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Abstract

Aims—This study was carried out to
compare the effects of continuous wave
infrared laser radiation on pigmented
and albino rabbit retinas at two wave-
lengths: 810 nm (diode) and 1064 nm
(Nd:YAG).

Methods—Transpupillary laser pulses
were applied with a spot size of 200 um
and durations of 200 ms (pigmented
rabbits) and 0-5-1 s (albino rabbits).
Light and electron microscopic analyses
were performed immediately after
exposure.

Results—In pigmented rabbits, threshold
lesions were induced using a power of
100 mW with the diode and 200 mW
with the Nd:YAG lasers. Damage was
incurred by the retinal pigment epithe-
lium with extension into the superficial
and mid choroid posteriorly and into the
outer retina anteriorly. In albino rabbits,
lesions of comparable anteroposterior
extension were identified using a power
of 10 W with the Nd:YAG laser. Using
diode laser irradiation, a maximum
power output of 1-2 W failed to produce
discernible lesions.

Conclusions—The observed patterns of
morphological damage are produced by
complex tissue radiation interactions. In
pigmented animals, this was primarily
related to absorption of radiant energy by
melanin within the retinal pigment
epithelium and the choroidal melano-
cytes. In albino rabbits, laser induced
effects occurred as a consequence of
multiple scattering, together with absorp-
tion within haemoglobin and possibly also
within tissue water. The data obtained
provide further insight into the biological
mechanisms arising from  retinal
photocoagulation with near infrared
lasers.

(Br ¥ Ophthalmol 1995; 79: 672-677)

Photocoagulation has been employed in the
treatment of retinal conditions for over
40 years. Meyer-Schwickerath initially used
focused sunlight and subsequently the xenon
arc photocoagulator, which provided a
source of broad band optical radiation and

successfully produced full thickness chorio-
retinal lesions.! Xenon arc devices are of
proved effectiveness in the treatment of pro-
liferative diabetic retinopathy? and are still
commonly used in retinal therapy.

After its introduction in 1960,3 the ruby
laser (emitting at 694-3 nm) aroused interest
among ophthalmologists. Although it was
reasonably successful in producing chorio-
retinal adhesions in the treatment of
retinal breaks, results obtained in treating
retinal vascular conditions were disappoint-
ing.*

Lasers emitting at other wavelengths were
subsequently developed and adapted for use
in ophthalmology. These include the argon
(488-515-5 nm), the krypton red (647 nm),
and the tunable dye lasers. Many studies have
demonstrated their efficacy in the treatment of
common retinal conditions, such as prolifera-
tive diabetic retinopathy,” forms of diabetic
maculopathy,b the complications ensuing from
retinal vein thrombosis,’ and subretinal neo-
vascular membranes.®

Although argon, krypton, and dye lasers
have different emission wavelengths their
effects are broadly similar in terms of both
retinal damage and therapeutic efficacy. These
observations lend support to the view that
wavelength is relatively unimportant as a deter-
minant of clinical response. The advent of
solid state continuous wave diode (810 nm)
and Nd:YAG (1064 nm) lasers allows this con-
cept to be tested in relation to tissue irradiation
with near infrared energy. Analysis of diode
and Nd:YAG laser retinal lesions in pilot
studies have indicated that they are similar to
those produced by conventional clinical photo-
coagulators and in particular to those induced
using krypton lasers.%-12 Initial clinical studies
have also demonstrated comparable results
with earlier trials employing argon and krypton
lasers.13 14

The aim of the current study was to
compare the morphological effects of con-
tinuous wave diode and Nd:YAG irradiation
on rabbit retina, thereby gaining a clearer
insight into the thermal damage processes
induced after laser tissue interactions. It was
anticipated that the information obtained
would help to optimise treatment variables for
performing near infrared laser retinal photo-
coagulation.
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toluidine blue. Negative magnifications: (a) X26; (b) X39.

Materials and methods

LASERS

The diode laser used in these studies was a
portable device (Microlase, Keeler Holdings
Plc, Windsor, UK), which could be mounted
on a Haag-Streit slit-lamp microscope (Haag-
Streit, Bern, Switzerland). The cone angle of
the treatment beam was 14 degrees; the aim-
ing beam was furnished by a second diode
laser source (wavelength 670 nm). Selected
spot size was 200 pm and pulse duration
200 ms (pigmented rabbits), or 990 ms
(albino rabbits). The maximum available

power was 1-2 W.

A Nd:YAG laser operating in the con-
tinuous wave mode was employed (MR3
Meridian, Bern, Switzerland). The cone
angle of the treatment beam was 9 degrees
and aiming was accomplished with a helium
neon laser (wavelength 632 nm). Selected
spot size was 200 wm, and pulse duration
200 ms (pigmented rabbits) or 0-5-1 s (albino
rabbits). The maximum available power was

10 W.

Figure 1  Light micrographs of acute retinal lesions produced in pigmented rabbits using
(a) diode (power 250 mW; pulse duration 200 ms) and (b) Nd:YAG (power 800 mW;
pulse duration 200 ms) laser radiation. Each impact is sharply defined laterally, the
extension in this direction depending on the pulse power employed and is characterised by a
central, strongly coagulated region exhibiting minimal structural distortion and peripheral
2ones manifesting predominantly swelling and disruptive phenomena. In the meridional
direction, strong coagulative effects also give way to swelling and disruptive ones, the degree
of inner extension depending upon the pulse power used. In (b), these latter phenomena
commence at, and are limited predominantly to, the outer nuclear layer which exhibits a
reduction in nuclei density; whereas in (a), they begin at the border between the outer
nuclear and outer plexiform layers and extend to the inner limiting membrane, thus giving
rise to a prominent inner buckling of the sensory retina. Semi-thin sections stained with
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RABBITS

All procedures were conducted in compliance
with the ARVO statement for the use of
animals in ophthalmic and vision research.
General anaesthesia (Rompun-Ketalar) was
induced in four pigmented and two albino
rabbits. Pupillary mydriasis was induced using
cyclopentolate drops 1%. The retina of one eye
in each animal was irradiated through a
planoconcave Goldmann contact lens with
either the Nd:YAG or diode lasers. The energy
required to produce a visible reaction was
determined in preliminary experiments by
increasing pulse power in 100 mW increments
from subthreshold values. Impacts were deliv-
ered to the mid-peripheral region of the retina
inferior to the myelinated fibre layer. The
power was increased in 50 mW (diode), or
200-300 mW (Nd:YAG) increments to pro-
duce progressively more intense lesions.

TISSUE PREPARATION

Animals were killed by an overdose of sodium
pentobarbitone immediately after irradiation.
They were then perfused via the aorta, initially
with Ringer’s solution (containing procaine
hydrochioride (5 g/1) and heparin (25 000 U/))
at 37°C and then with 2:5% (v/v)
glutaraldehyde solution (in 90 mM phosphate
buffer, pH 7-4, 350 mosmol) at 4°C. Perfusion
pressure was maintained within the range
115-120 mm Hg.

The eyes were enucleated and transferred
to glutaraldehyde solution (as above), within
which they were divided into anterior and
posterior segments by cutting slightly pos-
terior to the ora serrata. After fixation
overnight at 4°C, lesions were photographed
with a Wild M400 biomicroscope. Impact
sites were further dissected for light (LM) and
transmission electron (TEM) microscopy.
Tissue blocks were washed three times in 90
mM phosphate buffer (pH 7-4, 350 mosmol),
postfixed in 2% (w/v) osmium tetroxide
solution for 3 hours, stained with uranyl
acetate (0-5% (w/v) in 50 mM maleate
buffer), and then dehydrated in a graded
series of increasing ethanol concentration
before embedding in Epon. Sections were cut
on a Reichert-Jung Ultracut E, ultramicro-
tome. Semi-thin (~3-4 pm) sections were
photographed in a Vanox photomicroscope;
ultrathin sections (~70 nm) were stained with
7% (wiv) lead citrate and 6% (w/v) uranyl
acetate, and examined in a Philips EM-300
electron microscope.

Results
ACUTE LESIONS

Ophthalmoscopic/biomicroscopic appearances
Pygmented rabbits. Ophthalmoscopically visible
lesions were produced using powers of 100 mW
(diode laser) and 200 mW (Nd:YAG laser) and
a pulse duration of 200 ms. More intense effects
were realised with each laser using higher pulse
powers.
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Figure 2 Transmission electron micrograph depicting pigmented retinal epithelium and
inner choroid of impact centre after irradiation with the diode laser (power 250 mW; pulse
duration 200 ms; acute lesion). Bruch’s membrane remains intact, although constituent
collagen fibrils exhibit signs of thermal damage (increased cross sectional diameter). The
endothelium of the choriocapillaris illustrated has undergone coagulation; within the vessel
lumen, heat precipitated proteins and damaged erythrocytes (Er) are to be seen. In the
stroma, both normal and thermally damaged collagen fibrils are apparent. Fb=coagulated
cytoplasmic process of a fibroblast. Negative magnification: X2175.

Albino rabbits. Nd:YAG laser radiation pro-
duced clearly visible lesions, with an altered
light reflex at a power of 8 W and an exposure
duration of 500 ms; a more pronounced reac-
tion was realised using a 10 W/1 s combina-
tion. The diode laser failed to produce either a
visible response or any light microscopic
change at its maximum power output (1-:2 W).

Microscopy
Pigmented rabbits. At the light microscopic
level, diode and Nd:YAG laser radiation

R

Figﬁ;e 3 Light micrograph of acute reﬁnd lesu;n préduced in albino

induced lesions of similar morphological
appearance, differences in lateral and meri-
dional extensions being a function of the pulse
power employed.

Lesions were sharply defined laterally
(Fig 1), and in sections traversing the impact
core two zones could be distinguished. At the
centre, the tissue showed the least structural
disturbance. At low pulse powers, this effect
extended from the pigmented retinal epithe-
lium to the inner segments of photoreceptor
cells, whereas at higher powers their perikarya
were also included, as evidenced by the com-
pact appearance of the outer nuclear layer
(Fig 1a). A characteristic band of enhanced
staining affinity at the level of inner segments
(Fig 1b) denoted intense thermal damage.
The inner boundary of coagulated tissue
was recognised by an abrupt dislocation,
decreased compactness, and increased struc-
tural disturbance of the adjacent layers, since
regions which had incurred minimal thermal
insult were more susceptible to secondary
swelling and distortion during the post-irradi-
ation period. At low pulse powers, this effect
was limited principally to the outer nuclear
layer, whereas at higher powers it commenced
at the border between outer nuclear and outer
plexiform layers and extended to a variable
degree inwards. The swelling thereby in-
curred gave rise to an inward buckling of the
sensory retina (Fig 1a). External to the pig-
mented retinal epithelium, coagulation of the
choriocapillaris was observed and the lateral
extension of this response corresponded well
with the lesion borders in the retinal pigment
epithelium (Fig 1b). Coagulative effect

rabbit using Nd:YAG laser radiation (power 8 W;

pulse duration 500 ms). At the impact centre, photoreceptor cell outer and inner segments are strongly coagulated, as
indicated by the minimal structural disturbance manifested in these layers. The outer nuclear layer exhibits both thermal
(intensely stained nuclei) and swelling phenomena (reduction in nuclei density); strata further inwards reveal
predominantly the latter effects, thus giving rise to buckling. In the lateral direction, peripheral regions also manifest
predominantly swelling/disruptive phenomena; note the severe structural disturbance incurred at the levels of photoreceptor
cell outer and inner segments. Within the choriocapillaris, no signs of blood flow stasis are apparent. Semi-thin section

stained with toluidine blue. Negative magnification: X 55.
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Figure 4 Transmission electron micrograph illustrating non-pigmen
(RE) and inner choroid of albino rabbit after irradiation with the Nd:YAG laser (power
10 W; pulse duration 500 ms; acute lesion). Non-pigmented retinal epithelial cells exhibit
an intensely coagulated cytoplasm, but apical extensions have been disrupted; basal
processes retain their intimacy with the basal lamina which is unbroken and remains in
situ. Within the illustrated choriocapillaris, endothelial cells (E) are coagulated, but there
are no signs of blood flow stasis within the vessel lumen. Note that the epithelial facing
aspect of the endothelium exhibits disruption and its basal lamina luminal bowing at the
position where a dehiscence in the elastic lamina of Bruch’s membrane is manifested. Both
thermally damaged (CF,) and normal (CF,) collagen fibrils are apparent in the
surrounding stroma. Fb=coagulated cytoplasmic process of a fibroblast. Negative
magnification X 7050.

deeper within the choroid could not be
identified with certainty at this level of magni-
fication.

Around the central zone was a peripheral
region of limited thermal damage, but which
again showed dislocation and swelling effects.
These were manifested as a reduction in nuclei
density as a disturbance in the arrangement of
photoreceptor cell outer and inner segments
and by the loss of structural integrity between
the former and the pigmented retinal epithe-
lium.

External to the pigmented retinal epithe-
lium, electron microscopic inspection revealed
the integrity of Bruch’s membrane to be
retained (Fig 2), although constituent collagen
fibrils exhibited signs of thermal damage (that
is, increased cross sectional diameter). The
endothelium of the choriocapillaris was dis-
rupted in some locations whereas in others
it remained in situ, but in both instances,
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Table 1 Approximate percentages of transmission and
absorption for diode and Nd:YAG laser retinal

photocoagulation in rabbits
Diode Nd:YAG
810 nm 1064 nm
Transmission (%) 98 70
Absorption (%)
Melanin* 35 12
Melanint 7 2
Oxyhaemoglobin?! 8 8
Reduced haemoglobin3! 8 <1
Water (cm~1)35 0-4 0-04

*Retinal pigment epithelium and choroid.
1Retinal pigment epithelium alone.2%

cytoplasm exhibited the granulation effect
typical of coagulated cells. Within capillary
lumens, signs of coagulation were evinced by
their fine floccular appearance, this manifesta-
tion being engendered by heat induced precip-
itation of plasma proteins.

Albino rabbits. Similar phenomena to those
described for pigmented rabbits were observed
in albino animals using Nd:YAG laser radia-
tion. A notable exception was the choriocapil-
laris, which exhibited no signs of blood flow
stasis (Fig 3).

Ultrastructural changes to the non-pig-
mented retinal epithelium (Fig 4) were
comparable with those described for pig-
mented rabbits. Within the choroid, thermal
damage was incurred both by stromal com-
ponents (Fig 4) and vascular endothelial cells,
but signs of blood flow stasis were not mani-
fested.

Discussion

This study represents the first direct com-
parison of retinal lesion morphology after
irradiation with continuous wave diode and
Nd:YAG laser. Radiation from each laser
induced impacts of comparable appearance in
pigmented rabbits, although higher pulse
energies were required to realise moderate
effects with Nd:YAG as compared with diode
laser irradiation. In albinos, visible laser burns
were produced only by exposure to Nd:YAG
laser energy. With both lasers and in pig-
mented and non-pigmented fundi, lesions
were produced with an epicentre located
within the retinal pigment epithelium.

The findings may be explained in terms of
the relative beam tissue interaction characteris-
tics of diode (810 nm) and Nd:YAG (1064
nm) lasers. There are four principal com-
ponents to this process — namely, the trans-
mission, scatter, and absorption of radiation
within the target tissue, and the morphological
expression of their combined effects.

Transpupillary retinal irradiation is in-
fluenced by the transmission characteristics
through the ocular media of the wavelength
selected. Although transmission is high for
both diode and Nd:YAG lasers, it is approxi-
mately 30% greater in the former than in the
latter,15 16 with a consequently higher irradia-
tion at the retina for any given exposure
(Table 1).

The intrinsic optical properties of a tissue
will influence the degree of scattering and
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absorption and thus the distribution of radiant
energy within it. Scatter increases with
decreasing wavelength of incident radiation
and also with increasing tissue thickness!’;
hence, for exposures in the near infrared region
of the spectrum, it will be less than at visible
wavelengths. In the presence of melanin,
located within the pigmented retinal epithe-
lium and choroid, the influence of primary
absorption will dominate over that of photon
scatter in inducing an absorption event. In the
albino retina, which lacks melanin, internal
scatter must assume a greater significance,
with the increased pathlength of a scattered
photon increasing the possibility of absorption
occurring within the tissue.

Within the time domain between 100 ms to
10 second exposures, lesions are produced by
photocoagulation.!8 This process involves the
absorption of radiant energy by a chromo-
phore, and its conversion to heat by linear opti-
cal processes. The amount of energy absorbed
by a pigment is a complex function of wave-
length and energy of the incident radiation, as
well as of pigment density and the pathlength
over which the chromophore is distributed.1®

The kinetics of coagulation are temperature
and time dependent. A sustained temperature
elevation of 10-20°C above the physiological
level will result in disruption of enzymatic
processes, protein denaturation, and the pro-
duction of a threshold lesion.292! If collage-
nous tissue is heated to 47°C above body
temperature, collagen fibrils disintegrate into
subfibrillar units.2223 In practice, the peak
temperature achieved at the centre of retinal
lesions following photocoagulation may be in
excess of 100°C2! 24 and at this level, collagen
fibrils are no longer recognisable as discrete
entities, a more or less homogeneous mass
being produced.

Thermal diffusion from the centre of
primary absorption will modify the damage
profile of the lesion, this process being related
to the density, specific heat and thermal
diffusivity of the tissue, the rate of deposition
of photon energy, and the peak temperature
elevation.?’

The chromophores which have been identi-
fied as the primary sites of absorption in retinal
laser irradiation are melanin within the pig-
mented retinal epithelium and choroidal
melanocytes and haemoglobin within the
retinal and choroidal vasculature. Although
intraretinal vessels are absent in the rabbit
neuroretina, it is in the nature of infrared laser
retinal photocoagulation that the principal
zone of thermal destruction is centred upon
the retinal pigment epithelium and inner
choroid with some extension of tissue damage
to the outer retina and mid choroid. Previous
histological studies of diode laser irradiation of
human retina have shown no evidence of laser
related damage to vascular elements in the
neurosensory retina. This would be predictable
given a low absorption of any infrared radiation
within haemoglobin. Although vascular flow
may serve to dissipate any locally generated
heat transients, again, previous studies appear
to indicate that this would be a relatively minor

effect.? 19 The higher absorption of 810 nm
compared with 1064 nm radiation within
melanin2 27 (Table 1) explains the difference
in pulse powers required to produce moder-
ately intense lesions.

The retinal damage profiles induced by diode
and Nd:YAG laser exposures reflect the
distribution of melanin within the pigmented
retinal epithelium and choroid. The total
amount of optical radiation absorbed within the
choroid will exceed that dissipated by the pig-
mented retinal epithelium, owing to the larger
total amount of melanin within the former.
However, although the total pigmentation of the
pigmented retinal epithelium is significantly less
than that within the choroid, it is confined to a
layer 5-10 pm thick, whereas in the choroid it
may extend over 200400 um.? Thus for any
given exposure, the absorbed energy per unit
pathlength is far greater in the pigmented retinal
epithelium and consequently, higher tempera-
tures are generated within this layer.

In the current investigation, the morpho-
logical appearance of burns corroborates
these arguments: the primary site of damage
was located within the pigmented retinal
epithelium, with a meridionally deeper zone of
damage being incurred by the underlying
choroid. Changes observed in the overlying
sensory retina may be ascribed principally to
thermal flow from the pigmented retinal
epithelium. The histological and ultrastruc-
tural observations are in agreement with those
of other studies relating to diode laser retinal
irradiation® 28 29 and Nd:YAG laser.30

That thermal damage was observed in
albino rabbit retinas following exposure to
Nd:YAG (but not diode) laser radiation sug-
gests, naturally, the existence of an absorbing
medium other than melanin. Another pre-
requisite appears to be a sufficiently high
radiant exposure, given that a pulse energy of
10 J was required to produce visible lesions.

At high irradiances, haemoglobin within the
blood of choroidal vessels could absorb suffi-
cient energy to induce thermal damage,
although the absolute values for absorption of
near infrared radiation within this tissue are
low3! (Table 1). Initiation of haemoglobin
denaturation induces changes in the absorptive
properties of blood, this being related to the
changes in light scattering properties and pos-
sibly also to an increase in intraluminal fluid
density caused by evaporation. These factors
may serve to enhance the process of intravas-
cular absorption of infrared energy and thus
increase the likelihood of thermal damage to
adjacent structures.32-34 On the basis of this
argument, the absence of blood flow stasis in
the choriocapillaris was a somewhat surprising
finding, given that the patterns of thermal
damage observed in choroidal vessel walls and
in the surrounding stroma, as well as in the
retina, were otherwise similar to those realised
in pigmented rabbits.

Another absorbing medium which may pos-
sibly be relevant to albino exposures is water.
Radiation at 1064 nm is absorbed to a slight
extent only in water and that at 810 nm to an
even lesser degree3 (Table 1). However, at
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high irradiances, it is possible that the combi-
nation of a high photon density, with internal
tissue scattering may be sufficient to induce
absorption events even within water, such that
a lesion is produced. Although the absorption
of 810 nm radiation within blood is similar to
that at 1064 nm, its negligible absorption
within water and the lower maximum power
potential of the system afford an explanation
for the lack of detectable lesions in albino
retinas exposed to diode laser irradiation.

Although the lasers described are relatively
recent developments, there is increasing
interest in their clinical applications. Doubts
have been raised, however, as to their suit-
ability for retinal therapy, particularly in rela-
tion to their potential for inducing choroidal
damage.3¢ However, the recanalisation of the
choroidal vasculature which had occurred by 6
weeks indicates the reversible nature of the
damage in this region. Clinical use of the diode
laser in the treatment of diabetic retinopathy
has failed to demonstrate any lasting adverse
effects on the choroidal vasculature.!? It may
also be argued that a system which has a rela-
tively greater penetration into the choroid than
occurs with shorter wavelength systems,?8 may
be more suitable for the treatment of choroidal
lesions. Confirmatory evidence is provided by
studies indicating the efficacy of diode laser
photocoagulation in the treatment of choroidal
neovascular membranes.3? The low absorption
of infrared radiation within blood may also be
of benefit in eyes with a haemorrhagic vitreous
or preretinal opacities. Transmission will be
higher than with the commonly used argon
laser (emitting at 488-514-5 nm) and therefore
the potential effectiveness of retinal coagula-
tion will be enhanced. Again, there is clinical
evidence in support of this concept.13

In summary, the morphological effects of
near infrared radiation upon retinal tissue are a
consequence of scattering and absorptive
events within melanin of the pigmented retinal
epithelium and choroid in pigmented eyes and
possibly within blood and water within the
choroid of albino eyes. No evidence was found
to contraindicate the clinical use of either laser
and in certain situations their employment may
have definite advantages.
This study was supported by grants from the Swiss National
Science Foundation (No 32.27748.89) and the Swiss
?8031151;nission for the promotion of Scientific Research (No
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