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- Transpupillary retinal photocoagulations were performed on ten eyes of five '

pigmented rabbits using a diode laser (Nidek Co., LTD, Aichi, Japan) emit-
ting infrared radiation at 800"nm wavelength. A histological and an ultra-
structural study on the treated eyes were done at 1, 3, 5, and 7 days after
retinal photocoagulations The purpose of this study was to observe the se-
quential changes in the retina and the choroid following transpupillary diode
laser retinal photocoagulations at the parameters of laser power which pro-
duced a grayish white retinal discoloration with distinct white center. It
seemed that the lesion was grade 3 retinal photocoagulation by Tso et al's
classification. It appeared that the parameters necessary to produce grade
3 photocoagulation lesions were 160 mW power, and 0.2 second duration at
200 um size. In general, with an agreement to other reports, histologic study
of the diode laser lesions showed that the outer retina was damaged more
severely than the inner retina. However, on day 1 after laser treatment, the
alterations were more profound in the inner retina than in the outer retina
and an occasional swelling of the axons in the nerve fiber layer was ob-
served on the ultrastructural study. The results observed have not been
found in other previous studies and suggest that the inner retina might be .
injured directly by 800 nm wavelength diode laser radiations. Thus we could
conclude that 800 nm wavelength diode radiation might be absorbed by
melanin pigment and also by other chromophores contained in inner retinal
tissues. Further studies must follow to verify the laser-tissue interactions in
diode laser retinal photocoagulatlons
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INTRODUCTION

The use of ophthalmic laser radiation in the treat-
ment of some intraocular diseases is well estab-
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lished. Since the clinical application of optical ra-
diation treating eye problems by photocoagulation
using solar radiation by G. Meyer-Schwickerath in
1946, several kinds of medical laser systems have
been invented. One of them, a semiconductor
diode laser system is a recently developed device
for retinal photocoagulation. It has been proved by
several investigators that transpupillary diode
laser photocoagulations were effective in inducing
chorioretinal adhesions in experimental models
(Duker, 1989; Smiddy, 1992). |

The goal of retinal photocoagulations is to pro-
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duce chorioretinal adhesion and to destroy in-
traocular abnormal tissue.The usual laser sources

for retinal photocoagulations are continuous wave

ion lasers such as argon blue-green (488- 514 nm)
and krypton (647 nm). A solid state diode ‘laser
emitting at 808 to 817 nm was used for endopho-
tocoagulations of the rabbit retina by Puliafito et al.
in 1987 (Puliafito et al., 1987). Since Puliafito's gx-
perimental study several reports have presented
favorable results from using diode lasers to treat
various ocular disorders (McHugh et al.,, 1989;
Brancato et al.,, 1990). The clinico-pathological
study results with the diode laser system were

similar to those produced by argon laser (Noyori

et al.,, 1990). In addition to its clinical benefit the
diode laser has several advantages compared to
the argon laser system such as; compact sized
machine, low price, long durability, and ease of
use (Balles MW and Puliafito CA, 1990).

The commercio-clinical benefits of the diode laser

systems have expended its uses in the treatment

of various ocular disorders since Brancato's clini-
cal application of transpupillary diode laser retinal
photocoagulations operating from a Slit-lamp mi-
croscope (Brancato et al., 1988). But ocular pain
during diode laser photocoagulations limits its use
in the panretinal photocoagulation. One clinical
study reported a more frequent occurrence of oc-
ular pain in patients when treating with relatively
long wavelength krypton laser (647 nm) compared
withargonlaser photocoagulation (514 nm) (Schlen-
burg et al., 1979). It may be related with ciliary n-
erve damage which was observed with high pow-
er diode laser irradiation in animal study (Wallow
et al.,, 1991). Theoretically the longer wavelength
enables deeper penetration at the retina and the
choroid. ' :
Several experimental studies using diode laser
retinal photocoagulations has been performed,
but those were focused on observing the changes
of the outer retina. And also an information about
the changes of the inner retina at the usual laser
power setting for clinical use is lacking. The pur-
- pose of this experimental study is to observe the
sequential changes of the retina, choroid, and
sclera following transpupillary diode laser retinal
photocoagulations at the parameters producing a
grayish white retinal discoloration with distinct
white center.
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MATERIALS AND METHODS
Laser system

A diode laser photocoagulator (DC-3000, Nidek
Co., LTD., Aichi, Japan) connected to a Topcon
slit-lamp was used in this study. The laser system
emits laser beam at 800 nm wavelenth. A 3-mirror

. Goldman contact lens was used to obtain clear

retinal focus.
Transpupillary retinal photocoagulation

Ten eyes of five pigmented rabbits weighing 1.5

to 2.0 Kg were used. The pupils were dilated with"

10% phenylephrine hydrochloride. The rabbits
were anesthetized with an intramuscular injection
of ketamine (60mg/ Kg body weight). The clinical
classification of the retinal photocoagulation le-
sions was based on clinicopathologic findings
proposed by Tso et al. (Tso et al., 1977). Lesions
consisting of a grayish white retinal discoloration
with distinct white center were classified as inten-
sity grade 3 (Fig. 1). In a preliminary trial we were

-able to induce retinal photocoagulations of grade

3 intensity with 160 mW power, and 0.2 second
exposure time at 200 um beam diameter in the
retina of pigmented rabbits.

Fig. 1. Fundus photograph: transpupillary diode laser
retinal photocoagulation 20 minutes after the irradia-
tion. Power setting of 160-mW power and 0.2-second
exposure time at 200 um beam size. Grade 3 lesions
showing a grayish white retinal discoloration with dis-
tinct white center. An oblique entrance of the laser
beam produced less intense laser burns as shown in
the left six lesions. The right four photocoagulated le-
sions were prepared for histologic examination.

The transpupillary diode laser retinal photocoag-
ulations were made in the rabbit retina at the pre-
sent parameters. The retinal photocoagulations



490 H. -K. Cho, Y. -W. Park, Y. -J. Kim, et al.

N
N SR
-

Fig. 2. Light micrographs of the rabbit retina. (Top left, x 200) One day after irradiation. The retina showes dome-
shaped elevation within the area of irradiation. The nerve fiber layer and inner plexiform layer show vesicular degenera-
tion. The cells of the inner nuclear layer are arranged sparsely due to an intercellular edema. At the margins of the irra-
diation the outer nuclear layer shows marginal elevations with a vacuole formation of the underlying retinal pigment ep-
ithelium (asterisks). There are significant leukocytes infiltrations in the outer retina and the superficial choroid, especial-
ly around the defective areas of the pigment epithelium. (Top right, x 400) Higher magnification of the left figure at the
margin of the irradiation. The normal architecture of the inner and outer segments of the photoreceptor cells is de-
stroyed. The pigment epithelium shows vacuolar degeneration. Several polymorphonuclear leukocytes are seen
around the vacuolar degeneration. (Middle left, x 400) One day after irradiation. The outer coat of the eyeball beneath
the irradiated area. There is significant intercellular edema (asterisk) around the ciliary nerve (CN). RPE; retinal pigment
epithelium, Scl; sclera. (Middle right, x 200) Three days after irradiation. The innermost layer of the retina is somewhat
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compact compared to that of day 1. There is severe destruction of the photoreceptor cells and dispersion of the pig-
mented cells in the deep retina. The sensory retina is detached artifactitiously. The choroidal vessels at the center of
the irradiation are congested (asterisk). (Low left, x 200) Five days after irradiation. The number of cells of the inner
nuclar layer at the area of irradiation are increased compared to the surrounding non-irradiated area. The defective ar-
eas of the outer nuclear layer are replaced by regenerating cells intermixed with pigment cells. (Low right, x 200) Sev-
en days after irradiation. The innermost retina is nearly normal in thickness, but the inner nuclear layer is thick com-
pared to the surrounding non-irradiated area. The defective area of the outer retina is replaced by regenerating fibrous
tissue. The monolayered retinal pigment epithelium is high. (Hematoxylin-eosin stain)

were arranged in double rows at the inferior peri-
papillary retina in both eyes. The fundus color
photographs were taken with a Topcon fundus
camera (Topcon TRC-50, Tokyo, Japan) immedi-
ately after and 1, 3, 5, and 7 days after retinal pho-
tocoagulations.

Histological and ultrastructural study

The eyeballs were enucleated under general
anesthesia with an intramuscular injection of ke-
tamine hydrochloride 1, 3, 5, and 7 days after
laser treatment. Immediately after enucleation the
animal was sacrificed by intracardiac injection of

air. Immediately after enucleation the eyeball was

immersed in a fixative solution of 2% glutaralde-
hyde in 0.1 M phosphate buffer. The enucleated
eyeball was opened coronally. The posterior half
of the globe was prepared. "

For light microscopic examination one eyeball
from each rabbit was hemisected and placed in
20 ml solution of 2% glutaraldehyde 4% formalde-
hyde in 0.1 M phosphate buffer for 24 hours.

For electron microscopic procedure, the other
eyeball was bisected and tissue blocks were cut
into 2x 3 mm size under an operating microscope.
Each block contained the retina with 3 to 4 photo-
coagulation lesions, the choroid and sclera. The
specimens were placed in 2% glutaraldehyde in 0.
1 M phosphate buffer for 90 minutes in cold, and

post-fixed in 1% osmium tetraoxide for 90 minutes

in cold. After fixation the specimens were dehy-
drated serially with ethanol, and embedded in e-
pon. All blocks were serially sectioned, and were
stained- with uranyl acetate and lead citrate. The
ultrastructural study was performed with a trans-
missionelectron microscope (ISI-LEM 2000, Akashi,
Japan).

RESULTS
Histological Findings

A light microscopic finding following transpupil-
lary diode laser retinal photocoagulations in the

" rabbit retina is shown in fig. 2. At one day after ir-

radiation, damage was clearly demarcated within
the irradiated areas, and was centered on the in-
ner retina, with spread of damage to the full-thick-
ness sensory retina, retinal pigment epithelium,
and choroid. Although the inner limiting membrane
was intact, the whole retina revealed dome-
shaped elevation within the areas of irradiation.
There were many tiny vaculoes in the inner retina
including nerve fiber layer, ganglion cell layer, and
inner plexiform layer. The inner nuclear layer
showed marked disruption of architecture by intra-
and/ or intercellular edema. A few polymorphonu-
clear leukocytes were seen in the inner retina. The
outer plexiform layer and outer nuclear layer
showed varying degrees of disruption. The outer
nuclear layer was markedly disarranged by inter-
cellular edema, and also showed a marginal ele-
vation, and some degenerative changes in the
cells. At the margins of the irradiation, the photore-
ceptor cells were disrupted and detached from
the underlying Bruch's membrane. There was sig-
nificant infiltration of polymorphonuclear leuko-
cytes in the outer retina and superficial choroid. A
liberation of pigment into the subretinal space with
occasional vacuolization of the pigment epithelium
suggested pigmentepithelialdamages. The Bruch's
membrane appeared relatively intact. The choroid
showed an infiltration of polymorphonuclear leuko-
cytes, vascular congestion and an extravasation of
the red blood cells, suggesting vascular damage.
On day 3 after irradiation, the number of the
vacuole in the inner retina decreased and the in-
ner nuclear cells appeared orderly arranged. On

‘the other hand the outer retina showed more pro-

gressed damage including distortion of the outer
plexiform layer, decreased number of photorecep-
tor cells, and shrunken pigment epithelial cells.
The retinal pigment epithelial cell layer was dis-
continued. The polymorphonuclear leukocytes p-
resented on day 1 were not found throughout the
whole retina, but several fibroblast-like cells were
scattered in the outer retina.

On day 5 after irradiation the nerve fiber layer
appeared thin. On the other hand, the inner nucle-
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Fig. 3. Transmission electron micrograph. of the inner retina in the rabbit retina at the center of irradiation. One
day after a diode laser retinal photocoagulation of grade 3 intensity. Well preserved inner limiting membrane
(ILM) is visible. There is marked swelling of the axons (asterisks) in the nerve fiber layer. x 8,300. |

ar layer was thickened by an increased number of
cells, suggesting cellular proliferation, but ap-
peared in a somewhat disorderly arrangement.
The outer plexiform layer was obliterated. The
photoreceptor cells were lost, resulting in discon-
tinuation of cells. The choroid showed no signifi-
cant finding.

On day 7 after.irradiation, the inner retina showed
a thinning of the nerve fiber layer, and multilayered
thickened inner nuclear layer. The previously oblit-
erated areas of the outer nuclear layer were re-
placed by fibrosis. There was proliferation of pig-
ment epithelial cells along the Bruch's membrane.

Ultrastructural Findings

‘On day 1 after diode laser retinal photocoagula-
tions, the inner limiting membrane was intact. But
there were diffuse full-thickness sensory retinal
and superficial choroidal changes. The changes
in the inner sensory retina were as follows; an ax-
onal swelling of the nerve fiber (Fig. 3), swelling of
the synaptic vesicles in the inner and outer plexi-
form layers with frequent formation of tiny vac-

uoles, occasional pyknosis of the cells in the inner
nuclear layer. Some multinucleated cells contain-
ing pigment granules were found in the inner reti-
na. The changes in the outer nuclear layer (Fig. 4)
were relatively mild compared to those of the inner
layer. There was occasional loss of the outer seg-
ments of the photoreceptor cells, however the in-
ner segments were relatively intact. The alterations
in the photoreceptor cells were more severe at the
margin than at the center of irradiation. Some
macrophages engulfed the detached and degen-
erated outer segments of the photoreceptor cells.
The retinal pigment epithelium was shrunken, and
detached from the Bruch's membrane. Within the
area of irradiation multinucleated cells were found
between the shrunken pigment epithelium and un-
derlying Bruch's membrane. The microvilli of the
pigmented epithelium were short and decreased
in number. Tiny intracytoplasmic vaculoes were
observed in the pigment epithelium. There was
partial discontinuation of the Bruch's membrane
(Fig. 5). In the area of irradiation there was exten-
sive occlusion of the choriocapillaris and marked
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Fig. 4. Transmission electron micrograph of the rabbit outer retina at the margin of the photocoagulated
region. One day after diode laser retinal photocoagulations of grade 3 intensity. The inner segments
(IS) of the photorecptor cells are intact, while the outer segments (OS) of the photoreceptor cells are al-
most all destroyed. The retinal pigment epitheliums (RPE) are shrunken, and detached from the
Bruch's membrane (BM). The nuclei of the retinal pigment epitheliums show pyknosis. Two multinucle-
ated cells lie between detached retinal pigment epithelium and Bruch's membrane. The Bruch's mem-
brane shows discontinuity. There are occasional occlusions of the choriocapillaris leaving tissue debris
(asterisks) in the suprachoroidal space. The endothelium lining the choriocapillaris (CC) shows degen-
erative changes. There are significant extracellular edema around the choroidal vessel (CV). x 3,300.
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Fig. 5. Transmission electron micrograph of the outer retina in the rabbit retina at the margin of an area irradiat-
ed by diode laser. One day after diode laser photocoagulation of grade 3 intensity. A degenerated retinal pig-
ment epithelium (RPE) is detached from the underlying Bruch's membrane (BM). A cell, that seems to have
migrated through the disrupted Bruch's membrane, is located in the subretinal space. Degenerative tissue
debris is visible in the superficial choroid (asterisk). A slit-lumened choriocapillaris (CC) showing a fenestra-
tion (arrows) of the capillary lumen lies just beneath the ruptured Bruch's membrane. x 6,900.

extracellular edema in the superficial choroid. The tions, the changes in the axon and the synaptic
endothelial cell of the choriocapillaris showed de- vesicles were similar to those seen on day 1.
gene(,a’five changes. There was total loss of the photoreceptor cells

On'day 3 after diode laser retinal photocoagula- within the area of irradiation. The defective areas
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Fig. 6. Transmission electron micrograph of the inner retina in the rabbit retina at the center of irradia-
tion. Seven days after a diode laser retinal photocoagulation of grade 3 intensity. Occasional loss of
the axons leaving several vacuoles (V) are seen in the nerve fiber layer. A degenerating axon
(asterisk), and debris is also seen in the nerve fiber layer. ILM ; inner limiting membrane. x 9,100.

in the outer nuclear layer were repalced by Muller
cells and partly by collagen rich multinucleated
cells. The inner and the outer segments of the
photoreceptor cells were completely lost within the
area of irradiation. The degenerative changes in
the retinal pigment epithelium were more severe
than those of day 1. There was shrinkage and flat-
tening of the pigment epithelium, fragmentation of
intracellular melanin pigments, and liberation of
pigments into the subretinal space. Some patent
choriocapillaris were seen in the superficial
choroid beneath damaged pigment epithelium,
that _seemed to be recanalised capillary. The
changes at day 5 were similar to those at day 3.
On day 7 after diode laser retinal photocoagula-
tions, there was occasional loss of the axon leav-
ing degenerative vacuoles in the nerve fiber layer
(Fig. 6). The previousely damaged outer retina was
replaced by regenerating cells containing a lot of
collagen fibrils, and partly by Muller cells. The
damaged pigment epithelial layer was replaced

by the proliferating pigment epithelial cells (Fig. 7).
The regenerated pigment epithelial cells directly

contacted to the underlying choroid. No prolifera-

tion of the photoreceptor cells was found. Some fi-
broblast-like cells containing a lot of collagen fib-
rils and prominent rough endoplasmic reticulums,
were found beneath the area of irradiation.

DISCUSSION

A system of classifying retinal photocoagulation
lesions was introduced by Tso et al. in 1977 (Tso et
al.,, 1977). Lesions consisting of faint, grayish white
discoloration were referred to as intensity grade 1.
Lesions consisting of a whitish retinal discoloration
surrounded by a grayish periphery were classified
as intensity grade 2, and lesions with a distinct
white center were classified as intensity grade 3.
In this study we were able to successfully create
retinal photocoagulations of grade 3 using a diode
laser attached to slit-lamp microscope. The pa-
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Fig. 7. Transmission electron micrograph of the outer retina in the rabbit retina at the center of irradia-
tion. Seven days after a diode laser retinal photocoagulation of grade 3 intensity. The microvilli (mv)
of the regenerated retinal pigment epithelium (RPE), that are relatively short, contact the overlying cell
membrane directly. Well developed basal infoldings (bi) of the retinal pigment epithelium are shown.
The Bruch's membrane (bm) is irregular in thickness. x 6,900. '

rameters required to induce grade 3 photocoagu-
lation lesions were 160 mW and 0.2 second dura-
tion at 200-um beam diameter. These parameters
were dissimilar to those by Noyori which required
greater energy (Noyori, 1990).

One day after diode laser retinal photocoagula-
tions there were full-thickness sensory retinal dam-
age. Although the laser power producing the reti-
nal photocoagulation was not exactly same to
those of other reports, these findings seemed to d-
iffer from those of other reports, in which no inner
retinal damage was observed at the usual power
density of argon or diode laser retinal photocoagu-
lations (McHugh et al.,, 1990; Brancato et al,
1989; Menchini et al., 1992). It has been proved
that retinal laser radiation is primarily absorbed by
melanin pigments in the deep retina. Therefore,
the deep retina ‘is primarily and directly injured
from thermél damage, while the inner retina is in-
volved indirectly from a propagation of the primary

injury. However, in this study the retinal photoco-
agulation of grayish white discoloration with dis-
tingt white center initially resulted in a full-thick-
ness retinal injury on day 1 after treatment. This
provokes a question whether the diode laser radi-
ation emitting at 800 nm might also be absorbed
directly by the inner retina and the inner retina
would suffer a direct injury, not indirect damage
from the radiation. This difference of clinical and
histologic correlations from those of the previous
reports requires a further verification of justifying
that diode laser grade 3 lesion will preserve the in-
ner retina free from radiation injury.

Some nerve fibers revealed an axonal swelling
on day 1. This remained unchanged until day 7.
An ultrastructural study showed a partial loss of
the axons leaving vacuoles in the nerve fiber layer.
The presence of the irreversible damage to the n-
erve fiber following diode laser retinal photocoag-
ulations shown in this study is somewhat dissimilar
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to those of other reports. Wallow et al. observed
an axonal loss almost invariably at the lesions of
grade 3 laser burn (Wallow et al., 1991). Although
the laser intensity used by them was more intense
than ours, the histopathological findings were simi-
lar to that of ours. Assumming that the purpose of
the laser retinal photocoagulations is to produce a
chorioretinal adhesion without damaging the inner
retina, our result suggests that the laser power
producing a grayish white retinal discoloration with
distinct white center is too high to use for laser
retinopexy.

Laser retinal photocoagulations damage the reti-
nal pigment epithelium directly by laser radiation
itself and/or secondarily by malfunctioning of the
surrounding tissues. One day following diode laser
retinal photocoagulations there was stasis of the
blood column in the choroid, together with occlu-
sion of the choriocapillaris. The retinal pigment ep-
ithelium and the Bruch's membrane revealed more
severe structural changes on day 3 than those of
day 1 following diode laser retinal photocoagula-

tions. As the retinal pigment epitheliums are sup- .

plied their nutrients from the choriocapillaris, the
direct thermal damages to the choriocapillaris
might interfere with the nutritional supply to the
retinal pigment epithelium (Cohen Al, 1987). The
progressed structural changes of the retinal pig-
- ment epithelium on day 3 might also be caused by
malfunctioning of the choriocapillaris.

Laser-tissue interactions depend on the amount
of light that is transmitted and absorbed by ocular
tissue (Ham et al.,, 1980). They are also deter-
mined by many other factors such as wavelength
of radiation, amount of tissue pigmentation, clarity
of the media, energy density at the target, etc..
The longer the wavelength, the more transmission
and the deeper penetration occurs. Melanin is the
principal chromophore for any type of laser radia-
tions in the retina and choroid. This is true for both
 blue-green argon and infrared diode laser radia-
tion. Compared with the 95% absorption of argon
green light at 514 nm, only 20% of diode laser
light at 800 nm incident on the retina is absorbed

by melanin pigment of the retinal pigment epitheli-

um and the choroid (Birngruber et al., 1985). Al-
though total absorption decreases as wavelength
increases from 514 to 800 nm , more deep pene-
tration occurs with increased wavelength of the ra-
diation. Clinically the optical characteristic of the
diode laser radiation penetrating deep in the ocu-
lar tigsues, is very useful in the treatment of devas-
tating subretinal neovascularization. Recently, a
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diode laser together with an injection of indocya-
nine green has made much advance in the treat-
ment of subretinal new vessels by enhancing laser
absorption (Balles et al., 1990). The deep penetra-
tion of the diode laser radiation can cause direct
thermal injury to the choriocapillaris and also to
the deep seated ciliary nerve. On light microscop-

ic study we could find occlusion of the choroicapil-

laris and significant extracellular edema around
the ciliary nerve in the suprachoroidal space. The
deep penetration of the diode laser radiation could
explain the cause of ocular pain during diode
laser retinal photocoagulations. Wallow et al. re-
ported ciliary nerve damage underneath photoco-
agulated lesions with intensity grade 3 (Wallow et
al., 1991). Although we couldn't find an area con-
taining the ciliary nerve damage in ultrastructural
study, a significant extracellular edema around the
ciliary nerve was observed under the light micro-
scopic examination.

In preliminary trials there was rupture of the
choroidal vessels at relatively high laser power
(350-mW power, 0.2-second duration, 200-um size).
And also we could observe significant stasis of the
blood columns together with denatured blood
cells inside the choriodal vessels under the rela-
tively less damaged retinal pigment epithelium at
present laser parameters. Since the laser power of
160-mW power and 0.2-second duration at 200-
um beam size is 40 md (0.2x 200) and the power
of 350-mW power and 0.2-second duration in 200-
um diameter which caused choroidal rupture is 70
md (0.2x 350), the safety zone of the laser power
for diode laser retinal photocoagulations was not
so wide as thought. This indicates that much care-
ful attention is needed at the time of diode laser
retinal photocoagulations. '

In conclusion, the results observed demonstrat-
ed that diode laser retinal photocoagulation is as
capable of producing chorioretinal scars as other
lasers. At one day following the diode laser retinal
photocoagulations there were diffuse occlusions of
the choriocapillaris and stasis of the choroidal ves-
sels. The optical characteristic of the diode laser
radiation that penetrates deep into the ocular tis-
sues, reconfirmed the beneficial use of the diode
laser for treating the subretinal neovascular disor-
ders. There was full-thickness damage of the en-
tire sensory retina on day 1 following diode laser
retinal photocoagulations. But the alterations of the
pigment epithelium were mild on day 1 compared
to those of consequent days. On ultrastructural s-
tudy significant axonal damage in the nerve fiber
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layer was observed on day 1, and that was irre-
versible on day 7. This disagrees with the results
of other reports. The facts suggest that 800 nm
wavelength from a diode laser might be absorbed
by melanin pigments and also other chro-
mophores. Further studies must follow to clarify
laser-tissue interactions in diode laser retinal pho-
tocoagulations.
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