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Chapter 116

Light Effects on the Retina

JOHN MELLERIO

Theretinahas evolved especialy to be sensitiveto light.
Theway it responds to light as part of the visual process
isnot the concern here-that isfor the physiologist and for
earlier chapters. The manner in which the retinainteracts
with light to cause deleterious changesin function is the
substance of this chapter.

Two problems often stand out for those who work on
light-induced retinal damage. These are the proper
guantification of the light insult and the detection of
changed function. Specifying and understanding the exact
nature of the stimulusto damage should not be aproblem
if the physics is considered. The following discussions
attempt to ease the reader through the complexities of the
two different systems of units that are used, sometimes
incorrectly, to specify the stimulus. The way in which
functional deficits are detected are not considered here;
this can be learned from texts concerned directly with
vision. Often, techniques that search for morphologic
changesare substituted for functional tests, asthelesions
are small, and the resolution of behavior studies cannot
pick up the small lesions that may be produced in the
retinas of animals that are not renowned for their ability
to perform in laboratory studies. Histologic techniques,
likethose of testing vision, also are not discussed. Rather,
consideration is given to stimuli and the effects they
produce.

QUANTIFYING THE SOURCE

The electromagnetic (EM) energy that is our subject is
termed radiation, and itsimportance liesin its capacity to
bring about effects in the world. It has parameters of

intensity and wavelength (or frequency), which, together
with certain properties of the substrate. determine what
effectsit can produce.

At intensities that might be described as everyday
and at which nonlinear effectsdo not occur, somefraction
of theincident radiation must be absorbed in the substrate
before any effect can occur. The extent of the effect
depends on the intensity of the radiation and on the
substrate's absorption and sensitivity. Consequently, the
task of predicting the size of an effect might start by
considering the quality and intensity of the radiation
across the part of the spectrum of interest. These depend
on the source of the radiation.

The quality of the radiation includes the parameters
of wavelength, coherence, geometric distribution, and
temporal characteristics (i.e., whether continuous or
pulsed). Table 116-1 shows the way in which the EM
spectrum is conventionally divided into regions that
delimit the spread of wavelengths having similaritiesin
theway they behave with substrates. Strictly, only visible
radiation may be called light, but oftenthetermisloosely
applied to include ultraviolet (UV) and infrared (IR)
radiation. The energy output of a source varies with
wavelength and is shown in a spectral power distribution
(SPD) plot (i.e, power versus wavelength). Solid
incandescent sourceshave SPDsthat usualy approximate
that of a black body or planckian radiator, which means
that peak emission occurs at awavelength that decreases
with increasing temperature. Indeed, the radiation
characteristics can be described by the three radiation
lawsof Planck, Stefan-Boltzmann, and Wien. Itisthelast
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that relates peak wavelength to temperature:

b
| peak :? (D

where b is Wien's constant (2897 um K) and T is the
temperature (in kelvins) of the source. Often, light
sources are specified in terms of color temperature: for
ideal black bodies, they are the same as the physical
temperature, but for bodies with an emissivity that varies
with wavelength they are not the same. At temperatures
that may be realized in practica filament lamps-for
example, 3360 K for aphotoflood - A, isabout 860 rim
and the particularly hazardous blue and UV radiation
output isinsignificant.

In coherent radiation the photons are of equal wave-
length, phase, and polarization: Lasers emit this kind of
radiation, but only the monochromaticity is relevant to
thisdiscussion. The high intensity of laser sources stems
largely from their efficiency and their geometry, which
usually confinestheir output to anarrow beam of energy.
When compared with conventional incandescent or
discharge sources, lasers are particularly useful to
instrument designers, becausetheir geometry isfavorable
for coupling their radiation to optical systems. Con-
tinuous wavelength (CW) or pulsed sources deliver
energy with temporal characteristics that cannot be
ignored and that are described later.

The “intensity” or energy content of a source is
quantified in units that belong to one or the other of two
systems. The firts and more fundamental is the
radiometric system, which is concerned only with the

energy content of the radiation; these unitsare physically
absolute in the sense that they do not depend on the
spectral response of a detector. The second is the
photometric system, which relates the energy to the
spectral sensitivity of the eye. The photometric system of
unitshas, in effect, built inthe action spectrum for vision.
The action spectrum of most universal interest is that
defined by the photopic visibility curve, which istermed
the V, function and relates to vision by the cone system
of the retina. Consequently, there are photopic units of
radiation that measure visible radiation, which is, by
definition, light. There exists a parallel system of light
units based on the action spectrum for scotopic vision,
whichismediated viatherods. Scotopic unitsare usually
confined to vision research laboratories or to
consideration of retinal damage mechanisms in which
rhodopsin is thought to be the primary causative agent.
The scotopic visibility or V', function is the action
spectrum that applies.

It is obviously important that the correct system of
unitsbe used and, within each, theappropriate unit. Table
116-2 summarizesthe radiometric and photometric units
that are commonly used and clearly shows the parallel
nature of many of the units in the two systems. The
brightness of a source is described by the terms
"radiance” and "luminance,”" respectively, in the radio-
metric and photometric systems. These terms specify the
rate at which radiant or light energy leaves the sourcein
agiven solid angle from aunit surface area of the source,
and the units are as set out below:

Table 116—1. THE DIVISION OF THE SPECTRUM OF OPTICAL RADIATION INTO DOMAINS WITH
SIMILAR PATHOPHYSIOLOGIC ACTION

Spectral Wavelength
Domain (nm) Tissue Absorption Site Nature of Damage
Ultraviotet C 200-280 Cornea Epithelium Photochemical: photokeratitis,
corneal opacity
Ultraviolet B 280-315 Cornea Epithelium Photochemical: photokeratitis,
corneal opacity
295-315 Lens Nucleus Photochemical: cataract
Ultraviolet A 315-400 Lens Nucleus Photochemical: cataract(?)
Visible 400-780 Retina RPE Thermal (thermoacoustic):
vision loss, intraocular
hemorrhage
Hemoglobin Thermal: vision loss,
intraocular hemorrhage
Macular pigment Thermal: central vision loss
RPE, visual cells Photochemical: insidious vision
loss, color vision problems
Infrared A 780-1400 Retina RPE Thermal: vision loss
Lens Epithelium Thermal: cataract
Infrared B 1400-3000 Cornea Epithelium, Thermal: corneal opacity
stroma
Lens(?) Epithelium Thermal: cataract
Infrared C 3000-10,000 Cornea Epithelium Thermal: superficial burns
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RADIANCE
Joule per second per steradian per square meter, which
simplifiesto Watt.sr.m™. The defining equation is

_ d?F, .

¢ dWxdAxcosq

where @ istheradiant flux, {2 the solid angle, and A the
surface area of the source. It also includesthe cosinelaw,
which allows for measurement at an
angle 0 from the normal to the surface of the source
because the projected unit area along the line of
measurement decreases with the cosine of 0.
LUMINANCE
Lumen per steradian per square meter, which becomes
candela per square meter (cd.m?), asacandelaisalumen
per steradian. The defining equation is

d?F,

o ©)
dW>dA xcosq

LV:

and is the same as for the radiance except that the flux
term in the numerator is the luminous flux, which
contains the all-important luminous efficiency of
radiation, K, in its definition:

FV=Kmo%%9V|w (@)
The value of K, is usually taken as 680 lumens per watt
and is defined as the maximum number of lumens
produced by 1 watt of broadband radiation extending
fromthe UV to the IR (i.e., over the visible range of the
spectrum) in the relation:

Table 116—-2. COMMON RADIOMETRIC AND PHOTOMETRIC TERMS AND UNITS

Term Symbol Lay Definition Defining equation Sl Units
Radiometric
Radiant energy Q. Energy emitted Joule (J)
Radiant energy w, W = dQ. Joule per cubic meter
density v J.m"3)
Radiant power o, b, = dQ. Watt (W)
(radiant flux) < dt
Irradiance (radiant E. Rate at which energy falls E. = do, Watt per square meter
flux density) on or passes through an ° dA (W.m-?)
area, i.e., dose rate
Radiant intensity I, L = do, Watt per steradian
° an (W.sr™)
Radiance L, L = d’d, Watt per steradian per
* square meter
d}. dA. cosb (W.sr-'.m-?)
Radiant exposure H, Term for dose in H = dqQ, Joule per square metre
photobiology ‘ dA J.m?)
Optical density D, A measure of attenuation D, = - log;oT. Unitless
of light
Photometric
Quantity of light Q, Lumen second (Im.s) Q = f¢é,. dt
Luminous energy w, Lumen second per cubic W = dQ,
density meter (Im.s.m™?) *av
Luminous flux &, Lumen (Im) &, = 680 [ dé, Vi) da
dh
Illuminance E, Lumen per square meter E = dé,
(Im.m~?) or lux v dA_ B
Luminous intensity I, Lumen per steradian I = dé,
(candle power) (Im.sr!) or candela (cd) v a0
Luminance L, Candela per square meter _ ad*$,
(cd.m"?) L=
. d{}. dA. cosé
Light exposure H, Lux-second (Ix.s) =99 _ fE,dt
dA
Optical density D, Unitless D, = - logyeT,
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The maximum value is taken for K, as the ratio in
equation 5 varies with the spectral distribution of energy
(e.g., radiation with a relatively large amount of IR
energy is not visualy very effective). K, is the link
between radiometric and photometric units.

The rate at which energy arrives at a substrate has
corresponding unitsin each system.

IRRADIANCE

Energy per time per unit area, whichisusually measured
in watts per square meter (W.m?) , asawatt isajoule (J)
per second.

ILLUMINANCE

Also energy per time per unit area, but the units are
lumens per square meter (Im.m?) , aslumens are defined
in terms of @, which itself isatime flux of energy.

An important radiometric term is that of radiant
energy density (Jm™), which defines the amount of
energy within a certain volume of substrate that is
available to influence the substrate. Often the term
“energy density” is used incorrectly when the radiant
exposure (J.m?) is meant. This latter unit is easier to
measure or calculate but is not always as useful as many
of those who employ it think. The corresponding pho-
tometric unit of luminousenergy density (1Im.s.m?) isnot
often used.

For completeness the troland (td) must be added to
the unitsin thetable. Thisisaunit of retinal illumination
defined as the product of the source luminance (cd.m™)
and the pupillary diameter squared (mm?). Thetroland is
used in studies of retina photochemistry and various
aspects of visual performance.

Figure 116-1 summarizes some of the concepts that
underlie the radiometric units described above.

QUANTIFYING THE DOSE

The dose, the quantity of energy deposited in a substrate,
depends on three parameters: the "intensity” of the
radiation, the substrate's absorbing properties, and the
duration of exposure.

Intensity and absorption are dealt with by the process
of "convolution." The absorption of the substrate is
usually determined at each wavelength, in the region of
the EM spectrum of interest, to give the

SOLID ANGLE : K

Q(steradian)

I (W.sr

RADIANCE

L W.sr'm?

surface of source

Figure 116-1. Summary diagrams of some concepts of
radiometry: Thephotometric systemhassimilar concepts.
The solid angle is shown bounded by a square; the cross
section may have any shape and is shown here as square
for clarity. Solid angle: The area A bounded by JKLM
subtends a solid angle Q steradians at the source S
defined as Q = A/R? steradians. Radiant intensity: The
source emits a power of @ in all directions and delivers
into the solid angle Q a reduced quantity known as the
radiant intensity defined as| = d®/dQ with units of watts
per steradian. Radiance: Each small area dA of the
surface of an emitting source emits power into a solid
angleof Q: thisistheradiance defined as L = d*®/dA.dQ
with units of watts per steradian per m?.

spectral absorption curve. This curve is multiplied,
wavelength by wavelength, by the spectral power
distribution of the radiation source. This convolution
process yieldsthe relative absorbed spectral dose curve,
which specifies the energy deposited in the substrate
across the spectrum. If the intensity of the radiation
source is increased, the area under this curve increases
also. Indeed, thisarea, isthe spectral integral defined so:

PDF created with FinePrint pdfFactory trial version http://www.fineprint.com



http://www.fineprint.com

|
Qnmax :ﬁ a xp, (dl ) (6)

where g, and p, are the spectral absorption and spectral
power and represent the maximum possible energy that is
available to influence the substrate. It is a useful, but
necessarily rough, guide in comparing the effects of
different radiation sources on one substrate, or how
different substrates might behave if exposed to the same
radiation source.
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Figure 116-2. The absorption spectrum for bovine
melanin in solution in KOH (solid line) is relatively flat
and has givenriseto theideathat melaninis abroad-band
absorber. The relative absorbed spectral dose is the
absorption value multiplied by the power output of a1000-
W tungsten halogen quartz iodide lamp for each
wavelength and shows that the energy trapped in the
melanin is mostly of the longer wavelengths. The action
spectrum shows how much energy is required at each
wavelength to produce a given uptake of oxygen by
melanin in saline suspension. (Biologic data from Sarna
and Sealy**; lamp data from Sliney and Wolbarsht.™)

The relative absorbed spectral dose curve, then, is
specific for substrate and radiation source but is not
necessarily the same as the action spectrum, which is an
experimentally determined, criterion-referenced function.
In an action spectrum a certain magnitude of response is
chosen and then the energy required at each wavelengthto
produce this response isrecorded. The action spectrumis
perhaps the most useful specification of spectral behavior,
asitistied to an effect (but see reference 1), whereas the
relative absorbed spectral dose curve may include energy
that is absorbed by the substrate but has no part in any
processes other than wasteful degradation to heat. Figure

116-2 shows the absorption curve, the relative absorbed
spectral dose curve, and the action spectrum for bovine
melanin: It is immediately obvious that there are
considerabledifferencesamong thethree. Thereasonsfor
the differencesliein the very nature of the processes that
are at the base of the measured parameters. In the first
curve, scatter, fluorescence, phosphorescence, and the
internal conversionsthat heat a substrate are uppermost,
while in the third curve complex biochemical processes
are modified by the input of exogenous energy. The
second curveisreally amodification of thefirst that takes
into consideration the energy source. It has to be
admitted, however, that these curves suffer a limitation
for straightforward comparison that is discussed later:
The absorption spectrum was determined in vivo,
whereasthe other two curveswere measured in vitro, and
melanin probably changesconsiderably during extraction
from the eye.?

Light that is scattered in a system can be regarded as
energy that hashad itsdirection of propagation redirected
and that does not take part in influencing the substrate. In
fluorescence and phosphorescencetheincident energy is,
in effect, stored momentarily before being emitted again
at a different wavelength. These three processes can
sometimes be harnessed for useful ends (eg.,
fluorescence angiography), but they are the origin of
many problems in optical systems. The internal
conversions represent the ever-present thermodynamic
reguirement for entropy increase, but they can be used if
it is desirable to heat the substrate, as, for example, in
making thermal lesions in the retina for therapeutic
purposes.

The remaining parameter that determines the total
energy dose is exposure duration, discussed more fully
later.

DETERMINING THE RETINAL EXPOSURE

When considering how much radiation reachestheretina.
a number of obvious but often overlooked factors must
not be forgotten. These include the direction of gaze,
whether the pupil is obscured by the lids, the pupil
diameter, and whether the subject has "screwed upthe
eyes or responded with an aversion reflex. Any or all of
these factors may have to be included in an exposure
calculation.

The effects of retinal exposure also depend on the
optical properties of the preceding media and how they
transmit radiation as well as on the chromophores in the
retinaitself. The situation is, in fact, a complex one. Not
only does the neura retina have its own chromophores,
but the other layered structures associated with it do so as
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well. Itisnecessary, therefore, when considering theretina
to take account of the ocular media and these other layers
and the energy that they trap. Thisis because this energy
can either spread to theretinaproper asathermal insult or,
by compromising the function of closely related tissues,
compromisetheretinatoo by upsettingnormal physiologic
processes. The chromophores in the retina and the retinal
pigment epithelium (RPE), together withthemelanininthe
RPE and choroid and the hemoglobin in the choriocap-
illaris, must be included in any discussion of radiation
insult to the retina.
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Figure 116-3. Spectra transmission curves of rhesus
monkey ocular media. C, Cornea(path length=0.55 mm),.
A aqueous (path length 2.86 mm); V, vitreous (path length
=11.55 mm); and, for comparison, the dotted curve, W, of
distilled water (path length = 18.5 mm). (Data from
Maher.™)

Of the pre-retinal ocular media, only the lens has
significant absorption, scatter, or fluorescence in the
region of the spectrum from UVA to IRC. Figure 1163
shows absorption curves for the cornea, agueous, and
vitreous; the extent of absorption changeswithageinthese
media, but only significantly in the cornea at the shorter
wavelengths. Also shown is the curve for water, which
obviously determines most of the absorption of these
media. the effect on the passage of radiation to the retina
of these mediais dight, except for the lens, and occasions
little disagreement among published authorities.
Obvioudly, in aphakic eyes or those with intraocular lens
(I0L) implants the situation is very different, and in the
former evesvisibility of UV light does diminish with age.
In those with 10Ls the materia of the lens controls the
quality of radiationthat reachestheretina. Theselensesare

usually made of polymethyimethacrylate (PMMA) and
may have a UV blocker, and perhaps pigmentation, to
mimic the transmission properties of an aging crystalline
lens.?
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Figure 116-4. Spectral curves for the optical density at
the thickest part of the lens (pole) for six typical lenses
taken from the study by Mellerio.™* The age of each lens
is shown in itaic figures on the ordinate at the start of
each curve,

The crystalline is well known for its absorption of
UV and blue light but there is in the literature a
considerable range of transmission values.* Figure 116-4
showstransmission curvesfor six lensesof different ages,
but authors have not aways specified the age of their
material or whether it wasin any way cataractous. Figure
116-5 shows results at one wavelength (400 nm) from
nine studies that do show the effects of aging. The very
large discrepancies -well over 1 log unit at 400 nm - are
thought to derive partly from areal variation of optical
properties, scatter aswell as absorption, and partly from
the varioustechniques of measurement. Weal€® criticizes
Werner’ for theimproper inclusion of some of thedatain
his figures, which are, nevertheless, included in Figure
116-5. Themethods of determining lensabsorption range
from subjective color matching or photography of the
crystallinein vivo to various ways of dealing with lenses
taken out of the eye. Another difficulty arises becausethe
loss of light transmission in the lens is due to scattering
(or fluorescence) and not only to absorption.> © It is
necessary to bear this in mind when using lens
transmission figures, as the method of measuring them
may have influenced their magnitude. At short
wavelengths and especially with older lenses, the spread
of lens transmission values is so great that individual
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cases can readily be found that would support the choice
of almost any figure for transmission-you pay your money
and you take your choice.

optical density

10 20 30 40 S0 60 70 80
age (year)

Figure 116-5. Optical density of human lensesat 400 rim
plotted against age. The large filled circles and the fitted
second-order polynomial curve are from the paper by
Mellerio™ and the small solid triangles are from Werner,’
who took thedatafrom eight other authorsfor comparison.
Werner's data are fitted by a straight line regression (D =
0.021 age + 0.94). The two sets of data clearly show the
increase of density with age and the increase in range of
values that accompanies this.

Reflectionat, and light scatter within, thelayersof the
neural retina, RPE, and choroid are not usually considered
important in assessing the possibility of retina light
damage, because the fraction distributed away from the
retina in this way is small compared with the direct
irradiation within the retinal image (typicaly 10 to 15
percent but see reference 8). The various chromophoresin
these layers absorb light, which may initiate damaging
processes, and thus modify it before it is passed on to
deeper chromophores. A compl ete pi cture of what happens
in these layers may be complex, and it is necessary to
consider the known chromophores in turn to gain an
understanding of the processesinvolved. Again, it must be
remembered that absorption spectra may not adequately
describe the possibility of damage, because they are not
action spectra. Indeed, those action spectra that are
currently available for light-induced damage in the retina

do not al closely match the absorption curves of the most
obvious chromophores. Nevertheless, it is usua to
consider those discussed below as the prime movers of
damage.

Theyellow macular pigment xanthophyll isconfined
to the outer plexiform layer; its absorption spectrum is
shown in Figure 116-6. If this pigment is a damage
originator, it might be involved in the photochemical
damage that is described below. Its contribution to
thermal damage might be small because its total absorp-
tion is much less than that of melanin, but in the fovea
even small lesions can have enormous visual effects.
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Figure 116-6. Spectral absorption curves for melanin,
xanthophyll, cone pigments, and oxygenated hemoglobin.
The absorption isthe fraction of incident radiation at the
corneathat is absorbed in the pigment-bearing structure
intheeye. Consequently, the curvesincludeabsorptionin
the lenticular pigment: the age of the lens chosen for the
calculationswas52 years.”” Theconepigment absorption
is calculated for a cone of average outer segment length
and pigment loading. The hernoglobin is assumed to be
in aretinal vessel 10 um in diameter and the macular
pigment uses the values found in whole retinal prepa-
rations by Marshall (personal communication). The
melanin figures are for the combined absorption in the
RPE and choroid and are derived from unpublished data
fromMarshall and the paper by Boulton and coworkers.™

Thevisual pigmentsare also obvious chromophores
that could originate damage. Their total optical density is
small, and their primary involvement in thermal damage
is not likely to be extensive or, in clinical situations,
important, except in the fovea. Undoubtedly, they make
a contribution to photochemical damage and their
absorption spectra (Fig. 116-6; see also Fig. 11614) are
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not incompatible with the presumptive action spectra for
one type of this damage. For example, Harwerth and
Sperling® *° were able to produce damage in blue cones or
green cones by exposing primatesto appropriately colored
lights. However, the fact that the blue cones had a lower
threshold than that of the green (and presumably the red)
does not correlate with the total quantity of pigment
present in the outer segments of each cone type. Also, it
turns out that cones are more sensitive than rods, although
more rhodopsin is present in the longer outer segments of
the latter. This situation has little to do with pigment
absorption and arises because the repair processes within
the cones act more slowly to restore normality than those
in the rods.

1 v I ML N T M T M 1 ¥ Ll 4

absorption

wavelength (nm)

Figure 116-7. Spectral absorption curves of melanin in
various situations. BG, a suspension of human melanin
granules pooled from the RPE of eyes over 50 years old;
suspension in buffered saline. BS, a solution of human
melanin granules as in BG, solvent was 1M KOH. PG,
mean resultsfrom 16 flat mounts of human RPE measured
under amicroscope; age not specified. GB, mean results of
28 human retinas, RPE, and choroid, calculated to include
thepreretinal ocular media(which explainsthe short-wave
length cutoff); age of donors ranged from 23 to 78 years.
(Datafrom: BG and BS®; PG"; GB?)

Hemoglobin is present in the internal retinal circula
tionandisoftenatarget for clinicianstrying to close off or
destroy blood vessels and circulatory anomalies. Usually,
an immediate effect is required, so the intention is to
produce a thermal lesion by focusing radiation on the
offending vasculature. There is aso a "lake" of
hemoglobin in the choriocapillaris. The absorption of this
blood pigment is, therefore, held to be important; Figure
116~6 shows this for the oxygenated form. The

expectation that yellow light from a dye laser should be
used to destroy blood-bearing structures has been only
partially established because in total there is not much
absorbing power inthethinlayers of blood that retinal or
choroidal capillaries contain. In addition, the flow of
blood in retinal vessels carries away heat, so that it is
difficult to close a vessel without spreading energy to
neighboring structures.** Blood flow is not an important
factor for thechoriocapillaris, because, asBirngruber and
coworkers'? showed, threshold doses for thermal lesions
of the retina are not affected by the presence or absence
of choroidal blood flow.

Undoubtedly, the most avidly absorbing
chromophore present is the melanin of the RPE and
choroid. Figure 116-7 depicts the spectral absorption
curve for a solution of melanin; it is not possible to
measure absorption for an individual granule, asit is so
great. The absorption of the solution is believed by
some.”® * to describe adequately melanin absorption in
the eye, but the conditions used to obtain solution (hot,
concentrated potassium hydroxide [KOH]) are so harsh
and unphysiologic that it is difficult to believe that
melanin solution can tell us much that is of use for
understanding the situation in vivo. Spectral absorption
can be measured for suspensionsof granules(Fig. 116-7),
but the sieve effect’® gives a curve that is too flat. In
addition, scattering of light among the granules leads to
artifactual wavelength-dependent effects. The curves of
Boulton and coworkers® show minor peaks and troughs
in the plots for melanin granule suspensions; these may
be due to selective scatter or to contaminants that do not
find their way into alkali solution.

Therelative absorbed spectral dose cannot be calcu-
lated without knowing the spectral absorption of melanin.
So, if solutions yield values that are doubtful and oneis
suspiciousof suspensions, might it be possibleto measure
absorption of melanininvivo or invitro? Several reports
have raised such questions, and not only in ocular
circles,’® and though some have attempted measurements
invitro, to date none has convincingly measured melanin
absorption intheliving eye. Geeraetsand Berry® werethe
first to measure absorption of the RPE and choroid in
human tissue (Fig. 116-7), but this measurement is
expressed in terms of light incident at the cornea and so
includes the transmission properties of the ocular media.
Also shown is the curve Gabel and colleagues'” made
using a microscope to examine pieces of human RPE
sheet mounted on a slide. The solution and the tissue
curves have approximately the same slope, but in linear
plots this signifies little: Curves such as these speak of
considerable variation between studies that arise either
fromthe different techniquesused to extract and measure
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mel anin absorption or, moreinterestingly, fromdifferences
in the melanin itself, e.g., those due to genetic factors.
Tissue curves such asthosein Figure 116-7 give the mean
picture, but as the melanin is distributed in granules they
are not useful when considering retinal heating with
microscale models.

EXPERIMENTAL LIGHT DAMAGE TO THE
RETINA

The damage that radiation produces is usualy classified
under one of three heads (Fig. 116-8). Inredlity, thereisa
continuum of observable effects, and the three divisions
are more for convenience of discussion than they are
theoretically significant. The intermediate classes of
thermally assisted chemical effects and thermoacoustic
effects underline the seamless nature of the continuum.

Photochemical Damage

By definition, photochemical damage is brought about by
photons of such high intrinsic energy (i.e., short
wavelength) that chemical bonds of the molecules that
compose the tissues are directly split. Once a bond is
broken in a biomolecule the molecule may change its
conformation and thus lose its function. For example, a
cross-linking bond in a protein may be split, allowing the
molecule to uncoil and change shape dramatically. Of
course, with such complex moleculesasproteinsthere may
be no conformational change if one or even a few bonds
are broken, but whether this happens depends very much
on which proteinisunder consideration. The evolutionary
significance of neutral mutations, some of which result
from photochemical damageto DNA, hasabearing onthe
ineffectiveness of photochemical damage, as may be
argued from the views set forth by Jukes.™®

The portion of the molecule, or the functional group,
that absorbs the incident photon istermed a chromophore.
The electronic transition to the excited state absorbs the
energy of the photon, but the decay and release of this
energy may proceed by a number of routes. One may be
the transfer of the energy to split a bond either in the
chromophore or elsewhere in the molecule, even
sometimes at sites quite remote from the absorption locus.
If a covalent bond is split, each fraction of the molecule
may retain one of the shared electrons to become a free
radical. These radicals are highly reactive and exist only
briefly before they react with neighboring molecules.™

If the energy in theincident photon can be coupled to
the molecule more efficiently, the likelihood of bond
splitting is enhanced. This may be done with a vital dye,
which is an efficient chromophore that can pass on its

trapped energy to the bound molecule, thus leading to
bond breaking. Such vital stains as toluidine blue, rose
bengal, hematoporphyrin, and many others can so in-
crease the energy trapped that irradiated cells containing
them may die.®® This process is used therapeutically to
treat certain tumors in the eye and elsewhere.? Vital
stains are exogenous sensitizers. There is a range of
endogenous sensitizers too: chlorophyll, riboflavin, and
bilirubin are three that have been suggested to have
biologic importance.?? Lipcifuscin, which is found in
increasing amountsin the aging retina, might also act as
a chromophorell in elderly eyes, in which age-related
macular degeneration is often a problem. Interestingly,
the visual pigment retinol can act as a sensitizer.
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Figure 116-8. The mechanismsfor light-induced retinal
damage related to exposure duration.

The formation of free radicals is undoubtedly more
important i n producing tissue damagethan the splitting of
bonds. Free radicals, such as singlet oxygen, can attack
many molecule types and render them ineffective. It is
this hyperactivity that makes the free radicals so toxic.?*
Thereisan additional risk intissueswherethereisalarge
concentration of cell membranes, which are, of course,
composed largely of lipids. Once one of the-CH,- groups
in the chain of a polyunsaturated fatty acid in a lipid
reacts with a free radical, a chain reaction of lipid
peroxidation starts. and it ends eventually in the
decomposition of the molecule. As lipids form the
backbone of membranes, the membranes are broken
down. Thisprocessisseenin Figure 116-9, which shows
the early stages of light damage in the outer segment of a
pigeon cone.® The retina is thus well placed to sustain
this kind of damage, as it has an endogenous sensitizer
and an abundant supply of oxygen for singlet oxygen
formation and it is nicely placed under a transparent
focusing system designed especially to collect light. % #’
Its most important structures. the membrane discs of
exposure to a bank of standard fluorescent lamps that
were as bright as an overcast London sky. Note the
punctate damage to the disc membranes resulting from
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the early stages of light damage induced by lipid
peroxidation the outer segmentsof the photoreceptors. are
made amost entirely of lipid just waiting to be
peroxidized.

T

‘.r,;‘ v r-. - & .: : .r &."
Figure 116-9. Electron micrograph of part of the outer
segment of apigeon cone 7 days after several hours' .

Whether a bond is broken depends on the energy of
theincident photons: If the energy isnot great enough, the
bond will never be parted. The probability that the bond
will be broken depends on the number of photonsincident
on a chromophore, provided that they have sufficient
intrinsic energy. The changesthat a particular wavelength
of radiation brings about are always the same, but they
proceed at a rate that varies only with the incident flux.
Thus, photochemical reactions are dose dependent: A
certain number of photons are needed to complete the
reaction by breaking a certain number of bonds, and the
reaction proceeds at arate determined by therate at which
photons arrive, that is, by the irradiance. Consequently, a
reciprocal relationship exists between irradiance and
exposure duration (Fig. 116-10). Indeed, the
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demonstration of a direct reciprocal relation between
these two quantitiesis usually taken as confirmation that
aprocess is photochemical.

Figure 116-10 shows that two distinct processes can
cause damageto theretina. One hasthe expected slope of
- 1, establishing this as photochemical; the other has a
very different and much smaller slope, representing
thermal damaging processes (see further on). Thereisa
wave le ngth-depende nt effect; the argon laser, with its
energetic photons, readily causes photochemical damage,
whereas the infrared Nd:YAG laser, with photons only
half as energetic as those from the argon device, causes
only thermal damage.
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Figure116-10. Logretinal irradiance (asmeasured at the
cornea) plotted against log exposure duration for
production of just visible threshold retinal damage from
single exposuresto argon laser radiation (514 nm, ®) and
toNd:YAG laser radiation (1064 nm, ®). Thedashed line
has a dope of - 1 and is a by-eye fit: it clearly
demonstrates the reciprocal nature of the damage at
longer exposuresfor argon radiation. Thedotted linesare
byeye fits of very low slope and represent damage
induced by thermal processes. These data are selected
from Sliney.

Photochemical damage, of which sunburnisagood
example, usually demonstrates delayed onset. In the
retinathe delay may be several minutes or several hours.
Thisis because overall cellular processes have turnover
cycles of minutes or hours and photochemical damage
works by destroying perhaps just one molecular com-
ponent of a cell's biochemistry. In addition, photochem-
ical damage to the retina produced in laboratory studies
is often widely distributed and diffuse. as would be
expected if the chromophore were some endogenous
component of a basic biochemical process, such as
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glycolysisor cell respiration. Thereis a second reason for
the widespread nature of this damage in the retina. Asthe
irradiances are low and the exposures are long, the light
sources used are often extended (e.g., fluorescent lamps).
In extralaboratory situations, damage may result from, for
example, reflection from snow, and this, too, represents an
extended light source.

It has become customary in recent years to classify
retinal photochemical damage as either type 1 or type 2.
This is an unfortunate choice of name, however, for it
leads to confusion with the terms generally used in
photochemistry for reactionsin which the photosensitized
molecule reacts either directly with the substrate (type 1
reaction) or with molecular oxygen to form singlet oxygen
or superoxide free radicals, which in turn react with the
substrate (type 2 reaction). To avoid this confusion, we
prefer the eponymous Noell- and Ham- type damage, to
acknowledge the respective discoverers of these
phenomena. The classification is based on damage
distribution within the retinal layers and on the exposure
parameters, but the division is not wholly satisfactory.
Some authorities have found the division artificial, and
recent evidence pointsto several damage mechanismsthat
overlap to produce a continuum of effects. from Noell to
Ham damage. Nevertheless, consideration of
photochemical retinal damage can well begin with a
discussion of these two classes of damage; they are
described here together with some criticisms. It must also
be remembered that once a damage processis under way,
the end results are often very similar. Therefore, workers
have had to pay particular attention to damage caused by
just suprathreshold doses of radiation. This makes the
work difficult and very dependent on subjectiveeval uation
of histologic material.

NOELL DAMAGE

Noell damage is caused by long exposures (typically
hours or even days) to low irradiances; at threshold, the
first manifestations of damage are seen in the photore-
ceptors. The area of retina damaged is usually large, for
the reasons mentioned earlier. Thefirst report of thistype
of damage was by Noell and coworkers,”® who showed
damage in the retinas of rats in cages surrounded by
fluorescent lamps. It was soon established that coneswere
more sensitivethan rodsto light damage, whichinitialyis
intriguing but is now explicable in terms of photoreceptor
repair processes (see later). By exposing animals to
colored lightsit is possible to damage the group of cones
sensitiveto thesecolors,®*and evento produce animal sthat
are effectively colorblind.’ It is also possible that Noell
damage is responsible for the reduction in blue light
sensitivity that devel opsin ophthal mic surgeonswho have
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been cumulatively exposed to argon laser radiation for
many hours when treating patientsin the laser clinic.® If
the damage appears first in the photoreceptors, and cone
populations can be selectively destroyed, the
chromophore responsible might be in the receptor outer
segments. The finding that the action spectrum of Noell
damage corresponds relatively well with the absorption
spectrum of thevisual pigmentssupportsthisclaim, 3%

HAM DAMAGE

Ham damage is caused by irradiances higher than those
that produce Noell damage, and the exposures are shorter
(seconds to minutes). The area of retinal damage is
smaller because the irradiances required are usually
possible only with light sources that are presented to the
eyein collimated beams. The damage. first described by
Ham and colleagues,® is held to originate in the RPE.
Ham measured the action spectrum of the damage® and
showed that its sensitivity increased with reducing
wavelength of light (Fig. 116-11). Consequently, this
Ham-type damage is sometimes known as Blue Light
Damage. In earlier papers, Ham's group* thought that the
site of origin of the damage was “located in the outer
segment of the photoreceptor and perhapsin the pigment
epithelium.” Later, they, were able to show that the
greatest damage appeared in the RPE but that the
photoreceptor was also affected.® Because of the
involvement of the RPE, melanin has been suggested as
the chromophore responsible, but as Figure 116-11
shows, the blue light damage action spectrum does not
remotely match the melanin action spectrumfor uptake of
oxygen (see Fig. 116-2) or the absorption spectrum for
melanin solution.* Since the Ham action spectrum was
made for a whole eye and the absorption of the ocular
media is included in the curve, the disparity would be
even greater for direct retinal exposure.

Sarna’ reviewed therole of melanin asaprotector of
cell integrity. It is established that melanin protects the
cells containing it from oxidative damage-the RPE and
choroidal cytoplasm have very high oxygen concentra-
tions-probably by binding oxidative catalytic metal ions,
which are thus removed from the biochemical arena of
thecell. Sarnaalso reviewed theevidencefor atoxicrole
for melanin, which has frequently been suggested, but
concluded that in vivo, as opposed to in vitro, melanin
would not normally release free radicals or promote
oxidative processes. With aging the constant exposure to
high oxygen levels and years of daily light doses might
cause the antioxidant properties of melanin to diminish
and allow its pro-oxidative proclivities to gain the upper
hand, so inducing the damage we know as age-related
macular degeneration. Sarna'sconclusionswould seemto
support the doubts that melanin is the chromophore that
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initiates Ham-type damage in the retina.
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Figure 116-11. The blue light action spectrum from Ham
and coworkers™ for 100 sec exposuresof monkey eyes; the
ordinate (note the logarithmic scale) is reciprocal retinal
irradiance (cm2/W) for just fundoscopically visiblelesions
24 hoursafter exposure; the datapointsare shown fitted by
a second-order polynomial curve. Shown for comparison
are the melanin action spectrum for oxygen uptake and
melanin solution absorption curve (see Fig. 116-2 for
details)™; both curves have been shifted vertically to be
coincident with the Ham curve at wavelengths above 600
nm; for both these curves the ordinate units must be
considered arbitrary.

Though the existence of blue light damage has been
confirmed by severa reports and the data have been
incorporated into the codes of practice for the safe use of
intense light sources, accounts of where the damage
originates do not completely agree. The view of Ham and
coworkers® that it is not easy to distinguish between
primary damage to the photoreceptors and secondary
damage resulting from damage to the RPE must be given
due weight. Ham has suggested® that blue light damage
probably is not the result of a single process, and the
literature supports this view. Rapp and associates™ have
suggested that mitochondrial enzymes may be the
chromophore for the blue light damage and cite the initial
swelling of these organelles to substantiate their claim.
Pautler and coworkers® also implicate mitochondria, and
in particular the cytochrome enzymes resident therein.
Using electron microscopy they showed that the initial
damage resulting from light exposure was to the
mitochondria. Kremers and van Norren® suggest that the
products of photobleaching may constitute the
chromophore. Whatever the chromophore, Ham and
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coworkers® have shown that oxygen seems to be nec-
essary for Ham damage to occur and that if oxygen
tensionsareincreased intheretinasof irradiated animals,
the damage increases and the threshold drops. They also
demonstrated that certainfreeradical quenchersprotected
the retina from the effects of increased oxygen tension.
ThusHam damage would appear toinvolvefreeradicals,
especially oxygen.

Kremers and van Norren®* pointed out that most
laboratory studies that show Noell damage have used
rodents exposed for a long time, whereas studies that
have reported Ham damage have been made with pri-
mates exposed for up to 4 hours. Reasoning that this
division of species and exposure parameters might ex-
plain some or al of the differences between Noell and
Ham damage, they exposed primate retinasfor aslong as
12 hours. They then compared their data with those from
the literature by plotting exposure duration against the
damage threshold irradiance for both types of damage.*
Their graphisreplotted asirradiance against exposurein
Figure 116-12, which convincingly shows a bipartite
curve that separates the two damage types. The Ham
region showsareciprocal relation betweenirradianceand
duration, with the expected photochemical slope of - 1.
Thereisan abrupt changeat 12 hours, when the threshold
drops by afactor of 100 before Noell damage continues
for longer periods, also with aslope of - 1.

Kremers and van Norren's examination of the data
showsno obviousreason for acorrel ation between animal
species and type of damage except that it is difficult and
more expensiveto expose primate retinas continuously to
light. Their own extended exposures of monkeys
suggested that the correlation of damage type with
species was fortuitous. The report of Rapp and
coworkers® confirms this view: They claim to have
produced in one animal type, the Long-Evans rat, light
damage due to two different mechanisms initiated by
UVA and green radiation. One was initiated by UVA
radliation peaking around 355 nimand 500 pW.cm™ at the
cornea and revealed by minimal disorganization of the
photoreceptor outer segments after 1 day, pyknosis of
their nuclei, and severe swelling of the rod inner
segments and RPE mitochondria. Exposure to 5000
pW.cm? green light, on the other hand, caused severe
derangement of the inner and outer segments but |eft the
RPE appearing normal. The intensities of the radiation
for threshold damage are markedly different at the
cornea, and this difference increases greatly for retinal
intensities if the high absorption of the ocular media to
UVA radiation is taken into account. As might be
expected, the UV A radiation was also markedly inferior
in bleaching rhodopsin compared with the green light.
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Figure 116-12. Log retinal irradiance plotted against log
exposureduration forjust detectable retinal photochemical
damage. The data are taken from Kremers and van
Norren,® who derived them from the literature of
photochemical damage to different species of animal and
different exposureregimens. Thearrow indicatesexposure
of 12 hours, and the dashed lines have aslope of - 1.

Van Norren and Schellekens? have also
producedNoell and Ham damageinrats. They confirmthat
the action spectrum of Ham damageintherat islike Ham's
monkey blue light spectrum, but they do not know what
pigment or pigments initiate the process (Fig. 116-13).
Pautler and associates® measured an action spectrum for
reduction of the transepithelial potential in bovine RPE in
an Ussing chamber. They arguethat thisspectrumfitsvery
well the absorption spectrum of cytochrome C oxidase,
whichisfoundinmitochondria, theorganellesthey believe
tobetheinitial site of Ham damage. Their action spectrum
isaso shown in Figure 116-13: In their paper they claim
that it fits well with the action spectrum from Ham's
group*-between 400 and 500 nm-but the fit is not too
convincing. They are on surer ground when they point out
the considerabl e disparity at shorter wavelengthsand, asa
result, suggest that two mechanisms must be responsible
for the damage, one dependent on blue light and one on
UV A radiation. Somechromophorewith higher absorption
inthe UV A regionisthereforerequired, and in Figure 4 of
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their paper they compare the absorption spectrum of all-
trans retinol (which peaks at 360 to 370 nm) with their
action spectrum and reject it as a candidate for damage
initiation in favor of cytochrome C oxidase. This is
reasonable, because their preparation contains only the
RPE separated from the neuroretina an hour or more
before; for an intact retina, the basis of Ham's group™
experiments, al-trans retinol and other products of
bleaching areformed continuously during exposure. This
line of argument could be held to support the Kremers
and van Norren model described below, but a fuller
examination of the absorption properties of the various
bleaching products should be undertaken, together with
aconsideration of the contribution of each that will ensue
from thekind of dynamic equilibrium between bleaching
and regeneration that this model requires for the longish
exposures that produce Ham damage.

Because the action spectrum of Noell damage
fits the absorption curve of the visual pigments
reasonably well,® *® van Norren and colleagues®
proposed an explanation for their unifying curve. With
low irradiances the most sensitive damage-inducing
chromophores, the visual pigments, couple energy to a
photochemical damage mechanism (probably lipid
peroxidation of disc membrane® ), and Noell damage
processes are set in train. With higher irradiances the
visual pigments are rapidly bleached and effectively
removed, so that a less sensitive damage-inducing
chromophore, nature unknown, couples energy to RPE
systems, which results in Ham damage. This scheme
might have two versions (Fig. 116-14). In version A,
more intense radiation bleaches the visual pigment to
such an extent that radiation can reach an unspecified
sensitizer, presumably in the RPE. In version B. it isthe
products of bleaching themselves that are the sensitizer:
The bleach-regeneration cycle of visua pigments uses
several different products in dynamic equilibrium within
the photoreceptor and a retinol store in the RPE. The
UVA absorption of retinol in the RPE® (discussed
earlier), coupled to that of mitochondrial enzymes, might
explain the origin of Ham damage.
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Figure 116-13. Action spectra for Noell and Ham
photochemical damage to retina. ®, Spectrum for Noell
damage, data points from Noell and coworker® and
Williams and Howell,® and the line is the scotopic
visibility curve. m, Spectrumfor 100 sexposure of monkey
from fiam and coworkers. A, Spectrum for rat damage
from van Norren and Schellekens. ¥ %, Spectrum for
bovine RPE transepithelial potential from Pautler and
coworkers.® The spectra have been moved vertically by
arbitrary amounts for comparison.

As photochemical reactions depend on the energy of
the photons and the rate of reaction depends on the number
of photons incident per unit time, there is no "threshold"
for a photochemical reaction. It simply happens faster or
slower depending ontheirradiance. That threshold criteria
were used by the various investigators whose data were
plotted by Ki-emersand van Norren might, therefore, seem
confusing, astheeffectsare photochemical. Thefact isthat
thresholds arise here because the effects have to be of a
certain magnitude before they can be detected. Mostly.
ophthal moscopic visibility has been taken asthe threshold
criterionfor retinal lesions, so the concept of threshold has
significance only at a macroscopic level.
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Figure 116-14. A summary diagram of two possible
versions of the Kremers and van Norren explanation of
photochemical damageto theretina. InNoell damagethe
irradianceislow and adynamic equilibriumisestablished
between the bleaching of visual pigments (hatched box)
and their regeneration: energy is coupled from the visual
pigments acting as sensitizersto the damaging processes.
For flam damage the irradiance is high and the
equilibrium of bleached products and regenerated visual
pigment is pushed so that hardly any pigment is present:
in & the radiation can pass to the as yet unknown
sensitizer to couple energy to the damaging processes,
whilstin B, the products of bleaching are suggested to be
the sensitizer.

Photochemical damage is not immediately obvious
because the damaged molecules may take part in
biochemical pathwaysthat havefiniteratesof reaction, so
lack of products or excess of intermediates takestimeto
be noticed. Also, al cells have repair and renewal
processes that attempt to nullify any damage. Of course,
if the incident radiation destroys molecules faster than
they can be repaired, there will be a net increase in
damage; the effect will he seen subsequently and a
threshold established.

Atnormal body temperatures, thermal processescon-
stantly denature biomolecules. but an equilibrium exists
between thermal degradation and repair processes in a
healthy cell. Thereis always spare capacity in the repair
processes to provide for any emergency situation, but
elevation of body temperature increases the rate of
degradation and reduces the spare repair capacity. This
explains the familiar observation that at high body
temperatures photochemical damageisenhanced and the
irradiance -thresholds- are lowered.
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The presence of repair processes leads to a departure
of photochemical damage thresholds from the strict
reciprocity relation that is expected.”’ This will be es-
pecially obvious at long-duration exposures. in which the
irradiances are low and the repair processes very nearly
balance the damage mechanisms. This concept is
illustrated in Figure 116-15, in which the ordinate rep-
resents the irradiance, which is directly related to the rate
of degradation, and the abscissa is the duration of
exposure. The areain which the rate of repair can exceed
the rate of degradation is shaded; the solid line shows the
expected relation between irradiance and duration
departing from strict reciprocity at shorter exposuresto an
asymptote parallel to the time axis at longer times.

Thermal Damage

The term -thermal damage- implies arise in temperature
within the tissues that are damaged: To understand the
process it is necessary to know what is meant by
temperature rise and how incident energy can bring this
about. Temperature is a measure of the kinetic energy
stored throughout alarge population of moleculesin their
vibrationa, rotational. and intermolecular motions-it has
no meaning for individual or very small assemblages of
molecules . An analogy to temperature would he the
amount of jostling in a crowd at a football match, a
concept that becomes meaningless for a very few
individuals in an otherwise empty stadium. If the
temperatureor stored kinetic energy increases, therecomes
a point when molecules shake themselves free of the
influence of other molecules (breaking intermolecular
bonds) or even shake themselves to pieces (breaking
intramolecular bonds). This energy comes initially (1)
frominternal conversions, where excited electronic states
decay, releasing energy to vibrational or rotational states;
or (2) by direct absorption of incident energy into vibration
or rotation. It is also possible to have transfer of energy
from a variety of processes through the members of a
population of molecules.
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Figure 116-15. Damage rate (or irradiance) plotted
against duration of exposure for photochemical retinal
damage (both axes in arbitrary units). The shaded area
representsthe areawhererepair processes exceed therate
of degradation, the dashed line shows the reciprocity
relation of slope - 1, and the solid line the practical
division between damage and no damage.

Thekinetic energy that istemperature comes, asfar
as this discussions concerned, from the input of radiant
energy into theretina. Unlike photochemical reactions, in
which thereis no irradiance threshold and irradiance and
exposure duration are linked by reciprocity, thermal
reactions do have irradiance thresholds and do not show
reciprocity. This is because there is no photon energy
requirement for bond breaking. Sufficient energy to
increase the temperature can come by any route. while at
the same time this energy can leak harmlessy away,
especialy if the exposure duration islong. Consequently,
the energy required to produce athermal effect increases
with exposure time and the irradiance-duration relation
for just detectable lesionsis not linear but istypically of
the form:

E,=Kx %% @)
where K is a constant and t is between 20 psec and 10
sec.? % In Figure 116-10 the “thermal” portions of the
plots have slopes of about - 0.12, so for the particular
experimental circumstances that apply to this figure the
exponent is about half the usually accepted value.

The magjor structural molecules of biologic tissues
are proteins, which are held in highly specific
configurations by hydrogen bonds and Van der Waals
forces. These important cross-links are relatively weak
and readily destroyed by heating. When the bonds are
broken, the protein may uncoil and recoil into a new
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configuration, which could completely remove any useful
function that the protein had, This is the process of
denaturation or coagulation and is easily seen when
poaching or boiling an egg. The unfolding and refolding
takes a finite time that may be about the same as the
duration of some of the shorter laser pulsesthat caninduce
thermal damage. Proteinsare particularly sensitiveto heat,
and they turn out to be the cell's Achilles heel for thermal
damage. If even afew protein molecules are destroyed by
heat, the repair processes may not be ableto effect arepair
and cell death could follow. Marshall** has argued that
only a small portion of a cell's total protein complement
need be damaged for cell death to occur. In such ahighly
specialized tissue as the retina, damage that leads to cell
death in any layer is readily spread to other cells whose
existence depends on the functional integrity of the first
cells. A typical situation occurs when photoreceptors are
damaged by any type of insult and complete retina
atrophy ensues. For radiation damage in the retina this
process can be termed damage amplification, for itisonly
necessary to destroy a few pigment epithelial cells or
photoreceptors to induce full-thickness retinal atrophy.

Thermal effects can occur only if incident energy is
trapped or absorbed in the substrate molecules, This
absorption iseasily measured, and it isgenerally expected
that an absorption value of a substrate will provide an
indication of what increase in temperature might result.
There is thus considerable interest in the absorbing
properties of ocular tissues on the part of investigators
trying to evaluate what effects are produced or trying to
produce desired treatment schemes. Spectral absorption
curves may yield afull specification for a substrate, but if
the radiation comes from a wavelength-limited source,
such as a laser with its monochromatic output, it is often
more convenient to specify the absorption at the chosen
wavelength. This absorption is related to the incident
radiation by the relation

T+A+S+R=1 (8)

where T isthefraction of radiation transmitted through the
substrate, R is the fraction reflected, S is the amount
scattered out of the substrate, and A is the fraction
absorbed. The figure of A or T by itself is not aways
particularly informative, and the concept of penetration
depth issometimes used. Thisisdefined asthedistance, d,
through a substrate where the intensity of the radiation has
falentol/e of its value at the surface; so

1

, e
where |, is the incident radiation intensity and |, is the
intensity of the transmitted radiation. The penetration
length d is particularly useful when it is necessary to

(9)
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consider how deep into a substrate the radiation is
deposited.

There are a number of specific chromophores that
occur in the retina and that readily absorb light. Figure
116-6 shows the spectral absorption curves of the four
thought to be most important for inducing thermal effects.

The way in which hemoglobin absorbs light within
the eyeisobviousto anyone who has used an ophthal mo-
scopeto examinean albino or alightly pigmented person.
Thered pupillary reflex isanother example of the optical
importance of blood. The two forms of hemoglobin,
oxygenated and reduced, have dlightly different
absorption curves, but both peak in the yellow portion of
the spectrum. This property has been exploited by
surgeons who seek to make burnsin the retina, and some
equipment manufacturers have taken up thisargument to
sell lasers that produce yellow light (e.g., certain dye
systems). But it isnot always realized that the curvesthat
are produced in sales brochures showing how well
hemoglobin absorbs in the yellow were made with path
lengths many times longer than those found in retinal
vesselsor choroidal capillaries (Fig. 116-16). Pathlength
is an important and, so it seems, often overlooked
parameter, for Aisrelated to it by Lambert's law, which,
if expressed mathematically, may be rearranged thus:

A=1-e " (10)
provided there is no loss due to scatter or reflection and
B is the extinction coefficient for unit path length (con-
stant at fixed wavelength) and | is the path length. If the
path length is short, the value of A, and thus the amount
of energy absorbed and the temperatures reached, will be
reduced.

The value of the concept of penetration depth can
now be put to good use. It requires no calculation to
realize that if d for hemoglobin is 0.1 min in the yellow,
to coagulate a blood vessel thermally it should not be
much greater than about d in diameter or sufficient energy
will not penetratetoitscenter. Unfortunately, if thevessel
diameter istoo small the bolus nature of blood flow may
mean that the hemoglobin will not be equally distributed
aong the vessel and it is again equally difficult to
coagulate the blood. It is possible to achieve blood
coagulation by increasing the irradiance, but this is
usually associated with destruction of tissuessurrounding
the target vessel, a situation that is not clinically
desirable. It is, however, possibleto produce hernostasis,
but only if the target vessel is associated with some
structure that is rich in melanin. The heat spreads from
the melanin into the vessdl to produce coagulation-of
course, the melanin-containing tissues are aso
damaged.”* Larger vessels are also difficult to close
because the blood flows fast enough to carry away any
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heat formed in the hemogl obin. Stopping theflow intarget
vessels by raising intraocular pressure improves the
prospects for hemostasis, but it is easier to increase the
irradiance, although this produces widespread damage
beyond the vessel. The larger vessels usually run in the
inner retina and are overlaid by the nerve fiber layer.
When the vessels are exposed to intense radiation, the
nerve fibers may be severed and their ends swell and form
adiffuse, fluffy white mass called a cottonwoof spot that
develops 12 hours or more after exposure.

Retinal thermal damage occursonly if thetemperature
of thetarget siterises, and it is easy to see that this cannot
happen unless energy is delivered to the retinais actually
absorbed in thetissue volume-faster than it leaks away. At
the start of an exposure,

Eass =ELeak (11)

where E represents the energy being absorbed in, or
leaking from, thetissuevolume. Eventually an equilibrium
may be reached where E,gs = E ga, @d a steady
temperatureisestablished. At theend of theexposure, E g
is zero and the temperature decreases at a rate determined
by E ea- The time and temperature history of the tissue
and its constituent molecules are generally held to be the
parametersthat determine how much damageisdone, and
thisis expressed by the Arrhenius equation

W=C,g'e” """ dt

where Qisthefraction of moleculesfunctionally destroyed
for thetemperature T between theinitial timet; to thefinal
timet, asafunction of theradia distancer from the center
of theretinal image along the zaxis of the beam of incident
radiation. Equations 11 and 12 could be the starting point
of amodel that could predict what exposureintensitiesand
durations could lead to retinal damage.lndeed, many
models have been based on thiskind of argument, working
back through the Arrhenius equation and considerations of
Ess and E ¢ to specify ocular hazards or the likely
results of exposing eyes to a specified light source. Most
authors have set Qat 0.5 rather arbitrarily, it seems, if the
arguments of Marshall** apply. The models encounter
complexity, at least for n on-mathematicians, at the stage
of calculating Ezsand E, 5 Which valuesdepend not only
on the kinds of optical transmission problems discussed
earlier but also onthedistribution and physical dimensions
of the chromophoresthat absorb theradiation. The models
consider only melanin, and most treat it as though it were
spread in athin, uniform layer under the retina: infinitely
thin, Vos*; in a 10 pm layer®™®“; or 4 or 5 um layers,
depending on species modeled.” Most of these models
included absorption in choroidal melanin. They have

(12)
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enjoyed considerable success with longer-duration
exposures (greater than 5 psec) but were perhaps wanting
at very short exposure times.
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Figure 116-16. A Spectral absorption curve of blood
(oxygenated hemoglobin?), melanin (solution?), and
xanthophyll as they appeared in advertising material for
ophthalmic laser instruments. Note, there is no scale on
the ordinate axis, the source or nature of the curvesisnot
specified, and no path lengths are given. B, A version of
A that seeks to rectify its errors. The melanin curve is
takenfrom Gabel and coworkers'(seecurvePGinFigure
116-7) and represents data derived directly from RPE
preparations. The blood curve is for a path length of 10
pm of oxygenated blood. Neither A nor B makes any
allowancefor transmissionlossof preretinal media. Also,
the five shaded bars are at the wavelengths of several
common or new ophthalmic lasers: 488-nm argon, 514-
nmargon, 580-nm dye, 600-nm dye, 647-nmkrypton red.

Besides considering the likely damaging effects of
temperatureincreasesof several degreesproducing tissue
damage, Vos™ proposed that steam production would be
important for brief exposures. Eventually, it appeared
necessary to redefinethe model swith thechromophorein
granules rather than in a homogeneous slab, because of

PDF created with FinePrint pdfFactory trial version http://www.fineprint.com



http://www.fineprint.com

difficulties with fitting the models to the data from short-
exposure experiments. Hansen and Fine®® proposed that
heating of a granule of melanin would produce a zone of
denaturation around it and that this would spread with
conduction of heat away from the granule source; thisis
their single-mechanismmodel. They al so proposed atwo-
mechanism model, in which steam would be generated at
the granule-cytoplasm interface if the energy influx were
great enough. The heating would lead first to thermal
damageand thento steamand physical, disruptivedamage.
Hayes and Wolbarsht® also developed a granule model
with which to explain the effects of steam generation in
short exposures when power densities are usualy high.
They pointed out that there would be considerable amplifi-
cation of lesion size (more than 1000 times) once steam
was formed and that further amplification would come
from the ensuing biologic effects of inflammatory proc-
€sSes.
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Figure116-17. Log retinal radiant exposure for threshold
lesions plotted against log of the diameter of the retinal
image for various exposure times. The dashed lines are
least squares fits through each set of data, and the dotted
line has aslope of - 1. (Datafrom Sliney.?)

Examination of the models is informative, and,
indeed, they are still used today in certain circumstances,
but a few simple considerations might help our under-
standing of thermal lesions in the retina without our
becominginvolvedin calculusor numerical modeling. The
way E,gg may be defined is derived directly from Beer's
and Lambert's laws and the considerations discussed
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earlier, but E, ., iS more problematic.

Energy may |leave the volume of the absorbing site
by convection, not likely in acompartmentalized cellular
structure, or by bulk flow of the chromophore, plainly the
situation for hemoglobin in flowing blood in retina
vessels. Reradiation is not effective, as the temperatures
are too low for Stefan's law to suggest other than
infinitesmal flow. Conduction is the process by which
most heat flows from the absorption site. The retinal
imageisusually circular and the chromophoreisassumed
to beinahomogeneously distributed layer, so thevolume
of the absorber increases with increasing retinal image
diameter faster than the surface area of the absorber. As
heat is lost through the surface, the relative rate of heat
loss drops and larger images are associated with greater
temperatureincreasesat their centersor, put another way,
the radiant exposure for threshold damage will fall. This
is convincingly shown in Figure 116-17 for a range of
exposure durations that have slopes approximating - 1.
This is what simple surface area:volume ratios would
suggest, astheratio isinversely proportional totheradius
of the image.

Exposure duration is a more important determinant
of the type and extent of damage produced thanisretinal
image size. The concept of relaxation time*® can help,
because it defines the time that the temperature falls to
1/e of the initial value. It is related to the size of the
absorbing chromophore by the relation

t, =C%? (13)
where C is a constant (10°s.m-2) and | is the smallest
dimension of the heated object. For a typica melanin
granule 1 pm in diameter, t, is about 1 usec and for an
arteriole 100 pm, across, t, is 10 msec. The smallest
retinal images used inthelaser clinic aretypicaly 50 pm
in diameter, which suggests values for t, of about 2.5
msec. But the layer of melaninisonly about 5 pm thick,
which means t. will be approximately 25 psec.
Consequently, if exposure times are greater than about
this value, considerable heat will flow from the heated
target chromophore to thermally damage the surrounding
tissues. If laser surgical intervention is necessary in or
near the fovea, prudence suggeststhat retinal image size
should be kept small, but unless exposure time is also
kept short there will be considerable heat flow, and
perhaps greater vision loss than is intended.

Thedriveto shorter exposures should not be pushed
too far, because, asthe granulemodel s of thermal damage
explain and experiment shows, steam generation can
become a problem with exposures of afew microseconds
or less. Explosive generation of steam produces
mechanical transient™ that can tear tissues and even
rupture blood vessels. If the exposure duration is very
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short (e.g., afew nanoseconds from a Q-switched laser),
therisk of hemorrhageisgreat. Theratio of theenergy that
just produces a hemorrhage to the energy for a just
ophthalmoscopically visible retina lesion falls from
several hundred, with exposure durations of milliseconds,
to near unity for exposures of a few nanoseconds (Fig.
116-18). This change can be interpreted to mean that, as
the exposures get shorter the energy absorbed is
transformed not only into heat but also into other
modalities, such as mechanical forces.

Theanomalieswiththemodelsof retinal light damage
at short exposure times were referred to earlier. The
models predict that there will be arelation between energy
entering the eye, E;, and exposureduration, t, for threshold
retinal lesions of the form

E, =mx] (14)

where m and n are constants and n is approximately

0.75. Fig. 116-19 shows this relation and some experi-
mental data points. It isapparent that the relation holdsfor
values of t.> 20 psec up to 10 sec, but that for exposure
times less than that which corresponds to the thermal
relaxation time of the RPE layer, the relation no longer
holds. Below this thermal relaxation time, energy would
not be expected to belost from the absorbing chromophore
and the energy input for threshold damage should be
constant (i.e., the line in the figure should be horizontal).
Obvioudly, the data points show a rise in threshold that
peaks at durations of about 1 nsec. Sliney* suggests that
this effect may be due to the conversion of the incident
energy into mechanical energy (compression waves) or
that the melanin acts as a saturable absorber, bleaching
when the incident irradiance is too high and so letting
some of the energy that would otherwi se be expected to be
absorbed pass through the target.

From theforegoing, itisclear that short exposures of
around 100 nsec to 10 psec are shorter than the thermal
relaxation times of the RPE (but not of its individual
granules) and thuson agross scale will not cause heat flow
into surrounding structures. Neither are these times short
enough to lead to the mechanical problems that threaten
exposures of a few nanoseconds or less. Consequently,
they should be useful for limiting damage spread. If vita
dyesor stainstied toimmunohistochemically targeted cells
or cell organelles could be administered to retinas, short-
duration exposure to radiation matched to the absorption
properties of the dye would allow selective destruction of
these components.
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Figure 116-18. Ratio of the energy threshold for retinal
hemorrhage to that required for a just visible thermal
lesion (HIT) for two different pulse duration domains-
nanoseconds (Q-switched laser) and milliseconds ("free-
running” lasers). (Based on data from Wolbarsht and
Allen™ and other sources.)
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Figure 116-19. Log of the energy entering the eye that
causes threshold thermal damage plotted against log
exposure duration. The line hasadope of 0.75 andisa
by-eye fit. (Data from Sliney.?)

If the models describe long exposures well and very
short exposures less well, there remains the problem of
repeated exposure. Many light sources, lasers in partic-
ular, can be driven very effectively at high repetition
rates; if the interpulse interval is less than the thermal
relaxation time of the target chromophore there will be

PDF created with FinePrint pdfFactory trial version http://www.fineprint.com



http://www.fineprint.com

accumulation of energy in the target, and more damage
than expected will be produced. Put another way, the
energy in each pulse of atrain that just produces damage
will be less than the threshold energy for a single pulse.
Empiricaly it has been found that the energy content, Q,,
of apulsein atrain isreduced for threshold so

QuHNO# (15)

where N is the number of pulses in the train. Sliney*
describes how this relation applies over a wide range of
pulsedurationsand repetition frequenciesandto all but the
largest image sizes. He argues that this is due to the
interruption of a rapid repair process by the second and
subsequent pulses. Examination of the times over which
the relation holds suggests that the repair process must
start within microseconds of the first exposure and be
completed by about 1 second.

Figure 116-8 shows the spectrum of damage types,
and for completeness thermoacoustic effects must be
described. With sufficiently high retinal irradiance the
explosive formation of steam and the generation of
mechanical transients have already been mentioned. The
importance of the mechanical transients lies in the way
they trap some of the incident energy and carry it away
from the site of the retinal image, perhaps over severa
millimeters. Similar but |essintensemechanical energy can
be generated without steam formation, owing to the rapid
expansion of heated tissues that occurs with short
(nanosecond-length) pulses.

By whichever mechanism the forces are generated
(seeunder Photodi sruption Damage), they promisedamage
of adifferent formto thermal denaturation and possibly at
some distance for the retinal image. Marshall and
Mellerio® showed that Q-switched laser pulses induced
damage with mechanical displacement of cell constituents
outside the image area, exactly as expected from the
foregoing analysis. From their histologic examinations
they were not ableto say how much of the damage wasdue
to the passage of the mechanical compression waves, the
actual steam bubble surface, or the blood flow in
hemorrhages that were often induced.>

Photodisruption Damage

As Figure 116-8 shows, when light exposure times are
very short (nanoseconds and less), if enough energy is
present to produce damage, this will be due to ionization
and is usually called photodisruption. This ionization
comes about because the strength of the electromagnetic
field is so great that electrons are stripped from the outer
orbitals of the atoms. Inside the eye this happens only
when the radiation originates from Q-switched or mode-
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locked lasersand thebeamisfocused into asmall volume
either by accessory optical power of an ophthalmic
instrument or contact lens or by the natural refracting
power of the eye.

Photodisruption hasfound considerableuseinrecent
years in ophthalmology, principally in the procedures of
iridotomy to improve drainage of the posterior chamber
and in posterior capsulotomy after implantation of an
intraocular lens. In these and other procedures, the
ionized tissue forms a plasma as the molecules are
literally torn apart, thus enabling very small lesionsto be

Table 116-3. MINIMUM FOCUS-RETINA DISTANCE
(mm) FOR ND:YAG Q-SWITCHED LASER PULSES
TO AVOID AN OPHTHALMOSCOPICALLY VISIBLE
CHORIORETINAL LESION FOR THE LASER PULSE

ENERGIES SHOWN
Beam Cone Energy (mJ)
Angle
(Degrees) 6 12 20 40
32 2.8 3.9 5.1 7.2
24 3.8 5.3 6.9 9.7
16 5.7 8.0 10.4 14.7

Data from Reference 58.

made-an attribute that inspired the name "laser
microsurgery”. Further, it can be done inside the eye
without opening the globe. Laser iridotomy and capsu-
lotomy are both processesinflicted on anterior structures,
but laser photodisruption has been used farther back in
theeye. The problem of causing secondary damageto the
retina when, for example, attempting to part a vitreal
membrane, is very real and cannot be ignored.>
Photodisruption might be considered a very good
technique for removing epiretinal membranes because of
the precise nature of the lesions formed, but there has
been some concern that damage might be extended
beyond the target site by mechanical processes (as
described bel ow™) or becausethe plasmaisnot generated
exactly where expected but is displaced.” Because the
incident beam has to be focused at the target site to
ensure power density great enough to cause aplasma, the
geometry of the beam in the focal area is an important
determinant of whether and where a plasma is formed.*
The cone angle of the focused beam specifies beam
expansion beyond the focal region and thus determines
the irradiance at the retina, which could be hazardous if
the focusis too close to the retina.®’

Taking values for retinal irradiance for threshold
damage from the literature, Capon and coworkers™®
calculated how near the retina typical ophthalmic pho-
todisruptor lasers can be focused before they become
unsafe with aretinal irradiance that might cause alesion
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(Table 116-3). The figures in Table 116-3 are probably
optimistic, because they were derived for a minimal
ophthalmoscopically visible retinal lesion, but fluores-
cence angiographic and electron microscopic techniques
aremoresensitiveat tracing retinal damage.® If thresholds
determined by these techniques are used, the minimum
distances in Table 116-3 would probably need to be
doubled. Consequently, a surgeon should use as high a
cone angle as possible and, even with the minimum
energy, must still avoid working within several millimeters
of theretinaunlessheis prepared to accept the possibility
of damage there.

The mechanisms of plasma formation are described
elsewhere,® but they bear on the situation with the retina
because the formation of a plasma in a liquid tends to
occur at the site of an impurity or an interface.® ©
Consequently, if a Q-switched laser beam is brought to a
focusin the vicinity of the retina, the inner surface of the
retina may well be the site of plasma formation. Because
the tissues at the plasma are vaporized the damage is
considerable and the risk of hemorrhage very great. Even
if the plasmais formed deeper in the retina or even in the
choroid, because the focal volume of tissue is completely
removed hemorrhageisvery likely, and thiscould involve
the vitreous (Fig. 116-20).% Visual function would be
compromised, either by direct damage from the plasmato
the neural elements or by the obscuring and delayed
immunoreaction of the hemorrhage itself.

A plasma formed in aliquid environment, as in the
eye, onceinitiated, loses heat (energy) very rapidly and is
extinguished unlessthere is a sustaining inflow of energy.
Thisisnormally provided by theincident laser beamitself,
sothe plasmalastsonly slightly longer than the laser pul se.
Plasma maintenance absorbs energy from the laser
radiation; in the early days of the development of
photodisruption it was held that this absorption by the
plasmawould remove any hazard of radiation exposureto
structures downstream from the plasma. This plasma
shielding was investigated by several authors®™ ® in
conditions that approximate those in the eye, though over
arange of energies that would be much higher than those
normally used in the clinic.®® The shielding was found to
be variable and not to offer a very great safety factor at
low-energy inputsof thelevel that areused intheclinicfor
iridotomy and capsulotomy.® It was estimates of the
probable amount of plasma shielding that would arise in
the attempt to section vitreal membranes that led to the
figures shown in Table 116-3.

CHOROID »

VN

RPE RETINA HYALOID  VITREOUS

MEMBRANE

Figure 116-20. Diagram of different types of retinal
hemorrhages that are produced by Q-switched or mode-
locked laser pulses (blood if shown in solid black). 1,
subretinal; 2, intraretinal and subhyaloid; 3, subretinal
andintraretinal; 4, vitreoushemorrhagewith ablood stalk
trapped inthevitreous; 5, vitreous hemorrhage where the
blood has mixed with the vitreous.

The generation of a laser-induced plasma by a Q--
switched or amode-locked laser leads to such extremely
rapid expansion of the heated plasma®® that acompression
or shock wave is created that propagates away from the
plasma throughout the eye. This wave is of concern
because it carries energy to ocular locations remote from
the initial site of exposure. The exact relationship be-
tween the magnitude of the shock wave and damage to
tissues is one that still awaits elucidation, although it is
well established in tissues other than the eye that thereis
alink between the two.®*®® The bubble of heated gas | eft
by the extinguished plasma expands for severa
milliseconds, and must damage surrounding tissues>
before collapsing destructively® or oscillating to release
more energy in bubble pulses before thefinal destructive
collapse. Should these cavitation bubbles be formed at or
near the retina there is little doubt that considerable
damage would be done by pressure waves and various
shearing forces generated by jetsand similar phenomena,
in addition to the removal of tissue by the plasma itself.
Indeed, it is hard to think of any therapeutic process that
could be executed safely in or near the retina by
photodisruptive methods because of the great risk of
causing considerable tissue damage and massive
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hemorrhage. Such exposure will probably be experienced
only as aresult of accident in industry or research, or of
intent from battlefiel d |aser weapons,® whenthe prognosis
for full recovery of vision may not be good.

CONCLUSION

The study of the effects of light on the retina covers
mechanisms that correspond to situations only dlightly
more intense than considered normal, up to frankly
traumatic insults. Besides being fascinating, the study has
practical implications, just as investigation of repetitive
strain injury or of bone union in Colles fracture has for a
typist. Investigation of the processes that cause damage as
a result of a lifetime's exposure to daylight, or to an
industrial laser, haveaready bornefruit. Codesof practice
for safe exposure to light sources now incorporate the
knowledge derived from these investigations, and
ophthalmic surgeons purposely harness damaging
processes to manipulate tissue relationships. As our
understanding of the way light interacts with tissues
increases, we may look forward to better protection and
more effective surgical intervention.
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