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ABSTRACT

Few investigations have been made of the effect of retinal photo-
coagulation on the light evoked electrical responses of the visual system.

E T_tus research was therefore conducted to examine the electroretinogram (ERG)"
' and the lateral geniculate nucleus (LGN) and striate cortex potentials of the

: ‘rabbit before and .after irradiation of the retina with a high-energy ruby laser.
Dark-adapted curare-paralyzed rabbits were secured in a stereotaxic
apparatus where. conoentric needle electrodes were inserted into the contra-
lateral LGN and cortex. A corneal ring electrode detected the ERG. Protocol
consisted of (1) recording the three potentials while stimulating the eye with
an argon laser operated at several flash intensities, (2) exposing the retina
to a calculated ruby laser radiation dougé, and (3) recording again the
responses to photic stimulation.

The data show that mild 6 mm lesions inflicted by laser radiation
~pulses with retinal energy densities of 1.25 to 3.2 I/t:m2 apparently actto
uncouple the tonic inhibition normally imposed on the lateral geniculate
nucleus and visual cortex by the retina. Such disengaged inhibition is
observable as an augmentation of light evoked geniculate and cortical popu-
lation responses, usually by low level stimuli and less frequently by bright
stimuli. The ERG a to b wave amplitude is reduced as much as 20% by these
irradiances, and recovery processes associated with late PIII activity are |
disrupted. Maximum ERG amplitude loss is 30% following 5.1 or 6.3 J/cm®
pulses, while LGN and cortex potentials are diminished or even extinguished
by the same insult. Lesions increase the postirradiation latent time cen-
trally by removing functional tissue from the retinal path traversed by
impulses leading to the LGN and cortex signals. ERG latencies decrease
under these conditions, perhaps because of diminished PIII activity. On
gross examination, the 6 mm injuries appear as deep retinal plications of a
type uncharacteristic of the smaller lesions producéd during therapeutic

photocoagulation.
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CHAPTEHR I

INTRODUCTION

The widespread use of labgratory and operational lasers has
caused increased concern for eye safety. Radiation dosages which
dar‘i\age‘ the éyo have been determined by, among others, investigators
at thé Stanford Research Institute L 2, Medical College of Virgin1a3 y
and thé EG & G Company4for sevgm_l laser devices. At each laboratory,
the basis for detecting a retinal burm has been the post-irradiation
appearance of an ophthalmoscopically or histologically visible lesion.

Although the energy threshold for producing changes in retinal
tissue has been determined for a variety of animal species, a correlation
has not-been established between subjective visual loss and the miensity
of the radiation administered to the éye. That is, we do not know how
laser irradiation may affect the visual performance of a highly trained
animal such as the monkey. Only preliminary results have been pub-
lished relating the loss in visual performance to the laser irradiation of

" the eye.® .

As well, little information about the irradiated retina's functional
status has been obtained from the’electroretinogram or the electrical
activity of the visual stations in the brain. Only a few publications deal
with this area of research. For example, reduction of the rabbit ERG
amplitude was shown by McNeer et al6 to occur following xenon arc.
exposures one-half the intensity required to produce a threshold burn,
provided a retinal area of 40 mnz was involved. Destruction of the macula
of the monkey with xenon photocoagulation reduced the ERG temporarily due

to the loss of dark adaptation, but other than this, there was no permanent



difference demonstrated between the responses of the coagulated and the
normal monkey eye.7 Another study involving 58 monkeys showed that
the loss of the ERG was linearly related to the fraction of the retina
damaged, including eight cases where retinographic activity was
comﬁletely eliminated by destruction of 12 to 47 percent of the retinal
area.® '
Laser-induced lesions have been seen to depress the ERG a
and b waves of the cat immediately following the insult, but the a3 wave
recovers its control amplitude shortly afterward.g The b wave progress-
ively declines. Potentials\ of the optic tract fibers arising in the damaged
area range from 18 per cent of control to complete disappearance.
In order to understand more fully the effect that laser radiation
may have on the light evoked reshonses of the eye and brain, a pilot
study was carried out in the Biomedical Electronics Laboratory of the
University of Texas. These experiments, involving more than fifty
rabbits, were designed to record electroretinographic, lateral geniculate
nucleus, and striate cortex potentials before and after ruby laser irradiation.,
This report, taken from the senior author's doctoral dissertation,
summarizes the important findings from this work. Chapter II is devoted '
to the thermal reactions of chorioretinal tissue, and the succéedmg chapters
describe in detail the equipment, experimental protocol, light evoked
responses of the rabbit visual system, and results of the study. A review
of the gross, microscopic, and architectonic anatomy of the rabbit follows
in the appendix.



CHAPTER II
RETINAL THERMAL INJURY

A. Historical Review of i.ight_—Indﬁced Eye Inju‘l;y

. Visdél disturbénces caused by looking at an eclipse of the
sun have been known since Socrates' time. The Pergamonian ocular
anatomist and physiologist Galen (129 - 200 AD) was aware of solar
bums, and Galileo is said to have received an eye injury by gazing

at the sun through his famous '«alescope.lq'11

Attempts to cause delib-
erate retinal burns are reported in 1867 by Czerny, who focused sun-
light into a rabbit"s eye._12 y

A classic paper by Verhoef and his associates in 1916 -
described at length the nature of solar burns.13 They called particular
attention to the‘injury of the pigment epithelium (PE) and choroid and
were the first to feport that solar burns were due to a temperature
increase and not simply an‘overstimulation of the photoreceptors with
light. They furthermore duplicated the previous work of Birch-H;rschfeld,
who in 1912 employed a carbon arc lamp as a light device to injure the
retinae of both pigmented and albino rabbits. Data showing similarities
between solar injury and carbon arc burns were given by both these
groups, and the pigmeﬁted rabbit's greater susceptibility to burning than
his albino counterpart was demonstrated. These studies marked the
beginning of the rabbit's role as the animal chosen for the study of retinal
bums. . ‘

By the mid 1940's, both the atomic bomb and the xenon lamp
appeared as new powerful sources of lighi. Byrnes, Buettner, Rose, et
al., 14-16 emphasized the vulnerability of the retina and vision to an

atomic bomb flash. In an extensive study by Bymes and his colleagues,



Schawlow and Tawneszo developed the principle of the laser
in 1958, and Maimtm21 successfully tested their theory in 1960 by achiev-
ing stimulated emission from a chromium-doped aluminum oxide rod.
Physicians especially were quick to use this promising new sburce of

intense light and in 1961 publications bégan appearing in which laser

photocoagulation of the retina was described.zz’23 Several significant

advantages of laser over xenon arc ph'ot:)coagulat.lon of the human retina

24,25 . : '

were noticed :

1. More accurate focusing and aiming of the beam was possible
because of its collimation and coherence.

2. Uncomfortable dazzle associated white xenon light was no
longer a problem, and irritation resulting from stray flux
on the iris was avoided,

3. Transmission by the ocular media and absorption by the pig-
mented tissues of laser light were more efficient since a
large part of the xenon source is infrared and not utilized.

4, Short pulses obviated the use of retro-orbital anesthesia
or immobilization of the subject eye, and at the same time
the brief heating phase on the retina meant little dissipation
of heat peripheral to the lesion occurred. (Lesions could now
be placed in the area between the disk and macula, or in the
perimacular regions, for example.) Histologically, the burn
fused neuroepithelium and pigment epithelium of the retina
with the superficial choroid in a firm cicatrix.

A new area of research, the study of the interactions of laser
light with ocular tissues, began. This research was directed at the
development of lasers as therapeutic tools in the treatment of various
retinal maladies, and to devise protective devices and .measures for the
investigator uéing the laser. As a result, the greater past of laser bum

research literature has come from clinical laboratories.



B. The Minimal Retinal Bumn

.. Several 'fa'ctbfs are involved in producln"g.:a radiation injury
of th-e retina, méluqu the exposure duration and the spectral distri-
bution and power of the beam; and its diameter at the retinal plane.
‘Within the eye, the effect of fundus piqméixt density, absorption
charadteristics , and properties of c.onductance must be considered.
Most research by groups studying retinal burns has been directed at '
understanding the mechanisms which account for the minimal or threshold
bum, and §t correlating the findings in the threshold burn with what is
‘known about the radiating beam and its tmget.26 '

The rabbit's eye has been used to establish standards,

gnd to obtain physical data pertinent to re.tit_ml thermal injury, partic-
uiarly threshold damage. In calculating energy levels which produce
comparable degrees of retinal burns from subject to subject and with
various light sources, it is necessary to take into account the spectral
transmission, absorption, and reflection by the transparent ocular

media, pigment epithelium and choroid.27 2B

Figures 1 a,b,c, show
these values for enucleated and dissected rabbit eyes. Approximately
95 per cent of the ruby light incident on the rabbit cornea reaches the
retina and choroid where 50 per cent is absorbed in a medium pigmented
fundus and an additional 10 per cent reflected. In su.ch a case, the
remaining 35 per cent apparently goes into the scleré and retro orbital
fat. There are many similarities in light absorption in the ocular media
and fundus of medium to darkly pigmented rabbit compared to the same
tissues in the human eye. To a great extent, the rabbit eye can just~
ifiably substitute for the human eye.

"Minimal" or "threshold" retinal damage has its character-
istic appearance, but its detection depends on the method chosen to

19
find it. In early studies, threshold burns of the rabbit retina were



Figure: la
The mean transmission of the ocular media to light incident on the
cornea of the rabbit (solid line) and human (dashed line ). At the
ruby wavelength of 694 nm, only 5% of the radiation is absorbed

before reaching the retina. After Geeraets, et al. &7

Figure 1b
The mean percent absorption of light incident on the fundus by the
retina (including pigment epithelium) and choroid. Four degrees of
pigmentation of the rabbit (I - IV) and human (dashed line) fundi
are presented. Group I is dark, II is medium, III is light, and IV
is albino in pigment density. -

Fibure Ic
Mean percent absorption in the medium rabbit retina and choroid

for light incident on the cornea. Dashed lines show these data

'\mmcorreqtéd for rgﬂection by the fundus. The solid line is corrected

for réﬂection. Redrawn from Geeraets and Beex'y.28
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noticed only when the outér nuclear layer had ‘be'én disrupted. In thi-s
case the irradiance was considered * threshold" for mduc:lng injury
because it produced an ophthalmoscopicany visible 1esion in 50 per
cent of the trials withln ,_ﬁve minutes of exposure. By 1963, hpwever,
. histochemical techniqueg'weie, used to define threshold burn By its
mild protein coagulation;zg the ,stgininé, ablility‘of rétinal receptors
increased after coagulation. The étaining picture of »NAD diaphorase,
an enzydae widely distributed throughout the retina but concentrated in
receptor ellipsoids, waé examined in irradiated retinae. This technique
assumed that if visual receptors were i;reversibly impaired by irradiation,
then activity of the enzyme within receptor cells would likewise be-
affected, so thét enzyme activity provided information on functional
damage prior to morphologically visible cell destruction.

' Enzyme inactivation haé been shown to reduce the staining
ability of the receptor ellipsoids at energy levels 10 to 15 per cent
below the préviously determined light microscope histology threishold.29
The 1rrad1ancé necessary to produce cellﬁlar change in H-E stained
paraffin sections occurs within 5 per cént of the irradiance necessary
for the ophthalmoscopic threshold. It is likely, therefore, that irreparable
functional injury may follow irradiation at intensities.20 per cent less
than that necessary to cause a visible lesion. Consequently, the
"ophthalmoscopically visible lesion" is now regarded as an edematous
reaction of living tissue to a thermal insult produced by irradiance
above threshold, and it should not be called "threshold" but is best

referred to as "mild".

Earl_ieSt signs of minimal photic injury at the electron micro-
scope level are within pigment epithelial cells, specifically present are
fractures and vesiculation of the smooth endoplasmic reticulum lying in

the_ apex and middle of the PE cell.26 These changes follow a 175 micro-



second dose of 0.7 I/c:m2 on an-0. 8 mm image. As the lesion becomes
clinically visible (dose - 1.0 I/cm ) a non-speciﬂc . qranulatlon effect"”
in PE villi and mitochondria and in receptor cells 13 seen.. The granules
are made up of swollen and densified cell membranes ‘and cytoplasmic
ground substance. Immediate damage in these mild bums extends to
the lamellated outer segments of the photoreceptors, but mnermost
segments vitread to the middle iimiting membrane deqenerate later
Choroidal layers beneath the mildly damaged zone appear- momholog-
.ically normal. '
C. Lesion Classification

Laser-induced suprathreshold rabbit retinal burns are
roughly assigned to four categories on the basis of clinical appearance
and light microscope examinatlon.zs'so’ - A grade 1 category burn
is a small grayish lesion representing the opthalmoscopically deter-
mined threshold burn of .older literature. An occasional central
charred point is found, surrounded by large pale area ‘and pigmented
rim. Histologically, there is dislocation of PE cells and pigment,
resulting in a clumpy and uneven distribution of pigmentation. The
outline of PE cell membrance and Bruch's membrane are lost, but
photoreceptors may retain their structural mtegrify. A retinal exudate
extends into the retina proper. The flow of fluorescein into the injured
area is rapid, due to breakdown of capillary structure and increased
capillary penneability.32 About thirty days later, pigment from the
posterior of the eye migrates into the retina, and a chorioretinitic
adhesion forms.

A grade 2 injury is defined by blanching of the retina and
formation of intraretinal bubbles, some of which escape into the
vitreous. Flecks of pigment are accumulated in the burn, and a faint

gray corona encircles the irradiated area. A microscopic section shows



marked distortion and necrosis of nuclear layers along with greater

PE cell and choroid disruption and retinal exudate. Fractures through
part or the entire thickness of the retina are evident. Fluorescein
angiography demonstrates a slow diffusion of this indicator into the
area,32 presumably because heat' coagulation occludes much of the
choroidal capillary bed. Pigment cell proliferation and pigment
migration proceed in the weeks that follow the insult, and a cicatricial
band replaces the normal retinal structure, providing a firm chorio-
retinal adhesion. A grade 2 lesion represents the optimal therapeutic
coagulation.

Grade‘ 3 lesions, too severe for clinical application, are
manifest as blanching and excavation of the‘ irradiated area. A sharp
corona and vitreous gas bubbles are common and small retinal
hemorrhages may occur. Pathologic findings are similar to Grade 2 }
but greater in magnitude. A sub-retinal exudate elevates the retina
.and throws it into folds extending to the retina- vitreoys interface and
blood and vapor bubbles enter the vitreous freely through penefcrating
cracks of the retina. The postinsult history follows the history of a
grade 2 burn.

Grade 4 burns are similar to 3 plus gross vitreal hemorrhage
and bubblé formation. The lesion size is larger than the irradiated image
and implosive tears are plainly evident, Choroidal bloéd flows through
the retina into the vitreous along with retinél debris.

These lesion grades apply to both ruby and short xenon
pulses of a few hundred microseconds length., Lesions produced by
both sources correspond closely in gross and histopathologic features
except when low ruby irradiances are applied. In this case, "hot spots"
in the non-uniform ruby beam produce scattered visible pinpoint lesions.33

Each of these resembles the usual mild lesion in histologic appearance.

10



Longer exposures to radiation, not possible with con-
ventional pulsed ruby lasers but available with xenon lamp systems,
produce significantly different effects on the retina than short
exposures.33 Longer pulses involve more retinal layers, and with
increasing energy densities even the sclera is involved. Minimal
or mild lesion sizes are equal to or slightly smaller than the beam
retinal image size in microsecond exposures becaﬁse the lesion is
produced before peripheral heat dissipation becomes a significant
factor. Clinically, longer exposure lesions are darker in color; the
rim of the lesion is blurred and extends beyond the diameter of the
beam image. Mild microsecond (<1 msec) lesions cause a temper-
ature rise in areas immediately adjacent to the PE and the diaphorase
staining image is sharply defined especially in ‘the ellipsoids of the
photoreceptor. In contrast, a 30 millisecond 'pulse produces a less
distinct picture, having blurred and poorly defined diaphorase
denaturation boundaries. The differences between histologic and
funduscopic features for the microsecond and millisecond exposures
are explained by the increased conductance of heat peripherally from
the irradiated site during longer exposures. ‘

Retinal blood vessels of rabbits appear unaffected by
grade 2 and 3 coagulation intensities, but the white medullated fibers
on which they rest show slight cellular edema. Al The vasculature is
seemingly not affected by any heat produced in irradiated hemoglobin.
Choroidal circulation is, as noted before, largely obliterated by heat
rise in the pigmented tissues.

D. Retinal Light Absorption and Ensuing Thermal Reactions

Pigment epithelial and choroidal melanin granules become

black body radiators when they absorb sufficient light energy, and

transfer heat from themselves by conduction, convection, and radiation

11



to the"nearb’y c'ellular cohsiituénis. The result is a-thermal insult
to the cell, and it is morphologicany and functionany altered
| because of Bty o ' o s
oIt is a qenerally accepted thesis. that thermal injury
' 'results from denaturaticm of cellular protein. Many proteins have '
demonstrated_ in vitro that their degrad_ation by heat is a first orde;'

reaction with each protein goVemed by its characteristic energy of
v i.!ct.tvat::lon.a‘1 ,Thé. degree of injury within a cell is not necessarily
a function of maximum temperature attained by the cell but on how
long elevated températures prevail, that is, the effect which temp-
erature has.on the physical or chemical p?opertles of a protein
molecule is dependeat on time. This is called a rate process.
In any attempt to'correlaté, the retinal hlstochémlcai, microscopic
or funduscopic burn data with theories of thermal injury based on
threshold temperatures for protein denaturation, ‘the time-temperature
history in the retina must be considered. This history must either
be calculated in terms of a mathematical model such as the differential

35

equation of heat flow34~4l,; 4 must be measured experimentally. 4-48
Then the principles of chemical kinetics and thermodynamics on which

the rate process is based can be applied to describe thermal degradation
of the protein molecule.
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