner retina versus outer retinal changes i
reflectivity from the laser energy. When inner retinal injury
produced highly reflective lesions on OCT, we could not
clearly determine the extent of associated outer retinal dam
age.

5 Conclusions
Of fundamental importance to industry, medicine, and re-
search is a well-characterized, functional understanding of th
mechanisms for laser-ocular interactions and how this migh
impact the extent of tissue effect and visual function.19 Given
the appearance of dependence of retinal pathologic respon
on the spot size of high-energy ultrashort laser pulses, w
conclude that a careful spot-size study should be undertake
to analytically show this dependence as a critical componen
of observed retinal damage. The hypothesis would be that
the retinal spot size were larger than the diffraction-limited
spot size used in laser safety studies, then onset of LIB ob
served in previous studies and resulting acute retinal respon
to the laser pulse exposure would be different, as demon
strated in this work but requiring further study. Thus one mus
be cautious in comparing data between studies, which use
different retinal spot sizes in the evaluation of short laser
pulse effects on the retina. This challenge is increased by th
difficulty in directly measuring the diffraction-limited laser
spot size at the retina.

In this work we demonstrate contrasting benefits in the two
methods of imaging ultrashort pulse laser retinal lesions. Non
invasive OCT provides less resolution and minimal informa-
tion at the subcellular level. However, since it is guided over
the visible lesion by video observation of the aiming beam,
retinal lesion sites are not missed. Because it is nondamagin
and performedin vivo, repeated rapid OCT sampling over
time could be performed at each lesion site, and lesion exam
nation could be conducted with scans directed across a lesio
of interest at any axis. We found, as in earlier work,7 that OCT
response over time for laser retinal lesions appear to correla
closely with subsequent pathology found with light micros-
copy. In contrast, the OCT pattern of early response to lase
delivery more clearly elucidates the evolution of the injured
site and demonstrates the early pattern of high reflectivity
within the zone of injury. On the other hand, microscopic
examination of stained fixed sections of excised tissue clearl
provides the greatest resolution of retinal structure. Unfortu
nately, this information can only be gathered for each lesion a
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one time due to tissue excision, and the high resolution is o
in one plane of imaging due to the disassembly of the tis
with sectioning.

Traditionally, laser safety studies have used fundus exa
nation, fluorescein angiograms, histopathology of fixed tiss
and visual function testing to identify laser effects on t
retina. In vivo information from OCT is a useful adjunct in
such studies providing information, which will be useful
the clinical care of retinal disease. OCT data regarding nor
retinal tissue and evolving retinal lesions are of use to cli
cians applying this technique for human study and pati
care. First, these correlate location of retinal structures wit
the OCT image. Second, these associate tissue elemen
pathologic process with a pattern of relative reflectivi
which can aid in diagnosis. Third, these demonstrate use
OCT in monitoring wound healing or evolution of retinal pa
thology over time.

Despite high-energy laser delivery to create lesions,
pathologic response to the picosecond laser pulses rema
confined to the retina. Retinal vasculature rupture occur
frequently in this study, with vitreous hemorrhage more co
mon with smaller beam diameter at the retina. This inform
tion may be of use in developing therapies using laser-indu
vascular anastamoses. The picosecond laser pulses at op
beam diameter and energy may produce selective retinal
cular rupture with contained intraretinal hemorrhage. This
in contrast to lasers of longer pulsewidths where delivery
rameters can be selected for choroidal vascular disruption
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