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ABETRACT

The effects of carbon dicxide (COp) laser irradiaticn of the cer-
nea on the anterior segment of the rabbit eye have been investizated.
Cormeal temperature elevations have been correlated with previously re-
ported cormeal tissue changes. The average steady state corneal sur-
face temperature at COp laser irradiation levels considered to be safe
(100 mW/cm®) was determined to be 5.5°C, at 200 mW/cm2, where irrevers-
ible injury occurs, it was less than 10°C, and at 380 mW/em® it was less
than 15°C. Cn contirmous ccrrmeal irradiation at 100 miW/em? , there was
essentially no elevaticn in intraccular pressure; at 250 mW/cmZ, there
was an elevation of 20 mm FEg. Pulsed irradiation ¢f the center of the
carneza resulted In a transisnt inerease in agueous humor temrerature ard
in egueous humer pressure. Anterior lenticular indentaticn, which was not
evident on dissection but observed on fixation in glutaraldehyde, was
determined as due to ccncanitant temperature ard pressure elevations in
the anterior chamber. The lens indentation was crobably due tc a cembina-
tion of temperature at the lens surface in excess of 50°C together with
a rise in pressure Iin the anterior chamber. The temperature and pressure
elevations necessary to cause lans irdentaticn following glut denyde
fivaticn were zssoclated with ccrmeal flattening. Cn spectroscepic deter-
miration of aqueous protein in these studies, the concentration was maxi-
mm following ixradiation cver the center ¢f the iris. Delayed alter-
ations in lens glutathicne, ascorbic acid and sclucle lens precteins ce-
curred on suprathresnold irradiaticn cf the ceormeas of weanling ractits,

The decrease in ascorble acid has been observed by others én irrzdiaticn

xi




at specific wavelengths in the electromagnetic spectrum. The lens glu-
tathione decrement was probably not due to an increased conversion to
cxidized glutathione, and was coincident with an alteration in electro-
phoretic mobility observed in soluble lenticular protains. This de-
crease in electrophoretic mobllity was greatest in the 3 ard o crystallins.
These results provide information regarding the mechanism of injury
on accidental ocular exposure to 002 laser radiaticn, and conseqguentl;
should permit better management of accidents. Furthermore, the findings
show that the CO, laser can be used as a tool both for the investigatiors
of the responses of ocular tissue to controlled heating and tor cotaining

basic infcrmation regarding the anterior segment of the eye.




FOREWORD

The electramagnetic radiation emitted by the carbon dioxide (COz)
laser at 10.5 u 1is potentially harmful to 21l biolcgical material.
The potential hazard fram this radiation results frcm the ccmblinaticn
of collimated high power density (i.e., pcwer intensity) outputs avail-
able, the low absorption of the radiaticn by the athosphere, the large

beam reflectivity by metal surfaces and the nigh absorptivitiy of tissues.

The anterior segment of the eye is especizlly vulnerable o damage frem i
this radiation because of its exposed positicn plus the functiocnal
requirement of the tissues alorg the visuzl axis to remain transparenc.
The investigation of the physical ard biolegical occwences Zurirg
deliberate quantitated laser injury of tissue should provide an insighs
into more knowledgeable management of accidentzal injuries. TFurthermore,
results of such studies may increase kncwledge of the rhysiology 3 the

tissue investigated.

This research is concerned with the effects of 002 laser radiarion on
tiological tissue, in varticular, the antericr segment of the rabti:c 2y 2.

The first secticn, introcductorv in rnature, is divided iInte Twe carss.

Trhe first part is a dlscussicn of the basic asgects of the carten dicxide

morphology, physiclezy and tischemiszsry of the antericr segrent of the
as

rabbit eye, as well resgenses of this regicn to injury.

The second section, Chapter I, 2 e ocncerming

cne acticn of C02 laser radizticn ¢
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The third section, Chapter II, describes an investizaticn of the
relationship between the power density of the CO, laser radiation
impinging on the cormeal surface and the resuitant steady-state eleva-
ticn of the temperature of the anterior segment of the eye. The rela-

tiorship betwsen the cormeal surface temperature el2vaticn and the

threshold for permanent damage on continucus irradiaticn was determined
experimentally. Also, the steady- state cormeal surface and anterior
chamber temperatures were simultaneously measwred over a range of supra-

threshold cower density irradiaticns. The findings of this secticn

should enable cne to correlate elevations of comeal temperature with
resultant tissue damage. Furthermore, the data permit estimaticn of

the steady-state tarmperature of the anterior chamber by means of a simple
corneal surface terperature measurement on COp laser irradiation.

The fcurth secticn, Chapter III, presents an investigaticn cf

changes in the anterior segment of the eye during corneal irradiation.

Pressure and temgerature were measured in the antericr chamter durin
both continuous swerathreshold pewer density, as well as tulsed higher
power density focused irradiations of the cormez, and thelr relaticnship

to lens alterations is discussed. This chapter also contains desceripticn

of the transient flattening of the cormea during irradiaticn and the
resultant decrease in the depth of the anterdor chamber. Alteraticns cof

the concentraticn cf the aguecus humer prosain on irrazdiaticn axre dis-
cussed.
The fifch secticn, Chapter IV, describes an investigztion of the

- - b o - - —
alteraticns 27 the sress morghelogy ¢f cermes, iris, and lens follewirg

Xiv
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continuous relative.y high power CO, lrradiation of the cormea. Con-
camitant alterations of the electrephcretic pattern of soluble lenticular
proteins, and alteration of lenticular ascordic acid and reduced gluta-
thicne were measure<d.

The sixth section, Srrendices, scntains a description of the Co,
laser and assccilated equipment used in these investizations; the method
and equipment used for the electrophoresis ¢f soluble ocular proteins,

and methods and techniques employed for the determination of ascorbic *'
i

acid, and of reduced and oxidized glutathione are discussed.




INTRCDUCTION ;

The term laser is an acronym for Light Amplification ty Stimulated
Bnission of Radiation. Laser cutput is relatively ccherent, menochrec-
matic electramagnetic radiaction. A large numker cf substances are
capable of producing laser radiaticn; their lasing cuttut wavelengtis
range from the ultraviolet through the visible to the infrared porticn
of the elactromagnetic (EM) spectrum. Lasers are presently available
with pulsed power outputs as high as terrawatts (1012 watcs).

In thelr reviews of the tlolcgical effects of laser radlaticn,

Fne and Klein (1965) reported that the first definitive rreposals for
utilizing the principle of stimilated emissicn were macde independently
by Townes et al., by Weber, and by Basov and Prokhorcy. In 1655,
Gordeon, Zelger and Townes reported the first successful appiicaticn of
amplificaticn by stimulated emission with an armonia maser (Microwave
Arplificaticn by Stimulated Imission of Radiaticn). In 1958, Shawlcw
and Townes croposed extension of this principle to the visitle regicn of
the ZM°spectrum and in 1960 Maiman succeeded in ottaining lasing acticn
from an artificial rwby rod excited with 1ight from 2 xenen flash lamp.

The output of this solid-state laser was a cne milliseccndé pulse in th

poeY 2

red (5S4 rm) region of the spectrum.

The helium necon (HeNe) laser was the first gas laser cazpatle cf
producing a centinuous wave (cw) laser output in the visible perticn of
the =M spectrum at 632.8 rm.

The carben dicxide laser was first described ¢y Patel (18€%)

This mol=zcular laser containing C vvz and N2 can produce a continucus




output in the middle infrared portion of the 4 spectrum at 10.5u.
Patel, Tien and McFee (1965) reported that the addition of helium tc

the CO, and N5 Increased the laser power cutput.

Basic Aspects of the CO, laser

The following information was obtained in part from Fine and Klein
(1965) ard Siegeman (1971). A simplified graphical display of the
initial phase of the lasing process for many lasers, and specifically
for the CO, laser is shown in Figure In-1. The active element of th
CO, laser is gasecus, in contradistinction to the ruby laser, wnich is
in the solid state. Gaseous COp, Ny and He are electrically excited in
a water-cocled glass tube called a plasma tute or chamber. The ordirate
of Figure In-1 indicates the energy level; E, 1s the unexcited grourd
state of the molecule, and E; a discrete higher energy level. The
electrically stimulated helium molecules collide with ard elevate the

tregen molecules to a higher energy level, Sl. The energy difference
between El - Eo for nitrogen is similar to that of carboen dioxide; ccnse-
quently, the energy is transferred readily {rcm the rdtrogen to the
carbon dicxide molecule. The nitrogen mclecule descerds in a series cf
energy level steps to the growd state.

When more carton dioxide molecules are at an energy level El than
at an energy level Zj, a populaticn inversicn is said to exist between
these levels.

Initiaticn of the lasing process occurs when the energy of one

molecule drops from the E; level to Z; (Step [2]). The wavelength of

e Sg—— oo
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the electromagnetic energy released in this descent is a funetion of
Ey=E
17=2

the E; ~ Z, distance in jcules in whichv= swhere v = the frequency

{n Hertz and h = Planck's constant (6.5 x 10-34 Joule-sec). The wave-
length in microns, A = % , where C = speed of light (3 x lolu micrens/
second) .

Tre initial emission stimulates the descent cf adjacernt molecules
or lons frem their elevated ererzy levels. This is graphically illus-
trated in Fgure In-2, where the rhotons are added in phase.

This released 2lectromagnetic erergy is droduced in the plasma tube
located petween twe parallel mirrors; the distance between the mirrors
is a function of the emitted radiation wavelength. The large ratio
between the mirmr distance and the plasma chamber dizmeter serves o
collimate the radiation. The parallel end windows reflect the radiaticn
causing more stimulated emission; if a constant pepulation inversicn
process occurs, the emitted radlation can be continucus; otherwise, the
emitted radiation is in pulses. Cre of the charber mirrors 1s approxi-
mately 1007 reflective; the reflection of the cther is less than 1CC3.
This less reflective windew allows a fracticn of the total energy in
the laser cavity £o exit the chamber. The erergy Wnich exits the cavi<cy
is essentially monochramatic, coherent and, because of the gecmetry of
the laser cavity, collimated. The collimation preoduces a reariy garallel
rath of radiation with little bteam divergencs.

| The carton dioxide laser has been used for a host of gprlicaticors,
both industrial and medical; many wnits are commercially availarls for

elther of these applicaticns. The focused cutput has teen used in




industry to drill, cut or scribe ceramics, metals and many other

materials. It has been used experimentally as a "hot" knife in an

attempt to carry cut essentially blced-free surgical cperations and In
the removal of certain tumors by ablation. At present, however, it
remains only an experimental tool in medicire. Use of the beam in <the
study of atmospheric polluticn has been proposed because of the dif-
ferential in attenuation of the beam by air and certain atmespheric

pollutants.

The Anterior Segment of the Normal Rabblt Eye
In this section we will discuss the specific aspects relating <o the

anatcmy, physiology and bilochemistry of the antericr segrment cf the

rormal rabbit eye pertinent to these investizations. According <o Prince
(196ka) ,the rabbit cormea is a clear structure about 3C0 u thick in <he
yourg, arnd 500 u in the mature animal, campcosed of four distinet regicn
the outermost layer of epithelium, the underlying stroma, Cescemet's
membrane, and the innermost layer of endothelial cells. According o
Fine and Yanoff (1972), the endotheliim of the cormea is a misromer ard
mizght be more accurétely termed a mesothellium in that an endotheliim Is
a layer of cells lining a vascular or lyrphatic charmnel, whereas mesc-
thellal cells line body cavities. They cite evidence that the ccrmeal
"endothelial" cells can respond pathologically in a manmer characteriss:
of mesothelial cells. To avold confusicn, ncwever, refarences ©o “his

layer will use the conventional term, =andcthelial. The epithelium is

about five cell layers deep. The outermest layer ccnsists of flat




squamous cells. The epithelial tasement membrane (tm) is cbservacle
test by transmissicn electron microscopy. I18s presence can be readily
suspected In light microscopy by th2 slight periodic acid-Schif® (PAS)
positivity which may te ctserved in this plane (B, 5. Fine, perscral
camunicaticn, 1372). Unlike the human cormea, the racbit ccrmea dees
not have an easily reccgnized, distinctive zore (i.e., Sowman's membrane)
between the epithelial layer and the stroma. About 907 of the thickness
of the entire comea Is stroma, coampcsed of interlacing bands, each of
which is composed of fine collagen fibrils whose axes are roughly garai-
lel to the cormeal surface. The fibrils are roughly equally spaced
from cne another and are surrcunded by a mucopolysaccharide containirg
ground substance. lMNormally, the stroma is maintained in a relatively
dehydrated state. Descemet's membrane is a layer (approximately 10 u
thick) separatirg the postericr surface of the stromal layer frem <he
endothellal cells and is considered to be the basement membrane cf th
endothelial cells. The single layer of endothelizl cells ccrprise the
irmermest layer of the cormea.

The anterior chamber i{s normally filled with aquecus humer ("aguecus").

The chamber 1s tounded antericrly by the cwrved restericr surface cf <he
cormmea and postericrly by the iris and pupillary surface of the lens.
The volume cf the anterfor charter in the weanling rapbit eye is less

than 200 u L and the maximum depth alcng the visual axis is about 2rm.

oBES!

The adult eye chamber volume 1s approximatsly 25C u

)

and the depth is

t“

3 mm. The anterior chamber 2quecus humor is in fluid contact wigh that

of the smaller pesterior charker which contains about cne=fifsh the




volume of the anterior chamber (Prince, 1%6da. . The avascular lens and
cormea are mainly dependent on the agueous ..mor Jor rormal metatolism

(Davson, 1%69). Apart from its role in metabolism, a ncrmal steady
state Influx-efflux relationship is necessary to sustain cthe intraoculsar
pressure at approximately 20 mm Hg above atmcstheric pressure. This
maintenance of adequate intraccular pressure 15 necessary in order <
maintain an optically smooth arc at the comeal refracting surfzace.

The entire irls, including the ciliary processes, is well siupplied

th blood, mainly by branches from the ¢iliary artery. In the ratpic

eye the postericr surface of the irls nas arproxinately 20 radially-

distrituted structures. These structures have bDeen termed by Fczart
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(1971) as either iridial or ciliary on the basi
The iridial rrocesses are “he more preminent of the two. Many of th
iridial processes are 1n contact with the anterior cre-equatorial sur-
face of tre lens (Langley, Yortimer and cCulleoch, 19€Q0). In contrast,
the ciliary processes of the adult human eye are located on the antericr
porticn cf the ciliary body and usually cease (merely adjoin) at the
tase of the posterdor iridial swriz

Cecasicnally, in the human, a precess ardses directly from <h
costericr surface of the perdipheral iris. Such an cccasional finding Is

considered vestizial (B. S. Fine, rerscnal cormunicaticon). The entire

)

irls, inciuding the cllilary rrocesses, 1s nighly vascuwlar. Ctservaticn

of the zcsterior swrface of the normal aibinro rapbit iris, followin
rermcval of the lens from <he enucleated aye, shows 3 high degree of

vascwlarity In the fin-shaped ciliary preccesses. Fepcrts bty cthers cof




microscoplc examination of secticns of rabbit irides indicated that
there are numerous artericvenous anast ncses (Ruskell, 1364). Although
the irls is considered to function primarily as a diaphragn, the pres-~
ence of these shunts suggests that the iris may also be cencermed with
heat regulaticn. Similar arteriovencus shunts, grotably ccncermed with
heat regulation, are found in areas of the sidn (3locm and Tawcett,
1968).

According to Prince and Eglitis (15€4b), the lens is suspended by
a ring of suspensory ligaments (che zonule of Zirm) ccrnected t¢c the
poorly developed ciliary body. These fine fllamentous structures are
inserted intc the anterior and posterior ecuatorizl regions of the lens,
The rabbit lens is a bi-convex structure surrcunded by a rartly collagen-
ous structure, the lens capsule. The lens capsule 1s said to -e a tase~
ment membrane secreted by the underlying lens czells. Subjacent tc the
entire anterior lens capsule 1s a single layer of cutoidal epithelial
cells. Ubon reaching the lens equator (Bcw region) the perirheral epi-
thelial cells extend in length. These {ibers (elengated cells) continue
to lengthen, extending anteriorly ard posterisorly; the anterior ends of ]L
the fikers insinuate themselves under the =rithelial cell layer and <he
posterior ends move tetween the capsulz and existing firers. TMbers

Interdigitate at the sutural reglons. The rabbit lens

o)

as a visible
vertical anterior and a horizecntal pestericr sutural regicn which delinsates

both antericr and costerior surfaces into semi-circles. The flat nexa-

gonal Titer dimensicns are reportecly 1J u by 2 u. Zach ffrer is bcunded

by a memtrane zrproximately £ mu thick.
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Davson (1969) lists two general theories concerning the formaticn
of posterior chamber aqueous humor. The first proposes that the plasma
is filtered through the capillaries of the ciliiary processes. Certain
constituents of this filtrate are absorbed by the zcells cf the ciliary
processes, then are secreted into the posterior charter. Thereby, the
aqueous numor and plasma concentrations of same sucstances would differ,
The second thecry states that the capillary filtrate may flow between
the cells of the ciliary epithelium and pass into the posterior charker.
During this passage, the concentration of certain substances might te
either reduced or Increased by the epithelial cells.

The capillary filtration mechanism acts as follows: Large molecular
veight substances (e.g., plasma proteins) traverse the capillary membrane
poorly; small non-colloldal plasma constituents (e.g., creatinine, urea;
cross the membrane with little hindrance. Lipid-soluble compounds (e.z.,
ethanol) readily pass fyom the capillaries.

The epithelial cells of the ciliary processes are not penetrated
by the plésma croteins. Therefore, this layer cof cells acts as a secend
impediment to the passage of these substances fycm the plasma to the
aqueous huror. The .concentration of plasma preteins in the rabblt ague-
ous humor compared with the plasma concentration 1s S0 mg% campared o
6,000 to 7,C00 mg%. The epithelial cells may also serve as an ‘mpedimens
to smaller, water-soluble substances, such as wea. This action may te
analogous to molecular sieving of colurn chromategraphy. The corncentra-
tion of wrea in the rabbit aquecus humor is 7m compared with the

plasma concentraticn of 9.1 mM.

- 4




Lipid-soluble substances readlly traverse the epithelial cells and
enter the pcsterior chamber. The aqueous humer cocncentration of =2thancl
can equal that of the plasma.

Certain substances are actively transported by the spithelial cells
and, as a result, their concentraticn in the aqueous humor exceeds that
of the plasma. TFor example, in the rabbit eye the relative concentra-
tion of ascorbic acid in the posterior chamber is 1.3 mY compared with
a plasma concentration of 0.02 mif.

A proportion of the solutes in the aqueous humor is derived from
iridial d&iffusion. EZxperiments with intravenously injected 2%Va indi-
cated that <he twmover of this substance is dependent cn the rate of
twrmover of the agquecus huncr as a whole. Activity of the cillary epi-
thelium results in a higher sodlum concentraticn in the postericr than
in the anterior charmter. There 15 said to be a consicderazble amount of
diffusion of this substance directly from the 1ris into the anterior
chamber, nowever. If the tctal rate of flow were halved (e.z., frem
the action of drugs) the rate of turnover in the posterior chamber is
therefcre said tc be one—quarter the crigirnal. Such a decreased flcw
from the posterior éhamber would result in an increased volume of fludid
diffusing into the anterior chamber 7rom the iris.

Under normal circumstances, the greater percentage of aguecus humer
flows frcm the posterdior chamber into the antericr chamber. The greater
percentage of this fluld exdits frcm the rabbit eye bty percolating throush
the pectirate ligaments and trabecular meshwork in the angle of the

o)

anterior charker. The humor then enters the gereral circulaticn by means

it
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of the trabecular veins, a structure analogous to the canal of Schlemm
in the human eye. In the monkey and rabbit, a small percentage of the
aqueous huror (3 and 20%, respectively) exits the eye across the uveal
tissue into the suprachoroidal space. Also, there is said to te a
meridional flow of aquecus humor in the rabbit eye which passes through
the posterior chamber and crosses the retina into the chorold layer.
Thermal currents exist in the anterior chamber of the living
mammalian eye. Adler (1965) states that the currents initially result
fram an ascent of a portion of the aquecus huror heated by contact with
the iris; upon contact with the cooler cormea the temperature of the
liquid is decreased. On cooling, the density of the aqueocus humor
increases, causing it to descend to the inferior region of the anterior
chamber. This situation assumes that the coptical axis of the eye is
horizontal and that the ambient temperature is much less than that of
the iris. In testimony to the presence of these thermal currents, Adler
(1965) cites the Kruckenberz spindle, otserved clinically in certain
ccular diséases. This spindle-shared or vertical linear feormation cen-
sists of pigmented material or cellular debris and is observed adherin
to the pesterior cormeal surface. The shape of the formation is assumed
to result frem thermal circulation in the anterior chamber. A deposit
of material is observed at the base of these formations indicatirg a
descending flow patterm. In reference to thermal cwrents, Davson (19€3)
referred to the apprearance of vertical meridicnal streaks of {lucrescein
cn the pestericr cormeal swrfface following intravencus injections of the

dye.




When the arbient tamperature of the alir iz spproximately 25° €, a
temperatiure gradient exists cetween the comea and the iris. Under
these conditicns, the nighly vascuWlar surface cf the iris has a temgera-

sure of approximately 3L C, whereas the tercerature of the cormeal sur-

3

face is approximately 21.S5° C =axternally and 22° C intermally /(Schwartz
and Feller, 1G£2). Increased ambisent temperatures 2culd result in ccn~
tinved heating of the cormeal surface with resultant Iincreases of the
temperature of the underlying aqueous humer. If the aquecus humor in
centact with the posterior surface of the cormea had teen heated $o mere
than 40° C, there would be 2 revarsed 2° C temperature gradient tetween
agueous huror and iridial blcod temperature. This situation might estak-
lish a reverse cycle of thermzal currents Iin which the nezted agueous

hunor ascends along the posterior face of the cormea.

Lens Proteins

Crystallins and cther lenticular proteins (e.g., enzymes) are syn-
thesized in the lens rom gpprorriate amine acids cttained from the
aquecus hunor. According to Cols (1570), the greater rart ol the meta-
tolic energy of the lerns is extended in “hese syntheses. The amino acids
are actively transported across the lans epitheliun into the lens frenm
the aquecus humor. In general, the ccncentration of zmino acids in the
agueous humor of the rabtit Is Zreater than that of the plasma., imino

acids are zactively transrpertad into the agqueous humer Irom the cilizry

the amirc acid cencentraticrs in the ajuecus huror.
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The lens ficers contain two groups cf proteins tased on thelr
solubilities in lens homogenates. The three sclucle proteins arranged
in order of decreasing solubilities are alpha, beta and zarma crystal-
lins. The insolucle protein is termed albuminoid. Although censidered
as solucle greteins, the crystalliins in situ are present in such nigh
concentrations that they form an crdered gel (Muck, 137C; Sgecter, 15715.

Accordirg to Waley (19F9) & crvystaliin camprises zbcut cne-third

of the lens nrotein. Originally, @ crystallin was separated ty precipi-

taticn from a lens hamegerate by increasing the acidity of the soluticn
to a o of 5.4. This crystallin was termed ), by Smector (1571), as he
was able o precipitate a second, nearly identical crystallin ! a, )
from the same hemegenate ¢f tovine lens by the addition of ethanol to a
final cecrcentraticn cf 13 percent. Sgector (ibid) reported that the
sulfhydryl (~SH ) content of these two subgroups was nearly ldentical
(approximately one-SH per 2xlOlu dalton sucunit. The arproximate mclecu~
lar welght <f the o crystallin macramolaculs is ].x’CD lten).

In an electrerroreti

O

fleld of zE § or greater, the a crystallins

migrate a greater distance toward the znode than do 3 or vy crystallins.

The & crystallins c'*nta_.n very few sulfhydryl grours (ore per 20,ICC
suteunts ;; this fact indicates chere is littls pcotentlal for the crezticn

cf dlsulfide bridges between adjacent molaculss.

Tollcwing the precipitation cf 2> crystallin from a lens hemegenate,
the 3 and ¥ orystallins remain in the supermatant. The 8 crystallin
can be crecizitated i the soluticn is saturated with armeniun sullate,

Davson (13€3) z<ated <hat the percentage of 8§ crys ..a"'ns 15 variable.

120. 2
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Also, 8 crystallin has teen serarated by gel filtraticn; studies
with this materdial indicated that the molecular weight of this grouwe
ranged frem 50,30C to 500,000 daltons and that thils crystailin alsc is
made up of mcnameric subunits welghing aprroximately 20,0CC. £ crystal-
lins at a pH of 8-5 migrate toward the ancde at a rate less than that of
the a crystallin. The sulfhydryl centent of 3 crystallin is relatively
high, suggesting a cossible site for the formation cf disulfide bridges
between adjacent similar molecules or with other sulhydryl centaining
substances such as GSH.

The protein remaining in the supernatant of the lens hcmegenate
following crecipitaticn c¢f teth o and 8 orystallins is y crystallin.

Waley (1569) reported that the percentage of crystallins present as
Y crystallin cdecreases with age. Y crystallin nas been separatac
from lens hemogerate by gel filtration. Investigations cn separated

v  crystallins reveal that the molecular weight is approximately 20,200

and that the sulfhydryl content is relatively high. This lens protein
will precipitate at tarreratures less than 123° C.
Albumineid is the inscluble porticn of the lens homegenate. The

camposition of this.-material has been determined by Dische (1870).

Albunincid 1s sald to te the product of 2 crystallin and the liperhili:c
methylpentose, fuccse. The content of aibuminoid in a lens hemogenate
increases with the age of the lens; Dlsche repcrtad that the altuninoid
appeared to be associated with the lens {iber membrane. Spector {1671)

suggested albuninoid may consist of a crystallin and a hexcse.
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Biochemical Constituents of the Lens
According to Kuck (1970) and van Heynirgen (15€93), fowr crganic
nen-protein substances, ascorbic acid, glutathicre, incsitol and choles-

terol, are tresent in relatively nigh concentration in the normal mam-

malian lens (apcroximate ceneentraticns in the rabbit lens: ascerzic

acid, "g%; glutathione, 300 mgd; irositol, 100 mz%; and cholestercl,
70 mg?). Alteratiors of the concentration of these substances {ascertic

“

acld, etc.) have been repcrted in senile and cataractous 1
missicn of light is decreased in either of these lenses. TCata Jrom Dico-
chemlcal studies nave sugzested arparent correlaticns tetween concentra=-
tion decrements of both ascorbic acid and glutathicrne arnd lessened trans-
parency in senile and cataractous lenses. Kuck (197C) indicated <hat
irositol and cholesterol never had teen implicated in lens metakclism
and that the concentrztion alteraticrs of incsitol and cholescterci In
similar cataractous lenses arpeared to be related to charges of membrans
Kinoshita, Merola, Dikmak arnd Carpenter (186Z) repcrsed that lentizu-
lar ascortic acid, but not reduced glutathiore (GSH), decreased Tsllcu-
irg a2 cataractcgenic level of micrcwave irmadiaticn. This was ncted
oricr to any ‘Aisible decrease In lenticular Srarsparency.

In centrasst, 2irie, van Heyningen and 2cag (1353) found <hat lenti-

cular GSH levels were decreased following cataractogenic lsvels of

* ] Eamu PN PN - -~y <7 -
L-radiaticn. This occurred prior to the arrearance of zany Wisinls zsrac

tles. Tre ascorti: acid concentration apparently was nct reduced in

L
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Ascorbic Acid

Ascorpic acid (Vitamin C) is a six carcon compcund which contains
cre doutls tond and a lactone ring. Ascorcic acid (AsA) is readily r
oxidized to diketogulonic acid. Ccular ccrcentraticrs are similar ¢
these In kidney, train and liver, but less than that of the adrena’s and
hypophnysis (Heath, 1562).

There is a wide difference of AsA concentraticn cetween lenticular
arnd aqueous huror concentraticn amcng srecies. The ceoncentration in ¢h
lens exceeds that in the aguecus humer for scme, tut not all andmals.

In the rabblt eye the lenticular concentraticn is lower than that of th
aqueous huwror. Cata of Pirie and van Heyningen cited by Xuck (1370a)

show that che lenticular concentration rangss frem 6.5 %o 15 mg/lC

o
(V]
e
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0

(mg%) and the ccncentration in the aquecus aumor ranged frem 28.6 tc

[#]

40.6 mg/100 m1 (mg3). The lers 1is said to cbtain AsA frem the agueous
huncr; although the agueous humcr concentraticn is higher <han that cof
the lens in the rabtlt eye, this situaticn is reversed in scme species.
Van Heyringen (13€2) telieved that this latter situaticn suggssts <h
presence cf an active process in these lernses. AsA is actively secreted

by the erithelial cells cf the ciliary orocesses into the aguecus hunor
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“rem <he dlced plasma (1 mg3), shen
actively secreted. This process 1s deperndent on tcth a suprly of 2rersy
and 2 rnermzl circulaticn.

The follcwing informaricn was excerrpted Srem 2 review by Heath
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stated chzat the 2xact role ¢f 237 In lens metabclism is not well es%ar
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lished ard iisted i:z invelvement in the [zllcwing crocesses: 1) che




2) a definits lack of AsA is

bicsynthesis and maintenance

associated with atrormal mucspcelysaccharide Msrmaction; 2) che coxidaticn

of AsA can lead %o the formaticn cof hydreogen peroxide, which trings

L) AsA rerc

accut the depclymerization cf hyalureonic acid; rredly imnitl<s

hyaluronidase; 5) the cxidized and reduced forms cf AsA z2nd glutathicne

aductase nd the ccenzyme !ALPE are asscciated an

UAA

-

port in plant tissue; &) AsA stcps substrate inhidition

a-.
-~y

thenylal tyrosine is metabcllized arrormally in the scerbutic

ardmal. He reported that cataract formation has rnet

with clinical or experimental scurvy. Also, he cited exceriments cf

Bakicer in which a group of lenses maintained in vitro for mcre than 2
weeks retained thair clarity; nhowever, all traces cf lenticzuwlar Ash nad

R R aled
LRI

vanished o1l the initial 10 days of incubaticn. In contrase,

corpletely cataractcus lenses are deveid of AsA.

~ ey

Glutathione {reduced glutathicrne; 3SH) is

gresent within the ¢ells of the lers

159 . A < ~
th the and other <issues. Accordins ¢
leladad \ 4 Fa e fad &4 =3 - q 2 ; .
Luck (137Ta) <he concentration of S8E within <he lens 15 remarkabl,
< SN Nl - 2 =l
hWigh; 2.5., ccncentrations of SCC mgh nhave Teen rerorted In the rat or
g (-0 ] =
.. . . A e s s
20w lens cortax. He clted rerertad concentraticns of GSE In the raptic
o~ [ege) - ~eey 3 ~
lers which ranged from 278 %o L3238 =g7. 33H i3 readily zcnverted <o

4 Cnlad e ] ladmioada BN BN - bl -
Siutathicne (G8SG). GEST is present In the lens at concentra-
b £ ~m-d - &, ] Ao ted Al N PN Yo <
ticns which are said to range fram 3 o 127 of the teotal glutathicre
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(GSH4GSSG). “hile GSH is synthesized within the lens by means of

specific enzymes, the conly aprarent scurce of GSSG is the oxidaticn of
GSH. GSH does not dlffuse from the rnormal lers and normally nere is
detectable in the aquecus humer.

According to Waley (1965) and Reddy (1371), slutathione is reported
to be synthesized within the lens, as well as in other tissues. This
synthesis occurs in two steps: 1) glutamic acid and cysteine are jcired
in a linkage in the presence of v glutamylcysteine synthetase. 2) v
glutamyleysteine is joilned with glycine in an a 1linkage to form vy
glutamylcy steinylglycine (reduced glutathicne); this seccnd linkage
required the 2nzyme GSH synthetase.

The enzymes responsible for GSE ( Y glutamylcoysteinylglyeine)
synthesis in the lens are alsc responsible for the production of cpnthal-
mic acid ( y slutamyl 8 aminobutiyrylglycine) a structural analcgue <7
GSH. Cpnthaimic acid is a tripeptide containirg glutamic acid and gly-
cine; hcewever, in place ¢f cysteine, ccththalmic acid (CA) contairs
amino-tutyric acid; this, in effect, results in neariy Ildentical struc-
tures except that the sulfhydryl srowp of GSE is replaced ty a methyl
Sroup.

The rate of greducticn cf GSH Is much greater than for CA; ¢he

steady-state lens concentration c¢f GSH is much greater than that of CA

1

(360 and 1C =g per 1C0 s wet weight of lens, respectively). No reduced

glutathione has been repcrtad o be present IiIn cthe aquecus humor cof rerbis

eyes.
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The incorroraticn of radicactive glycine into reduced IZH in the
lens was criginally reported as 2.4%/nr by Kinsey and Merriar /1380).
Later, Reddy, Xlethi and Xinsey (1%6€) rzublisned a lower vaiue (1.2%/ar)
for the ircorpcration cf radioactive glycine and glutamic acid intc lers
GSH durirg a2 24-nour incubaticn gericd. They alsc determined she rate
for the incorperation of these two amiro acids into sphthaimic acid.

Although toth GSH and CA are censtantly synthesized, the ccnecentra-
tion in the lens is at a steady-state. Presunzbly, in order “o maintain
equilibriun, the rate of catabolism and removel of these substances is
also at a steady-state. With respect to 3SH, there are ro active enzymes
for the usual degradaticn of GSH in the lens (and presumably CA). In
contrast, GSH in the liver is hydrolyzed by a sgecific enzyme, y gluta-

myl lactamase. This enzyme, hcwever, is either not present in the mam-
b &

malian lens or, ir present, is relatively inactive. Glutathicre is,
however, readily oxidized to GSSC. The rate of cxidative conversicn
(oxidation from GSH is the only methed by wnich GSSG occurs) wouwld -
greatest, cresumably, In the cortex of the lens because of the corbired

-

factors of high concentraticn and the preximisy of GSE 4o cxygen dissolved

in adjacent aguecus numcr (there 15 no reperted pathway J:r the chemiaal

As
SO CEL

a 4

synthesis of GSSG per se). Lens membranes appear to te Imperisus 5o

the passage of aprreciabls guantities of GSH,but permit passage cf juanti-
ties ol ZSSG. The combined remcval of GSSC oy passage from the lens <o
the agueols hmor, as well as a low level of degradation, may serve z2s 2
cath of remcval and degradasion of glutathicre Srom <he lers to mairtain

L v 3
teady-state ccnditicns.
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Research of Epstein and Kinoshita /1270) suggest that one 2f

the functicons of glutathicne is the maintenance <f normal lers membrane

permeability. They repcrted that an increase of membrane permeacillty
was observed when the lens glutathione concentraticn was decreased
markedly. GSH may serve to protect lens merbrane sulfhydrvl growurs
from oxidation. Na-K activated ATPase contained in membranes fossesses
reactive sulfhydryl groups. These groups appear to have undergcne cxi-
dation when the GSH levels were markedly decreased. This oxidaticn
appeared tc te related to the alteraticn of membrane permeabilicy.
Glutathione is a prosthetic group for glyceraldehyde 3 chesphate
dehydrogerase (Embden Myerhoff glycolytic pathway). It has been sug-
gested thav GSH may act in scme manner %o prevent the oxidaticn sf
sulfhydryl groups of 8 or vy crystaliin. Kinoshita (1964) telieves
that the large concentraticn of lenticular GSH may serve to protect sius-
ceptlble crystallin sulfhydryl groups from oxidation. Such orotecticon
may prevem: the production of disulfide bridges tetween adjacent mols-
cules which would result In an increased crystallin melecular weight cor
produce intramclecular -S-3 bridges which would lessen the guantity of
hydrophilic zroups, ‘and thus lessen the selubility. 3Jlutathicne and
GSH reductase in the lens apparently act so destroy hydregsn reroxide
which enters the lens frem the agueous humor. This action arparently
replaces that cf catalase, an =nzyme which is virtually zbsent in the
lens. The »cle of GSH in preventing intermolescular aggregaticon follcw-
ing the preducticn of disulfide bridges from adjacent cysteine resilues

of crystallins Is lecgical (Xirecshita, 1GFA4). Sut Xircshita and [asurst




(1657) reported that it appears that most lenticular 3SH 15 bcund cr

Tasked Ty the crystallins and is actually quite unreactive.

In general, hcwever, observaticns cf decrements of ascorblc acid
and glutathicre with senile cr experimentally Induced cataracts have
not resulted in any revelations regarding the fmcticns of these Two
corstituents of the rnomal lens, ror their gessible invelvement in
cataract production. In fact, Xuck (197Cc) has stated:

In view of our igneorance of the functicn of glutathicre
in lens metatolism,the most that can te sald at present is
that it must be zn active metabeolite since i1t3 concentra-
tion decreases with age. Ancther Important lenticular con-
stituent whese concentration falls wich age is ascerbic acid...
The significance of this change is unclear but i1t aprears tc
be correlated with the diminishing metabolic activity of the
aging lens.

Nevertheless, each segment of infermation regarding ¢lutathicre arg

ascorbic acid alteraticn gaired following unigue methods of inducing
lans damage can te added to the present accumulation of data. Hope-
fully, this sum of Information will same day permit a greater understard-
ing of the functicn cf these substances in ho%th normal and abrormal lens L

metaboli=m.

Responses of Correa and Lens tc Infwry
The stroma of the cormea contains collagen fiorils. Collagen Jiters
are greatly affected by "high" temperatures. when these fitrils are
neated in water, and the temperatwre is Increased %o about 85° C cor
greater, they urderge shrinkage. The fitrils can te re-extended under

tension, but they will have been denatured. Higher tamperatures cause

collagen to "melt," forming a zel (Ve:':ac, 1563).




Descemet's membrane 1s a2 highly resistant tissue and can rersist

following erosion of the greater porticn of the cormeal stroma. In
such instances the layer may bulge out forming a Descemetccele frem
inrer pressure (Duke-Elder, 1970).

The single layer of endethelial cells agrarently do regenerate
following injury, unless the injury is widespread. Accerding to
Dikstein and Maurice (1972), these cells contain an active pump neces-
sary to maintain the cormea in a samewhat dehydrated state. The purp
appears to require scdium and bicarbonate ions and oxygen. Injury tc
the epithelial cells also impalrs their contributicn ¢c the normal
dehydrating acticn, resulting in edema of the stroma. During edema,
collagen fibrils may not swell; rather, the interstitial zround substance
imbibes water. A result of this imbibiticn is an uneven spacing of the
fibrils. According to Maurice (19€9), irregular interfibrillar spacirsg
results In increased scatterirng of impinging light. Increased lizht
scattering lessens the transparency of the edematous cormea until it
becames opague.

During certain rpatholcgical corditions or experimentally induced
states the tlood~aquecus humer barrier is sald to be breken Zown {Tavscn,
1969). The most cbvious resultant charge s 2n increased concentra<icn
of plasma proteins in the aqueous humor. The effect is sald to result
frem an inereased permeability of the membrares which normall; restrain
the passage of large molecules Sam the clasma to the aguecus humer.

This high ccrcentraticn of colloidal substances causes a flare or the

[P

so-called T-mdall effect observed when the anterior chamber is fllumi-~

nated with a slit lamp. Furthermore, aquecus nurer &vem normal rabbis
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eyes clots on withdrawal; whereas, aquecus hunor frem ncrmal human eyes
does not. Presumably, clctting results from fitrinczer in the aguecus

N humor which forms fibrin in injured eves. Aguecus humer from rabbits
clots rapidly or remeval. The concentraticn cf small water soluble
substances in the agueous humor may alsc be altered. The concentraticn
of lipid-soluble substances may not be appreciably altered.

The lens is avascular and, according to Cuke-Elder (1970), it
responds to injury bty beccming less transparent and/or by teing rescroed.
The degree to which the lens responds to damage depends on the nature
and severity of the injury and the age of the eye. The injured adult
lens may respond to injury by a lessening of transparency; whereas, the
young lens becomes less transparent and may be resorbed. Duke-Elder
also reported that resorption of the young lens is even mere common
when the lens and cormeal surfaces have touched and remained in contact.
Apposition of cornea and lens can cccur follcwing a cormeal perforaticn,
with consequent loss of the agueous huror. Cornea-lens apposition alse

can occur following dislocaticn of the lens, as when the zonular attach-

ments are weakened or brolen.




CHAPTER 1

A REVIEW OF PUBLICATICIS CCHCERIING THE ACTION OF THE COp LASER
RADZATZZ Ol BIOLOSICAL MATZFRIAL
High power ccherent rzdiation at 10.6 u was not achieved prior ¢

the invention of the carten dloxide laser by Patel (1365). The reflec-
| tance and absorpticn of sea water at this wavelength, however, had Leen
; oreviously documented. ‘ater 1s essentially opaque to infrared (IR)
} radiation of wavelength longer than 3 u. The reflectivity of radizaticn
at 10.6 u is less than one percent and its transmissivity at 0.003 cm of
sea water at 10 u is about 10 percent (this correspends to an absorpticn
coefficient of approximately 760 em™t (Kauth, 1965).

Tissue has a high water content (70-80%) (Guyton, 1966). Therefore,
because of this high content of water, and the high absorption coeffici-
ent of water, it was apparent that the high power output of the COs
laser could be hazardous to biolcgical tissue directly exposed tc the

beam.

: Cohthalmic Studies

Fine, Klein, Litwin, Pezcock, Hamar and Hansen (19662) published

',h

the first repcrs cn the biclczical effects of carbon dioxide laser radia-
cion. The output 27 =z TC. lzzor was

eyes and sxdn, Imrlanted Tmors and the hair and skin of mice, The

reported irraciztiors of tiz eyes caused injury to the sucerficial and
deeper layers of the cormaz. Grcor epidermal injwem ccowrred at
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exposures less than one second; with lorger periods of irradlation
there was progressive tissue ablation with minimal bleeding.

Fine, Zimmerman and Fine (1966) reported clinical and pathclogical
findings following carbon dioxide laser irradiaticn of the eyes of
rabbits. A five millimeter area was irradiated for cne second intervals
at various power densities. A dense white cormeal cpacity apreared con
15 W/c'n2 irradiaticns; the crater edges were thickened. Perforaticn cf
the comea occwrred on irradiation at 50 W/cmz. Anterior lens surface
concavities were always noted following cormeal perforations. Similar,
but smaller indentations, however, were noted in lenses of eyes excised
and fixed in glutaraldehyde following ncn-perforating irradiations of
the cornea. Irradiated ncn-perforated corneas healed; however, the
irradiated area was opaque and scarred. Their investigaticns found that
a clear plastic faceshield offered same degree of ocular protection
against this invisible radiation.

Fine, Fine, Peacock, Geeraets and Klein (1967) published an account
of a more éxtensive clindcal and histopathological investigaticn ccncerm-
irg injury and repair follewing 002 laser radiation of the eye of th
rabbit. They remarked on the lentlcular indentaticns following high
power ron-gerforating CO, laser irradiation of the cormea, tut they did
not observe any evidence of damage to the posterior segnent of the eye.
They called attention to the thickening of the cormeal strama Y th
region of the irradiation and to the ring of iridial pignent {ound cn
the anterior of the lens capsule. The lenticular incdentaticns always

corresponded to the site of cormeal injury and appeared following
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irradiations of 7 to § watts for one second. Figure I-1 (obtained frcm
B. S. Fine) shows a meridional view of a normal and an indented lens
following a 9 watt irradiation of the correa for ore secord, subsequent
enucleation arnd fixation in glutaraldehyde. The arrow indicates the
directicn of radiation. The cormea perforated and scme aguecus was
expelled during a one-second irradiation at SO W/em2. Als», at this
power density, there were adhesions of the iris to the cormea ard an
accumulation of exudate in the anterior chamber. Eight days after <rans-
scleral irradiations, the vitreocus humor was slightly clouded amd in -ne
eye astaphyloma developed. Higher power rperforating scleral irradiaticrs
had vitreocus strards adherent to the perfcerated area as well as several
tears in the posterior retina.

Previously unpublished data f{rom this study cbtaired fram Ir. 2. 3.
Fine (Figures I-2 - I-5) show clinical and nistological appearances menths
following a perforating and a nen-perforating irradiation of the cormea.
Presumably, the perforated cormea permitted direct irradiation of the
urderlying lens with resultant cataractous chanrges.

Figures I-2D ard I-23 show the clinical appearance of the right
and left eye, respectively. Figure I-3D shows 2 secticn of the irradi-
ated region of the right cornea. The breazk in Cescemet's membrane (Jree
arrow)} indicates the cormea nad perforated. IZxaminatzion of the lers
cermea did not indicate a perforation. Figure I-L shows the appesrznce
of the unfixed lenses Ly retroilluminaticn. Crly the lens frem th2 cer-
forated rignt eye (Fig. I-4D) shows definite lens changes (the blacx

line and spots are artefacts). Histolegical examiration of the anterior
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segment of these lenses (Figure I-5) shows cataractous changes in th
lens from the perforated eye in Figure I-4D. The cataractous region
i1s deep to the capsule. (New fibers insiruate between this region ard
the lens epithelial zone following irradiation.) The cther lens
(Figure I-43) did not show any changes. (The clefts present in either
section are artefact.)

Gullberg, Hattman, Kock and Tengrath (1967) investigated the amcunt
of COp laser energy necessary to release the blink reflex wnich normall:
has a latent period of 80 milliseccrds (msec.). They fownd the erergy
dose necessary to release the blink reflex versus time followed a curve,
Q = 0.18(¢)1/2 1n the range 0.C1 to 5 seconds (Q = calcries/em? and ¢ =
time in seconds). They agreed with previous findings of Fine, Hansen,
Peacock, XKlein, Hust and Laor (1966b) that the data fitted a simple
thermal model. They also concluded that heat conducticn from the surface
was the principal means of loss. The blink reflex corresgended tc a
definite increase of cormeal temperature. 32arely visible cormeal damage
was observed following irradiation at 0.3 cal/cmé@.

Fine (1566¢c) indicated that the threshold for injury tc the ccrmea
should te about lOO.}Mme2. Fine, Fine, Feigen, and MacKeen (1267)
reported the threshold for cermanent cormeal damage Sollowing continucus
COp laser Lrradiaticn of the rabbit eye. In this study the irradizticn
periods were for "infinite time," that is, exceeding 10 mirutes. >ower
densities studied ranged frem 20 mw/crn2 o 350 mW/cmg, the diameter o7
the spot size was approximately 1J mm; therefcre, the greater portion of

the cormea was Irradiated. Histology of irradizted cormeas indicated




r —

27

that the threshold for permanent injury was between 100 arnd 200 i/ 2mC 4
on ccntinucus irradiaticn. The authors felt that the data obtained
from rabbit eye corneas cculd te extrapolated o human eyes.

Feigen, Fine, MacKeen and Klein (1967) reported that hair ard
clothing were readily ignited and sericus burms cculd be rroduced In
rodent and crimate skin and wderlying tissues on COp laser irradiaticr.
Protective materials were ilnvestigated to determine the f2asibility of
their use with COp radiation. Plastlc, fiberglass, and rubker offered
adequate protection to the head con fccused 20-watt laser irradiaticn;
the slcw ablation of plastic face shields which occcurred served as a
warning. Glass irradiated near the edge cracked mere readily than wnen
irradiated In the center; furthermcre, urbroken irradiated glass was
likely to ccntain stress ratterms so that a second irradiaticn resulted
in fracture in a sheort period of irradiation. The bright light emitted
frem focused irradiaticn on glass was determined to te sufficiently
intense to te hazardous to the retina if the zlass was near to the eye.
Quartz was found to withstand cracidng on irradiation ard the emizted
light was less intense than that rrem glass. Current regulations (T2,
1972) require that éll Zlass lenses used in corrective eveglasses e
heat-terrered or otherwise treated to reduce shattering. Such heat
treatment may predispese such lenses to shattering cn CCp irradiation

Therefore, roustine wearing of plastic corrective eye lanses in the

range cf CC; laser radiaticn aprears to affcord surericr eye pretecticn

to that offered by heat-tempered glass lenses. Alsc, lenses made cf

plastic are more readily available and iless 2xpensive than those made cff
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quartz; however, thls requires further study.
Fine, Berkow and Fine (1968) reported the presence of calcium sprer-
ules in healed cormeas of rabbits previoﬁsly irradiated for 10 minutes
at suprathreshold power densitles (greater than 200 mW/cnz). The authors
reported the distribution of these calcium spherules resulited in a
clinical and histcpathological appearance identical with that ckserved
in band keratopathy in the human cornea. Although some spherules were
scattered throughcut the comeal stroma, the majority were in a plane
located irmediately bereath the epithelium. In the human eye, this plare
15 occupled by Bownan's membrane, the zone which is most severely affected
in band keratopathy (B. S. Fine, personal coamunication). Some of the
spherules had been phagocytized by the cormeal keratocytes. but the
majority were lccated extracellularly. They stated that 1t was clear
that the calcium deposition located initially rear the epithelizal base-
ment membrane resulted from scme epithelial activity. No calclum depcsi-
tion was observed within the epithelial cells by the methods used.
Campbell, Rittler, Bredemeier and Wallace (1968) irradiated rabbis
eyes with COp laser radiaticn. They used a 75-watt American Cptical
Unit which delivered the power threugh an articulated arm and hard-piece.
They irradiated a 1.5 mm diameter area of each comea for cne secord;
the pupils nad not been dilated prior to irradiaticn. They reported
that irradiations of the cormea with power ranging from cne to five watss
penetrated to Descemet's membrane or cerforated into the anterior chamber.
The 1ris prolapsed in one eye following a S5-watt (approximately 280 N/cmz)

irradiation. Upen histological examiraticn of the eye 24 hours post
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irradiaticn, they noted coagulaticn necrosis of the cormeal tissue
surroundirg the perforation, and the strcmal fibers had undergone a

partial hyaline degeneration. The corneal endothelial cells were

completely necrotic. The anterior chamber was filled with serosanguine-
ous exudate and the iridial vessels were distended. The lens contaired
a small dreop of liguefied cortical material 2 millimeters bereath the .
anterior capsule directly in the path of the laser beam. In examination
of an eye followirg 1 watt irradiation (approximately 60 '.~J/cm2), the
iris was adherent to the endothelial layer of the cormea under the site
of irradiaticn. They felt this had resulted fyrom a treak in Descemet's
membrane; however, they were unable to locate 1t on serial secticnirg
of the cormea. Eyes which had been perforated sealed spontanecusly with
reformation of the anterior chamber. The craters in these rerforated
corneas f1ilad in with cpaque, 1ll-defined cormeal infiltrates in the
four weeks pdst irradiation. Pigment dispersion was noted on the lens
surface and a small localized cataract was present at the site of per-
foration. They found decreasing cormeal damage as the incident power

f was decreased frem one watt to a minimm of 68 mW. They determined that
the threshold for Lijury to the cormez was 58 mW/1.5 mm diameter (3850
mW/cm?). They averred that <his value is correct o + 5% based on
slit-lamp and histological examinations. The authors aprarently did nct

consider that heat can {low from the lrradiated site to adjacent tissues.

Therefore, Zetermination of the threshold con cormeal damzze based ¢n
irradiation ¢f such a small arez may be in error. They Jurther stated

that lens injury occurs ¢nly on perforaticn in which the lens is

directly irradiated.
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Peppers, Vassiliadis, Cedrick, Charg, Peabody, Rose ard Zweng
(1969) investigated the threshold for CO, laser corneal irradiation
for pulses shorter than the blink reflex. The diameter of the beam
ranged from 2-4 mm. Their criterion for a lesicn was an opacity ce-
curring within 10 minutes after exposure. Their threshold values
were 1.2 J/cm? in 55 msec., 0.77 J/em? in 10 msec., and 0.55 J/cm®
in 3.5 msec. The threshoid lesicns healed without scarring in 24
hours. They stated that cormeal damage begins when the corneal tem-
perature increased by 35° C to a final approximate value of 67° C.

They did not make any temrerature measurements, but reported values
determined by a thecretical heat flow model. They stated that the
beam dimensions did not affect the threshold values as long as th
exposed area is large campared with the depth of absorpticn in the
tissues.

Geeraets, Fine and Fine (1969) irradiated rabbit corneas with CO,
laser radiation at power densities ranging from ¢ to 20 W/cme for pericds
of 1 or 4 secords. On in vivo examination within 6 to 8 days following
irradiation, the corneas had grayish-white opacities; several had deer
central craters and/br verforaticns, and antericr lens indentations were
reportediy visible on slit lamp examination. Nine menths pest irradia-
tion the greater part of thecorneal cpacities nad abated leaving crly
a small superficizl haziness. OCn slit lamp examinaticn of cne eye at
this time, the lens was clear, but showed a small central depressicn of
the mid anterior surface. By retroillumination, a coronz of fine dust-
like cpacities seemed to te present in the anterior ard posterior cortical
region. Subsequent excisicn ¢f the eyes ard histological examinaticn of

the cornea from this eye indicated that the cornea had been perforated.




Litwin, Fine, Klein and Fine (1969) repcrted on tum injury follcw-

ing carbcn dicxide laser irradiation. They irradiated aresthetized
rabbits, monkeys and dogs. Irradiations of eyes at 5 watts for one
second caused severe cormeal burns, which healed but left disabling
corneal opacities. Wwhen a morkey's eye was irradiated at 15 watts for
one second, the cormea was perforated. They reported <hat the rate cf
soft tissue penetraticn was about 0.001 cm/sec/W/eme. Merosceeplic
examination of the abdominal skin of the dogs after irmadiation showed
healirg and regeneration of the epldermis and dermis when penetraticn
was not deep. Wwhen the irradiation injury penetrated into the cdermis,
there was healing by granulation and typical burn scar formation, but
damaged epidermal appendages did not regenerate. The heat injury site
seemed to have been well localized under the conditions of the study.
Irradiation of a dog's scalp at 24 watts for 10 seconds quickly exgcsed
the underlying bore and caused carbenization. The authers calculated
that a ong-kilowatt continuous carbon dicxide laser will preoduce a
localized soft tissue burn one centimeter deep over an area cf cre o=
within one second.

Liebowitz and Peaccck (1969) descrited ccrmeal damage follcwing
2 laser exposure. They irradiated cormeas cf anestheticed ratbits.
The team diameter was approximately § millimeters and the duration 27
the pulses rarged from C.07 to 1.0 seccnds. They grouped rarges of

/0
pulse duraticn and energy densities according o the fcrmula P(t)*/‘

(P = W/cm@ ard t = seccnds). They reported that their threshold value
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ranged from 5.7 to 6.7 P(t)¥2] and as the value increased (14.8 -
20.2 W/cnz, 0.07 - 0.12 second) the amount of cormeal damage became
greater. Irradiations of values greater than 44.2 resulted in perfora-
ticn of the comea on Ilrradilaticn.

Beckman, Rota, Barraco, Sugar and Gaymes (1971) used a COp laser
to perform ccular surgery cn rabbits. The laser had an average power
output of 150 watts and a pulse rate which was variable fram 60 to 300
pulses per second. They performed limbectcmies with the focused output.
The production of these apertures into the anterior chamber was accch-
panied by bubbles in the aqueous humor. All the eyes irradiated in this
mamner had filtering blebs which persisted for six months. They also
performed keratectamies by irradiating the cormea with a ring-shaged
beam pattern made by focusing the output with an Axicon lens. Following
a partlal peretrating keratectory, the rim of the ablated area apreared
white without evidence of charring. The edge cof the Xeratectamy was rot
as sharp as if the operation had been performed mechanically. The
cormeal button formed on peretrating keratectomy was pyramidal in shape.
They remarked that the pyramidal appearance of the butten resulted Sram
the fact that cutting occcwrred more rapidly in the anterior cormea than
in the posterior layers tecause of the divergence of the beam exiting
tha Axicon lens. They stated that one should te able to use COp radia-
tion to remove cylindrical or mushream-shaped ccrmeal grafts if a circu-
lar beam could be obtalned with less divergence. The authors apparently
neglected to consider that the pyramidal shape of the cormeal tutton may

have been due partially t¢ heat-induced shrinkage of strcmal collagen




fibers. Durirg irradiation, the cutermost stremal layers may have teen

raised to a higher temperature than the subjacent layers near the

aqueous humor.

Dental Investigaticnrs

Lcbene, Zhussary and Fine (1963) investigated the effect of lccused
COz laser radiation on the enamel and dentin of extracted human teeth.
They focused the output of a 20-watt centinucus wave (c.w.) COp laser
to 1-4 m spots by means of an Irtran II (zinc sulfide) lens. The
resuitant pcver densities rangsd frem 150 tc 2,400 d/cm ; expesure tlimes
rarged from 0.1 to 5.0 seconds. They rerorted that enamel in Iirradiatad
areas was fused, chalky and copaque. Immediately post irradiacvicn the
irradiated areas, including the crater, were nhct to the touch. Attempts
to fuse nydroxyapatite tc enamel falled. X-ray diffracticn patterns cf
irradigted enarmel did not show any alteraticn of the normal hydrexyara-
tite patterm, btut did show evidence of alpha calcium orthegheschate.

In vitro heat trarsformation of hydroxyapatite ©o alpha calcium orthe-

-

phosrhate occcurs wnen terperature cf 1,4CC

-

is attalned. Histologi-

(]

cal examination of the irradiated material shewed that eraciks exterded
through the eramel and penetrated the dentin. The rod substance of the
engmel had bteen disrmpted and the inter-rcd substance had teen inciner-

ated. It argeared that incireration of the orthodentic process had

occeurred.
Scheiren and xantcla (13€3) investigated the effect cf €0, laser

2) for 1 <o 3 seconds cn extracted numan

irradiation f:cused (300 iW/cm




teeth. These irradiations resulted in craters whose depth was a
function of the irradiaticon time. Microscopic examinaticn showed tha
the temperatures reached were suffliclent to melt and vaporize the enamel
*1ycirz:xja.;:at:.u . Part of this material solidified and then condensed at.
the periphery cf the crater resultirg in an elevated rim. The organic
coenstifuents were inccmpletely ccmbusted at the perighery cf these
crat:ers'.

Scheinen and Xantola (1369) carried out microradicgraphy and
polarized light microscopy on the craters resulting from focused 032
laser irradlaticn of the buccal surfacss of extracted teeth. Thcy
reported sxtensive cracking of the enamel in the crater regicn; this
crac«ing axtended to the dentin. The outer layers of the lasered =snamel
were highly radio-—cpacue; this was felt ¢0 have resulted frem plume
cerdensation and recrystallization. The radiolucency of the material
immediately beneath “his regicn was thought <o have indicated an area
in which 2 large proporticn of the hydroxyapatite had teen vaporized cr
melted. The polarized light microsccpy of areas adjacent to the crater
indicated regions of reduced amounts of ordinarily negative birefrirgen

\

crystals. The peripheral dentine was remarkably X-ray absortent indizat-

ﬂ

ing a high degree cf mineralizaticn grobably associated with the vapcrized

or meltad eramel.

Stern (1270) cormpared the demineraiizaticn of "artifisial cartoz’! emean
i oS

v -—— calts j e

duced in CCp laser irradiated and centrol spets of dental enamel. He

irradiated the buccal side of human third molars with approximately

P
160 W/em= for C.1 or 3.5 secernds in a T-im dizmeter spot size. The

|
i

UV TV
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control and irradiated sections were cttained from the same non-cari-
ous teeth which had been previously frozen immediately fcliowing extrac-
tion, then thawed and secticned. The entire sectlon of tooth was
covered by wax except for the 7-mm diameter irradiated or control regicn
The waxed sectlions were lmmersed in lactic acid and hycdroxymethylcellu-
lose solution (pH 4.5) at 37.5° C for pericds ranging from one to “wo
weeks. Each section was removed at the first sign of a white "cariocus”
spot. Sections made through these regions were X-rayed. He reported
that the Q.1 second COp laser exposure reduced the surface demineraliza-
tion "caries." Although he f2lt that there might te damage to the pulp,
the use cf higher power would permit shorter pulses and thereby reduc
the heating to the materlal subjacent tc the enamel

Weichman and Jchnson (1971) reported on their unsuccessful attempt
to seal the orifice of root canals of teeth in vitro with the focused
output of a CO, laser. The laser output was variacle frem 5 to 2CC watis
the spet size frem 0.CC5 to 0.1 inch in dizmeter and the pulse duraticn
from 0.1 msec to 3 seconds. Cre unit employed was capable of emitting
sirgle to multiple pulses (1C0 p.p.s.). During irradiation the target
area was ccoled by a stream of high wvelocity argen gas. They recorted
Tthat the lasered sita became hrown at the threshold for damage; with
Inereasing tewer and pulse duraticon, charring occurred fellcwed -y mels-
ing of the cementum and dentine arnd sventually a poreelainized surrace
formation cecurmed. The pereelainized swrface formation unfortunately
was net fused the underlying materdial. This lack of fusicn indicated

to the authors the arparent unfeasibility of this technigue for sealing




off root canal orifices. They felt, however, that the method had

possibilities and stated they would attempt to create a fused reglon ty
the addition ¢f powdered dentin to the target area pricr to laser exgcs-

ure.

Surgical and Medical Applications
" ‘Fine, Hansen, Peacock, Klein, Hust, and Lacr (1966b) reported bic-
physical studies with the CO; laser. They discussed a heat {low analysis
of threshold lesions in redertsiin and tissue ablation in rabtit skdn
produced by COp laser radiation. They reportec that the abscrrtion co-

efficient for tissue at 10.6 u ranged between 130 ot

and 270 am~i,
therefore, radiation at this wavelength is attenuated ty 64 percent at
depths ranging from 37 u to 77 u, respectively. They carried out calcu-
lations based on both an opaque and a dlathermatcus tissue model when
performing thelr heat-flow analysis. The temperature elevaticn at the
skin surface obtained by thermocouple measurements of sidn on C02

irradiation were in agreement with their predicted vaiues.

Yahr and Strully (1566) reported a method for blocd vessel anasctc-

mosis which utilized the fccused cutput of the C02 laser. In their methcd,

one side of the donor vessel near the distal wall was glued ¢ 2 wall o7
the recipient vessel with Eastman S10 morcmer (2-methyl-cyzncacrylate).
Then an aperture was created in this canmen wall ¢f “he <wo vessels with

LS

the focused cutput of the Qs laser; the cpen end of the dener vessel

was then cliosed creating a side-to-side anastomesis. They reported <hat

care had to ve taken during e:pcsure in order that a seccnd aperture was




37

not creatad in the opposite wall of the reciplent vessel. They alsc
reported that the focused COp laser beam permitted clean, relatively
blood-free incisicns of sidn, liver, kidreys, lung and tore. They did
not present data, hcwever, to substantiate this statement. 2ased on
our owvn unpublished results, this appears to te unliiely.

Mullins, Jennings and McClusky (1968) utilized the focused outrut
of a 50-watt OOy laser in studies on the reaction of gorticns of rhesus
monkey liver. Histolegy was done on the irradiated area and adjacent
tissue. Also, serum enzymes were monitored as an index of liver damage.

They were able to cut and sea. vessels with dizmeters up to 3 m;
however, it was necessary to constantly remove blood flowing from larger
cut vessels tecause 1t apsorbed the radiation arnd nalted cuttirg.

The ccncentraticn of many hepatic enzymes was increased in the cir-
culating blocd during the 24 hours follewirg surgery; the levels of
nearly all retwrmed to normal within the ensuing <wo weeks.

Histolcgical examination dore one or three months after liver resec-
tion showed adjacent areas of camplete cellular destructicn with promi-
rent vacuolizaticn and necrotic cells. Their sumary cf CC; laser surgery
of the liver was that it was clcodless, allowed fast dissecticn and Shere
was ro sizn of continudng organ injury, and the healing was uncarrlizated.
This conclusicn is pretably rot justilMed--they had protlems in sutting
larger veszels.

Srowrell, Parr and Eysell (136%) determined the threshold values
for CCp laser damage to the skin., They irradiated the ungigmented areas

of Yorkshire plgs because they censidered that this tiscue mest 2losely
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resembled hunan skin histolegically. The diameter of the irradiating
bteam was Q.75 inch and the pcwer densities ranged fram 0.£9 to
13.6 W/em. They cbtained infury reactions at both thresnold and
suprathreshold levels. They defined a threshold lesion as ore in
ch the srythema disappears witin 18 £o 24 hours. Their lesicns
ranged frem thresncld to white, coagulated Swms. The burns were eval.a-ad
18 to 24 hours after laser exgosure and the analyzed data reported as
the median z{factive Exposure Time (ZET5q), i.2., the exposure time Tor
a given irradiance (with a 50% probability) of producing a given grade
of lesion. The ZET5y ranzed frem 0.22 seccnd at 13.6 W/eml to 21.5

seconds at .59 W/em? for mild er thema; 0.43 seconds at 13.5 W/em?

«t
P

33.1 seccrnds at 0.89 /am? fop moderate erythema; C.54 secornds a%

(02

13.6 ’.'I/c:.'::2 tc 46.7 seconds at 0.49 '.-I/cn2 for severe erythema, and .7

n

seconds at 13.5 W/em? «5 33.5 seconds at 0.74 W/em® for a white spotty
bum.

Fox (1369) rerorted on nhis investigaticn of the use of focused
COp laser output as a surglcal "light wnife." This study emplored =z
specilically <cnstructed apparatus in which 30 to 35 watts were cdelivered
through an .i:ulé:ted arm. The output beam was 2 millirmeters in
diameter.

He reported that nearly blood-free incisicns of tis
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produczd except when blood vessels larger <han 1 mm diameter we
When vessels cf this size were cut the resulting nemcrrhage absircsd sShe
laser erergy and nalted Durther cutsing, Similar treblams were

enccuntered wnen he attempted to incize train or liver. Only the surfacs

—_— . . a——— - *
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of bone could te readily cuc. Although glasses or plastic goggles

were worm by the swrgecn and nis assistants for protection, the invisi-
bility of the beam caused accidental bumms either by direct irradiation
or frem reflection of the beam frem metal surgical egquipment.

Ketcham, Hoye and Riggle (1570) menticned use of the CC, laser %o
perform a partial hepatectamy and alsc reported that the bleeding durinrg
sucH an cperation was minimal unless a major vessel was involved.

Leon Goldman (1370) stated that the use of the invisible COp laser
in bicmedical applicaticns required the simultaneous use of a Hellum-
Necn laser to lc:cate the beam. He fNurthermore reperted that quartz

glasses are now being used with high power CCp units.

Wilkening (1373) stated that the threshcld data for the COp laser was

nearly absent according to his literature survey. (The threshold data
of Fine, Fine, Feigen and lMacXeen [1967] rad been previously repcrted.)
He did remark that Zweng had presented "tench-mark”" data values at the
33rd annual meeting of the Industrial Hyglere Foundaticn. He further
ramarked cn the ccrmlete absence of thresheld data for UV lasers. He
stated the necessity [or asppropriate protective aye wear for use wich
each laser. '

Rockwell (1970) discussed the -pplicaticn of the CCs laser cutpus
in tissue cutting and repcrted investigaticns carried cut to determire
the conditicns required. Ee stated that the vower dersitiss required

4.,,.2 . . ; -
W/cm®. He measured the sower density and cutting

ranged {yom 103 te 1C
speeds required to Incise rat abdominal skin. He accomplished this bty

passing the anesthetized znimals under the fccused beam (.3 to C.o m
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diameter), thus irradiating the skdin surface at controlled rates. He
reported power required ranged from 1.25 watts and cutting speeds varled
from one to 20 mm/sec.

Goodale, Okada, Gonzales, 2ormer, Zdlich and Wangensteen (137C)
utilized the output of a C0p laser tc halt bleedirg from experimentally
produced gastric lesions. The lesions were produced in degs wndergoing
a constant infusion of heparin and histamine. The lesions were procuced
as follows: the stomach was expcosed by a laparotomy and a deep ulcer
created in the internal gastric wall with either a pumped Jet cf HCl cr '|
by abrasion with steel wool. At this time a gastrostamy was rzerformed
and the blcod loss determined by weight following the sequential appli-
cation of tared paper discs to the lesion. Then the CO, laser gastrcs-
cope was Introduced orally into the stcmach; the bleeding site was
irradiated (12 W/cm? over a 3 cm2 area) for 3 to 5 secends continucusly.
Then the blood loss was determined again. The experiments were repeated
using a monopolar ball electrocautery trit in place of the laser. Hemo-
stasis was accomplished 60 times faster with the laser than with the
electrccautery apparatus; furthermore, there was a significant decrease
in the amount of blood lost from she lesicns foll irg laser irradiaticn
over that lcst frum the electrccautery-treated lesicrs. There 3id ros
appear to te any cbservable histologlcal dlfferences between the areas
irradiated with the laser and those treated with electrocautery. The
authors felt ¢that this CO; laser method cf treating hemorrhaging stress

ulcers vould be preferable to orerative measures in the meribund patient.

Gonzalez, Edlich, Bredemeler, Polanyl, Socdale and Wangensteen
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(1370) campared the efficacy of the COy laser output with an electro-
cautery apparatus in the management of liver hemorrhage in dogs. They
used a device wherein the cutput frem a CCp laser was directed thrcugn
an articulating arm to a hand plece. The cutput power density was
12 W/em@ (45 W); the electrocautary was a mcnopclar ball tip electre-
coagulation needle. Standard subcapsular lesions (8 x 3 x 0.5 em)
were created sequentially on separate lotes of the sane liver. Cne
group of animals was pretreated with sufficient herarin to delay clotting
time threefold. The other group was not pretreated. Hemostasis of cre
lesion was accomplisiied with the 2lectrocautery needle, then the second
lesion was created and hemostasis was accamplished with COp laser cutput.
The hemostatic ability of the iaser outgut was significantly greater
than that of the electrccautery. Also, the electrocautery adhered to
the tissue and required trhe constant remcval of deratured blced.

The incisions were clcsed and the animals were kept for observaticn

and subsequent histolegic examiraticn. Histolegy showed that the zcne

of adjacent tissue necrosls in laser~treared livers was {ive millimeters

Polany?, Sredemeler ard Davis (1970) discussed the use of an
American Cptical Campany (AC) laser for surgical procedures. The laser
unit delivars a useful output of §J watts. A shutter zrrangement z2ilcws
pulse lengths from 0.1 to § seconds; this may 2e pesiticred for continu-
cus use. Visualization through the assoclatad endesccpe attachment cof
this unit 1s permitted by means of a time-sharing arronzement. The line
of sight illumirating light and the laser beam can e directed down 2

cormon path to the target site.
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They reported that most tissues except bone are cleanly cut by
burning or vaporization when the beam was focused to a diameter of 1
millimeter or less. The output has been used for the removal of cancer-
‘ous tissue. The laser output has teen used experimentaliy for th
destruction of parietal cells of the gastric mucosa In cases of gastric
ulcer. They reported that the output had been used to produce experi-
mental cardiac myopathies, as well as partial and complete heart block;
others had utillzed the laser to create lesions in the brain and spinal
cord.

Stellar, Polyani, and Bredemeier (1970) reported the results using
the AOC (DZ laser in cutting a variety of tissue; dogs and cats were used
as experimental animals. They attempted to determine the coptimal condi-
tions by varying the intensity, the diameter of the irradiating beam, or
the rate at which the cuttirg portion of the beam swept over the tissue.

They found the laser beam cut all soft tissue readily and hemostasis 1

was excellent. At a power of 40 watts or less, btone charred and ignited.
Skin, muscle and fascla were cut in one "nearly bloodless sweep" of the

! laser beam, Underlying tissue was protected from the beam by covering

with a wet section of gauze.
Investigations were carried out on necplasms transplanted Iin mice.

In order to laser these tumors, the overlying sidn was reflected, then

| the tumor was vaporized until 1ts base was reached. Finally, the tase
of the tumor was wvapcrized, making an effort to destroy 21l necplastic

tissue visible under the orerating microscere.
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Lesions were rroduced in the brain and spinal cord of cats with

the focused laser output (a few watts Q,3-0.5 sec. exgosure). This

z

(8]

operation was best accomplished through the Jdura follewing craniectcmy
or lamirectcmy; this technique preoduced a sealad lesion without spimal
fluld leakazge. In cases in which boiling of cerebrospinal fluid frem

the cord dissipated a portion of the laser erergy, a second exposure

was. recuired to create a suitable lesion. Animals were killed for histe-
logical examination at one hour, at four and 14 days, and at one and
three-month ctericds. The walls of the hole in brain tissue were smcoth
and <he depth of the surrounding damaged tissues was less than a fraction
of a millimeter.

They suggested that once exposed, large areas of the traln, e.g.,
gray nucleus, may be vaporized away; similarly, spinal tracts involved
in pain transmission might be destroyed with the CO laser cutput.

They repcrted some apparently ancmalous results follcwing tumer
remcval experiments. Same fumors recurred when all the necplastic
raterial had aprarently been removed. Cocnversely, tumors 3id not recur
in some exgeriments in which necplastic material had teen dellberately
left. They plan to-'determine the extent of certain tuncrs 7 menitor-
ing <ha radicactivity of the smoke produced dwring CCp laser remeval.

. N . - - W
Cervain tumors will take up 3 c¢cnsiderabls zmount of 7131 o ¢ lapeled

albunin injectad intravencusly Immediately ¢
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(Cre must cersider, Ligwavar, that turmors may not selectivel; cake up
racdicactive compeounds.)
They felt that the COy laser <reatment cf decubitus wizers ("ted

scres") could readly clean and denude an area of Jead tissue.
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Disadvantages include the invisibility of the beam, also the
danger of fire or explosion caused by interaction of the beam and
flammable material and gases. The author concluded that reading
spectacles provided adequate protection from erergy inadvertently
reflected from metal swrgical instruments. (See note included in this
chapter by Feigen, Fine, MacKeen and Klein (1567].)

* " Campbell and Fne (1970) reported threshclds for heat sensation
on irradiation of human skin in vivo with the output of a CC, laser.
They irradiated 3, 7, and 12.5 cm? areas of the dorsal area of the
hand of two Caucasian males. Their data was compared with that of
Brownell, Parr and Hysell (1568) reporting the power density, area, ard
exposure duration required to produce erythema on depllated percine

skin.

Campbell and Fine

R (seconds) Watts/cm? Arealem?) RT (reacticn
time) time
1 0.320 3
elapsed between
0.75 0.700 3 exposure onset
and response to
15 0.290 7
the sensaticn
0.75 0.700 7 of warmth.
30 0.195 12.5
0.75 0.700 12.5




Brownell et al. (1968)

T (seconds) Watts/cm@ Area(cmz)
21.6 0.69 3.4 g
Mild erythema
0.37 7.6 3.4 %
39.6 0.74 3.4 g
White spotty
1.1 7.4 3.4 gbum

T, exposure <ime
Goldman and Cowards (1970) rerorted the effects of irradiating

metastatic human melanama with a 25-watt CCp laser output. They found
that non-srecific thermal coagulating necrosis develcred with no local
disseminaticn cf tissue fragments. (In our studles, we found that the
heat generated cn irradiation prcduced pain. The authors did not dis-
cuss thelir methods for overcaming this problem.) They reported She
producticn of partial or camplete heart otlockage in dogs cn 30-wats
irradiaticn with an AQ0 CO; laser unit. They furthermore menticned their
work on liver surgery where the heat transmission, histcchemistry and
Liver functicn data will be rerorted later. They controlled bleeding
frem large vessels with gel fcam packs aznd thrombin and also exgeri-
mented with methods for welding liver tissue. They repcrted cne member
of the zroup had used the CO2 laser cutput in the contrel of exgeri-
mentally produced zastric hemerrhiage in dogs. This short report Sur+her

discussed the use cf 20-watt pulsed high frequency COs laser; the




device cut tissue well but produced hemorrhage and plumes of blood. ﬁ
They reported
of a patient with the CO, laser Lecause of the great deal of asscciated
vascularity;
They removed a digitel argicsarcoma with a scalpel, a CO, laser beam
and a nigh frequency slecrrosurgical wnls and reperted that tased on

the relative merits of each technigue, the 05 laser appeared to have

been best.

of Investigaticn, their conclusions should te viewed as tentative.

Because of the small amount of data reported in any cne area

Y

Lé

. 3 - e
that they had remcved a hunman eplicheliama fram the reck

they experienced a minimal amount of associated bleedinz.




CHAPTER II

SCTULTANECLUS SURFACE AND ANTERICR CHAMEER TEMPZRATUFE MEASUFZENTS T
DURING CAFREON DICXEIE LASER IRRADIATICH OF Tr& CCREA :

™ne, Hansen, Feacock, Jein, Hust and Laor (1G4€z) reported that

che absorpticn coefficient, a, of tissue at 10.6 u ranged from 13C o™

L and that its reflectivity was less than 1% at that wave-

to 270 cm”
lergth. furthermore, 1t Is crobable that the scattering in tissues is
not significant at that wavelength. Consequently, at low irradiaticn
power levels where there 1s no significant tissue alteration, 647 of

the incident electramagnetic energy (I,) would te ahscrved in the outer-

most 78 to 37 u of tissue, respectively; and an equal percentage of the

(@ o]
t

residual transmitted energy absorbed by the underlving 78 to 37 u of £is-

w
v

sue and so on. CUnder these circumstances, whnere there is no significan:
teration in the absorpticn ccefficient, 5 , with time, the transmissivi-

ty of the cormeal tissue will obey an essentially exgenential relaticn-

ship:

where I 1s the radiation intensity at a depth from ie
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ba ool P ald
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within the cormeal tissue, Iy Is the incldent intensisy, 2 is the
apsorpticn coefficient, and x is <he derth within the scrmea.

Sased on this exponential relatiznship and utilizing “he leower cof
She Two apsorgticn values gucted above, the maximus: percentage which

v - 3 o . =" 3 oaie ] e s -
could Ze Sransmitted through a S0C u thicik aduls raphit cormea wecull te

- v

0.201%7%7. As a resul
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absorbed within the cormea under the above conditions. Even if the
radiation is essentlally absorted within the cormea, hcwever, there

will be heating of the underlying aquecus, iris and lens on 002 irradia-
tion of the eye.

Fine, Fine, Feigen and MacKeen (1668) also repcrted that the thres-
hold for cormeal injury on continuous COp Irradiation of the ccrmea was
100- to 200 mi/cm?,

The purpose of this chapter is tc determine the cormeal surface
steady-state temperatures as a functicn of pcwer density under (0
irradiation, including the temperatures on irradiation at thresheld
levels for injury. A seccnd purpose of this study is to determine the
aqueous hunor temperature under these irradiation condifions and the
relaticnship between the corne;l surface and anterior charber tempera-
tures. Frem these data 1% may be possitle to astimate the steady-state
aqueous humor temperature elevations during C02 irmadiaticns of the

cormea by measuring the cormeal surface temperature.

Materials and iletheds
The 0y laser dsed in this investigaticn is descrited in Aprendix
1 and shown in Hgure A-1-1. The team was exvanded by means of a cen-
cave frent-surface mirror. A hamegenecus rorticn ¢f this team was
selected by means cf 1t3 gattern groduced on Thermefax paper. A team
selector with an exdt aperture of 1.3 cm2, shewn in Figure II-1, was
placed in ©his portion <f the radiation. Varyirg the distance tetween

the team selector and mirrer varied the pewer Jensity at the beam

e e —
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selector exit port. Power densities below 250 mil/cme were measured with

a calibrated Eppley thermopile (ZErpley Corp., Newpert, R. I.). Greater
power densities were measured with a Coherent Radlation Laboratory Model
201 detector. A plece of Thermofax marer was tempcrarily affixed tc
the exit port prior o andmzl irradiation. Zssentially wilform darken-
ing of the 1.3 cm® diameter area indicated that the entire exit Tort
area was irradfated.

Fifty adult male and famale albino rabbits were used in this study.
Each was systemically anesthetized with I.M. injection of Innovar Vet
(fentanyl 0.4 mg/ml and droreridol 20 mg/ml) plus atrepine sulfate tc
contrel respiratory distress. The eyes were tcpically anesthetized
with Cphthetic dreps (preparacaine HCl, Allergen) dilated with Mydriacil
solution (bis tropicamide 0.5%, Alcon), and held open with a metal
speculunm (11d retractor). The eye of the rabbit was positicned zehind
the exit port so that 1ts cormeal surface was at the appreximate level
previously occuplad by the heat sensing disc of either power detector.
Visual inspecticn threough the Ceam selector assured corplete irradiaticn
of the cormezl swrface in the speculun-opened eye.

Surfice temperathm determinations were made with a f{lat-ended
chremel constantan thermocouple (Baldwin Lima Hamilten No. TC-RC-FS

100). Anterior chamber temperature measurements were made with a smecth-

ended sheathed thermocouple made of the same metals (BLY No. TC-RC-IS-
100). PReference functicns (Fig. II-Z2) made of the same metals were
.secured in a3 continucusly stirred, constant <emrerature water bath maine

tained at 33° € (a Gilson Warturg 2ath containing approxis atelj €0 liters
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of water). The room temperature was maintained at 20-25° C by means cf
an air conditiocner. The thermocouple ocutputs were amplified by separate
Hewlett Packard 412 Vacuum Tube Voltmeters and were recorded on separate
channels of a Massa Cchu PR 201 Recorder.

Once the anesthetized animal was positioned at the exit port cf the
beam selector, both thermocouples were calibrated at the temperature cf
the reference junction (33° C) and at a higher temperature (e.Z., 45° )
in a Dewar flask {llled with water monitored with a mercwry thermameter.
An opening was made intc the anterlor chamber of the eye immediately
anterior to the limbus w~ith a 26-gauge hypodermic needle. The smcoth-
ended thermocouple was inserted via this cpenirg taking care to avcid
touching the iris or lens surface. Unless ctherwise rncted, the heat-
sensing tip was positicned approximately in midchamber along the eye's
axls. The anterior chamber temperature was allowed to equilibrate for
several minutes. The flat-surface thermocouple was held lightly on the
cormeal swrface until a constant reading was obtained. At this point
the irradiaticn was begun. The surface thermocouple was remcved af<er
a steady-state temperature was reached and replaced for periodic meni-
toring. It was r‘epl:aced orior to cessation of radiaticn ard held in
place until the cormeal temperature fell tc, ¢r approximated, pre-irradia-
tion levels. Cccasiorally, after the surface and antericr chamber
temperature had plateaued, several dreps of saline were zrplied ¢c the

cormea to determine 1ts offect. This was dere orimarily tetween irradiz-

tion power densities of 200 %o 200 /e
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Because of possible beam irifizoszneities (L.e., variaticns of tre
beam), the external thermoccuple was mcved gently over the surface cf
the cornea durirg the irradiation in order that temperature diflerences
might be measured.

In two instances, it was pcssitle to move the sensing tip of <he
inserted thermecouple in wvaricus parts cf the anterior chamber during

the irradiation. In these situaticns, the

o

gmperature was measured in
various regions of the anterior chamber and in the region pesterior tc
the iris during the irradiation.

Studtes of the radiation abscrption by the isclated thermocowplie,
dry and wet, were carried out in ailr at power densities ur to 1,0C0 =& '/cm2
the reference thermoccuple was Lmmersed in a Dewar {lask filled with
water at 20° C. The thermocouple was moved vertically and laterally in
the beam approximately cre centimeter in front of the power detector

opening at each pcwer density level.

Pesults
Gross Appearance of the Antericr 2orticn of the Irradiatad Zye
No visible alteraticns of the cormeal swuwrfaces were chserved during

hlal 2 - AN - 2y o
r 12 minutes; when the zower density was

— v T i [ET-N

the exposwres (arproximatel

100 mW/cr? or less. Pitting of <he cormeal surfacge was observed, ncw-

apm A W L dmdmd E - .., - RS -

The extent of the pititing increased with inecreased pewer Zensitiss, as
-, - - -t - . S AsAn - 33

reported previously (Fine, Tine, Teigen and lMacKeen, 15tZ). In zddi-

a2 - S - - -t -l i
ticn to the pitcting ¢ the 2ornea, exgosures greater than ol oiWv,/om-




caused cormeal opacification. The rapidity of appearance, as well as
the degree of opacification, apreared roughly a function of the power
density; that is, at 380 mW/cmz, the cpacity precduced was slight and
appeared after eight minutes cf exgosure; whereas, at 7SO W/, che
opacity produced was prorounced and appeared after only about three
minutes of irradiation.

- A third type of cormezl alteration was noted durirg these highrer
power density irradiations (greater than 380 mi/el) . The investigatcr
movirg the hand-held thermocouple over the cormeal surface sensed the
gradual appearance of "hard spots." The majJority of these "hard spots”
were in the superior porticn of the cormea, although tley were also
sensed in the mid portion of the cormeal swrface.

Prior to irradiation, the puplllary diameters were approximately
10 m follewing the administration of the mydriatic. Following power
density irradiaticns greater than 500 m&n’/cm2 the pupils apreared ceon-

bl v

stricted; the pupillary diameter was reduced to apprc “mately S mm.

In Vivo Temperatwre leasurements
Although the léng:h of time varied during which the eyes were held
open with the metal speculum gricr tc irradiation and (e rccm tempera-

an
ture was rot maintained absolutely constant (20-2%°

(@]

Y, our pre-irradia-
ticn temreratures {(cormea, 32.3° Z, anterior chzmber, 4.1° 2) are in
gereral agreement with these cttained under carefdl: contrellisd condi-

tions by Schwartz and Fellar (13962), Table II-l.
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When presure was exerted by the thermocouple pre~irradiation
which was sufficient to indent the anterior comeal surface, there was
always a concomitant tefMperature rise measured by the thermocouple. In
unirradiated eyes, this temperature elevation as recorded by the thermo-
couple was less than 0.5° C for the slight indentaticns caused during 2
recording, and it could be increased to as much as 1.8° C fer intenticn-
ally caused maximum indentation of the comea. Similar temperature
elevations on increased corneal pressure were also found during irradia-
tion. These temperature elevations could be easily detected on the
chart recording and were minimized by a corresponding decrease in the
thermocouple pressure on the cormeal surface.

Upon initiation of irradiation, the temperature on the cornmeal
surface and in the anterior chamber rose in 3 to S5 minutes to a steady-
state level. The corresponding temperature elevations at “he cormeal
surface and in the aqueous humor at different pcwer densities of laser
radiation are shown in Table II-2. These elevations are plotted in
Mgure ITI-3 as a function of incident corneal power density. The
aqueous numor teamperature elevation was always less than, and lagged
behind, that of the anterior surface of the cermea. Upon cessation of
irradiation, toth temperatures fell slcwly toward pre-irradiation levels.

The temperature of both the cormeal surface and the aqueous rumor
decreased approximately one degree on instillation of the normal salire
during Irradiation. The temperature returmed to that cbhserved zricr to

instillation within several secords.
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The average aqueous temperature elevation 1s plotted versus the
average correal temperature elevation in Figﬁre II-4. Initially, the
relationship between the aqueous and cormeal terperature elevation 1s
linear. In the central part of the curve, the rate of elevation of
aqueous numor temperature relative to the rate of cormeal temperature
elevation (the slope of the curve) appears to te less than initially.

At a power density level of 770 mW/cm® the rate of agueous temperature
elevation appears to again be high relative to cormeal temperature ele-
vation in comparison to the central part of the curve.

At a roam temperature of 20° C, the pre-irradiaticn temperatwre
beneath the iris of two eyes averaged 0.7° C higher than that at the
exposed lens surface. During corneal irradiation two determinatlons were
made of temperature in different reglons of the anterior chamber and
behind the iris. The temperatures are tabulated in Table II-2. At these
power densities, the anterior chamber temrerature decreased as the lens
surface was approached, and the lens surface temperature teneath the iris
was less than either the anterior iris surface cr expesed lens surface
temperatures.

Shielding of the corneal swrface thermocouple tip {rcm <he lrradia-~
tion with a 2<m strip of aluminum resulted in a cormeal surface tamrera-
ture which was minutely less &t the steady-state temperature previously

recorded with the unshielded tip. With continued aprlicaticn of the

shielded thermccougle the cormeal temgperature slowly decreased a slighe

amount frcm the steady-state temperature. There was also a delayed

decrease in the recorded temperatwre {rcm the antericr charker.

e i e bt e
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Thermocouple Irradiation Measurements

Because of the high reflectivity of metals to radiation at 10.6u
ard the high absorptivity of water at this wavelength, direct irradiation
of the thermocouple, dry and wet in air was carried out. The results are
tabulated in Table II-4. The temperatures of the isolated thermccouples
rose to a peak level within less than 1-1/2 secords. The temperature
inéréase of the dry thermocouples was always greater than that of the
wet. Irregularities of the thermocouple output cn movement in front of
the power meter aperture were no doubt the result of variations within
the beam. (The time response of the isolated thermocouple was qualita-

tively evaluated by moving it in ard out of the beam.)

Discussion

Ccecasionally, cormeas with surface irregularities are observed in

unirradiated rabbits; such animals were not used in this experiment.

Furthermere, the pitting did not appear to have resulted from drying.

Same cormeas were molstened during irradiaticn; also, no pitting was
cbserved in corneas irradiated at less than 100 mi/cm2.

Pitting of the.corneal surface noted follcwing prctracted low
pewer irradiaticns (200-300 mw/cm2, 10 mirutes or longer) could have
resulted frem either uneven c¢cormeal irradiation caused by team inhomo-
geneities, a difference in the response cf the individual ccrmeal cells
to the radlation, or differences In respense of the intercellular regions.

] It does not seem that beam Irregularities alcne could have caused the

corneal pitting (cratering) during this relatively long exposures because




movemert of any "Mot spots" within the team, thermal diffusion within
the tissue, plus slight movements of the eyes would have prevented con-
tinuous intense irradiation of specific small areas.

Carbon dioxide laser radiation at 10.6 u is strongly absorted by
water (Fine, Hansen, Peacock, Xlein, Hust and Laor, 196€b). Therefore,
cormeal pitting on CC, laser irradiation may have occurred in the follow-
ing manner: Because of 1ts high water content, the tear film was prob-
ably evaporated initially. Let us assume that cormeal epithelial cells
have an equal concentration of water, and that the major absorption on
irradiation is by this water in the cell. The water content of the cell
1s deperdent on 1its volume. The larger the cell, possibly the greater
its total water. If the cell surface offers the maximun resistance to
heat flcw, then the resistance to heat flow would be dependent on sur-
face area; that is, the heat dissipatien woﬁld be derendent on its sur-
face area. The larger the cell, the greater the volume-to-surface area
ratlo. Therefore, same cells in anycre layer may have reached a critical
temperature earlier than others. Resultant ablation of these cells may
have produced a non-uniformity of the surface. The cellular residue at
the sides of the adjacent remaining epithelial cells might have reflected
same of the CO, laser radiaticn, thus producing a ron-uniform energy
absorption. If same of of this reflected radiation were directed to the
base of the crater, the reflected radiation plus the directed radiation
would have Iincreased the Intensity of radiation at the base cof the crater.
The crater would have, thereby, acted as a Mendenhall wedge. This would

have caused an increased temperature in the base of the crater, and a

resultant dsepening of the crater.




Other alternatives, involving non-uniform response of the inter-
cellular elements to irradiation at this wavelergth, or differences in
the physical strength of the descmsome lirnkages might te of Limportance
insofar as the pitting is concerned. The mechanism fecr occurrence of
pitting 1s not wderstood at present; ricre werk involving electron
microscopy (transmission, or scanning) will te required to urderstard
theiﬁitting mechanism.

Under normal circumstances the pupillary diareter changes in re-
sponse to alterations in the Intensity of the light entering the aye.
The resultant changes are generally considered to be mediated by para-
sympathetlc or sympathetic pathways to the sphincter, or dilator muscles
of the irides (Adler, 1965). Pupillary meiosis on the heating of the
eye has been observed by Goldman (1933b) and by Hoffman and Kunz (1324).

According to Goldmann, the melosls is caused by thermal damags to
the iris; ﬁofﬁnann and Xunz (1334) did not ccomment on the cause of the
mechanism.” Prince ard Zglitis (1964a) cited the work cf Longwerthy and
Crtega that indicated that meicsis occwrred in rabbit eyes when‘the tloed
pressure was elevateg; the resultant engcrgement of vessels was thought
to cause the decreased pupillary aperture.

In this study, a dilataticn of iricial vasculature was observed
during and following laser irradiations. It is pcssible that increased
blood flow associated with vascular dilataticn cecurred in response <o
neating. Thus, the meliosis cbserved in this study may have resulted
from transient iridial vasocdilatation due to temperature elevaticn in

the anterior chanber.
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A second possible cause of the meiosis may have been the direct
action of heat on the iridial musculature. Accordirg to Cuyton (196€),
the stimulation of heated muscle results in an increased contracticn
(the increase is a direct functicn of temperature, within limits). It
1s possible that the temperature elevation of the sphincter muscle which
is in the puwpillary margin was greater than that of the crposing radially
oriented iridlal dllator muscles btecause the latter were surrounded to
a greater extent and cooled by adjacent iridial vasculature. Therefore,
1f the nervous stimulation to the iris remained similar to that prior tc i
irradiation, the constrictor muscle groups heated tu the higher tempera-
ture would have contracted more than the relatively cooler dilator
muscles. Therefore, this situation alsc would have contributed to th
pupillarv constriction observed.

In previous investigations (Fine, Flne, Feigen and MacKeen, 18€8),
permanent injury to the eye was not detectzd at power Jlensity levels of
100 mw/cnz, Wrereas permanent cormeal injury was cbserved at pewer densicty
levels of 200 mW/cmz. Average cormeal temperatwre elevaticns of 5.5 and
8.7° C were recorded for power densities of 100 and 270 mW/cmz, respectively.
Althcugh the corneal stromal temrerature was not measured, indeed it may
have teeniigher than the measured cormeal surface temperature tecause of
heat f[lcw and surface ccoling. 2Pittirg of the cormeal surface was
ncted, however, at irradiaticn levels atove 200 riv/cm©. Consegquently, z
steady-state cormeal swrface temperature elevartion of corsideraply less
than 10° C rise appears to result in gemanent in‘ury. It is therefore

also possible that radiaticn which will resuit in a steady-state tempera-

ture elevaticn of less thar 10° C in 2 specific ocular tissue, particularly




if it is celluwlar, such as the retina, may result in injury to that

tissue,

At amblent temperatures of 20-25° C, the ccrmeal surface tempera- H
ture was lower than that of the agueous humcr. This relaticnship con-
tinued under lcw pcwer COp laser irradiation cf the cormea until power
densities of atout 270 mil/cm® were reached. At these power densities,
which are above the predetermined threshold value for permanent corneal
damage, the steady-state tanperat@e at the cormeal surface was higher
than that of the agqueous humor.

For power densities wp to 770 m‘.u'/a'nz, the azpprexdmate steady-state
temperature increase of the agueous hunor can be determined in an eye
undergoing continuous COp laser irradiaticn from recordings of cormeal
suface steady-state temperature (Figwre II-3). At each CO, laser
irradiation power density, the steady-state temperature increase of the
cornea excesded that of the underlyirg aguecus humor. The elevation of
aqueous temperature, however, is rot linearly related to elevaticns of
cormeal te.rr:*;.,erature (Figure 11-4). At lcw pewer densities, there
appeared to be a linear relaticnship tetween the temperatwres. As ¢th
power density was increased, there was a cdecrease in the rate cf rise In
aquecus terperature 2s 2 function of cormeal surface tamperatire. AU the

highest pcwer densities studied, the rat

(]

of rise of terperature in th

aguecus as a functicn of zormeal temperztre 3gzin increased. !

There are a nmumber of factors which centribute to this aquecus-te-

cormeal-surface tamperature relationship. These Include: an abserpticn

coefficient of 13C-273 cm™~ (Fine, Hansen, Seacccl, Xiein, Hust and lacr,

196€t) wnich results in approximately two-thirds of the imbinging CO2
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laser radiaticn teing absorbed by the cutermost 50 u of tissue; heat
conducticn through the cormeal strema to the agueous humer of the
anterior chamber; ccoling of the cormeal surface by amblent air; ccol-
ing of the aguecus by blood flow frcem the iris when the aquecus huncr
1s at a nigher temperature than that of the tlood vessels in the Iiris,;
cossible ablaticn of the outermost layers of the cormea ¢n Iirradiaticn
at higher power densities; increase in the radius c<f curvature (i.e.,
flattening) of the cormea at high power densities assoclated with lcss
of water and strocmalchanges, as discussed in the next chapter, thus
narrowing the anterior chamber and brirging the cormea in closer aprosi-
tion to the lens; and alterations of thermal properties cf the comea
including heat capacity and ccnductivity with injury.

Although all these contribute to the relationship between aguecus
and corneal temperature, it 1s protabtle that the effect of same of these
becames more significant in certain reglons. In the first regicn of
Figure II-4 (lcw power densities), the temperature of the blood is nigher
than that of the agueous humor. In this regicn, the terrerature ¢f she
aqueous dces rot rise greatly, and the predominant effect is probably
primarily heat flow £om the cormea to the aquecus. There is a’sc
possibly little heat lost to the alr. Ir <he middle regicn, the sicre iz
decreased since as the aguecus tmperature elevation rises atove that =7
the temperature of the tlocd, the vascular suprly of the iris <ends <c
dissipate heat from the aqueous, thus tendirg <o minimize the rate c¢7
elevaticn of aguecus temperature. In the third part -f the curve, “here

is not a correspending increase cf the abilisy cof the iris blood supply




to cope with the increased flow of heat into the aguecus. This could
be assoclated in part with an elevation in anterior chamber pressure
which could compress the iridial blood vessels. Thére may be both a
decrease in the thermal capacity and an increase in the thermal ccnduc-
tivity of tue cormea related to a loss of water from the cormea, and
the cormea may be flattened dué to loss of water and alteraticn of the
cormeal strama. Consequently, in the third part of the curve, the rela-
tive rate of rise of aqueous to cormeal temperature will correspondingly
increase.
Irradiation of the 1solated thermoccuplé resulted In a lcwer

temperature elevation than cormeal surface témperature elevaticns at
the sare power density. These datz coupléd with the results cf shield-
ing the thermocouple tip, in which the irradiated cormeal temperature
fell slowly rather than rapidly, suggests that the surface temperatize
recordings are not higher than actual. Cn the contrary, 1t is entirely
possible that the surface recordings are slightly lower than actual
because of a temperature gradient tetween the higher temperature of <he
cornea and the less absorbant thermocouple. lMoreover, tecause cf <h
small size of the thermocouple, it is pcssible that the measured temrera-
tures are quite close to actual.

© should be roted that there prctably is 3 temperature gradien
across the themmccouple iy in any swface measurement. The effect c¢f

this on the tamrerature recording is Aiffic
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case, hcwever, thils effact appears t¢ have teen minimal.




Increased pressure of the thermoccurle cn the cormeal surface
increased the pre-irradiaticn temrerature readinrgs by less than 0.5° C
for normal exgerimental conditicns. (Maximal cormeal indentation—
1.3° C~=was not typical of cressures ererted Jduring exgerimental cendi-
tions. This was guickly corrected by a ccrrespendirg czcrease In the
pressure cn the cormeal surface.) This Increased terrerzture reading
may have been partly caused by bringing the thermeccouple tip clcser
the higher temrerature present in the antericr chamter. It may alsc have
been due to decreased axposure of the thermccowple to ccooling by the
surrounding air and a change in thermal conductivities, since its tip new
is scmewhat embedded in the cormea. A further factor which must te
considered durirg irradiation temperature recordings is that due £¢ the
finite, although large thermal abscrovtion ccelfficisnt of the cormea,
together with ccolirg by ambient air, the maximunm steady-state temcera-
ture elevation of the cormea is nct on the swurface, tut rather deer %e
the surface. Therefcre, a nigher temperatiure would be expected deerer
in the cormea, rather than on the cormeal surface itself.

Similarly, pressing the thermoccuple Into the tip of a human finger,

ko]

which alsc has a higher Intermal Cemrerature, resulted in an increased

tamperature reading of 2.4° C. In contrast, a thermocolzle pressed on
the cormea ¢f an eye which had teen refrigerated Jocr 12 heurs and then
allowed <c appreach r—am temperature for 3.5 howr, showed a 5.3° O
temperature decrease with depressicn c¢f the cormea. In this case, the
Cemperature decrease arrears t¢ te causel Ly tringing the thermccoucls

Y

tip cicser tc a lcwer internal “emrerature, and/:r due to decreased
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exposure of the thermocouple to heatirg by the swrrounding air.

OQur findings are samewhat different fram a previcus investigation
of infrared (IR) radiation of the eye (Goldmamn, 163%). His radiation
source was an arc lamp, the output of which was directed through 2 cn
of water and aquecus Lugel's solution before being focused on the cormeal
surface. Wwith this arrangement, the long wavelength infrared radiaticn
was greatly attenuated. The radiation that reached the eye ranged from
a wavelength of 0.9 to 1.4 u. Unlike the output of the CC, laser at
10.6 u, these shorter IR wavelergths can penetrate the cormea and

aqueous humor (Prince, 1964b). The radiation in Goldmarn's studles

was absorbed by the pigment ¢f the colored iricdes. Therefore, in
Goldmann's studies, the irls rather than the cormeal surlzce was the

primary site of heating.

Qur finding that pre-irradiaticn temperature cf the anterior sur-
face of the lens covered by the iris was 0.7° C higher <han the exgcsed
lens surface is in agreement with Goldmann (1933a). Goldmarn utilized
chmnicaliy implanted gold, gold-platinum thermocowples for recording
intermal temperatures, but did net record ccrneal surface terreratures.
He found the temperature under the irds in his irradiatad eye was 1 %o
3° C nigher than the exposed lens swrface (Goldmarn, 183%b). In centrasct,
our findirgs in eyes undergoing CO; laser irradiaticn shcwed that the
temperature under the iris was lcwer than the temperature of the expcesed
lens surface (Table II-2). In Goldmarn's studies, the higher pestericr
chzmeer Camperature resulted from the Irldes being the scurce of heat

¢

the 3ite of radiaticn abserpticn). Cur lower pestericr chamber terpera-

“are resultad Irem the cooling or "protective" acticn of tlie irddes.
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Hoffmann and XKunz (13534) carried out a series cf experiments in
which they studied the effects of infrared heatirg of the eye. They
placed a suitably sized cylinder alcng the optic axis [llled with heated
water In ccntact with the cormea of a preptcsed eye. The temperature
measured was the difference between that of the water and the heated
agueous hurncr. They heated the greptosed eyes of racbits with water at
temperatures from 47° to 80° C for six to eight minutes and determined
the corresponding temperature increases of the aquecus humor Iin the
anterior chamber by means of a thermocougple inserted vertically alerg
the axds of the eye through the cormea. They reported that the epithellial
cells became temporarily hazy when heated to 48° C and remained clowdy
after being heated to 50° C. The cormea tecame permanently cloudy when
heated %o 65° C. The iridial vasculature became increasingly narrowed
as the temperature ¢f the aquecus huwmior increased; the iridial arteries
were generally empty whereas the veins were enlarged. The capillaries
ﬁ in the deeper iridial layers were alternately enlarged and constricted

S0 the appearance was that cf amall sausages. There were granular

regions of the swepithelial l2ns fibers when the aguecus numcr temrera-

ture was increased tc 46°C; however, the lers epithelium zapreared intact
When the temperature of <he agusous humor was increased ztcve 462 2, a

thick, white subcapsular layer was produced in the lers. They nctad <he
comparatively increased damazge wpen heating an aruclsazzad eve, and oom-
mented wuzen the ccolirg abilisias of the oclay zircsulaticon

Same of doffmarn and “unz's Samperature data

ment with Shat in this investizati:n !
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their data with the results in this investigzation are 4ifficult, hcw-
ever, since they heated the cormeas directly with a water-filled chamter
and 3id not necessarily maintain the temperatures within this chamcer

constant during the six to 2ight minutes <f =2xpesure.
- J
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CHAPTER III

PRESSURE AND T=TPERATURE CETERMINATICONS IN THE ANTERIOR CHAMEER
OF THE RABBIT IVE DURLIIG CO, IRRADIATICH CF TEE CORNEA

Fine, Zirmerman and ™ne (1566) and Mne, Tne, Peacock, Geeraets
and Xlein (1967) reported the presence of concavities of the anterior
surfaces of lenses of eyes irradiated at 15-50 Rchz for one secend,
then exclsed ard fixed. The wuwhitened indentaticns were often present
following high pcwer, non-perforating exposure of the cormeas. Indenta-
tions were always present, but were whitened, following exposures which
perforated the cornea, in these rabbit eyes.

Geeraets, Fine and Fine (1969) reported additicnal investigatiors
on the lens indentation following non-perforating CO, laser irradiations
of the cornea. The power densities and exposure times ranged Srom § o
20 W/ and 1 to 4 secords respectively. The initial cocrneal scarrirg
‘ and opacities resulting from these irradiations made inspecticn of the
lens in vivo nearly impcssible. They reported the appearance cf anterior
lens indentatior , however, in cne living rabbit eye nine months after
irradiation oty slit Tamp examination through the clear peripheral rcr-
tion of the cormea central to the limbus.

The absorpticn of COp laser radiation bty the cormea has been dis-
cussed in Charvter II. Cnly a negligible percentage ¢f the original
energy Impinging cn the cormea coculd have teen transmicted thowough 2
500 u thick cormea. Even with ablation and penetration of the correa,

a thickness of aqueous humor, 3 millimeter maximum thiciciess, may separate

the posterfor surface of the cormea and the anterior surface of the lens.
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The absorption coefficient, 5 , of the aguecus humor at 10.6 u is
proably more similar to that of sea water ( q approx. 750 en™l) than to
that of tissue and wouwld result in an even greater attenuation of the
radiation. Therefore, during non-perforatirg (0, laser ccrmeal irradia-
tion, essentially no 10.6 u energy wculd impinge cn the lens swrface.

During carbon dioxide laser cormeal irradiaticn, the tamperature
and pessibly the pressure of the anterior chamber may be increased.
Data from Chapter II indicated that the aqueous humecr temperature is
increased. The eye 1s essentially a clesed, filled cavity; the vclume
of the anterior chamber is small (0.25 zc in the adult rabbit eye). Zle-
vated agueous humor temperatures tcgether with an alteraticn in cormeal
curvature nay increase the intraocular gressure. This pressure elevaticn
might not be maintained since an increased flow rate through the tracecu-
lar region may occur in respense to Increased intraceular pressure, and
the alteration in the cormeal curvature might rot be permanent. It wcuwld
therefore te of Iinterest to determine the presswres assoclated with
steady-state threshold and suprathreshold CCp laser irradiaticns of <h
comea. Nurthermore; since lens indentatisn has been produced without
corneal perforation cn pulsed COs cormeal irradiaticn, it would be of
interest to measure the intraccular temperature and pressure elevaticns
associated with culsed relatively high power density irradiaticn o the
cormea, and to determine the relationship tetween these parameters znd
the lens indentaticn.

The avescular cormea and lens are derendent for rormal metabelism in

part on the aguecus numer produced oy the ciliary processes and irides;
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an alteration in metabolism could result in lessened optical clarity.
Increased temperature and pressure caused by irradiaticn ¢f the cornea
could injure the ciliary processes and irides and thereby permanently
alter aqueous humor producticn and compositicn. An altered aqueous
humor camposition might impair lentilcular and cormeal metabolism and
decrease the optical clarity of these tissues.

‘Determination of the alteraticn in all aqueous hunor compcnents
would be difficult since a large number of substances are ncrmally pres-
ent in relatively small quantities. According to Davscn (1969), however,
irritation of the i1ridial vasculature can result in a breakdown of the
blood-aquecus humor barrier, thus producing anincrease of protein in the
aqueous humor. Evans blue 1s an innocuous dye with a great affinity fer
serun proteins. Injected intravencusly, it will indicate the presence
of any extravasated plasma proteins. Affter an intravenous injecticn of
Evans blue, any increased flow of plasma protein into the aqueous humer
following COo laser irradiation of the cormea should tint the anterior
chamber a characteristic blue. Alsc, scluble protein can be measured ty
UV spectroscopy; thils technique requires the removal of aqueous humer
but 1s not destructive to the sample.

Therefore, the purposes of this chapter are: 1) to determine the

temperature and presswre in the anterior chamber during and Irmediately

following both continucus suprathreshold unfocused and pulsed focused
C0, laser lrradiation of the cormea at the rcwer levels we had avallarls,

, and to determine the conditions of temperature and pressure under which

lens indentation occurs; and 2) to investigate the effect of ncn-gerforating
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laser irradiaticn of the cormea on the Iincrease of aguecus humor protein

as a possible reflection of 1its effect on the blood aqueous barrier.

Methods and “aterials

laser

. The laser used in these experiments is described in Appendix 1.

Low power density irradiation

Low power density (100 to 350 mW/em?) irrediations of the cornea
were carried out as described in Chapter II.

High power density Irradiation

Since the power output of the laser was about 10 watts, higher

power density outputs were obtained by focusing the beam through a

specially censtructed focusirg cone, designed for use with the COp

laser beam. Diagrammatic views of this device are shown in Figure IIZ-1.
It had teen twmned out on a lathe from a 25 x 60 millimeter outside diam- ;
eter aluninum rod. The center was a truncated cone whose axis coincided
with that of the aluminum rod. The conical imner walls had been coated

with zold in a vacuum diffusicn chamber t¢ increase the reflectivicy cf

the unit.
In use, the cone was aligred so that its axis coincided with thas

of the laser beam directed at the sntrance prort (base of the cone).

Radiation entering the cere was intermally reflected forward through the

axit aperture (Mendenhall wedge =2rfect). The gZreatest gortion cf the
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entering energy was collected in a 5 millimeter diameter area approxi-
mately 5 millimeters distal to the exit port c¢f the cone (the truncated
portion of the apex of the cone). It was calculated that the energy
density in this focal region would be greatest at the center (for a
gross approximation of the energy density distribution of the beam in
this region see Figure III-2). In order to align the cone a secticn of
Thermofax paper was held approximately 20 millimeters distal to the exit
port~—when the axis (laser beam and cone) were aligned, a bulls'-eye
pattern was produced, the outer ring of which was considerably less
intense than the central spot. If improperly aligned, the inner spot
produced was eccentrically located. *
The power output at the exit of the cone was maintained at 6 to 7
watts durdrg irradiation. Pre-irradiation measurements were made with

a Coherent Radlation lodel 201 detecter.

Pressure Measurement Unit

Merciry Mancmeter Used for Observing Pressure Elevation

Initial anterior chamber pressure measurements were made by means

of a mercury mancmet‘:er. This device is shown schematically in Figure

III~3. Intraocular pressure changes were measwured by connecting the
anterior chamber via a hypodermic needle to a closed system of normal

saline abutting a mercwry reservoir and a cne millimeter inside diameter

caplllary tube. For added sensitivity the manameter capillary tube axis
was at an angle of 45 degrees to the vertical.
For calibration of the manometer a strip graduated in millimeters

was attached parallel to the capillary tube. The mancmeter system




needle was inserted into the lumen of a secticn of Tygen tubing filled
with rormal saline. The mercury column was calitrated at J mm of
mercury (ambient atmospheric pressure), 20, 50, 75, and 100 ™ of mer-
cury based on heights of 0, 27.2, £8,102,and 136 centimeters of rnormal
saline respectively (the specific gravity of ncrmal saline is approxi-
mately unity).

The Modified Mercury Manometer System Used for Measuring Intra-

ocular Pressure

In order to record the transient pressure pulse this mancmeter was
mcdified as follows (Figure III-4): a tungsten wire (5.51 chms/cm at
20 C) was threaded Into the mercury column in the capillary tibe; a

stainless steel wire (0.007 inches diameter) was inserted threough the

Tygon tubing into the mancmeter saline reservoir. A potential differ-
ence of 22 volts was applied between the tingsten and stainless steel
wire frem a power supply (Sorenson 2 Nebitren QR 40). Variations in the
helght of‘.the mercury coliunn altered the resistance in the circulit oy
charging the expesed length of the tungsten wire. The electrical cutgtut
fram this pressure measuring device was recorded using a Massa Cohu ampli

fier reccrder (PR 201) or an cscilloscope fitted with a Polarcid camerz.

Statham Transducer System Used {or Recording Intracculzr Pressure
foro= N

In the major phase of this Investigation, the rercury mancmeter
was replaced with a Statham 232 AA pressure transducer corected oy
means of a shert secticn of Tygeon tubing to the glass tubing. The sys-
tem was filled with normal saline, containing 100 units of rherarin/iCC m1.

to prevent blociiage of the hypodermic needle sealed into the anterior




chamber. Qutputs from the transducer as well as the amplified output

from the thermocouple were recorded on separate channels of a Gilson
Polygraph (‘lodel M 8 PM), A diagramatic representation of the set up
1s shown in Figure III-5. Although the transducer was equipped with a
self-contained pressure calibration, the device was also ca’ibrated with

a column of saline as previously described.

Temperature Measwrements

A thermocouple (chromel-constantan) (TC-RC-IT-200 BLH) was used tc
measure the temperature of the aquecus humeor. The associated equipment
and circuitry required to produce recordings of temperatures fram the
thermocouple have been described in Chapter II. The calibration proced-

ure was describted in the same section.

Simultaneous Pressure and Temperature Measurements in the Anterior Charzer
During CO, Laser Irradiation of the Cormea

In early experiments attemmpts were made usirg the modified mercury
manometer (Figure IIZ-4) and the thermocouple to make simultaneous pres-
sure and temperature recordings during a CO2 laser cormeal ifrradiacicn.
The output of the mancreter circuit was connected to a dual trace csciilo-
scope or to separate charnels of a Massa Cohu PR 201 recorder. Wnen pres-
sure changes were measured with the Stathan transducer, the cutpus cf
this device and that of the thermoccurle were recorded on separate charneis

of a multichannel Gilscn Polygrarch.

Animals

Over 200 male and female aliinc rabbits {5 to 10 pounds) were used
in this study. Each animal was systemically anesthetized with an intra-

muscular Injection of Innovar Vet (fentaryl 0.4 mg/ml, dropericel
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20 mg/ml,McNell). The volume of Inrovar Vet required for adequate
anesthesia varied fram 0.1 €0 9.2 ml per pound of bcdy weight. Atro-
pine sulfate (0.02 t2 0.C6milligrarms per zound) was acministered intra-
venously to control respiratory distress. The eyes were anesthetized

by the instillation of Cphthetic dreps (proparacaine HCl-Allergan)
approximately five minutes prior to exposwre. The pupils were dllated
when necessary prior to Iirradiaticn. In earlier trials a sclution of

2% aﬁropine sulfate was used. In later cases, however, a 1% solution of
Mydriacil (bis-tropicamide, Alcon) was employed.

Prior to irradiation each animal was placed in a rabbit box fitted
with a chin rest. 'ne head was immobilized in pesition with tape and th
eyelids held apart with a metal speculum.

Technique for In 7lvo Pressure Measurements in the Anterior Chamber
During CO, Laser Irradiaticn of the Cormea

For pressure measurements in the living sye (with either the mer-
cury mancmeter or the Stathan transducer) the anesthetized, Immobilized
rabbit was positiéned so the axis of the irradlating beam and the axis
of the eye gpproximately coincided (Figure IIZ-8). The animal was tosi-
tioned 5 rm distal to the exit port of the Socusing cone. Proper align-
ment cf the posi:iog cf the eye ccould be made prior <o irvradiaticn by
sighting down the axds c¢f the ccne. The eye was gently proptosed, stabi-

lizing with the ald of pressure from a cotton-tirred applicator and the

nerizontally-held marcrmeter needle rapldly insertad through <he cormea
slightly anterior tc the limbus. Iurding the inserticn, the iris, lens
and pesterior surface of the cormea were avwcided. Cnee in place, the

needle was sealed to the cormezl surface wiith Zastman 210 achesive
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(methyl cyanoacrylate). The eye was reieased from proptosis and the
1ids held cpen with a metal speculum. The agqueocus humor pressure was
adjusted to 20 mm of Hg (above atmospheric pressure) and sealed by means
of a clamp on the manometer Tygen tubing. The cornea was then irradiated
and the maximum excursion of the mercwrw column cbserved and recorded.
Simultanecus Recordings cf Pressure and Temperature in the Antericr
Chamber During CO, Laser Irradiaticn of the Cormea

"Attempts were then made to record conccmitant pressure and tempera-
ture variations in the antericr chamber during cormeal irradiation. 7o
accomplish this, the mancmeter needle was Iinserted and sealed into the
proptoszd sye as described above. The aqueoﬁs humor pressure was adjusted
to 20 mm Hg, and the thermocouple inserted through a second cormeal punc-
ture macde by a 24 g hypodarmic needle. This insertion site was antericr

to the superior portion of the limbus. The thermocouple was positioned

So the heat sensing tip was about 1 mm anterior to the center of the

antericr surface of the lens. It was immcbilized and then sealed %5 the

cornea. TFollowing this procedure the intraccular pressure was readiusted
to 20 mm Hg

The eye was positicned so the axis of the beam was coaxial with th
underlying themmocciple tip. In certain instances, the irradiating team
was shiffed so the axis was displaced lateraily by aprroximately 2 om.

Pressure and temperature were measured simultanecusly I1n eyes during
elther continucus low rower density irradiaticns of the entire corneal
swriace or pulsed high pcwer irracdiation of a S rnmm dizmeter area of the

center of the cormea. The lower power density irradiaticns rarged Jrom

PPty
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130 te 350 mi/am for 10 to 20 minutes. e high power density
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irradiatiors were all carried out with an average power density of
about 30 to 35 ’.'J/cmz, i.e., 6 to 7 watts focused through the ccne cn a
S rm diameter area. The pulse length of the majority of these irradia-
tions ranged rom 3.5 to 1.75 seconds. Scme eyes were irradiated oon-
tinuously until the cormeas perforated.
Observation of the Alteration of Corneal Curvature During Laser Irradia-
tion

The cormeal surface was observed in several eyes during irradiation
of the center of the cormeal swurface with the focused COp laser team
(7 watts for one second). The cormeal surface was viewed at right angles
to the optic axis of the eye against a section of millimeter-ruled grarh
paper in order to estimate the distance the cormea moved during irradia-
tlon. Alsc, in order to record any cormeal surface displacement, photo-
grarhs were taken prior to and Immediately post irradiation.

The irradiated eyes were enucleated and dissected immediately o
determire the distance between the posterior surface of the cormea and

the anterisr surface of the lens.

Investigaticn of the Effect of Heat on the Lens Jortex

In order to inwestigate the effect of heat won lenses the Tcllowirng

experiment was carried cut: The lens was removed from snucleatad urirradi-

ated eyes by cutting the zZonules. It was decapsulated by pulling she

cormer cf the centrally-incised pesterior capsule laterally and antericrly

- U

The decapsulated lens was then placed on i%3 postericr surface, a strean

P12
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of heated water (7C° C, 10 ml in a glass pipette) was directed to the
mid-anterior suwriace. 3Similar treatment was carrisd ocut on different

control lenses with water heated to 40° C. The agpearance of the lens

was observed and recorded, then placed in 3% glutaraldehyde.

et Am s = 2 et




Certain eyes were irradiated over the mid-ccrmea at 7 watts fccused

for 1-1/2 seconds and then enucleated. The lenses were dissected anc

decapsulated as described above, then examired.

vy,

Increased Srotein in the Aqueous Humer Fellowirg lion-Perforating Irracia-
tion of the Cormea ._:h a CO5 Laser Bean

Qualitative Determinaticns with ZTvars 2lue

Prior to irradiaticn, 1.5 to 2.0 ml of 10 percent soluticn cf Zvans
blue was injected intravercusly into six animals via the marginal ear
vein. This was done pricr to irradiation in all animals in this growe
and also at intervals post irradiaticn in a few of these animals. Ctserve-
tion of the dye in the irradiated and the centralateral contrel eye was
noted visually. Spectrophotometric determinations of Evans blue ccneen
tration were done on 41lutions of aqueous aligucts sarmpled with a S0

micrcliter Hamilton syrirs

Quantitative Determinaticn—UV Scectrecscesot

fNed

Protein concentraticn determinaticns were made of paired contrel,
and 4:r3d1= ed rd centralateral control aguecus ~umer. Determinagticns
were made bty one or more cf the follicwirg scectrerhetcrmetric metheds:

1) the Kalckar mcdificaticn (1847) cof the methcd of vWartwurg and Christian,
In this methed (1.45 “imes the cptical dersity at 230 rm) minus (2.:28
times the optical dersity at 260 rm) is equal ©o <he Srams percent oIt-

H - g - : .
cein. 2) The method of Waddell (1386). In this methcd the 3iffere

~
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petween the C.D. at 215 m and that a%t 225 rm 1s multiplied &y 3 fzcter
(LUl for <he Zeckman DU Sgectrophctemetar); the orocduct is mieregrams o7

protein per millil.ter of soluticon (ug/ml). ZSovine sermm altumin

standards as reference were concomitantly assayed.
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The left eyes of a group of two sets (13 albino rabbits) of appar-
ently ldentical litter mates were irradiated at 6 watts for 1.5 seconds;
the animals were routinely anesthetized and their exvosed eyes irradiated

with the cone on dne cf the following sites: (A) the cormeal surface

over the center of the well dilated pupil; (B) the cormeal surface over
the 1ris adjacent to the pupil; (C) the comeal surface over the mid-radius
of the iris; (D) the scleral surface over the ciliary muscle region
(approximately 2 millimeters posterior to the limbus). Only the eyes
irradiated over Site A were dilated with Mydriacyl prior to irradiaticn.
One pair of eyes were not irradlated and served as controls. Eyes were
sampled irmediately post lrradiation or at one or two days after expos-
ure. Each eye was proptosed and sampled once with a 50 ul Hamilton
microliter syringe inserted into the anterior chamber. The aliquot of
aqueous humor was diluted with 30 ml of normal saline and the optical

densitles determined at 215 and 225 rm, and at 250 and 280 rm on the
Beckman DU spectrophotometer. Borine serum albumin standards were deter-
mined coneamitantly. The animals were killed {after sampling); the eyes
were enucleated and fixed in 3% glutaraldehyde. Zach fixed irradiated
eye was dissected and examined under a dissecting microsccpe. In this
marmer the locatioﬁ Qf the irradiaticn couwld be verifisd by changes in

the cormea and underlying iris.

Results
tially, maximum pressure elevaticrs were gauged visually using
the mercury mancmeter on irradiatisn. The range of observed intraocular
i pressure peaxs varied considerably; during 1/2 %o 1 second irradiations

the maximm pressure elevations observed rarged frem 14 to 30 mm Hg
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and from 20 to 60 mm Hg, respectively. Numerous permanent recordings
of the pressure pulse were obtalned with the amplifier-recorder and

with the oscilloscope-camera arrangement using the tungsten-wire tech-
nique, but the results were disappointing. The recordings indicated a

period of pressure increase which approximately coinclded with the dura- ?
tion of irradiation pulse; however, the peak values reccrded were
approximately cne-half the pressure rise observed visually.

' Simultaneocus temperature apd pressure recordings could not be
obtained with the tungsten-wire system. There appeared to be an inter-
action between the electric systems. Because of the inaccuracles and
problems, pressure measurements as discussed belowwere therefore carried

out with the Statham transdﬁcer. !

Low Power Density Irradlaticons of the Entire Commeal Surface

No pressure rise was detected in the anterlcr chamber on 10-mirute
irradiation of the entire cornea at 0.1 w/cm2 . The terperatwre in the
anterior chamber rose 4° C after three minutes, plateauing at this level
on 1rradiation at this power density. As the power density was increased,
the aquecus humor temperature increased. At 0.15 w/c‘:n2 the temperature

increased, plateauimg at approximately 5° C and inereased no more after

three minutes of irradiation. At 0.35 w/cxn2 there was a gradual Increase
of pressure, plateauing at 40 rm Hg in 18 minutes with a temperature rise
of about 12° C, which remairned constant after six minutes. At higher

power levels of irradiaticn, the maximum pressure 2levaticn reached in the

anterior chamber with unperforated cocrmeas derended, within limits, uccn

the duration of the pulse.




79

High Power Density Irradiation of the Mid-Corneal Surface

On short pulse duration, high power density irradiaticn, the pres-
swre and temperature in the antericor chamber increased concurrently; the
fellowing are representative of the data obtained.

In Figure III-7, A; the eye had been irradiated at 6 watts for
1.5 seconds with a beam focused through the ccne at the center of the
anterior ccrmeal swrface. The pressure in the anterior chamber rose
s’ceadi.ly frem 20 to 79 mm Hg at the end of the pulse. Mollowing cessa-
tion of the pulse, the pressure fell tc 40 mm Hg in 10 seconds, then fell
gradually to 20 mm Hg during the next 30 minutes. In the living eye,
respiratory and arterial pulses were always readily cbserved. For tarcera-
ture measurements, the thermocouple was placed in close approximation o
the center of the anterior surface of the lens (i1.2., in front of th
pupil) along the axis of cormeal irradiation. The temperature rose :o
73° C at the end of the pulse and returned to base-line levels (n 35° C)
in several minutes. Peripheral displacement of the thermoccuple resulted
in a lower,delayed temperature rise. For example, when the thermccouple
tip was lccated 3 mm from the axis of the irradiating beam, the maximum
temperature elevation was approximately 10° C.

‘When L*'radiatib.n was carried cut at approximately the same power
levels for 0.75 seconds (Plgure IZI-T7, 3), the pressure and temperature
elevations were correspondingly less—to 66 mm Hg and 46° C.

Charges in pressure and tamperature were similar on Zrradiaticn =7
a2yes in dead animals (Figwe I1IIZ-7, C), except for loss of the respira-
tory and vascular pulses. Cne minute following the reak rressure, the

cercent increase of peak oressure in live eyes was significantly hisher

b bag e
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than in eyes of dead animals (29.6 gercent + 2.2 S.E.M., compared with
18.9 percent + 2.1 S.E.M.).

In all eyes in which the corneas were perforated, the pressure
dropped rapidly to zero.

Gross cbservatiorns and dissections were carried out on both eyes
fram animals irradiated in this portion of the study. This was done nct
only on animals whcse anterior chamber pressure and temperatures had teen
monitéred but also on similarly irradlated eyes in which these parameters
had not been measured. Both irradiated and control eyes were enucleated
immediately post irradiation; certain eyes were examined without flxaticn,

others were dissected following fixaticn in glutaraldshyde.

Appearance of Eyes

The appearance of the corneas after low power (100 to 350n‘r1/an2)

continuous irradiation has been descrited in Chapter II. No gross interral

alterations were observed in these eyes.
The corneal site of cone-focused (6-7 W) irradiations was immediately
wiitened by exposures lasting more than 0.5 seccnds. The dlameter of
the cormeal lssion increased as a function of exposure tine. Tor
example, the diameter was 1 millimeter after a 0.5 second exposwre and
apout 2 millimeters cn a 1.75 second exgosure. Murthermore, irradiaticon
pulses of 1 second and longer ablated the center of the Irradiated arez.
(See Figure III-3).(Note that this eye had teen monitcred for pressure
and temperature.) A 1.5 secord irradiation preduced a 1 mm diameter

crater whose depth was approximately cne-halfl the thicicess of the

cormea; blackered materlal was cbserved on the walls of the crater.
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After 3 seconds of focused irradiation (6-7 watts) the corneas per-
forated and heated aqueous humor was expelled.

Dissection of cormeas showed that the irradiated site was thickened—
thickening of the tissue immediately adjacent to the axis of the irradiat-
ing beam increased as the pulse duration ilncreased.

Dissecticn alsc revealed that the anterior chamber depth had
decreased markedly following 1.5 to 1.75 second focused irradiations cf
the cormea. The posterior surface of the cormeas appeared to be in cortact
with the anterior iridial surfaces and was close to the anterior lenticu-
lar surface. This was observed in both unfixed and fixed eyes.

The relative distance between the cormea anu the anterior lens sur-
face was monitored during irradiations of several syes. By the termina-
tion of a focused 7-watt irradlation the radius of curvature of the ccrmnea
appeared to have increased; the anterior surface was dlsplaced approxi-
mately two millimeters posteriorly. As a result the anterior chamber
depth appeared to be decreased temporarily (Figure III-9).

Lenses from the unfixed excised (irradiated and control) eyes were
examined following reflection of the corneas or dissecticn from the eyes.
Examinations were made by oblique illumination uncder 2 dissecting micrec-
scope. The an‘cerio'r; surfaces showed a normal shagreen and were smeethly
curved. In eyes in which the cormeas had perforated during Iirradiaticn
there was 2 small (approximately 1 millimeter in diameter) whitened area
coaxial with the site of perforaticn cn the antarior surface of the lens
but there was ro sign of an indentaticn.

Certain of these unfixed lenses were decapsulated as described.

The capsules were removed readlly from all contrel lenses without the




82

obvious adherence of any cortical material and the contour of the
exposed anterior surface of the lens remained smoothly convex. In con-
trast, decapsulation of unfixed lenses from eyes follcwing focused irradia-
tions with 6-7 watts for 1.5 seccnds or longer did not result in such
complete separation of capsule and underlying lens material on strigpaze.
A region of subcapsular material coaxial with the site ¢f commeal irradia-
tion remained attached to the posterior of the capsule. Apparently it
had bul.’-.ed awvay from the remainder of the lens cortex. The surface of
the resultant crater was irregular; the diameter was approximately 2 mm.
Eyes fixed in glutaraldehyde or formalin following irradiation and
enucleation were also examined, The appearance of the site of irradia-
tion of the cornea was not remarkably different fram that observed in
unfixed eyes. The anterior lens surface of all eyes irradiated for
1.5 seconds or longer through the coné, then exclsed and fixed, however,
showed indentations (Figure III-10) which appeared to be coaxial with
the corneal lesions. These pulses had railsed the temperature near the
lens surface to 60 or 70° C. The diameter of these indentations, 2-3
millimeters appeared to have increased with increasing pulse lergth. The
indentations frem perforated eyes were whitened. Indentaticns were still
demonstrable in lens.es frem eyes excised and fixed in glutaraidehyde cor
formalin nearly one year follcwing fcocused irradiaticn (6-T watts, 1.5
seconds or longer). Indentations were never ‘found in lenses frcm eyes
that had been similarly fixed tut not irradiated, or fram ayes irradiatad
for shorter pericds of time (i.e., th pulses ¢f gower and time Insuffi-
clent to raise the underlying agueous humor to a temperature greater

than 60° C).
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Indented and contralateral control lenses from eyes excised irmediately
post irrmadiation were stained by immersion in 1% acid orcein, after fiza-
tion. The indented areas stained a light yellow, the remainder of the
lens as well as the entire control lenses were stained an even maroon
coler.

Lenses were dissected from unirradiated eyes and the center of the
anterior surfaces were heated with water (approximately 70° C) as described.
When these lenses were decapsulated, the cortical material underlying the
previocusly heated area adhered to the capsulé. The exposed lens cortex
had a ragzed crater which appeared similar to those observed when lenses
from irradiated eyes were dezapsulated. When lenses were heated in this
manner following decapsulation, a smooth indentation appeared immediately.
(This did rot occur when decapsulated lenses were treated with water at
40° C.) These indentations in heated decapsulated lenses were present
without {ixaticn; when these lenses were fixed in glutaraidehyde or
formalin the indented region appeared slightly larger.

Lens indentations were never observed in material {ixed in 100%
ethanol following irradiation-——regardless of the pulse length. Examina-
tion revealed that the lens capsule was slightly irregular in a circu-
lar region (approximately 2 mm diameter), however, which apreared tc bte
coaxial with the cormeal irradiation site.

Investigation of the Protein Concentraticn of the Aguecus HZumor Follcw-
ing Irradiation of the Cormea with the 002 Laser Beanm

Qualitative-—gvans 3lue

When a ron-perfcrating COp laser  suprathreshold irradiation was

directed 2t a region of the cormea anterior to the iris, the following
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events were noted in animals previously injected (I.V.) with Evans Blue.
In the irradiated eye, the anterior chamber immediately became a deep
blue. Also, the tears in these eyes were tlue, presumably fram trauma-
tization of the conjunctival vasculature by the speculum. Injections of
Evans Blue two days foellowing the irradiation still resulfed in colora-
tion of the agueous humor. Only slight coloration of the agueocus humor
was observed following focused lrradiation of the comea over the center
of tﬁe well-dilated pupil. In the contralateral control ayes neither the
anterior chamber humor nor tears were colored.

This technique was not utilized to quantitate the Iincreased agueous
humor protein stucdy because of the lack of sensitivity. Following neces-
sary dilution of the aliquot (for the darkest of aqueous humor sarples)
with normal saline, the resultant optical density value at 750 rm (where

there appeared to be an absorption peak for Evans blue) was very small.

Quantitative Determination—UV Scectroscopy

The modified methed of Warburg and Christian (Xalckar, 1G47) was
not suitable for the determination of agueous humor prctein levels in
diluted samples fram individual control eyes in thils study. The method
could be utilized onrly for determination of protein in aligquots frcm
eyes which had suffered the most damage (e.g., irradiation c¢f the ccrmea
over the mid-radius of the iris). Purthermore, same of the samples frem
irradiated syes had optical densities at 260 rm which were greater than
at 280 rm. (Use of such data with the formula of Xalckar weuld have
given negative values.)

Using the method of Waddell (195€), protein was determired in the

aqusous hunor of contrel eyes and those irradiated at various sites
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(Figure III-11). The protein levels of control eyes, €0 mg%, were simi-
lar to those reported by others (Cavson, 1369) of 50 mg%. The height
and duration of the protein elevations in irradiated eyes depended on
the location of the irradiation site and the interval between irradia-
tion and sampling. In these experiments, each eye was sampled enly once.
The maximal aqueous huror protein elevation occurred following irradia-
tion of the cornea over the iris at Site C (Figwre III-11). Initially,
the érotein concentration increased to about ten times normal one day
post irradiation (636 vs 60 mg%). The concentration decreased slightly
on the ensuing day. The elevation following irradiation of the cornea
at Site B (i.e., the corneal surface directly over the edge of the
pupil) rose gradually to a maximum (appreximately 350 mg%) two days post
irradiation. Irradiaticn over Site D (sclera over the cillary body)
resulted in a slight increase of aguecus humor proteln which continued
to rise in the day following irradiation. The two-3day sample of this
group was lost. Irradlation of the cormez at Site A (the cormeal sur-
face directly over the center of the well-dilarad pupil) 3id not increzse
the aqueous humor _brotein concentration during the two days followirg
irradiation. These results suggest that the increase of intreccular
pressure per se dici.not result in damage to the tlcod agueous barrier.
Temperature as well as presswre elevations apreared $0 te inwvolved in
this injury.

Followlrg sampling, anesthetized animals were dlled, the eyes
enucleated and fixed in glutaraldehyde. Gross dissection of She Mxad
eyes were carried cut. Hemorrhagic regions of the iris or ciliary bedy

vasculature verified that the expected areas were actually injured on
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irradiation. The eyes irradiated at Site A contained lenses wlth indenta-
tions of the anterior surfaces. Lenses from eyes irradiated at Site 2
and C showed same irregularities of the anterlor lens surfaces in the

respective regions.

Discussion

The absorption coefficient for tissue at 10.6 u has been determined-
as 150 to 270 em~l, The approximate values for the adult rabbit eye
comea and anterior chamber depths (along the visual axis) are 0.05 arnd
0.3 cm, respectively (Prince, 1964a). The radiation transmitted to the
lens surface can be estimated by the formula I/I, = X , where a =
the absorpticn coefficient for tissue or water (agueous humor) and X =
the distance in centimeters. TFor example, it was estimated that less
than 1% of the radiaticn incident on the cormeal surface would te <rans-
mitted to the posterior surface of the cornea, utillzing the lower valiue
of a for tissue. Therefore, even if cnly a part of the cormea were
intact, it 1s apparent that the percentage transmitted through the C.3
cn of aqueous hurnor to the lens surface would be extremely small and
thus non-perforating COy laser cormeal irradiations should rot be hazard-
ous to the lens. Experimental data, hewever, Indicated that this assume-
ticn was incorrect. Anterior lens indentaticns can be preduced ty nen-
periorating CC)2 laser irradiations of the cormea. 0Cn lateral chserva-

- ¥

tion of the antericr portion of the living eve and cn dissection of

enucleated eyes, it apreared that the depth ¢f the antericr chamnber nad
decreased markedly post irradiaticn. At this time the posterior :zcrmeal
swrfaces were in clcse arproximation to the antericr iridial and axpesed

pupillary lenticular swrfaces.
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The interior of the eye may be regarded as a closed, filled cavity.
During irradiation the temperature of the cormea and of the aqueous
hunor increased,resulting in same intrapcular pressure elevation.

When the collagen fibers I1n the stroma reached their critical snrirk-
age temperature there was increased tension within the cormeal stroma
and the cormea attempted to flatten. This caused a further pressure
increase. When 1t btecame Zreater than the blocd pressure, 1t prevented
blood flow into the iridial arteries and expressed bloed from the iridial
velns. The formation of aqueous humor probably was decreased. Similarly,
the increase in presswre in the aqueous humor should have increased the
outflow. Consequently, there prcbably was a decrease in agueocus humer
wlune coincident with flattening of the cormea. Also, the viscosity of
water decreases as the temperature is increased (Handboolk of Chemistry
and Physics, 1563). The cambination of increased pressure and a lessened
viscosity (following heating during cormeal irradiation) may have per-
mitted an extrzordinarily rapld percolatiocn of aqueous humor through th
trabecular region. This rapid efflux may have occurred with little cor
no tearing. It is also pessible that in additicn %o the increased pres-
sure and decreased viscosity, there may have been an alteration in th

trabecular mestwork region. Indeed, it may have torn. If it were tom,

however, the cressure in the eye may not have returmed tc normal folllw-~

ing Irradiaticn. That 1s, the cormea would not have returmed to i<

[0}

normal curvature, as was cbserved.
There was a protracted elevaticn ¢f the intraccular pressure stserved
in eyes of live versus dead animals following irradiation. This precbacly

resulted Irom the ddfference in intraccular blood flow. A greater

M. il — b a P, e ki [




portion of blood was forced fram either eye during the time when cthe
intraocular pressure exceeded the intraocular tlood pressure. Cbviously
following irradiation the blocd {low was never re-established in the
eyes of dead animals; hence there was less force maintaining the Intra-
dcular pressure elevation.

Cn Oy laser lrradiaticn, the cutermcst layers absorted fthe great-
est percentage of the impinging radiation. During irradiaticn of <the
cornea, canvecticn and conducticn by air and conducticon to adjacent
tissue will remove a2 portion of the heat frum the ilrradiated regicrns. In
the present investizaticns, 1t 1s possible that the site of maxinun
tamperature was not at the cormeal surface, but deep to 1t, perhaps in
the stromal layers. The cormeal strcma, which camprises 30% of the thick-
ness of the cormea, has a high collagen content. The ccllagen is in the
form of bundles ¢f {iters which are scmewhat tarallel %o the cormezal sur-
face (Davscn, 136G). These fibers are composed of collagen fibrils
which consist of collagen molecules (Verzar, 1963). The collagen mcle-
cule is a triple helix with stabllizing cross-links. During heating <c
a specific serperature, areas of these cross-links are broken. The
fibrils are no lenger maintained in linear array. The resultant random

attern results in a local shortening. Consequently, when the temrera-
1 v 9

ture of the stroma was increased tc the critical shrirkage rarge (15—
7C° C), the length of +he collagen fikers suddenly may have decreszsed <c

as much as cne-thirxd of the orizinagl length,
This sudden shortening of <he strcmal flbers during irradiation

apparently acted as a drawn "purse-strirg,” causin
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ing of the comeal arc-length. The resultant increase Iin the cormezl
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radius shortened the deptih ¢f the anterior charber and crought the
posterior surface of the comea Iin close apposition to the antericr lenz
surface and iris. Consequently, the temperature of the aguecus humcr
was elevated by heat [low frcm the corme: and gerhaps to an extent, ty
the laser radiation as the cormea was ablated.

The heated posterior cormeal surface under the irradiated area ané
its adjacent heated agueous humor was temporarily pressed agalnst the
exposed lens surface. Consequently, the temperature at the lens surface
would have been increased further. There was a concanitant pressure
inerease in the anterior chamber,

According to Dische (1970), the collagenous lens capsule alsc
exhibits heat shrinkage. Histologlcally, the capsule, erithelial layer,
and adjacent fibers appear to be attached at each interface. Judgirg
from tlie Intercalcated iicvement exhiblted during accermodative processes,
they may all move as a wult wnder pressure. The centents of the lens
fibvers appear to be samewhat fluld; during the fransient shrinkage cf
the lens capsule during heating, the ends of the subjacent attached lzns
fibers would also bte subjected to compression and temrerature increzses.

Cn irradiation, pressure on the fiters in the regicn of the indencta-
tion (as observed on fication), together with neating of these ficers,
may have germanently altered them. This alteraticn was rot evident In
the unfixed encapsulated lens. This may, iIn part, have teen due to the
fact that the fibers still remained attacned to the epithelial ¢ells and
capsule In this regicn, and the carsule zpreared to resume its nermal
curvature. The cbserved indentaticn may have teen due to fixaticen of

these attached flbers underiying this region, crevicus ¢

fxation-

O

hardening of the overlying capsule, The {lbers may have ogen effectively

#C v T
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shortened in this region on fixaticn, in contrast to the fibers in the
remainder of the lens. The apparent protein denaturation of these
fibers could be exhibited on fixation Immediately following irradiaticn
and was still demonstrable in lenses frcm eyes sampled months after
irradiation. The altered staining characteristics of the indented area
of fixed lenses siuggest same tissue alteraticn. Visualization of the
(in viw) lens following non-perforating Q05 laser ccrmeal irradiaticn
is extremely difficult because of the resulting opacities in the ccrmea.
Geeraets, Fine and Fine (1969) reported, however, that they could see
on slit lamp examination indentated areas of the anterior lerns surface in
an intact living eyes following non-perforating CO, laser irradiation
of the cormea. This indentation was rot chserved in owr unfixed excised
lens; apparently the lens capsule exhibited sufficient tension to pre-
vent local cortical indentaticn. This tension apparently was overcame
in the intact eye by the Intraocular pressure, in the in vivo cbservaticn.
In the normal unfixed lers, the capsule and epithelial layer can te
readily separated from the underlying cortex. In contrast, in these
investigations, it was difflicult to separate the capsule cleanly frem
the underlying cortex in the region where the indentati:n would cccur.
The fibers in this région tore and remained attached to the capsule.
Either the fibers themselves were more brittle or more strengly attached
to the capsule in this region. Consequently, the fibters in this regicn
were altsred, although the alterations were not evident on gress examina-
tion ¢f the intact lens.
The application of 70° C water with rresswre o a smzll megicn of
the decapsulated nommal lens resulted in shrirkage of fibers in this

area, without whitening. This ccncavity was preobably visible witheout




fixation because of the lack of cutward pull by the capsule on the
arfected cortical area. Murthermore, it indicated that the fibers them-
selves are altered by the combination of temperature and pressure.

The mercury manometer measurements of the transient intraocular
oressure changes during irradiation were similar to but less than those
later determined by the use of the Statham P32 AA transducer. The Icower
values determined from the excursion cf the mercury marcmeter-neight
resulted presumably frem inertia in the system because of the high sce-
cific gravity of the mercury (13.6). In addition, recordings attempted
by electrically recording variations in the height of the mercury column
never reflected the maxium Hg column excursion otserved during irradia-
tion. This lack of reccrding sensitivity may have resulted in part Srem
the poor electrical contact between the mercury column and the immersed
tungsten wire. Tungsten and mercury can form an amalgam. This amaigam
might have caused a local increased resistance at the interface cof th
two elements in this system.

Irradiation of the cormea directly over the mid-pupillary region 4id
not increase the agqueous humor pretein concentraticn, whereas irradiaticns
of the cormea directly cver the middle section of the iris resulted in a
maximal aquecus humo} protein increase. Assumedly the transient pressure
increase in each of these irradiations, ncwever, were similar. The

tamperature-elevation may have teen the critical factor; the blcod-ague-

ous humer barrisr was damaged cnly when the iridial vasculature was
transiently reated te S0 up to 70° C.

Agueous humer protein determirnaticns suggested that transient tamprera-

ture increases of <he agueous humor resuited in a marked increase cf
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aqueous humor protein concentratiocn. Presumably, the blood was the

e

source of the protein, as irradiation over highly vascular areas

resulted in massive increases of aqueous humor protein, whereas irradia-
tion over the widely dilated puplllary area did nct alter the aquecus
humor protein concentration. This 1s in agreement with the finding of the
Evans blue investigations; no color was observed in the aguecus humor
following focused irradiation over the pupillary region. Furthermcre,
aque;:us hunor protein increases were accampanied bty a nemorrnagic area

in the vasculature underlying the irradiated area.- rollowing injury
micdway between the pupillary margin and the root of the irls, the protein
concentration continued to increase during the day following the irradia-

tion. Irradiations of this region of the cormea over the iris protably

thermally injured the vascwlar ciliary processes on the posterior surfacs.




CHAPTER IV

ALTERATIONS IN THE MORPHOLOGY, IN THE ELECTROPHCRETIC MCEILITY OF
CRYSTALLINS AND IN LENTICULAR ASCORBIC ACID AND
REDUCED GLUTATHIOMNE FOLLOWING IRRADIATICN OF THE CORNEA
OF THE WEANLIIG ALBINO RABBIT WITH THE CARBON DIOXITE LASER ZEAM i

Data from Chapter III indicated that lens indentaticns zccurred in i
the course of transient cormeal flattening <durirg the irradiation; durirg
this period the depth of the anterior chamber of these adult rabbit eyes ;
was temporarily decreased and the underlying heated aqueous humor was }
brought in close apposition to the lens surface. These uwhitened lens !
indentations were permanent, that 1s, they were still demonstrable in eyes !
which were excised and fixed in glutaraidehyde one year post irradiation.

In general, these indented areas were not whitened and in no instance were |
cataracts, either partial cr camplete, observed.

The material in the uwhitened indented regicns of fixed lenses frem

irradiated eyes appears to have been immediately and permanently altered.
That 1s, the indentations were demonstrable irmediately post irradiaticn
and at pericds uwp to orne year following the expcsure. The presence of the
indentations implies that lers proteirs in the region beneath the irracdi-
ated cormea may have been denatured without visible coagulation. I the
proteins In the indented region had been denatuwred without ccagulaticn,
their electrophoretic pattern might have teen altared (Joly, 1565). There-

fore, it would be of interest to determine whether an alteraticn weuld te

produced in the electrcphoretic pattermn of the soluble proteins of lenses

irradiated with sufficient intensity to preduce lenticular indentaticrs.
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Geeraets, Fine and Fine (1969) reported that an opacity was

observed in one eye in viwo which was assoclated with lens indentations
months following CO, laser irradiation of the cornea. This finding sug-
gested that delayed cataractous changes as well as lens indentation right
occur.

Phillipson (1969) investigated the lenticular protein distribution
in cataractous lenses produced by total eye exposure of 10 day old rats
to 500 to 1,000 roentgens of x-radlation generated by a 185 kilowvolt (KV)
unit. He reported that the sharp gradients in protein concentration
observed in the peripheral cortex of cataractous lenses closely corresponded
to the interface between clear and opaque regions. He felt that the loss
of transparency is related to the steep protein gradient corresponding to

interfaces between regions with different refractive indices.

Kinoshita (1964) suggested that the lenticular GSH might retard

the formation of intramolecular disulfide bridges. A decreased concentra-

tion of GSH might result in the formation of large insoluble lenticular

protein molecules from smaller soluble proteins by means of disulfide

bridges and thus might be a mechanism in scme cataract formation. He, as
well as Spector (1971), reported that a crystallin has a low concentraticn
of sulfhydryl (-SH ) groups in contrast to that of the 8 and Y crystal-
lins.

Mach (1966) found changes in the electrcphoretic pattern and asscci-
ated alterations of GSH in cataractous (senile, galactcse and cataracta
camplicata) numan lenses. Her data show that the greatest ecrement of

both electrecphoretic mobility of 8 and vy ¢rystallins and GSE acneentraticn

fwa vav e
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occurred in the senile cataracts. The electrophoretic mobility of the

fastest band ( a crystallin) was not decreased in any of the lens material.
Near infrared (Goldmann, 1333b), microwave (Kinoshita, Merola,

Dikmak and Carpenter, 196€) and rventgen (Firie, van Heynigen and Boag,

1953) irradiaticrns of the eye can result in delayed lens opacities. The

opacities have been observed followirg a delay of weeks (microwave irradia-

tion) to months (x-radiation and near infrared). (Although Goldmarn,

1933b did not measure the spectrum of his irradiation beam, it is prcb-

aple from his methodology that the radiation was mainly in the near infra-

red.) According to Waley (1569) AsA and GSH are two reducing substances

whose lenticular concentrations are reduced in mature cataracts. Kino-

shita, Merola, Dikmak and Carpenter (1966) investigated the relaticnship

of alterations of lentlcular ascorbic acid and GSH to the appearance of
delayed cataracts follewing microwave irradiation of the eves of weanling
rabblts. Lenticular opacities were not visibtle until approximately six Zays
after irradiaticn of eyes at a wavelength cf 12.3 cn with a pcwer density
of 280 mi/em? for six to eight minutes. At six hours there was no alteration
in lenticular ascoroic acid; at 18 hours following irradiaticn, the level

had decreased an average of 23% ccompared with that of the control lerses.

At this time there was no concamitant decrement cf GSH in the 15 pairs cf
ayes assayed or in the concentration of AsA in the aquecus humor.

Pirie, van Heynigen and Boag (1953) irradiated the right eyes of
weanling rabbits with 1,400 r of X radlation produced by a 200 XV unit.
Cccasionally the contralateral ccntrol syes received scme Iirradiaticn;

1t was felt that as less than 800 r of radiaticon was received ty these

eyes they cculd be used as controls. They measured lenticular
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concentration of GSH in 15 palrs of lenses obtained at intervals in a
nine month period following irradiation, AsA in a few of these lenses, and
the AsA concentration in the aqueous hunor of all eyes irradiated. In
order to obtain sufficient material for a 20 hour post irradiation assay
of GSH and AsA, they were forced to cambine two pairs of lenses from the
weanling rabbits. They found no changes in bicchemical concentration or
transparency at 20 hours in these lenses. The first change in lens trans-
parency and GSH concentration was noted in one pair of eyes three months
following irradiation. The degree of opacification increased in the

g eyes during the ensuing six month pericd. This decrease in
lenticular transparency was generally paralleled by a decrease in GSH

concentration.

There have been a number of other investigations relating to altera-
vion in lens metabolism associated with radiation-induced catarects.
These include investigations on albunincid and microsomal RNA turnover,
inositol concentrations, oxygen consumpticn and phosphate uptake, as well
as mitotic activity in lenticular epithelial cells and electrolyte changes.
These have been reviewed by Kuck (1$70c).

It appears that onlv reduced glutathione (GSH) and ascerbic acid
(AsA) were investigated in both x-ray and micrcwave cataract experiments.
Furthermore, changes in GSH have been found coincident with decreased
mobility of crystallins on electrophoresis of material from human cataracts
(Mach, 196€6). Therefore, it was felt it would be desirable to determine
whether lentlcular GSH and AsA were affected on infrared radiations of

the eye as produced by the CO2 wavelength. In our previcus investigaticns




lens indentations were cobserved without cataract formation. This sug-
gested that there might have been alterations of certain soluble lenticular
proteins without visible coagulation. These changes might be cbserved cn

electrophoresis.

Since ulcerative perforation of the comea following COp laser irradia-

tion could result in either an intraccular infection or permit the extrus-
ion of the lens from the eye, 1t was desirable to irradiate the eye in a
manner which would cause the maximal amount of delayed visible lenticular
changes without cormeal perforation. For these experiments cne eye of
each animal was irradiated with sufflcient intensity to cause immediate
non-perforating flattening of the cormea without the irmediate whitening
of the underlying lens. The other eye was used as a control.

Therefore, the purposes of this investigation were: 1) to deter-
mine any alterations of the electrophoretic pattems of soluble lens pro-
tein following irradiation of the cormea; 2) to measure any changes in
lenticular AsA and GSH in these irradiated eyes; and also 3) to determire
parameters which would permit non-perferating irradiations of the cormea
without irmediate whitening of the underlying lens. These parameters
were established in the initial phase of the experiment.

Since a number of previous irradiation studles have t . carried
out on weanling rabbits and since changes due to irradiation might te
more prorcunced in such animals (van Heynigen, 1569), it was decided %o

carry out the investigaticns in this secticn on weanling rabbiss.
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Methods and Materials

Laser

The carbon dioxide laser used Iin t‘xis study has been described in 1
Appendix 1. Irradlations were carried out using the multimode beam in 1
the initial phases of the studies. In the major phase of the study, hcw=

|
ever, the laser was adjusted so that the cutput beam pattern produced on fJ

Thermofax paper resembled that of the TEMoo mode, i.e., the power density

appeared greatest at the center of the beam and decreased radially.

Beam Power Density Profile

the beam with moveable 3x5 om metal plate with a centrally located 1.5 mm
diameter aperture. The portion of the beam which passed through the aper-
ture impinged on the central area of the raciant energy sensitive disc of
a Coherent Radiation power detector. Then the aperture plate, attached
to an X - y vernier unit was moved in 3.5 to 1.0 mm increments across the
beam horizontally, then vertically. Related pewer outputs were plotted

versus distance.

Beam Selectcr

1
A power density profile of the output beam was obtained by scanning ‘

A beam selector was used in order to limit the bteam Impinging on the
eye and enatle a simple pre-radiaticn positicning of the eye. The seiector
plate contained 6, 8, and 12 mm diameter apertures. The selector plate
was positicned with the aid of Thermofax paper so the bteam axis and an
aperture center appeared to coincide. The selactor plate was then mcounted

on a ring stand which was clamped in place in this pesitlon. The laser
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was retuned for in vivo irradiations so the output beam was slightly
larger than the beam selector zrerture. The laser was f{urther adjustec

N so the power distribution inferred by the pattern produced on Thermofax
paper (held at the output side of the beam selector aperture) was similar

to that produced by a Gaussian beam (Figure IV-2).

Animals

Albino rabbits of either sex were used in this study. Approximately
80 weanling (6-8 weeks, 1-1/2 to 2 1b.) and 12 older (wp to 5 1b.) ani-
mals were used in several phases of the lnvestigation.

Anesthesia

The animals were systemically anesthetized with a succutaneous (s.c.)
injection of 25% aqueous solution of urethane and an intramuscular (i.m.)
injection of Innovar Vet (fentanyl 0.4 mg/ml and droperidol 20 mg/ml,
McNeil) 1.5 and 0.15 ml respectively per pound of body weight. The pupils
were dilated with an instillation of 0.5% Mydriacyl (bis-tropicamide-
Alcon). The corneas were aresthetized with Ophthetic cphthalmic solution
(proparacaine HC1 0.5%-Allergan) instilled 15 minutes later. When the
skeletal musculature was somewnat flaccid and the cormeas were unrespersive
to touch (approximately 30 mirutes post injection), the level of anesthesia

was generally adequate fcr Irradiation.

In Vivo Irradiations
The laser was adjuzted zs previcusly dascrited so ol

T vae -

output pattern on Thermofax paper positioned irmediately tehi
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selector aperture and the radiztion powar cutput was monizored wich chs
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power detector pricr to and immediately after each irradiaticn. The
laser beam was blocked and adequately anesthetlzed animals were positicned
behind the base selector aperture on an adjustable pl.tform (Lab Jack).
The lids were held open and an assistant checked "he alligmment cf the
cormea by sighting through the heam selector aperture; the eye was repcsi-
tioned when necessary.

The exposure was initlated by unblocking the beam and simultanecusly
starting the electric timer by means of a foot switch. The timer (Pre-~
cision Scientific Campany, "Time 1t" P/S 63230) was graduated in 0.1

second intervals.

Preliminary Phase of the Investigaticn

In the initial phase of the investigation 20 weanling albino rabbits
were irradlated to determine the cambinaticon of power, beam diameter and
pulse duration which would result in significant biochemical and mcrpho-
logical lanticular alterations without causing immediate heat-induced
lens whitening ard minimize the potential for subsequent comeal perfora-
tions. The left eyes were lrradlated and the contralateral eyes were
kept as controls. T!‘:e vower of the irradiations was limited by the laser
output and rangsd f‘:om a maximum of 2 watts “c a minimum of 0.8 watts.
The diameter of the beam irradiating the commea was limited by passage
through 6, 8 or 12 millimeter apertures. The exposure times ranged from
20 seconds to 2 minutes.

The animals were killed elther irmmediately post irradiation or at

intervals up to 36 days post irradiation. The gress appearance of the

eyes was observed, initially and on dissection. Pricr to dlling, the

e e e e Ctan s we .




101

aqueous humor was sampled from the anesthetized animals and assayed for
ascorbic acid. The sampling and assay procedures are described belcw.
Following the sampling of the aqueous humor, the animals were ldlled by
a blow to the base of the skull or by decapitation. The lenses were dis-
sected from the enucleated eyes and assayed for ascorbic acid and reduced
glutathione. The lens removal and bilochemical assay procedures are
described telow.

Partially on the basis of results of these irradiaticns and partially
on the basis of the laser beam power limitations, the remainder of the

irradiated animals were exposed as described below.

Major Phase of the Investigaticn

In the major phase of the study, the electrcphoretic pattern of
soluble lens protein, reduced lenticular glutathicne and ascorbic acid
were measured at various intervals post irradiation. To the extent
possible, the ascortic acid in the aqueous humer and oxidized glutathicre
in the lens were determined at several intervals follcowing irradiation.
Same ocular and rectal temperature measurements were macde. A more
detalled description of the methods used are gilven telcw.

The irradiations in this phase of the study were cf the left aye cf
adequately anesthetized animals. The left eye was irradiarted because cf
convenience in positioning the andmal with respect tc the laser cutpus.
These Irradiations were carried out for S0 seconds with a team with 2
Gaussian-liice power distributicn and were sufficient tec flatten the ccornea
without cbvious initial whitening of the lens. In crder tc minimize the

apparent cormeal infection cbserved in the initial phase ¢ the irradiaticn
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and prevent pessitle delayed cormeal perforaticn, the animals in this

ohase of the study, as well as in the subsequently descrited anclllary

experiments were treated as follows: ophthalmic Sodium Sulamyd (sodium

sulfacetamiie ophthalmic ointment, “hite) was applied to the corneas and

21 tnjecticrs of Crystallin G suspension (crystallin peniciliin G sus-

pensicn, 3quizh) 12,0C0 units were acdninistered immediately post irradia-
ion and daily cthereafter.

As in the primary phase of the study, the animals received 0.1 =l
of Inrovar Vet I.M. one and two days post irradiaticn to prevent gress
discomfort.

Andmals were dlled by decapltation at the follewling intervals:
{immediately, cne, twe, Jour, flve,and six days follewing irradiation. The
ayes from these animals as well as froem control urdrradiated aninals were
enucleated ard used Jor the electrophoretic or blochemical studies. The
gross appearance of the eyes was noted. Lenses in this group were not

assayed for oxidized glutathicne.

Electrophoresis Zxperiments

Electrcpnoresis was carriad out simultaneously on soluble lenticular
oroetein and on aqueou; aumor from irradiated and contralateral control syes.
The left syes of aresthetized animals (albinc rabbit 2-5 1b.) were Irradi-
ated as discussed atove; the contralateral eye served as a control. Ani-
mals were killed ty decapitation elther shertly after irradiation or at
intervals in the ensuing four days. The eyes were immediately excilsed.

The lens was dissected Srem each eye, weighed and hemegenized (rcam

temperature) wich 2 ml of Tris buffer (pHE 7.4) in a glass hcmegendzer,




The hcmogenate was centrifuged at 28,000 x g for 60 minutes at a tem-

perature of 10°C. Fluld was also cbtained fram the anterior chamber
in certain instances. Details of the reagents, equipment ard tech-
niques employed in this and the ensuing chases of the electrcpnoresis
are gziven in Appendix 2.

The anterior chamber fluid was sampled fram both irradiated ard
catralateral control eyes of certain animals after irradiation. In
order to obtain sufficient protein in the antericr chamber fluid of
the control eye, paracentesis was performed on anesthetized animals
at 1.5 to 2 hours prior to killing; that 1s, the corneas were slit
and the aguecus humor expressed ard discarded. The anterior chamber
became refilled with "plasmoi " aqueous humor prior to killing. Fol-
lowing excision of such eyes, the cornea was slit again ard the plasmcid
aqueous humor was expressed.

Ten microliter aliquots of 2ach lens hcmegenate supermnatant or
aqueous humor were applied to a labeled cellulose polyacetate strip
which had been moistened previocusly with buffer (pd 8.8). The strips
were aligned in the electrophoresis champer (Gelman Instrmment Cerpany,
Ann Arbor, Michigans. Curing electrophoresis the temperature of the
strips would beccme elevated. Conceivably, the temperature might in-
crease to the point at which a denmaturaticn and ccagulation of the rre-
tein samples might cccur. In order to lessen this possibility, the
electroghoresis unit was maintained at all times in a refrigerater at
5°C. Three hundred and fifty volts were arplied acress the strips Tor
60 minutes. The strips were then removed frcm the chamber, fixed and

stained by Limmersion in Ponceau S solution. The stained tands were
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counted and the respective distances between each and the site of orig-
inal sample applicaticn was measured. The distance w»s a function of

the mobility of each group of soluble proteins. The mobilities of bards
of lenticular proteins from irradiated eyes were ccmpared with those cf

from the contralateral ccntrol eyes.

Ascorblc Acid and Reduced Glutathione Determinatiors

Ascorbic acid (AsA) was assayed by the method of Roe (1954). This
was carried out in either aqueous humor or lens material from pairs of
eyes from the same animal. Sampling procedures ard preparations of
aqueous humer and lenses for this and the reduced glutathione (GSH)
assays are glven telow. The preparation of stardard curves arnd assay
procedures for ascorbic acid are listed in Appendix 3. The concentra-

tion of AsA was expressed as mg¥ (milligrams of AsA per 100 ml of ague-

ous humer or mg per 10C grams of wet weight lens). The concentration
of AsA in material from irradiated eyes was expressed as a percentage
of that in the contralateral control eye.

Reduced glutathione (GSH) was assayed by a modiiied method of
Grunert and Phillips, (1951). These assays were carried cut concurrently
on pairs of lens fram both unirradiated and irradiated arnimals. The
preparation of stardard curves and assay prccedures are listed in Appen-
dix 4. The lenticular cencentrations of GSH were campared; followirg
irradiation the concentraticn of the GSH in the lens f{rom each irradiatsd

eye was expressed as 2 percentage of that in the centralacteral contrel

lens.
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Sampling of Aguecus Humor and Lenses

Aqueous humor was sampled fram control eyes of anesthetized animals
with a heparinized 50 ulL Hamiltcn syringe (heparin sclution 10 mg/ml had
been previously drawn up into the syringe and expelled fraom the barrel
and needle). The lessened transparency of the irradiated cormeas did not
always permit the proper insertion of the sampling needle into the anterior
chamber. Furthermore, even heparinized syringes became blocked during
sampling attempts. Therefore this method was abandoned.

In order to sample aqueous humor from irradiated eyes, the follow-
ing alternate procedure was followed: the animal was decapitated, the
eyes were enucleated, rinsed in normal saline and blotted dry, and placed
in labeled dry plastic vials that were immersed in crushed ice. The
corneas were slit and the aqueous humor expressed on a labeled tared
Parafilm square. The weight of the aqueous humor was determined by dif-
ference.

In order to assay the aqueous humor for ascorbic acid, either the
measured volume frcm the syringe (using the previous method) or the
weighed volume was adnixed with 2 ml of 5% trichloracetic acid (TCA) and
was centrifuged at 5°° C at approximately 12,000 x g (desk centriluge
operated in a laboiatory refrigerator). The TCA surernatant was assayed
for ascorbic acid.

The lenses were removed fram enucleated syes after the zonules were
cut; the adhering vitreous btedy was cut from the pestericr surface of the
lens. The lens was blotted free of achering dreplets cn a section of

filter paper previously moistered with normal saline, placed in lateled




tared 7 ml tissue grinders and weighed. The lenses were then homogenized

in 3 ml of ice-cold 10% TCA. The homogenate was centrifuzed (approxi-
mately 12,000 x g for 10 minutes at 5° C). The supernatant was filtered
through Whatman No. 1 filter paper cut to fit a buret funnel.

Ancillary Experiments

_’Ihe following short investigations were carried cut in the ncge that
they might assist in the interpretation of certain data obtalned in the
major porticn of thls investigation. First, temperature measurements were
taken in an attempt to understand the mechanism behind the occasional
appearance of immediate lens whitening on irradiation. Second, lenticular
GSH and GSSG were concurrently determined following either irradiation of
the eye or mechanical trauma to the lens. This was done in an attempt %o
understand the mechanlsm of the decrement of lenticular GSH chserved follow-
ing irradiation.

Although the power and duration of the exposures in the major phase
of the investigation had been chosen to cause maximal damage without immedi-
ate whitening of the lens, a small percentage of lenses could not be used
for the electmphoret.ic or blochemical studles because they had been
whitened. This gpparently resulted from heat. Therefore, it was of
interest to measure the maximum in vivo temperature in the weanling rabbit
eye during irradiation of the cornea. Attempts were made tc determine the
temcerature of the aqueous huror by insertirg a thermocouple intc the
antericr chamber as described in Chapter II. Although this technique had
been employed successfully in the measurements dwring irradiation of the

larger eyes of matwure rabbits, it could rot readily be used in the small
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eyes of weanling rabbits. Therefore, an alternate procedure was employed.
The weanling rabblts were irradiated as described and the corneal surface
temperature was measwred with the flat-ended thermocouple as described In
Chapter II. At the end of the 90 second irradiation a slit was made
through the center of the corneas into the anterior chamber. The tempera-
ture of the extruded aqueous humor was measured lmmediately with the
thermocouple. The maximal temperature of an eye during irradiation is
dependent not only on the temperature elevatlion, but also on the initial
pre-irradiation temperature of the eye, That 1s, the maximal temperature
attained for each temperature elevation would vary as the initial tempera-
ture varied. This was reported by Goldmann (1933a) who also showed that
the decrements of rectal temperature observed on the adninistration of
anesthetic agents is reflected by a decreased temperature in the anterior
segment of the eye. Thus, the pre-irradiation ocular terperature could
have been an inverse function of the length of time between the administra-
ticon of the anesthetic agents and the initiation of the irradiation. In
order to defemine if the co-adninistration of these two drugs might have
had a marked effect on the body temperature, measurements were made of
the rectal temperature of rabbits at intervals in the 30 to 45 minutes
follewing the parenteral administraticn of Urethare 253 1.5 ml/¥g and
Innovar Vet 0.15 ml/¥g as described above. The rectal measurements were
made with a mercury thermometer (Wills Scientific, 1 %o 55 C, calibraticn
checked by immersion in a mixture of ice and water). The thermometer was
inserted to a depth of 45 mm at 5 to 10 minute intarvals after the adninis-

tration of the drugs and the temperatures recorded.
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The third phase of the ancillary experiments was carried out to
assist in the interpretation of the decrement of GSH in the lenses from
irradlated eyes. Two causes of decreased lenticular GSH cculd be either
a decreased synthesis of the tripeptide within the lens, or an increased
oxidative conversion of reduced glutathione to oxidized glutathione (GSEH
to GSSG). (The latter situation should be associated with a lessened ratio
of GSH to GSSG, which is nommally approximately 10:1, Kuck, 1970b.)

Concurrent assays for lenticular GSH arnd GSSG were carried out. GSH
was measured by the method of Grunert and Pnillips (1951) as descrited in
Appendix 4, and GSSG was measured by a modified method of Bergmever (1563)
as descrited in Appendix 5. Larger (5 1b.) animals were used to provide
more lens material for these assays.

For comparison, in one study two rabbits were irradiated (1.5 watts
for 90 seconds) and killed five days later. In a second study, the antericr
lens capsule in one eye of each of two animals was torn.

The p_rocedu.re was carried out as follows: The animals were anesthe-
tized as described above, the eyes were proptosed to facilitate needling
done with a sterile microdissection needle. In one animal (N-1) the nesdle
was held norizontally and thrust through the cormea immediately anterisr
to the Limbus. The tip of the needle was then inserted into the antericr
cortex of the lens, then moved so that a 4-5 mm tear was made in the capsule
and underlying lenticular fibers. The left eye of the seccrd animal (N-=2)
was punctured Ty cthrusting the needle along the axis of the eye through
both the cormea and anterior capsule of the lens into the subjacent lenticu-

lar fibers. The animals were treated with prenicillin and scdium swlamvd
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ophthalmic ointment as describad above. The animals were killed five days
later and the GSH and GSSG assayed in the lenses. This second study was
carried out in an attempt to cbserve the effects of oxidation on the
lenticular ratlo of GSH:GSSG. Prince and Eglitis (1964b) cite a report
that rupture of the capsule of the lens increased the uptake of oxyzen bty

the lens by over 400%.

Results

Irradiaticn Beam Characteristics

Fgure IV-1 shows the pattern produced on Themmafax paper bty the
laser operating in a multimode condition. OCn short exposures the darkening
is an gpproximate indication of the power density. The variation in pattern
density indicates zonal differences in the beam power density distribution.

Figure IV-2 shows the patterm produced cn Thermofax paper by a beam
assumed to be operating in a TEMoo mode (Transverse Electrcmagnetic Mcde
in which the pewer density has a Gausslan distribution).

In Figure IV-3 the relative power density 1s plotted as a function of
the radial distance across the beam. The power density 1is seen to vary

inversely with the dfstance from the centaer of the beam. The pcwer density

distributicn measured was that produced bty a team similar to that causirg
the pattern observed in Flgure IV-2.

In Mgure IV-4 is shown the pattemn produced on Thermofax paper oy
the expanded laser beam after passage through an 8 millimeter diameter
aperture. The pattern of darkening was similar to the pattern of Figure

IV-2. Except for the preliminary irradiaticn studies, the irradiations




in this chapter were carried out with a beam which gave this pattern on

Thermofax paper.

Blological Studies

Anesthesia

Thirty minutes after the injection of the anesthetlic agents, the
skeletal musculature was samewhat flaccid. The corneal reflex was absent
or m:Ln:lmal and the puplls were apparently fully dilated (5-6 mm vertical
diameter). In general, there was no obvious respiratory distress noted in
the anesthetized animals. The level of anesthesia obtained with this
regimen (Urethane 25%, Innovar Vet, 1.5 and 0.15 ml respectively per pound
of body weight) resembled that of Stage III (Vandam, 1958) and was ade-
quate to permit cormeal irradiation. Using thls regimen, less than 1C%

of the anesthetized animals dled spentaneously either during or immediately
following irwadiation.

In Vivo Irradiations

Preliminary Fhase of the Investigation

During rreliminary irradiation studies, purulent keratitis appeared
to develop in all eyes irradiated at power densities greater than 2 '«'/c:'n2
for longer than 20 seconds. Examination of these eyes two or three weeks
post irradiation showed that the corneas had perforated. Dissecticn and
gross examination c¢f the Intericr of the glcte revealed cne of the lolleow-
ing: 1. An amorphous mass of purulent material; 2. a2 fibrous structure
consisting of a £lat round plate Iin the lenticular regicn conrected ~- 2

thin stalk to the optic disc and the absence of a recognizable retin:;
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and 3. a grossly normal appearance except for the absence of a lens.
Irradiation at lower power densities for less than 10 seconds
apparently affected only the cormea. The cormeas were scarred and whitened
in the irradiated areas two to three weeks post irradiation. The degree
of cormeal damage appeared to have been proportional to the irradiation
power density and duration. Upcn dissection and gross examination, the

interiof of these eyes appeared normal.

Major Phase of the Investigations

Gross appearances

These eyes were irradiated at 1.5 watt, 0.8 cm diameter, 50 second
exposure followed by daily local and systemic treatment for purulent kera-
titis.

After the indtial 12 to 15 seconds of irradiation, the cormeas teczre
noticeably hazy; as the exposure continued the clouding increased. After
30 seconds of exposure the cormeal surface was pitted. By the end of the
90 second irradiation the corneal surface had flattened ; at this time the
cormneas apreared to be in uontact with the iris and lens surface. Pre-
irradiaticn, the rabbit pupils were generally circular; nhcwever, sane
appeared to be slightly ellipsoidal, with the major axis in the vertical
direction. Post irradiaticn the pupils ilocked similar, tut smaller. The
vertical pupll diameter had decreased frem 5 to 6 millimeters pre-irradia-
tion width to 4 millimeters; the horizontal diameter decreased correspond-
ingly.

Immediately post irradiaticn the cormea was clcudy, but <his did not

preclude visualization of either the iris or the pupillary regicn of the
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lens. A small percentage of the lenses were obviously whitened at this
time; these eyes were not used for electrophoretic or tiochemical deter-
minations. In most instances the superior portion of the iris was
blanched; the vasculature on the remainder of the anterior surface of
the iris was noticeably distended.

Gross dissection of eyes lrmediately post irradiation showed that
the cormeas were In close apposition to the irides and anterior lens sur-
faces. Removal of the iris revealed that the tinctorial pattemn cn the
posterior surface was grossly similar to that observed on the anterior sur-
face, i.e., there were similar regions of blanched and distended vessels.

Certain eyes were enucleated, incised and fixed in glutaraldehyde
immediately following irradiation. Complete iridectomies of these fixed
eyes perfommed follcwing removal of the cormeas expcsed the remainder cof
the antericr lens surface. Occasicnally, this revealed the imprint cf the
posterior iridial processes in the superior pre-equatorial region cf the
lens. The zonules at the superior equatorial region of the lenses were
oftten whitened or broken; cccasionally the lens capsules were torm alcrg
the equator in this region.

Ninety minutes after irradiation, the ccrmeal curvature appeared <o
have returned to nocrmalcy. Same of the cormeas developed a bluish hue by
this time.

One day post irradiation the cormeas were cloudier and bluer <han
they had teen immediately post irradiation; whitish material present on
the surface of the eye arpeared to have slcughed from the cormeal surface.

The majority of the irides were still blanched in the superior region and
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showed disterded vasculature, particularly in the inferior reglon.

Gross dissection of these eyes showed the appearance of a thin suwbceapsuwlar

layer of liquid in the superior pre-equatorial regions of the lenses. In

sane instances, this llquid scattered light; expression of the material '5
through a capsular puncture wound restored optical clarity to this regicn.
In a few instances, a thin white arcuate line was observed on the lens
immediately inferior to the area of subcapsular liquefiled material.

Two to three days following irradiation the external aprearance of
the exposed eyes had not altered remarkably. White flocculent material
continued to slough frem tie cormeal surface. Four to five days post
irradiation the central cornea hacd sloughed off exposing a scmewhat trans-
parent tissue. Greoss dissection ¢f these eyes suggested that the clear
tissue was Descemet's membrane. There was little aquecus humor in the
majority of the eyes; often there was concamitant blanching of the entire
iris. The iris azppeared to be compressed bvetween cormea and lens. The
zonules were whitened and broken, especlally along the superior halfl of
the lens equator. The lens appeared to be displaced anteriorly. The
anterior lens surface was hazy and an occasicnal white arcuate regicn was
present on the anterior pre-equatorial surface of same lenses. The
supericr equartorial cortex was liquefied in a majority of the lenses
examined at this time. Following fixaticn cf these lenses in glutaralde-
hyde, the firmress of the liquefied region could rot te distinguished
frem the remainder of the lens. Many lenses were spentanecusly decapsu-
lated durirg excision, rrebably because of a tezr in the equatorial cap-

sule. Whitened vertical lirnes were cbserved on the superior half of the

“iaw

posterior of 2 rajcritr of lenses examired at this time,




Five days post irradiation same of the cormeas were conically dis-

tended. Cn dissection the lenses had visibly deteriorated; the volume of
liquefied material had increased and a larger area of the posterior sur-
face was whitened. S1x days post irradiation the lens wolume had markediy

decreased and the remaining lens material was whitened.

Electrophoresis Investigaticns

Simultaneous electrophoretic separation of lenticular proteins =¥
palirs of lenses frem normal eyes always resulted in patterns which were
identical in the number of clearly visible tands and in thelr mobilities.
Although the electrophoretic pattern was identical between pairs of normal
lenses from the same animal, 1t was not identical when the protein was
taken from lenses of different rabbits. Fer example, in many instances,
one could readily see six bands Identifiable as ¢ ,8, and ¢ crystaliins
(based on Mehta and Maisel, 1966); following other separations only five
clearly distirguishable bands could be seen. Furthermore, cccasionally
a narrow fast band could be seen (faster than the o crystallin band).

Flgure IV-5 shows the electropheretic patiern of soluble lentizuwlar
proteins frem unirradiated rabbit eyes. The patterm on one strip repre-
sents the soluble proteins from one lens; the identical pattern on the
other strip are from the contralateral lens. The six bands (I to Vi)
traveled different distances from the point of applicaticn (0). The rela-
tively wide tand with the greatest mobility (I) is prebably o crystailing
the bands of intermediate mobility (IZ and III) are probacly B3 crystalling
and the slcowest tards (IV, V, and VI) are preobably v erystallin (data frem
Mehta and Malsel, 1966, served as the basis for this correlaticn of cryszal-

1in and electrophoretic bands).
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Flgure IV-6 shows the electrophoretic patterns produced ty the lens
proteins taken from an eye immediately follcowing irradiaticn and compared
with that of the contralateral control lens. There are six tands cn each
strip which appear identical in mobilities ard widths.

Flgure IV-7 shcws the separaticn of lens material taken three days
following irradiation. In contrast to the previcus figures, the mebilities
of the bards are rot identical between proteins from lens of irradiated
arnd contralateral control eye. Five bards are visible on the strip con-
taining lens material from the exposed eye (L). The same bands are visitls
on the strip containing material from the control lens (C), plus an addi-
tional fast band (La). This fast band was occasicnally visible following
electrophoretic separaticn of lenses from either irradiated or control
eyes, and appeared ahead of the fast a crystallin (I) band. The bands
from the exposed lens aprear to have traveled a shorter distance than
those frem the contralateral control lens. Expressed as a percentage cf
the ccrresponding tards in the contrecl lens strip, the mobllities were:

I, 92%; II, 81%; III, 79%; IV, 75%; and V, 83%. These values were based
on measurements madg immediately following the electrophoretic separaticn
ard may bte slightly.different from those on the dry strip in the figure.

Comparison of the mobilities of lenticular protein made four days
following irradiation may te made from Figure IV-8, The mooilities expressed
as percentages of the correspending tard fram the control lens (C) were:

I, 89%; II, 51%; III, 58%; LV, 453; ard V, 357. Although all the bards
from the irradiated lenses had lessened mobilities at this time followirg
irradiation, the mobility of tcand I (a crystallin) was only slightly

depressed, whereas, that of the remaining bards (II to V), the 8 and @
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crystallins, were quite slowed. The two remaining strips in Figure IV-8
shows the pattem produced by liquid from the anterior chambers of the
irradiated and control eyes. The strip containing the plasmoid aguecus
hunor from the control eye shows six bands. The fastest and widest band
is probably serum albumin (this is inferred frem data of oore, 1959).

The fast albumin band (Alb) had a much greater meobility than the fastest
lenticular protein 3ard (Band I). In fact the slowest visible band of the
plasmoid aquecus humor proteins had a mobility nearly equal to the I band
of the lenticular protein.

The pattern produced by the agueous humor from the irradiated eye
was quite different frem that of the control eye. The fast Alb tand was
still quite visible; however, the patterm apreared to contain the I btand
of the normal lens protein, toth in mobility and vand width. Also, the
slowest IV and V lens protein bands seemed present; again the band width
and mobility equalied that of the normal lens. The rattern produced by
this aguecus hunor apreared to be a camposite of plasma and lenticllar
proteins. It 1s not swprising that lenticular proteins were present in
the aguecus humor of the irradlated eye as the lens cgpsuwlie had spentanecusly
separated .“:0"1 the remainder of the lens during dissection and tie lens

welght was apcroximately 70% of the ccntralateral wvalues

Ascorbic Acid and Reduced Glutathicne Peterminations

Ascerbic cid Measurementz of Aguecus Humor

‘Ahen sampled with the Hamilten micrcliter syringe, the average con-
centraticn of ascortic acid (AsA) fram control eyes was 35 mgd, rarging
frem 25 to 43 mgi. The concentraticn of AsA in pairs of unirradiated sves

fram the same animal agreed within 47.
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Sampling of the anterior chamber fluid from irradiated eyes with
the syringe was extremely difficult because proper placement of the needle
tip in the anterior chamber of the irradiated eyes could rnot be readily
accamplished on account of the lessened transparency of the cormeas. As
one did not have a clear view of the path of the inserted needle tip, it
could be inserted inadvertently into iridial or lenticular tissue. PFurther-
more, 1t was rot possible t¢ withdraw sufficlent material for assay since
the plasmold agueous humor clotted and occluded the needle lumen. There-
fore, aqueous nhumor of irradiated eyes could not be obtained by direct
sampling for AsA determinaticns. Consequently, for compariscn of AsA in
aqueous humor in control and irradiated eyes, the eyes were excised and
the antericr chamber fluid expressed through a slit made through the center
of the cormea into the anterior chamber.

With this method, the aqueous humor AsA concentration in pairs of
unirradiated as well as irradiated and contralateral control 2yes was
measured (Table IV-1). The average concentration of AsA in agueous huncr
expressed f‘mn unirradiated eyes was 17.4 mg% and rangsd fram 9.4 to
31.3mg%. Trese values from pairs of control eyes showed AsA concentraticn
ranging from 81 to 124 percent of the '.contra.la‘ceral value (Table IV-1).
Agreement {rcm zedirs of control eye aquecus humor AsA was rnot as g0od as
with the syringe technique.

The ascorbic acid concentrations of the antericor charmber Jluid Sraom
irradiated eyes always decreased when ccorpared with that of <he ccntra-
lateral centrol eye, using the cormeal slit methced. Thve houwrs pest irradia-

1

ticn the concentration in the expesed eye cculd only te Zdetermined “or cre
H J J




palr of eyes because of difficulty in obtaining adequate liquid. The
value for the AsA concentration in this eye was 39 percent of the con-
tralateral control eye value. Cne day post irradiation the value was
54 percent. Adequate raterial was not obtainable from the three day
post irradiation group. Mive days post irradiation the value was 33
percent. Six days post irradiation adequate material could rot be cb-
tained for assay. The decrement of AsA concentraticn of the agueous
humer cf irradliated eyes appeared to have occwrred previous to that

in the lenses from the irradiated eyes.

lens Investigaticns

Lens welghts

The average control lens weight was (0.212 grams; the weights rang=d
fram VO.1750 to 0.269 grams (Table IV-1). The weights cf pairs of lenses
agreed within 17 percent.

Figure IV-9 is a plot of the average lens weight from irradiated
eyes expressed as a percentage of the contralateral ccntrol lens as a
function of time following irradiation.

tially, follewing irradiation, the lens weights were rather ccn-
stant ard not greatly different from the contralateral control lens welgnts.
Two hours post irradiation the average percentage relative to that of the
contralateral control lens weight was 82 percent; one day after irradia-

tion 104 percent; three days, 89 percent, ard 5 days, 39 percent.

—enticular ascorble acid

The average value of ascorbic acid (AsA) in the control lenses was

14.1 mg%; the values rangsd from 8.2 to 138.3 mg% (including pairs of
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unirradiated lenses). The concentrations of AsA in pairs of lenses from

Jnirradiated eyes (Table IV-l) were compared and the concentrations agreed
within 8 percent.

The cancentration of AsA In each irradiated lens was expressed as a
percentage of the concentration in the contralateral control lens (PCL).
The average of these values in each irradiation timne grcup were plotted
versﬁs time after irradiation (Figure IV-10). The ordinate is graduated
in percent, the abscissa, in days post irradiation. The curve appeared
to be somewhat parabolic in shape. Two hours after irradiation the per-
centage for lens ascorbic acid was 87 percent (average); one day after
irradiation, 95 percent; three days after irradiation, S4 percent; ard
five days after irradiation only 34 percent. Six days post irradiaticn
the value had decreased to approximately 23 percent; it was barely meas-

urable.

Lenticular reduced glutathicne

The concentraticn of reduced glutathione (GSH) in each lens from an
irradiated eye was expressed as a percentage of the concentraticn in the
contralateral centrol lens (Table IV-1). The values in each post irra-
diation time group were averaged. In Figure IV-1l these values are
plotted versus time after irradiation. The resultant curve appears
grossly similar to the plot for lenticular ascorbic acid concentraticn
described above.

Two hours after irradiation the average rcercentage of the contra-
lateral control lens concentration was 937%; cne day pest irradiation, 997%;

three days post irradiaticn, 47%;five days post irradiaticn, 40%, ard
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six days post irradiation was zero.

During the first three days p-radiation the lens weight remained
constant; the AsA and GSH concentrations had started to decrease three
days following irradiation. Four to five days post Iirradiation the
AsA and GSH concentrations continued to decrease. Lens changes were
noticeable at this time; increased volume of cortical liquefaction,
whitened lines on the posterior surface and spontaneous decapsulaticn
on excision occurred. The nearly total disappearance of lenticular

AsA and GSH observed six days post irradiation was acccmpanied by a

marked decrease of lens weight. The remaining lens material was nearly
campletely white. These data (concentration and welght) suggest that
blochemical changes may occur brevious to changes in lens weight. The
concentrations of AsA and GSH were expressed as a percentage of wet

weight. MNermally, the young rabbit lens contains approximately 75%

water (Prince, 1964). It is possible that the water content changed
in the pericd during which these measurements were rade.

In Figure IV-12 the total weight of glutathione and ascorbic acid
per lens (concentration times weight) were also expressed as a percent-
age of the contralataral (control) lens GSH or AsA weight per lens (Av
PCL Wt). These values were averaged for each irradiaticn group for
GSH and for AsA. Figure IV-12 is a plot of these values as a function
of time post irradiaticn. The ordinate is graduated in percent; the
abseissa, in days post irradiation. The two curves rearly paralleled
cne another; hcwever, the decrement of AsA per lens was slightly greater
than that of the correspording total values for glutathicne per lens

following irradiation.
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Two hours following irradiation the Av PCL Wt for AsA was 73%;
that of GSH was 80%. One day following irradiatiocn the Av PCL Wt value
for AsA was approximately 99%; cthat of GSH was 103%. Three days follow-
ing irradiation the Av PCL Wt value for AsA was U45%; that of GSH was 43%.
Five days post irradiation the Av PCL «#% value for AsA was approximately
30%; that for GSH approximately 35%. Six days post irradiation the Av
PCL Wt value for AsA was approximately 1%. No measurable amount of GSH
was found at this time.

Ancillary Investigations

During irradiation the cormeal swurface temperature increased from
an average of 31.6° C to 61.6° C (an average increase of 30°C). The aver-
age maximal temperature of 44° C was measured in the aqueous humor
extruded through a slit made in the cormea immediately following the
cessation of irradiation.

The decrement of rectal temperature measured following the adminis-
tration of urethane and Immovar Vet are shown in Flgure IV-13. The

temperature decreased nearly linearly from an approximate value of 40° C.

The average rate of decrease following the drug acninistration was approxi-
mately 1.3° C/30 m:j_m;.xtes in these two measurements. Although the corre-
spendirg anterior chamber tamperatire changes were not measured in this
experiment, Goldmann (1933a) reported that the temperature would decrease
carrespendingly.

The results of concurrent assays of lenticular reduced glutathlcne
(GSH) and oxidized glutathicne (GSSG) in animals “ollcowing either Co,

laser irradiation of the cormea or reedling of the lens were as follows:

PP UV VR SFUIC U VDR 9
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Lenses were dissected from eyes excised six days following irradiation
of two 5-1b animals. Lens L-1 consisted of an amorphous mass of floccu-
lent white material. The cortical material of the superior equatorial
and postericr region of lens L-~2 was whitened; the remainder of the lens
was relatlvely clear. Two 5-1b rabbits were ldlled five days following
needling of the left eyes. Lens N-1 had an ocbviously tom anterior lens
capsule and a whitened cortex. The other needled lens, N-2, was grossly

normal except for a small white puncture spot in the mid anterior swrface

of the lens. Values for these lenses are expressed as percentages of that

in the contralateral control eye (except for the values of GSSG as per-
centage of total lens giutathlone (GSSG+GSH)). This value was camputed

for each lens.

Lens GSSG - GSH GSSG_ x 100
No. Weight Concentration Weight Concentration Weight  GSSGHGSH
L-1 51% 49% 25% 58% 30% 4.5%
L-2 78% 66% 52% 75% 58% 4.8%
N-1 75% 139% 100% 66% 59% 16.0%
N-2  100% 112% 1132 87% 89% 10.0%
Control lenses (lasered animals) 5.0%
Contrel lenses (needled animals) 8.0%

It appears that both oxidized and reduced glutathione had decreased in

concentration and in weight in lenses fyrom irradiated eyes. The relation-

ship of GSSG to total glutathicne, hcwever, had not changed from that in
the contralateral control lenses. In contrast, data from the needled

lenses indicate that although the GSH had decreased, the GSSG had

———— - -
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correspondingly increased. In fact, the percentage decrease cof GSH is

almost exactly offset by a corresponding increase in the cercentage of

GSSG concentration. Furthermore, the amount of GSSG had increased

(¢
noticeably—the ratioéésa—mgq of the more severely injured lens doubled.

Discussion
Beam Adjustment and Measurements
For these studies it might have been desirable to obtain uniform

corneal irradiations. With the laser used, hcwever, it was difficult to
obtain and maintal:: a beam pattern which was essentlially uniform over the
irradiated dlameter desired at the power density levels required. Conse-
quently, the central part of an essentially Gaussian beam was used durirg
these irradiations..

Thermofax paper is darkened by heat; low COp laser ocutput densities

(approximately 50 mW/cm? are not adequate to darken the paper, even on
long exposures (minutes); high power densities (greater than SO w/c'nz)
nearly simultanecusly blacken and ignite the irradiated area. On protracted
intermediate CO, power density exposures heat flows through the periphery
of the irradiated r'eg.ion resulting in a pattern larger than the impingirg
beam. Short exposure of intermediate power, hewever, results in a patterm
whose varying degrees of darimess is roughly a function of the loccal ccwer
densities. The laser was, therefore, adjusted by cbserving the outgut
pattern produced on Thermofax paper cn short exposure.

It was felt that it would be Impractical to carry out a team scan or

each Irradiation. 7o substantiate the assumption that the darkened pattemn




used as a monitor durlng these experiments would be satisfactory, a beam

profile was measured for such a pattern (Figure IV-3). The Gaussian-like
profile obtained in the X and Y directions was such that it was felt that
monitoring with the Thermofax paper would be satisfactory during these
experiments.

There may have been slight inaccuracies in the power density pre-
file values measures (Figure IV-3) due to inequalities of the response of
the radiant energy beam detector to different power densities, as the aper-
ture was scamned across the detector. The measwred power density profile
might have Leen more accurate if the power detector, fitted with an aper-
ture, had been scammed across the beam; however, the weight and bulk of
the power detector pzecludéd such an operation. The dlameter of the beam
was increased for in viwo irradiations in order that the greater portion
of the cormeal surface would be exposed. The laser was retuned so the
beam diameter was slightly larger than, and thus limited by the beam
selector aperture. The power density distribution (as inferred by the
pattern produced on Thermofax paper) (Figure IV-2) appeared similar to
the pattern cn paper associated with the beam pattermn described atove. The

power density distribution of this larger beam was not measured because of

the relative insensitivity of the availlable power measuring equipment. ‘

Use of the bean selector aperture permitted simple location of the

beam axis and furthermore defined the beam irradiating the eye. When th
laser was adjusted so the output beam pattern on Thermofax paper (held

approximately 0.8 em distal to the beam selector aperture) was concentric

with and filled the apertwre, cne could then irradiate the entire corneal
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surface with minimal exposure of the ocular adnexa. HMurthermore, when

the axis of the eye and that of the laser beam coincided, the maximum

power density of the beam and thus the maximum heating coincided with the
center of the cormea. When the cormea flattened, the temperature of the
underlying aqueous humor in the pupillary region was probably highest at !
the center. Therefore, when the cormea and lens were apposed following
corneal flattening, the aqueoﬁs humor in the pupillary region (exposed
lens region) may have been heated to a greater temperature than that of
any other region of the anterior chamber. The maximm heating and thus
the initial collagen shrinkage occurred at the center of the cormea.

There may have been other regicns of temperature differences. As dis-

cussed below, the temperature in the superior portion of the anteriocr

chamber may have been greater than that of the inferior region.

Anesthesia

Imovar Vet is a combination of a synthetic morphine-like ccmpound

(fentanyl) and a tranguilizer (droperidol). High doses of either of these
class of compounds, especlally the morphine-like substance, can depress
the respiratory center (Sharpless, 1965). Pentobarbital, a medium length
duration type barbiturate, will alsc depress the respiratory center when
employed in adequate doses.

In a previocus study Innovar Vet (I.M.) and gentobarbital (I.V.) per
se or in combination were emplcyed as anesthetlc agents. The use of
Inmovar Vet resulted in an apparent increase of fluid in the respiratory
tract and resultant distress. Atropine sulfate (S.C.) was used to depress

the ffuld production. Anesthetic doses of pentobarbital apparently did
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not cause respiratory distress fraom fluld accumulation in the lungs.
Such doses, however, often caused death, seemingly due to respiratory
depression.

The respiratory distress accompanying adequate levels of anesthesia
was greater when Immovar Vet was used, than when pentcbarbital was used
(both were used in conjunction with atropine sulfate). In the previous
study, more than 25 percent of the rabbits died during or shortly after
irradiatlions when anesthetized using either or both of these substances,
alone or in combination. FPFurthermore, horizontal nystagmus was often
present in animals thus anesthetized. This movement of the eyes during
irradiation often prevented protracted even irradlation of selected areas
of the cormea. |

Accordingly to Shideman (1958) urethane (ethyl. carbamate) has been
used for many years as an anesthetic agent in anima] experiments. Massive
doses of urethane can produce protracted wnconsciousness and anesthesla
without fatal respiratory depression. In this study relatively safe and
adequate levels of anesthesia were obtained in weanling albino rapbits with
the systemic administration of urethane (S.C.) and Innovar Vet (I.M.)
(1.5 and 0.15 ml respectively per pound of body weight) plus the topical
adninistration (to the eyes) of proparacaine HCl cphthalmic solution.
When the animals were adequately anesthetized, there was no noticeable
respiratory distress and no cbservable nystagmus. The lack of nystagmus
permitted continuous even irradiation of the cormea.

The local anesthetic proparacaine was originally used to permit the

painless insertion of a speculum. Although a speculun was not employed
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in this study, the use of proparacaine was ccntinued. The animals sys-
temically anesthetized with urethane and Inhovar Vet could not be irradi-
ated without scme resistance wniless elther the quantity of the systemic
anesthetic agents was increased or proparacaine used.

Less than 10 percent of all animals anesthetized in this manner
died spontaneously during or following irradiation. This method of anes-
thetizing weanling rabbits appeared to be superior to those previcusly
employed in owr studles.

The use of 0.1 ml of Inmnovar Vet, I.M. one and two days following
the irradiation may not have been necessary but was routinely adninstered

to avert gross discomfort.

In Vivo Irradiations

Preliminary Phase of the Investigation

The effect of the rost irradiation cormeal perforation appeared :o
differ. In certain of ocwr preliminary irradiation experiments, the lens
was absent on orening the eye. The lens may have been extruded through
a cormeal perforation. Serial sections of the cormea weould clarify this.
As the animnals were h_gused in standard cages following irradiation, this
could have occurred without being ncted.

It is also possible that rescrption of the lens cortex and nucleus
may have occurred. This may have been precipitated by cormea-lens contact
following loss of anterior chamber agueous humor via a perforated cormeal
ulcer. Also the lens carsule nay have been ruptured duwring or follicwing
corneal irradiaticn. Subsequently, the exposed cortical material cculd

have been altered on ccntact with aqueocus humor, then resorved by diffusicn.
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Resorption could have also resulted from an Immune process. A combina-

tion of these processes may have been responsible for resorption of lens

material.

It has been reported clinically that toth lenses and wvitreous humer
have been rescrbed following injury and subsequent infecticn. Accordirg
to Duke-Zlder (1970), the resultant gross appearance of such an eye exter-
nally is one of microphthalmia, and intermally, of camplete retinal detach-
ment. The retina remains attached at both the ora serrata ard the ortic
nerve. This description 1s essentially identical %o that of certain
irradiated eyes examined in this study following enucleation and fixation
several weeks after irradiation. The interior of the micreghthalnic eyes
contalned 2 fibrous plaque in the lens region attached bty a thin fibrcus
stalk to the optic nerve. Apparently, follcwing retinal detachment (and
subsequent fixation) the opposed surfa.cés contacted and adhered.

The purulent mass observed filling other eyes probably was the end
result of an overwhelming panophthalmitis caused oy infecting organisms

which entered the eye through the perforated cormeal ulcer.

Major Phase of the Investigaticn

The concomitant adninistration of topical scdium sulfacetamide arnd
systemic penicillin, folleowing 1.5 watt 30 second cormeal irradiaticns
prevented the purulent keratitis. Although the offendirg crganisms were
ot isclatad and identified, this treatment regime proved to te efficaci-

ous. The simultaneous administration of a sulfcnamide arnd an antibicti

[ ¢

1s an effective and not uncommon treatment (Weinstein, 1965) which is

simple and readily available. Sodium sulfacetamide is repcrtedly non-




irritating to the cornea and penetrates readlly into cormeal tissues

(Havener, 1970). The following 1s a discussion of the gross appearance

of the corneas, irides and lenses following irradiation.

Gross Apopearance

The pitting of the corneas and the attendant meicsis observed fol-
lowing irradiation have been discussed in Chapter IZI. The appearance
of the commeas immediately following irradiation differed from that
observed in the ensuing day; that 1s, the cormeas became whiter and
developed an ever increasing blue hue with time. This blue hue was flrst
observed one to two hours post irradiation. The initial whitening post
irradiation was probably due to light scattered from coagulated corneal
protein.

The increased cormeal thilickness assoclated with ecdema observed may
have been partially responsible for the increased whitening and btlueness
observed with time. With edema, the transparency decreases and scatter-
ing increases. According to Maurice (1969) only a small amount of lignht
i1s scattered by the normal cormea. Scattering is greater at shér'ter than
at longer wavelengths. !aurlce shone a beam cf white light along the axis
of a strip of excised cormea. The tissue near the entry of the beam glcwed
blue and that remote from i1t glowed red. (Maurice postuwlated that the
transparency of the normal cormea is deperndent on the presence of a regu-
lar crystalline~like arrangsment of the collagen fibrils. The interfibril-
lar spacing is said to beccme irregular in the edematous correa.) Alter-
nately, there may have been additiocnal denaturaticn of pmtei;ils ceeurrirg

with time, thus increasing the whitening and blueness. A campinaticn of
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the above two mechanisms ray have been respcnsible for these changes in
the appearance of the cormeas following irradiation.

Although histopathologic examination was not carried out, the white
flocculent material cbserved floating on the cormeal surfaces two €C
three days rost irradiation prebably was clurps of necrotic epithelial and
stramal cells.

The clear central region of the cormea observed about four days fol-
lowing irradiation probably was Descemet's membrane. Apparently the
necrotic whitened stramal material had sloughed off completely from this
region. Descemet's membrane is the basement memhrane of ths endothelial
¢ells of the cormea (Mne and Yanoff, 1372). This layer must have teen
subjected to a tamperature elevaticn similar to that of the adjacent
cormeal stroma during irradiation of the cornea. MNevertheless, its struc-
ture appeared to have been affected to a lesser degree than that of the
corneal stroma, as it remained following sloughing of the outer layers.

The conical distention of the cormeas along the optic axis chbserved
five to six days post irradlation suggests that the ccrmeal tissues which
remained following erosion of the anterior layers were weaker than the
intact cormea. They may have been distended by either normal or increased
intraocular rressure.

There are several factors which may have been respensible for pro-

ducing the adjacent areas of blanching and normal colcer in the irdides ¢f

1
O
B

the irradiated eyes observed f{ollcwing irradiaticn. The blanchin

the supericr peorticn suggests that the temperature of this region may have

teen lncreased to a greater level than the remainder of the antericr chamber

during CCp laser irracdiztion of the cormea. Temperature measurement in

e
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this investigaticn indicated that the temperature of the agueous huner
present in the pupillary region of the anterior chamber at the terminaticn
of the 1.5 W, 90 seccnd irradiation had been elevated to at least 44° C.
Probably the temperature elevation in the antericr chamber was considerably
higher. (Steady-state temperature data frcm Chapter II show that on con-
tinous irradiation of the corneas of larger rabbit eyes at a power density
of 380 mN/cm‘?, the aqueous humor temperature was elevated to 48° C without
concomitant blanching of the irides. The cormeas of these larger animals,
however, were not flattened during these lower power density irradiaticns.)
Possibly, during irradiation the heater? squecus humer rose to the
superior region of the anterior chamber and increased the temperatwre of
this portion of the cornea and irides to a higher level than that of <he
remainder of the tissue. Because of the higher temperature, maximal
edematous swelling of the cormea may have occwrred in this region. This
would have decreased the depth of the anterior chamber in the supericr
region to a greater extent than the remainder of the chamber. Durin
cormeal flattening either the pressure of the cormea on the iris or <he
increased pressure in the anterior chamber may have squeezed the clocd
from the two superior branches of the major iridial circle. (According
to Prince and Zglitis, 1956a, the major iridial circle is supplied wi<h
arterial blood from two main branches, one enters nasally, the other tem-
porally. After entering the iris, each bifurcates and serds btranches
superiorly and inferiorly.) If the blood were forced from She supericr

branches during {lattening of the cormea, their counterparts in th

infarior resion may have been temporarily engorged. Once the blood lcw




was stopped in the superior porticn of the irides, a major portion of

the mechanism for the cooling of this region was removed. Heat from the
cormea as well as a limited flow of heated aqueous humor to this region
may have caused a marked increase of the temperature of the superior regicn
with resultant permanent lccal damage to the vasculature. Although his-
tology was not carried out in this investigaticn, Hoffmarn and Xunz (1534)
published descriptions of the histology of heat-damaged irddial tissue.
They noted that the iridial arteries were generally empty of blood and

that many of the capillaries in the deeper regions of the irides were
alternately constricted, so the appearance was that of links of sausages.
Thelr findings have been reviewed in Chapter II.

Davson (1969) stated that the active production of aqueous humor is
dependent cn the asscciated blood flow in the ciliary processes. There-
fore, on the basis of the loss of circulation in these eyes, at least cne-
chird of the total cillary process secretory mechanism may have been halted.

The blocd flow did not retwrm to the blanched superior third of the
irides followirg irradiation. This indicated that the mechanism widich
caused tlie occlusion during irradiation was permanent or had heen replaced
by an altermate mechanism. It seems that the arterial supply must have
been cccluded initially. If the vencus system had been clcsed, the tlccd
flow would have been halted; however, the tissue would have contained
trapred bleow, and thus would not have been blanched. Apparently, the
vascular occluslon was caused by heating, verhaps in conjuncticn with cres-
sure elevaticn.

The blanching of the entire iridial and ciliary processes ctserved

five to six days post irradiation indicated a complete stoppage of the
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associated arterial blood flow. This may have resulted from either an
inflammatory process, from the pressure of an anteriorly prolapsed lens,
or fram a combination of these situations. A prolapsed lens could have
pressed the irides between the anterior lenticular and posterior corneal
surfaces. This might have expressed any blood and prevented any influx.

The following discussion concerns the gross appearance of lenses
dissected from eyes excised following irradiation and used for biochemical
or electropnoretic investigations. The lenses were faintly cloudy; the
occasional whitened lenses observed at this time were not used for either
electrophoretic or biochenical investigations. The region of microscepic
bubbles observed beneath the anterior capsule of lenses dlssected from eyes
excised inmediately following irradiation appeared similar to that observed
in control lenses which had been irmersed in normal saline for 30 minutes
or more. The resultant appearance of slight cloudiness in elther case may
have been a non-specific response of the lens to injury, i.e., lenses from
irradiated eyes may have exhibited thermal injury; lenses immersed in
rormal saline may have exhibited an injury which may have resulted frem
impaired metabolism (lack of glﬁcose, ete.).

Certaln of the eyes were enucleated and fixed follewing irradiation.
The swperior portion of the lenses from these eyes Lore the irprint ¢f <he
posterior swface of the 1ridial processes. This wuwhitened, imprinted
area may have teen asscclated with an alteration of the subjlacent lens
cortex, and a concomltantly increased pressure of the irds on the lens
surface. The situation of the altered cortex, demonstrable immediately
post irradiation, appears analogous to the altered but wnwhitened indented

regions of lenses cbserved following 7 watt, 1.5 second focused irradiaticn
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and subsequent fixation described in Chapter III. The apparent pressure
of the iris on the lens may have been assoclated with cormeal flattening.
The torm lens capsule observed occasionally in these fixed lenses dis-
sected from eyes enucleated immediately post irradiation may have resuited
from a local shrinkage of the capsule collagen. The torn area was not
apparent in unfixed lenses observed shortly following irradiation; either
the tear was not noticed because of the transparent nature of the capsule
and the underlying cortex or the involved regicn of the capsule was only
structurally altered and tore dm'ug the fixation reaction.

The whitealg of the suspensory ligaments of the lens (zonules of
Zimm), noted in the superior portion of certain eyes shortly after cormeal
irradiation probably resulted frcm heat. The temperature of the zonules
probably was increased by the vertical flow of heated aqueous humor. The
inability of these thin avascular structures to conduct surface heat away
from themselves either by blood flow or by conduction to deerer regions
may have resulted in higher temperatures than that suffered by adjacent
tissues such as the iris. Apparently, there was ensuing denaturation and
coagulation. The relatively inelastic zonules (Dische, 1970) are rnormalily
inserted into the lens capsule at the equatorial region. The transient
local heat shrinkage of the adjacent capsular colliagen could have increased
the tensiocn of a series of these denatured zenules and caused the broken
fibers frequently observed.

The liquefied cortical material observed without fixation two or
three days post irradiation in the superdior pertion of the lemses may still

have contained relatively normal proteins. This is inferred frem the

———
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observation that the liquefied regicn and the adjacent solid material
of the lenses was indistinguishable in resiliency following fixation in
glutaraldehyde. Assumedly, if the liquefaction were caused by marked
proteolysis, the resultant fluid (amino acids and polypeptides) would
ot have reacted to the fixative in a manner 1dentical to that of the
parent proteins.

Nommally, it takes deliberate effort to separate the capsule from
the underlying cortex. Four to five days following irradiation spontane-~
ous decapsulation occurred during dissection of the lens. This indicated
a lesaening of the attachment between the cortex and capsule. This may
have been due to a tear or an altered area of the capsule, which might
have permitted abnormal passage of aqueous humor into the subcapsular
region. It appears, however, that entry of agueous humor may result in
lens whitening. This did not occur except in the supericr regicn of <che
lens; however, the lens-capsular attachment apparently was lessened in
all reglons. Consequently, an alternate explanation is that*the metabolism
of the lens may have been altered in such a way as to weaken the capsular-
cortical attachments.

Immmological factors may have been of importance in the lenticular
capsule weakening or tearing. EHeat-induced alteraticn of the lens capsule
might have changed its immunological respense. Kuck (1970a) repcrted that
the lens capsule has a high concentraticn of polysaccharides and thus has
been suspectad as a3 source of antigens.

The cause of “he delayed whitening of the superior regicn of the

posterior lenticular surface observed four to five days post irradiaticn

b
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is not readily apparent. One may assume that it resulted from thermal
damage to the lens fibers. Mature lens flbers extend fram the anterior

sutural region across the equator to the posterior sutural region. It

appears that the heating caused by the irradiation of the cormea ralsed |
the temperature of the anterior region of the lers to a higher level than
that of the posterior regicn; therefore, one might expect the delayed
whitening to be visible initlally in the anterior region. The reascns
for this apparently ancmalous site of whitening in the posterior part of
the lers is not understocd.

The marked degree of total whitening and decreased volumes of the
lenses observed six days post irradiation may have resulted from a number
of factors. Although the exact mechanism is not clear, it probably

involved interactions between agueous humor and lenticular contents, the

non~-specific response of dead and dying cells in avascular tissue, inabiliity ;
to maintain metabolism of the fibers and proteolysis. !
As discussed, the majority of the lenses used appeared*relatively

clear on In vivo inspection immediately post irradiation. Approximately

ten percent of the eyes, nowever, contained ocbviously whitened lenses; ’
the eyes frcm this latter group were nct used for electrovhoretic or rico-

chemlcal investigations. This immediate whitening of the lens possibly

resulted from excessive heating and may have been due to the following:

1) A reduced heat~dissipation of these eyes; 2) a comparatively higher

pre-irradiation ccular teamperature; and 3) Iincreased !rradiaticn of <his

group. Comparatively shallcwer anterior chambers and smaller iridia®

blood flew of slightly smaller eyes may have a lessened capacity feor heat




dissipation. This may have resulted in a greater tercerature elevaticn

in these eyes during the irradiation. Alternately, aithough less lirely,
the whitened lenses may have teen heated to a higher temperature not
because of a gzéater temperature elevation per se con irradiation, but
because of a higher pre-irradiation temperature. In this regard, Goldmamn
(1933a) stated that the amount of injury is dependent on the final tempera-
ture rather than the temperature increase per se. He reported that the
ocular temperatures rise and fall with the temperature of the body. An
ancillary investigation in this chapter showed that the body temperature
decreased following the administration of the anesthetlc agents. This
decrease averaged approximately 1.5° C for the initial 30 minutes. Thus,
if the interval between the administmtion of the anesthetic agents and
the initiation of the irradiation were short, the pre-irradiaticn ocular
temperature would have been higher than that in eyes of animals anesthe-
tized for longer periods of time. This would have resulted in a final
ocular temperature which was relatively higher than in:the latter growp.
Although this latter mechanism must be considered, it probably is of mini-
mal importance.

Electrophoretic Investigations

Operation of the electrorhcresis unit in a refrigerator at 5° C may
have prevented same protein deraturation by facilitating removal of heat
evolved during the separatory process.

Maintenanca of the lens hemegenazte tamperature above 10° C during

separation is said to prevent cold grecipitation of vy crystallins (Kuck,

1970a). Althoush vy crvstallin is the smallest of the crystallins
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(M.W., 1.7 x 10"), i1t 1s the least soluble. Kuck states that this low
solubility does rot appear to result from any umusual amino acid composi-
tion. Rather, he suggests that the folding of the molecule may expose a.
relatively large rumber of hydrophobic groups. This low solubility is
apparently decreased to a critical point when the ambient temperature is
brought below 10°C. Although the o crystallins in the sample might have
precipitated on application to the strips (5°C), they would have been
resolubllized following the heat an electrophoresis. This reversibility
of ¢ crystallin insolubility 1s attested to by the lack of material at the
site of application following electrophoresis. Furthermere, young animals
can develop "cold cataract” when their bodies are cooled sufficiently. Cn
rewarming, the cataract disappears and the lenses are again transparent.
This phencmenron 1s attributed to the relatively large percent of ¢ crystal-
lin in young lenses.

Identical patterns were produced on sitmltaneous‘ electrophoretic
separation of soluble proteins from pairs of eyes of unirradiated ani-
mals. This indicated that the separatory procedures used were reproducible.
The electrophcretic separation of soluble lens proteins from unirradiated
rabbit eyes appeared identical to those shown by Mehta and Maisel (136€3).

There were no differences in mobilities observed and in the patterns
produced on simultarecus electrophoretic separation of soluble lens cro-
teins of irradiated ard contrecl eyes sampled cne day post irradiation.
This suggested that there had not been any immediate gross alteraficns of
the soluble proteins on heating due to irradiation, at least, alteraticns

which grossly altered the electrophoretic pattern. Examination of the
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electrophoretic pattern of soluble proteins from lenses heated to 60-
70° C for 30 minutes showed a marked decrease of the mobility of all
erystallins (Mehta and Maisel, 1566). If coagulated inscluble pro~
teins were produced in the lens on COp irradiation, however, it would
either have been removed fraom the supernatant cn centrifugation or would
not have moved frum the site of application on the electrophoretic strip.

. The electrophoretic studles did not shed much light on the phenome-
ron of immediate lens indentaticn on heating. It appears that the reac-
tion to electrecphoresis of soluble proteins fram a lens sampled immediately
post lrradlation was not grossly different from that of the control lens
material. Furthermore, no difference was noted tetween electrophoresis
of the semi-fluld material found bereat. che lens capsule and that of
normal cortical material. A difference might have been expected.

Camparison of this finding with <he observation of indentations
following fixation with aldehyda fixatives suggests that the heating may
have exposed side chains (e.g., aino grouwps); ‘glutaraldehyde or formalde-
hyde can react with aming side Sreups and form a cross linkage (Pearse,
196Q). An increase in the mumter of these groups (MHp-R) might rot have
altered the electrorhoretic mctiilty cf a protein in the alkaline pH
buffer used, pH 8-9, because tha amino groups would not be ionized at
this pH.

Experiments carried out In an acid tuffer might show differences in
the soluble cprotein from conticl 2n3 irradiated eyes. These were not dere.

The heat-induced indentazicn sbserved in unfixed decapsulated lenses

may have been physical and not chamical in nature. It may have been the
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result of extrusion of crystallins frem the anterior terminal section

of lens fibers, or a local removal of water normally present. If a quan-
tity of soluble protein was extruded posteriorly within each fiber in the
anterior lens region on locallzed heating, the ratio of lens fiber crystal-
lin to lens fiter membranes in this "indented" region would have been
altered. This possitle alteration of the ratic of fiber membranes tc zon-
tents in the heated area might have been a cause of the tinctorial Ziffer-
ences observed between the indented areaz and the remainder of the fixed
lens (as reported in Chapter III) [ollowing irmersion in acid orcein.
Orcein is sald (Pearse, 1960) to possess positively charged groups which
are necessary for its staining action. The orcein molecule is rejyulsed

by tissue possessing a preponderance of pesitively—charged side grours.
These groups may have been exposed (and thus been more reactive) at the low
pH of acid orcein.

Differences were noted between the electrophoretic patterms of solu-
ble lens material obtained from control and irpadiated eyes when they were
samled two to three days post irradiaticn. Mobility of that assumeZ o
be g8 and y crystallins were samewhat lessened, whereas, that of o crys-
tallin was not grossly altered. The B and a lenticular protein groups
normally move slcwer than o crystallin. This suggests that either there
Wwere less negatively charged groups present in the 8§ and ¢ proteins cr
that their molecular weights had increased. According to Davsen (1%6St)
and Spector (1371), the 3 and ¢ crystallins normally contain a large

amount of sulfhydryl groups. Xinoshita (1364) states that one of the pur-

poses of lens glutathione 1s to protect labile protein sulfhydryl groups
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from oxidation to disulfide bridges. A decreased concentration of GSH
could therefore permit the production of inter- and intra-molecular
disulfide bridges. The production of these bridges would either reduce
the number of ionized hydrophilic groups on the nrotein surface or increase
the molecular weight of the molecules or both. Consequently, there may
have been a relationship between the lessened mobilities of these protein
groups ard the lower concentration of glﬁtathione in the lens at that time.
Previous workers have electrophoretically separated normal rabbit
aqueous humor without performing paracentesis; however, they were forced
to pool lots of the llquid and then concentrate it prior to electrophoretic
separation. Moore (1959) tabulated the comparative electrophoretic mobili-
ties of both pooled aqﬁeoﬁs hunor and serun fram the rabbit. They were
similar except that no globulin was reportedly present in the aqueous
humor (neither had fibrinogen). The mobilities of each band campared
well (i.e., agueous humor versus serum). Also investigations discussed
by Moore show that the albumin concentration increased in agueous humor
following treatment with vasodilators. This situation may have occurred
in the eyes in this investigation following paracentesis. Furthermore,
all components of plasma proteins are present in the aquecus humor during
acute ocular inflammation. Presumably fhis occurred in the irradiated
eyes.
Camparison of the patterns produced by the soluble lens proteins
from these irradiated and control eyes showed that although the fastest
bands cf the scluble lens protein had traveled similar distances, the

slower protein bands from lenses of the irradiated eye had travaled notice-

ably shorter distances. The pattérn produced by the plasmoid agueous
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humor appeared grossly similar to that produced by the soluble proteins
from the control eye as well as having the characteristic tands ¢of btloed
serum protein. In contrast, the pattemrm produced bty the liquid frem the
antericr chamber of the irradlated eye did not resemble either that of
plasmoid aqueous humor or the soluble lenticuwlar material from either eye.
The pattern appeared to be a composite of the pattems of lenticular pro-
teins and the plasma proteins assﬁmedly present in the aquecus humer as a
result of ocuwlar inflamation or trauma. This suggests that soluble pro-
teins were leaking either into the aqueous humor through the capsule of

the lens because of altered capsﬁlar permeability, or through a fissure in
the capsule. Dische (1970) reported that the lens capsule contains gluta-
thicne. Possibly, the concentration of GSH in the capsule diminished alcrg
with that of the remainder of the lens. If so, diminution of the GSH might
have increased the permeability of the lens capsule to crystallins. Further-
more, Epstein and Kinoshita (1970) have shown that a diminished concentra-

tion of GSH increases the permeability of the lenticular membrares.

Ascorbic Acid and Reduced Glutathione Determinations

Ascorvicacid in agqueous hunor

Sampling of aqueous humor with the Hamiltcn microiiter syringe Srem
Irradiated eyes was abandconed tecause of difficulties in proper positicning
of the needle in the anterior chamber with a scmewhat cpaque cormea.

Also, fibrinogen in the aqueous humor of such eyes clogged the syringe
needle. The alternate method in which aquecus humor was exgressed through
the slit cormeas of excised eyes permitted acquisiticn of adegquate materizl

for AsA determinations. The consistently lower Asd concentrations as well

l. . , T L o .




as the relatively large differences between values measured in palrs of
control eyes (maximun difference, 24%) indicated that this second method
of sampling was not optimal. There.did not appear to te an altermate
method readily avallable, however. Any of the follcwing factors could have
decreased the AsA concentration in the aqueous humor in the control eye
obtained by expression: oxidation of AsA, hydrolysis of the lactone rirg
of AsA, as well as uptake of the substance by ocular tissues.

Enucleation halted the blood flow and thus the Influx of aqueous
hunor. There seemed to be an assoclated decrement of agueous humor efflux,
as the enucleated eyes did not appear f{laccid at the time of sampling.
Therefore, the volune of agquecus hunor nust not have been decreased appre-
clably. The quantity of AsA in the aqueous humncr prebably was normal at
the time of Killing and enucleaticn of unirradiated eyes. Following enu-
cleation there may have been a certain percentage cof the total aqueous
hunor AsA which was oxidized. (Adler, 1966, noted that data from assays
of aqueous numor from dead eyes might be viewed with suspicion because of
postmortem changes.) This was probably minimal as the ocular temperature
was rapidly reduced with ice fcllowing excisicn.

There may have been a percentage of the AsA hydrolyzed at the pH 7.5
of normal rabbit aqueous humor (Davsen, 1363). Hydrolysis of the lactone
ring can occur in an alkaline medlum with the resultant fcrmation of
diketogulonic acid (West, Tedd, Mansicn and van Bruggen, 1566). Rurther-
more, there might have teen an wtake cf AsA by ocular tissue in the inter-
val between excision and sampling; also passage through and contact with

the cormeal stroma may have oxidized, hydrolyzed cr removed scme AsA from
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the aqueous hunor. It would te interesting to compare the concentratiors
of aqueous humor AsA sampled fram dead eyes by this (expression) methed
with that sampled with a syringe.

The AsA concentration in the agueous humor was decreased in all
irradiaved eyes sampled in this rhase of the experiments. Unfeortunately,
only a small nurper of irradiated eyes could be sampled (see Table I7-1).
Nevertheless, the relative concentration of AsA in the aquecus humor was
decreased in eyes sampled at two howrs post irradiation and there was a
continual decrement in agueous humor AsA sampled during the ensuing pos<
irradiation period.

The decrement of agueous humor ASA concentraticn in irradiated eyes
(campared with that in control eyes) may have teen due to several factcrs.
Both the active trarsport fram ciliary processes and the diffusion from
iris stroma into the aguecus humor may have been decreased. The rate cf
AsA oxddaticn may have Increased.

The small ceoncentration of plasma AsA (1 mg%, Cavson, 196%a) is said
o be actively concentratad in the ciliary epithelium . AsA is then con-
sidered to te actively transgortad fram the epithelium of the ciliary ore-
cesses intc the aguecus humer at the pesterior chamber, resulting in a
concentraticn of 20-20 mg? in the postericr ~hamber (Ibid.); a lesser
amount diffuses fram the iridial wvasculature. The ctncentraticn of ascertic
acid in the agqueous humer resuwliing Tram simple 3ilfusicn would protacly

qual <hat ¢f the tlocd plasma .i.2., - =57 or areroximatsly 1/20th of
that of norma® zguecus humer). Ary Zecrement of the btlocd {low to <his

region weuld te reflected by a decrement of ascertic zcid avallable for
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transpert; hence, a decreased transfer of ascorbic acid into the aqueous
hunor. Initially the blood flow was halted only in the upper third of

the iris and ciliary processes ¢f irradiated eyes. This effect of excess-
1ve heat and pressure on the upper region of the anterior segment of the
eye has been discussed. Secretion of ascorbic acid from this region is
dependent on blood flow (Pavson, 1969) and therefore it must have been
abolished locally. Furthermore, if the temperature elevation in the
anterior segment of the eye had been sufficient to abeclish blood flow to
the superlor region of the iris, it is entirely possible that it might have
also decreased the actlivity of the transpor: mechanism in the grossly
unaffected inferior regilons of the irds and ciliary processes. Therefore,
immediately following ilrradiation,the secretion of ascorbic acid in the
upper porticn of the clliary process may have been abolished because of a
cessation of blood flow and at the same time the output in the remaining
ciliary process was markedly lessened because of a thermally impaired
secretory mechanism.

The total blanching cbserved in eyes approximately five days opost
irradiation nas teen discussed; this probably abolished any residual secre-
tory activity.

The oxidation rate of the ascorbic acid in the acueous humor may
have increased following cormeal irradiaticn. There are two causes which
may nave produced increased oxidation: 1) Tollewing the sloughing cf the
corneal stroma only Descemet's membrane and the residual endothelial cells

separated auch of the anterior chamber frem the arbient alr; this

could have permitted entrance of additional oxygen intc the aquecus humor
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therety contrituting to the oxldaticr of ascortic acid and thus lessen-

ing its concentration in the anterior chamber. 2) Apparently ascorbic

acld accunulates in injured tissue shortly after the insult and prior to
the producticn of collagen. This may have reduced the concentration cf
aqueous humor AsA. Gould (1963) discussed the increased uptake cf AsA bty

injJured tissue.

Lens ascorbic acid follcwing CC» laser cormeal irradiaticn

The slope of AsA decrements with time in agueous humor and in
lenses of irradiated eyes appeared grossly similar. The ascorbic acid
concentration of the aqueous humor, however, was decreased immediately

following irradiation, whereas the lenticular concentration was initially

normal and began to decrease after one day. A similar lag period )
in the decrement of AsA from the lens Iin comparison to that in the agueous
humor was reported by Hughes, Hurley and Jones (1971) in investigations

on the scorbutic gulnea pig.

Lenticular ascorbic acid i

Lenticular AsA 1s obtained frcm the agueous humo
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(Kueck, 1370). In human and other eyes, there is a greater ccneentraticn

of AsA in the lens than in the aquecus humor. This situvaticn l2d van

Heynigen (1369) to state that, "accumulaticn of ascorbic acid in the l2ns

of scme species suggests the participaticn of an active grocess." In <he !

rapblt eye the concentration is greater in the agueous humcr than in the
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lens; in this species the lens could therefcre cbtain its AsA -y simple

diffusicn. I% is possitle that the CCy laser irradiation cf the cormes <
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this experiment altered the rermeability of the lens in such a manner
as to depress the normal rate of AsA diffusion into the lens (Fig.
IV-10, Table IV-1).

Kinoshita, Merola, Cikmak and Carpenter (1566) reported a lentic-
wlar AsA decrement following cataractogenic microwave irradiation.
Since thelr aqueous humor AsA concentrations remained normal, one might
conclude that the decrement resulted from a grossly impaired lenticular
AsA transport system. These results could be explained on the basis of
interference with a normal passive diffusion prccess. In several of cur
irradiated eyes, the lens AsA was higher, at that time, than the aqueous
AsA. Considérably more must be known abcut the metabolism and metabolic
rate of AsA in rabbit lenses in order to decide as to whether our data
(lens AsA greater than aqueous AsA) support the possibility of an active
mechanism for AsA transport into the rabbit lens, either alone or in con-
Junction with a passive process. Certainly, in most of cwr normal and
control eyes, the aquecus:lens AsA ratio (taking into account cur slis
technique) would not ve evidence for an active process. FHowever, based
on the above, the possibility cf a mechanism for active lens AsA trans-
port deserves further censideration.

Kinoshita, et al (ibid) reperted that the decrement of lenticular
AsA occurred 18 hours following the irradiation; the cataract did nes
appear until a week later. The aqueocus humor AsA concentrations re-
mained rormal during this periocd, suggesting that the ciliary grocess
gpithelial secretory mechanisms had not been grossly impaired by micro-
wave Irradiation at this pewer density. Furthermcre, they reported thas
lenticular concentraticrs cf dehydroascorbic acid and diketogulonic acid

did not increase ccrnccmitantly. They inferred from these firdings that
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the decreased AsA concentraticns had not resulted from increased lens
oxidaticn of AsA, at least to these aforementioned preducts. The
relationship tetween a decrement of AsA and the production of cataracts
requires further study.

The decrement of AsA observed in the lens in cur investigaticns
might not te due only to decreased transport, active or passive, inteo
the lens, but to increased utilization of the AsA. According to van
Heyrndigen (1969), hydrogen peroxide produced in the anterior chamber cn
oxidation of AsA by a light-catalyzed reacticn can readily diffuse into
the lens. MNormally the hydrogen peroxide is reduced by lenticular re-
duced glutathione in the gresence of glutathione peroxidase (the activity
of catalase in the lens is very low or absent). With a decrement of
lenticular GSH, the rate of percxide reduction would be lessened. In
the presence of AsA the hydrogen peroxide could react with and cleave
unsaturated lipids (Hochstein ard Ernster, 1964) which are ncrmally re-
sent in the lens (Xuck, 1970). (Presumably, scme of these unsaturated
lipids meke up the lens fiber membranes.) Thuis cleavage wculd resul®
in liguefying the lens constituents ard a conccmitant decrement in AsA.
Since scme lens liguefaction nas been cbserved in these experiments,
this might indicate that the above process of increased AsA utiliza<cicn
shculd te further considered. The liquefacticn produced in the present
investigation also requires further investization. whether these gre-
cesses tear any relaticnshnip Co the liguefaction observed in the =arly
stages of hypermature cr Morgagnian cataracts descrited ty Cogan {12862
1s speculative,

Membrare liguefacticn may te related £o the anomalcus delayed whiten-
ing otserved it :hé costericr ¢f lenses following 332 laser irradiaticn o7

the cormea. Huwabara (1209) stated that microtutules are sommen in the lern

s T




h "

fibers of the superficial cortex at the bow regicn of the lens. Although
his microphotographs were made frem tissue from human lenses, 1t is
possible that similar structures exist in the rabbit lens and that these
structures, like other subcellular organelles, contain lipids. The dis-
tance between the posterior rorticn of the elongating lens fiber and its
nuclear regicn, as well as the distance of this portion from the epi-
thelial cells increases with time. It i1s possible that certain necessary
substances resulting from epithelial transport or from synthesis in the
nuclear regicn may reach the posterior of the fiber through microtubules.
If these pathways be lipcprotein in nature, they might bte disrmpted by
excessive lipid peroxidation. Such a disruption might lessen the flow
of metabolically necessary substances to the posterior of the affected
lens fibers. Disturted metabolism of the lens may result in decreased
transparency (Duke-Elder, 1970). The resultant situaticn might be anaio-
gous to axon cdegereration, distal to the separaticn site of a severed

nerve.

Lenticular reduced zlutathione concentration

Inspection of the graph cf GSH concentration verus time follcwing
irradiaticn (Figure IV-11) shows a monotonically decreasing decay cwrve.
Cne to two days rost irradiation <he concentraticn had ncot decreased
greatly; in the ensuing days, however, the rate of the concentration
decrement increased markedly, and by the f17th to sixth day gpest irradia-
tion the cencentration was nearly zere.

The greater part of this decrement may have resulted frcm ore or

three mechanisms: 1) decreased GSH synthesis; 2) diffuse of GSH into the

Miainilit ’ . a B,




aqueous humor; or 3) markedly increased oxidation of glutathione (GSH to

GSSG).

With regard to decreased GSH synthesis, the following is a considera-

tion of possible factors which might have resulted in a decrement. Aque-
ous humor in the anterior chamber heated the iris during 00z laser irradis-
tion of the cormea. It may then have {lowed through the pupillary aper-
ture into the posterior chamber and heated the structures in this area,
e.g., the cillary processes and the lens. Furthermore, heat may have been
conducted directly into the posterior chamber. The heated fluid apparently
ascended and heated the superior portion of the irls, ciliary processes and
lens to a greater level than the remainder of these tissues, causing injury
to these regions. Thus, the activity of certaln processes or mechanisms
necessary for normal aqueous humor formatlion required for nomal lenticu-
lar metabolism were apparently diminished during COo laser irradiation of
the cormea.

According %o Xuck (1973b), the output of the normal ciliary processes
provides the aqueous humor with substances apparently required by the lens
for metabolism, such as amino acids, glucose and AsA. The effeéts cf th
lack of blood flow to a portion of these ciliary processes and the possible
impairment of transport mechanism in the remaining ciliary processes has
been discussed in this chapter. Amine acid and glucose secreticn into the
aqueous humor (including those amino acids necessary for GSH synthesis in
the lens) may have been similarly depressed following irradiaticn; however,
they were not assayed in this study.

Even If the aqueous humor concentratiocns of the amino acids had beer

adeguate, the mechanism for entrance of these substances into the injured

. -
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lens and for GSH synthesis may have been depressed ty thermal injury.
Also, there may have been thermal inactivation of both the lenticular
enzymes necessary for GSH synthesis as well as those involved in the pro-
duction of the AT? required for the synthesis process. Thermal inactiva-
lon of involved enzymes may have been most marked in the superior regicn
of the lens. If the involved enzymes of the remaincer of the outermost
' cortical reglons of the lens had not been inactivated during corneal irradia-
tion, at least thelr activity might have been lessened. This could have
greatly recduced or abolished lenticular GSH synthesis during CCp laser
!{r—adiation of the cormea.
GSH 1tself, might be responsible for maintaining the integrity of

enzyme systems necessary for GSH synthesis, or for transport of the amino

acids into the lens. The decreased concentration of lens GSH in time may

have contributed to the demise of any residual transport mechanisms which
might have sustained lenticular glutathione in the reduced state. ZFcr
example, Kinoshita (1964) said that the relatively high lens concentraticn
of GSH might serve to maintain certain susceptitle sulfhydryl groups in

a necessary state of reduction. Sulfhydrvl groups are sald to be neces-
sary for the activity of certain dehydregenases and ATPases, which may te
significant in scme aspect of GSH synthesis.

If GSH synthesis in the lens were a simple first order reacticn and
had been ccmpletely abolished on irradiation, and GSH degradation rate
were deperndent on GSH concentration, one might expect an experential
decrease of GSH concentraticn with time, I the rate constant for conver-

sicn of GSH to GSSG nad remained equal to that in <he rormal lens, and




this conversion were the major factor in the removal of GSH, then the

rate constant wculd have been equal to that for GSH synthesis. Rate
constants have been determined Icr 3SH synthesis in the rabbit lens,
but oily for a specific concentration cf lenticular zlutathicne.
Kinsey and Merriam (1950) reported trat one-half of radio-lareled
glycine in GSH was replaced every 29 nours (rate zonstant of 2.4%/
hour). (The half life may be determined “rcm the rate constant by

C = Co e'kt, C = 50%, Co = 100%, k = the rate constant < ¢ = time.)
Reddy, Klethi, ard Kinsey (1566) investigated the rates ¢f incerpora-

tion of radio-labeled glycine amd of glutamic acid into GSH in lerses
of young rabbits. They reported an average turnover rate of 1.8%/
hour for toth glycine and glutamic acid (half life of aperoximately
38 hours). Although in our investigations the GSH concentration de-
creased post irradiaticn, the decay curve did not appear to bte expo-
nential; indeed, it appeared to decrease most rzpidly during the one
to three day pericd. If the normal rate of cornversion (GSH teo GSSG)
increased as the GSH concentration decreased durirg these first tiree
days, a stoppage of synthesis might result in a curve in the first
three days similar to that cbserved. However, ocur data is limited;
and we do not think the conversion of GSH to GSSG increased with de-
crease in GSH concentration.

With regard to Increased diffusion of GSH, if we assume that the
decrement of lenticular GSH resulted from an increased permeabilicy cof
the lens to reduced GSH, we must assume that the irradizticn markedly
altered the lens permeability to the tripeptide. Normally, (Cole, 1379)
there 13 no reduced glutathicne present in the acuecus humcr. In the

present experiment, initial measurements were made in the aqueous humer
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for GSH. Necne was found; possibly if the assays were carried cut with 2
more sensitive method (e.g., the glyoxalase method), this substance mizht
be fourd in the aquecus humor. Nevertheless, if the permeability of the
lens to GSH were increased it would cause a decrease in lenticular GSH,
ard also, it should alter the ratio of lenticular GSH to GSSG.

xidized glutathione (GSSG) can readily pass from the lens into the
aqueous humor. Srivastava arnd Beutler (1968) have suggested that the
value of the steady state concentration of GSH measured in the normal
lens probably exists in part because of thils selective permeability <o
oxidize glutathione.

Assume that the GSH synthetic rate was unchanged following irradia-
tion, but the rate of oxidatlve conversicn of GSH to GSSG increased.
If this were so, the loss of GSSG from the lens would have markedly in-
creased if one assumes that the lens membranes were unchanged in their
permeablility to GSSG. Such conversion cculd have occurred because of
increase coxygen diffusion into the lens. This might have resulted frcm
an increased oxygen concentration in the aquecus humor, resulti;ng frem
a thiming of the irradiated cornea several days post irradiaticn. Also,
altered permeability of the lens capsule follewing irradiation might nave
permitted an increased passage of oxygen frcm the aquecus humor inte the
lens. DMurthermore, a large tear in the capsule would have had a similar
effect; the degree of cxldation prcbably would have been maximal in the
irmediately vicinity of the tear. Increased oxidaticn of GSH would have
resulted in an altered ratio of GSH:G3SG in the lens fram a ncrmal value
of approximately 10:1 {Waley, 1969).
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The decrease in GSH concentration may have been due in part to
increased oxidation. Although the slope of the curve for GSH concen-
tration as a function of time in the present investigation camnot be
accurately determined, it appears that there was a greater rate of
decrement of GSH in the period after one day post irradiation. During
this period, there was a marked amount of contact between the aguecus
humor and the cortical material, as previously discussed. In a study
cited by Prince and Zglitis (1964b), it was reported that the oxygen
uptake of a lens markedly increased following capsular laceration and
subsequent contact of the lens cortical material and the swrourding
aqueous humor. The "equivalent" of a capsular laceraticn may have oc-
curred several days following irradiation. This would have resulted
in a contact between lens material and the swrourding aqueous humer
and resulted in an increased GSH decrement rate.

Five days following COp laser irradiation of the corneas, the lens
GSH concentration was markedly reduced; hcwever, the GSSG concentraticn
was also greatly lessened. The sum of GSH + GSSG in the lens from the
irradiated eye was much less than that of the contralateral contrel.
There was no evidence of increased glutathlone oxidaticn, as the ratic
of lenticular GSSG/GSH in the irradiated eye approximately equaled that
of the contralateral control eye (both were approximately 5%).

Inspection of the data of the needled lenses suggested relatively;

unimpaired GSH synthesis, but an inereased rate cf GSSG producticn. As

there is no reported synthetic pathway for the direct production of IS5G

from the ccmponent amino acids, the increased amount of 3SSG in the neadled
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lenses must have been produced by the oxidaticn of GSH. Although the
concentration of GSH + GSSG in the needled lenses approximately equaled
that of the contralateral control lenses, the GSH:GSSG ratic had decreased
and was quite different from that in the control lenses (e.g., the percen-
tage of total glutathicne (GSH + GSSG) present as GSSG in the needled
lenses had increased by 50 to 100% over that in the control lenses).

Consequently, in the irradlaticon investigations there did not apgear
to be an increased conversion of GSH to GSSG, whereas, in the needling
experiments there was an increased conversion. Therefore, it appears
that the decrement in GSH observed in the bilochemical determinaticns
made in the major portion of the investigaticn (Figure IV-11) was not
mainly due to increased oxidaticn. TFurthermore, it does nct appear that
it was due to diffusion of GSE into the aqueocus humor. Therefore, it
appears that the decrement in GSH concentraticn observed resulted mainly
from a decreased synthetic rate.

It is possible that all three mechanisms were active to an extent—
decreased synthesis, increased diffusicn and increased oxidaticn. Radic~
active tracer studlies may assist in determining the extent to which 3ZSH
decrement cbserved in the inJured lenses was due to decreased synthesis

of GSH.

It should te noted that the GSH studies were done cn 1 /2 to 2 It

-

rabblts whereas the GSH/GSSG determinaticns were carried out on 5 1b zani-
mals in order to cbtain sufficient lens raterial. Despite the 3differences
in weight of these test grcups, it iz probable that the corclusions hasad
on the larger animals with regard to the mechanism for decrease in 35X

Ve

concentraticn are valid for the studies on she 1 1/2 to 2 1b rabbits.




SUMMARY AID CCLCLUSICIS

The purpose of this thesis has been %tie investiisaticn ¢l the ef-
fects of carbon dloxide laser irradiaticn of the cornea on the antericr
segrent of the ratbit eye. An attempt has teen made to correlate tem-
perature clevaticns caused by irradiaticn with previously reccrted tis-
sue changes—both those resulting from direct irradiation, as well &s
internal alteraticns aprarently resulting {rcm Intraccular femperature
and pressure elevation caused by heat flowing frcm the irradiation site.
Awareness of scme of these findings should previde insight into the
nature of iInjury cccurring in an accidental exposure of the human eye
to COp laser lrradiation. Rurthermore, the findings suggest that the
COz laser can be used as a tool for the investigation of the responses
of ocular tissue to controlled surface heating.

During the prirmary ghase of these Iinvestizations steady-state sur-
face temperature elevations were measured during centinuous cariten dicwils
laser irrédiationé of the entire corneal surfaces of adult ratbics.

These measurements showed that the maximum cormeal Cemperatur
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vation on centinucus 100 mi/cm® irradiasicn averaged 5.3
maximum ccrneal surface termcerature elavaticn measured during Irqradinzion
at a level surficlent to produce germanent Injury (2CC :W/cmz) was less
than 10°C. JConseguently, temperaturs elsvaticons of less than 10°C m=y

cause rermanent Injury <o corneal and other ceular tissues. The averass

than 15°C., Fine, Zeriow and

ations which clinically rosemblad human bond (erascerathve on fvradiasice
5 : '
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at this level. This firdirng of alteraticns recempling band weratcrns
following irradiation which produced temgerature elsvaticns of atcus
15°9C suggests that the CCp laser may e used to investizate scme Jzz-
tors afifecting the davelcoment of tand ieratoratny. ISurthermere, i
SUZZesTs that neating the radbic zornea tc 2 tamperature of atcus
50°C may result in an alteration resemblinz tard Keratorathy.

At cower density irradiation lavels cetween 20 and 3C2 HW/cmZ,
there appeared to ve 3 linear relaticnshnip tetween the steady stats
aquecus ard cormeal surface temperarture. 3etween 3C0 and 200 mW/cmZ,

there was a decrease In the rate of rise
perature relative to the correal surface

at agueous cemperzture

v
J i

reratures beyord 47°C,

was higher

there is an active 2

than th

e
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of steady state aquecus <em-

temperature. This ccourred

ranges between 40 and 47 C., For agueous tem-
tne slope of aguecus T corneal <ermperaturss
above intsrmediate zons. The dataz suggest T
celing mechanism prebacly related oc the irdidial

vasculature responsicle for attempting to mzintain censtancy of ajue-
ous terpsratire, when the agueocus temperatiure rises abova +C°C. Fur-
ther basic study < this cooling mechanism ard it3 relatisnships o
sinilar mechanisms in other regicns is warrarted. alse, the 27fsct:
cf drugs cn this ccoling mechanism and, therelsre, its protatls 2770::
on iridial tlced flow arnd possibly olocd Jlow in cther regicrns sculs
evaiuarted using the methods desoritad in thiz Tn2sis.
In addicion, the data cbtained ragdin: —he relatisnanip TeTiss
Jurtize Tenperatirel oJhould oar-
TATSL UL otRaserinT tie o
nocontlnucus T drradioc
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of the eyes of rabbits. Thic data may rermit estirates to be made re-
garding some thermal properties of the cornea, in vivo. Zecause of the
similarity in size between ruman and adult ratbit eyes, the data, in
conjunction with cormeal surf'ce tamperature measurements, nizht previie
some estimates of temperatures In the agueous ¢l human eyes =xposed o
elevated ambient temperatures. Iurthermore, the data suggest that cor-
real surface tearperatures {in conjuncticn with tonometer measurements)
might provide an indication of the relative effects of drugs on the
iridal vasculature, in studies on man.

The anterior chamter cf the eye may te considered as a filled
compartrent, with a possibly nigh resistance to inflow and outflow.
Heating of the agqueous humor could result in a concomitant increase
of antericr cramber pressure. Therefcre, in the second ghase of this
Investigation simultanecus antericr chamber temperatures and pressures
were Jdetermined during corneal power density irradiations of threshold
values (100 mi/cm?) and greater. During 100 mk/cm? Lrradfation th
Intraocular pressure 3id not increase and the tamperature of the ante-
rior chamcer increased 3°C to a new steady-state lavel. At irradisticon

levels cf 350 mil/cme the terzerature rose during the initial six min

i.

1tas
of irradiaticn to a maximum of 12°C, and the pressure increased oy 20 mm

Hg after 13 mirutes of irradiacticn. It i

U

rossicle that the aqueocus
rumer [lzw rate was increased 2t these elevataed temperatures and pres-
sures. The 2207 cf increased agueocus temperatire znd intraccular tre-

2 ] =y 4 < P 2 » d et
sure Ior aquecus twrmcever reculires [urther investigaticn.

Pulsed 7=7 watt irradiaticns of the center ¢ the cornea caused

(94

ransient aguecus humer temparature and cressure elzvaticrns., The
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maxirum terperature elevation cccurred directly bereath the site of
cormeal irradiation; that 1s, along the axls of the beam irradiating
the surface. The temperature ard presswre elevaticns were a direct
functicn of the pulse duraticn; however, protracted irradiations re-
sulted in cormeal perforations with a resultant expulsion cf heated
aqueocus huwror and an immediately precipitcus decrease of oressure.
Carbon dicxide laser pulses at 6-7 watts for 1.5 secords flattered the
cormea and caused concomitant anterior chamber temperature increases

of approximately 25-35°C ard pressure elevaticns of apprcximately SC

mm Hg. Fellewing enucleaticon of such eyes and subseguent fixation in
glutaraldehyde or fermalin, an unwhitenad irdentation of the anterior
surface was observed, as has teen previcusly reported. Zxamination

of eyes enculeated and fixed following shorter irradiaticn déid not

show such lens indentaticns. Clssections of eyes enucleated and fixed
rollowing protracted irradiation which verforated the cormea shewed
large whiSered indentations on the antaricr lens surface. Ccnsequently,
supratnreshold non-perforating laser irradiaticn may result in increased
pressure as well as temperature in the anterior chamber.

-

Furthermere, above a certain level <f transient gressure ard tem-
gerature elevation.in the antericr champer, changes can be groduced in
the rabtlt lens which may not be observed in vivo tut are evident cnly

fcllicwing fixation in media such as glutaraldenyde or formalin 25 an

arnitcerned indertation.

b P v & t 3 - a0 2 B . - A ~ 1
e actual site ¢of the Injury respensille for the unwhitened in-
- - e mem = o X3 EIPN -~ ta s 3 ) - ]
sev g oo czIercad Sn o fixaticn has not veen determined.  Jur studies
- . -1 -~ 1 3 , 2 3 3 ta 2 o
2totne site of Indury may, in part, te in the i2ns fibers.
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Qur results also show that the temperature and pressure elevation ob-
served in the anterior chamber is not necessarily due to neating of ;
the aquecus itself, but is, in part, asscciated with corneal flatteninzg,
which apparently results when the corneal strcma is heated £o a cri:-
ical shrinkage temperature (60-70°C). During this transient flattenirg,
Injury to the iris may also occur.
Therefcre, in the event of accidental suprathreshcld CCr injury cf
the eye in man, attention must be directed to the lens and iris as well
as to the cornea—the site of absorption of the irradiaticn.
Changes in the protein concentration of the aqueous humcr were
measured in conjunction with the above anterior chamber temperature and
pressure investigations. On lrradiation of the cornea anterior to the
iris, the antericr chamber became a deep tlue following crevious intra-
venous injections of Evans blue. Only slight coloration of the aguecus
was observed following focused irradiation of the cormea ~ver the centar
of the well-dilated puril. On spectrosccpic determinaticn of agueous '
crotein, the concentration was maxirum following irradiaticn cver the
center of the iris. Consequently, suprathreshold CO, laser or thermal
irradiaticn < the cornea over the iris region can cause injury to <he
iridial vasculature.
The third phase of these studies was carried cut in an

determire the site of lens injury discussed ztove and tc measure scme

™
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C02 laser irradiation. Irradiation (1.5 wat:is, 3 mm diamecter area,

30 seconds) of She cornea cf

and tempcrary flattening of the zcornea, 2 permanent blanching of the
5 J b= ) h =}
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superior region of the 1irides ard a faint clouding of the lens. In
several hours the curvature of the cornea had returned to apparent
normalcy; however, the transgarency of the cornea had decreased. The
mid-anterior surface of the cornea sloughed off during the following
days; the greater thickness of the correal stroma was lost in this
process. lNevertheless, there was same fluid in the anterior chamber;
apparently Descemet's membrane was intact. The superior region of the
irides ard attached ciliary processes remained blanched; fcur or more
days post irradiaticn the remainder of the iridial tissues became
blanched.

Several days reost irradiation the lenses shcowed regions of sub-
capsular liquefaction and scme whitening of the superior half of the

. posterior region. On dissection, the lens capsule spontaneocusly sepa-
rated frem the ccrtex. Six days post lrradiaticn the remaining lens
material was whitened.

Initially, fcllowing COp laser irradiation of the corneas of these
weanling rabbits, there was no observable difference in the electro-
thoretic ratterm cf the lenticular material frem Irradiated and centra-
lateral contrel eyes. Three cr fowr days following irradiaticn, how-

] ever, the electrorhoretic patterns of the lenticular croteins differed
frem that of the centreols. The pattern produced by the crystallins
frem the irradiated eyes sheowed lessened mebilities when compared witn
that of the contralateral control eyes. The zreatest decrement was
cbservad in the 3 and ¢ crystallin groups. The mobility of the a crys-

taliing was =2ither mrossly uncharged or <only slightly Jecreased.
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Although lens indentations can be demonstrated on fixaticn immedi-
ately following irradiaticn, there was no observable alteration in th
electrophoretic pattern of lenticular material at that time. Conse-
quently, althcugh we do thirk that there may cte immediate injJury to
the lens flibers, we were not atle to show this by electrcrhoresis.

A more sensitive methcd of determining subtle alteraticns of sclutle
proteins might be necessary to assess this Lmmediately change of the
lens in response to heating.

The weights of the lenses were essentially identical for the first
five days following irraciation. If is possible that the protein con-
tent of the lenses may nave decreased and this was counterbalanced ty
an increased water content. During the next day, the camparative weight
of the lenses fram irradiated eyes decreased markedly. The capsule
spontanecusly separated from the remainder of the lans at about 3 to
5 days. The decrease in lens weight occwrred at 2 time coincident wish
or following the cbservation (by electrophoresis) of lenticular creteins
in the agueous numor. Possibly, more sensitive methods may have showm
the presence of lens pretein in the aquecus humor rrevicus to fcwr dars.
“he presence of lens grctein In the aguecus suggests that thermal injuxy
may alter lens permeapility and also result in release of l2ns gretein,
possibly asseciated with a capsular tear; an Inmmune reaction may result.

Daring the first day ctest irrzdiation, the ccrcentration of toth
ascorbic acid {AsA) and reducsd glucathicne (3SX) in the lenses of
irradiated 2yes did nct zree %r to be altered., The ccncentraticrns de-

creased by chree days following irradiaticn. The decrement of the Az

ard the GSH avpsared nearl; identical; bty six da

the ccncentraticns were low
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higrer than that in the lens. This suggests 2 gassive <ranspert (or
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the aguecus zumor than cbtaired with the Xamilton rmicroll

in vive. I chis factor is taken Into account, it agpear

mest of cur nermal and centrol eyes, the aguecus humer AsA

was greater than that in <he lens. This tends <o surgert

o use a ¢cor-
aquecus hwuror

ral: o
2LlaesS ilT

The accertad

$ < wem - e ] - - -
impression that the A3A Srancrpert mechanism into the rzbbit iens is zas-
X pibg » 3 . b P < S~ S . -l . N
sive. However, in several ¢ the Irradiatad 223, the 2guecus awmor

re - d - v, - - Aampmat Sarmantes YAl ‘-l«nn
AsA ccreentration agpeared o fe onsidsrztl ar
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one mizht consider whether it iz possitle for

.
5

active transport ¢

v
~

cess to be initiated cn thermal injury. '
A relaticnship mzy have sxisted tetuwesn the ctserwvad altered !
gnoretic gattam of orvstallins and the decreace in lenticular ZCZH cen-
entraticn. 3cth the Zacreased metilitiss of the crystallins and Tha ;
decreased IZH concentraticn cecurred after a similar delay follewing :
irmadiaticn., Trv: 8 and vy crystallins which exnhibited the greatest de- 5
crement in metility rormally contain the greatest number of sulfhy<dr)l |

{SH) Zroups. In contrast, the a crystallins which normally contain 2
comparatively small rumper of -SH groups, showed 2 cerresgendingly mini- E
1
mal alteration in electreopnoretic mobility. Since GSH may te respensitlz ¥
fzr nermally maintaining cthe 3 ard vy crystallin =8Y zrcups in the reduced
state, theredy minimizing the rate of formation of disuifide tridgss, }
}
the decrement of GSH in the lens may have teen resgensitlsz, in part, for i
the alteraticn of the 3 and ¥y crystallins cbserved as changes in elsciro- !
\
phoretic merility. The signilicance of 3SH in the lens for the main- 7
tenance 57 the crystallin =ZH mroups in the reduced state reguires - '
ther inwestizazicn. l
In additicn, another role wnich had been attrituted to 38H is main- i
tenance of <he reduced state of -3H sroups in the active sites ¢f scme 3

’
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APPEIDIX 1

THE CARBCH DIOXIDEZ LAIER
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circuitry, cooling system and electrically activated sputters. A dia-

Zram of the laser 1s showm in Filguwre A-1-1.
It consists of an 30 centimeter long doutble-walled, water~ccoled

glass tube with a 2 centimeter inside diameter fitted with zrourd glass

N wsn

comrectors at elther end. Mating end pleces were cur at the Zrewstsr

L4 wioe

angle for sodium chlorice at 10.6u. These sodium flats were 2 inches

-

N

in diameter ard 1/4 inch thick ard had cptically flat parallel faces.

The latter were connected to the Brewster angle faces of the ccrnecter

(9194

with Cow Corming clear siliccne rubber cement. Uhen the laser was nct

et M
in use, the flats were xert clean ard dry by e2nclesing them in clastic
bags neated with £0 watt tWlbs § inches distant. The nigh veltage =lsc-
trodes were sezled into the end plsces perperdlicular <o the tuke

- viim A

Power was supplied to these 2lectrcdes from the pewer Transiormer

e waid vkl S eDa ke aiCa

Iahd £, T, ] e ¥ Al . - - - P, PR T AN et -
(Jeffersen Lumincus Tute nigh pewer factor transiormer; 120 wols z.C.
r - 192 AAs y - _) ~ - . . S F mer = PN |
irout, 13,000 T output). The outpub power was adjusted Ty means o :2 i
i
I
v : s - - - 4 v 3 e - -~ o~ e <
Jariac in the transficrmer grimary circuit., The elacircdes were air
{
|
. o~ : il e . o . (ht. ;O - . e P e -
-~ vy D 0 ” - - 2 -
ccolad during creraticn wWith two Tans (JUSfin Fans, LW, 12TV, lroon
o b=l Yanr e\
T, To., wecdstock, lew Tori).
Nan (2T A A= Acr wa = a2 - - “Aam -t -
a3 L Tn Ty D 223 220 2 Was SUATT =22 T T2 TLAST RUTeL= TG
fag SPPRURE U S AN S vt A - S eta - - T T -~
Sygon tuling., curing ceeraticon of the laser, 2 gresoure of 2.7 torr ona:z
2 LAY “« 3 - -® - -~ - ‘e 1 .- - b ~
raintaineld in tne plas Sute Ly moans o 2 vatuum suwop sl a2l -
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8 High Vzcuun tump, Kinney Vacuum Civision, !lew ork Eraxe Co., Bosten,
Mass.). The vacuuwn purp was connected to the laser cavity oy means of
1 1/2" 0.3, Tygon tubing; a pressure cauge and a needle valve in th
line permittad cressure adjustments.

The charker was ccoled during crperaticn by ccld ruming tap water
which was circulated through the water jacket surrounding the plasma
chamber; the inflow and efflux ccrnecticns 'rere rade with Tygen tubing.

The laser cavity was formed by z 1007 reflecting gcld ccated sur-

face mirror with a 4.7 meter radius of curvatire ard a flat germarnium

reflective (35%) disc as the coupling reflector. The two reflectors ]
were 1.5 meters apart ard were mounted in adjustable mirror mounts k

(Lansing cdel G0-253 !irror mounts). As the laser tube was physically

o

separate Trcm the erd wirdows, the sodium flats coule readily be re-
placed as rneeded. Also, shutters for the control of the pulse length
were readlly Inserted iInto the cavity. The shutters were operated oy
rctary sclenoids (Ledex) cornected to 2 suitable srergizing scurce.
The zulse length was adjusted oty varying the capacitance of the
cirzuilt triggering the shutter solencids. The pulse was calibratad zs
follows: the laser rear cavity reflectcr wircow was remcved and cthe
beam frcm a helium-necn laser was directed alcng the axis of the cavisty. T
A photocell was situaled so the beam Impinged on its light-sensitive
surface; the cutgut cf the photocell was menitored on an oscillcscere

- L5 3 - T &3 L P ~ b - +
with a2 calitratsl tTime sweep. With this zrvrangement the total capaci-

. | 3 2 4= P Toy v o - - e -yt e 3 v ~— -
tance in thnz circuic cculd ce adjusted sc that the <rigsering of the

circuis would result in the culse length desirsd.
> o




'The laser was readily aligned by use of the helium-nzcn laser
fitted with 2 pin-ncle zperture. The beam was directed through the
center of the laCl lart and along the axis of the plasma tute following
removal oF thne rear mirror (gold ccated front surface mirvror). The
Helle beam Impinged cn the center of the germanium flat front end window
which reflected che beam. The germanium mirror was then adjusted oy
means of the mirror mounts until the Lrpinging beam was nermal to the

surface ard was reflected onto the pinhole arerture. The rear mirrer

v o

-

14
o
®

was tnen replaced without altering th 2 laser's pesition, and
adjusted by means of mirror mcunts until the Impinging team was normal
o the flat rear swrface. This was sufficlently accurate to provide
initial aligrment.

The COp laser beam was ctserved on Trnermofa

,

detector (Ccherent Fadiation Model 201) was pesiticrned sc the output
beam impinged crn the center of its sensing sisment. The laser was

L < > L b o 3
tuned for maxinum cowar cutgut oy varyi-z the voltage cf the trans-

24 3 3 53 - - - o 20 - <
former primary and zdjusting the gas Jflow and pressure ard fire Sunirng

the erd windcw.




APPENDIX 2

METHOD FCR THE ZLECTECPHORETIC SZPARATICH CF OCULAR FROTELS
(flodified Trem Testa et al, 1963)

The rabbit lenses were remeved as descrired zTrevicusly ad hemeg-
snized in 3.0 ml of Triz ouffer 10721 pH 7.5 scntairing TOTA 1073 as
rcam temperature. The homcgenates were centrifiged at 28,000 x g
(gravity) for 60 minutes at 13°C (Beckman L 2 ultracentrifuge) in the
5C head at 22,000 rpm. Ten lamda of the 25,300 x g supermatant or of
the aquecus humor were applied 4 centimeters frem the end of a labeled
strip of cellulose polyacetate (Sepnraphore III, 1 x 6 ineh strips).
These strips had previously teen immersed Jor 24 ncurs in the elecirz-~
phoresis puffer (Celman nlgh resolution otuffer No. 31105-Tris Barnital
oH 8.8, ionic strength J.03). For sample applicaticn the cellulcse
polyacetate strips were alizned on sections of fillter gparper.

Samples from the same animal (lens and zgueous ~umer Sreom control
ard irradiated eyes) were aiways run simulsansecusly; follcowing samplz
applicaticn near one erd, the strips were aligned in the Zelman elecirc-
phoresis charkers sc that 2zach ernd was egqually immersed iIn the btulfer
sclution and 2ll strips were parailel. The sampl2a =rds were Immerssd
in the cathedic buffer reservoir. The electircpncresis units were main-
tained ard crerated In a cratory refrigerater at 397, After the
strips were in place zard the unit covered, 330 velss of petential were
appliad acrsss the 3trips Tor 20 minutes (3 - 7 mA IC). At the end of
the 40 minutes the veolsaze was remevad, the Jorips were tawen frem Tre

- N 4. .
@lactrophoresic unit and

SN T PRI S —"t .
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10 minutes (Secrman fixative lye solutior Ponceau I 2.5 on TCA and 7.5
gn sullcsalicylic acid in 250 ml of distilled water). Tne strips were
removed Trom che staining solution ard the excess stain removed DY serizl

rassage worcush 2% gcetic acid scluticn., The strigs were aligned ard tre

o)

SN
-

1
8
(11
o
@
a1
®
33

ends taped <o 2 sheet of neavy filter gaper; then the dos

¢

the point of applicaticn (crigin) and the bands reasured and compared.




ASCORBIC ACTID CETZFMINATICH

Visual Method of Rece (1654

Sodium 2,5-dichlcrophenclindccherol (ZCP) is dlue in alkaline medi
ard pink in acid. Feduction of ILCP resulss in a zolorless leuce form.
The ICP is reduced oy the ascorbic acid in the soluticn—the ascortic
acid being cxidized. %hen the ascorbic zcid is used up, the soluticn

turns pirnk in the acid medium.

Reagents

The reagents for this assay crocedure were prepared as follows.
The DCP scluticn was made by dissolving 50 milligrams of Sodium 2,5~
dichlcrcphenolindophenol with gentle warming in 150 ml of glass dis-
tilled water; 42 mg of scdium bicarbeorate was added ard dfissolved.
After cocling, the solution was decanted inte a2 velumetric flask and
the final volure adjusted to 2C0 ml. This solution was maintained in
a light résistant sealed glass contairer at 5°C; the unused porticn was
discarded after one week. The ascorbic acid scluticn [Asi) was made Ty
dissolving 33 mg of ascorbic acid (Fisher reagent) in 120 ml volumetriz
flask with 37 Trichloracetic ~cid (TCA) (100 mi firal volume). 4 2.0
ml aliguot of this sclution was diluted with sufficient 55 TCA <o a fimzl
volume of 12C ml (standard isd scluticn). The soluticns were prepared
oricr t¢ =2ach Jdeterminztion and were mgintained in light resistant zagred

glass centainers in orushed ize.

- 2 N i T A
Ascorziz acli Stardardi Jwoov

- - q 4 crm s ey ~2 . R T T B ! -
ire ztardard curve was made using tne resuldis of tne followir -

N . B L L ¥ n Ay 3 M T diag \ R S 3, v~ H
sedure. The wvolimes of the s-andoard AZA 57 00 zclaztions were adlfusteld
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Ascorbic Acid Zeterminaticns

For ascorcic acid determirztions eitrner the <ctal Z2errcteinized Cuner-
natant from the aguecus numer, or 1.5 <o 2.0 ml of the lors hemegenzts
zeid filerate was used. The Tinal volume of sither was adjusted tc .0
ml. The diluted zliguct was zitrated as descrited in <he assay srocedure
and the ascorbic acid ccntent (Y) determined rem the standard curva.
The numker of micrograms cf AsA in the aguecus humcr aligucot were Ziviied
by the ull of original material; cthis value uG/ul was multiglied 2y 12C,ICC.
This value was mg? of ascorbic acid.

The gquantity of AsA the lens in micrograms was

y : :
(volume of filtrate assaysd in ml)

where the corizinal hemogerate was made ty using 3 ml of TCA scluticn., The

concentration in mg% was

* EaF Bl - - 5
(volume fiflsrate aszsayed) x

—
FJ
[&9]
N
x

(lens welght in orams

el
oiscussicn
~E! 5+ . - S 3 ) 2 - P N N
Ree (1354) desceribed Twc metheds for <he Zeterminasion ¢f zsccrtiz
J,

4 .p et . o 2 32 RV N 3 2
acid oy the use =f 2,5=dichlorcrhenclindcghencl (2CP). The reducticn

o - . -
AP =t amlamioca
creduct 28 ziua ZCT Lz cclorlsss.

cess 2f IZC7 was admixed wisth The ascorcic zcil zclution., The lassenad
spnizal density oD the reraining coue 22lir was letermined Immediatel:
Sollowins Sne ITT zozoroi: Zoalzaving 2 ceries o7 movm
Py PR I T R N N L L ] - Ly~ . - PR

~ hotics X P :
AMCUNLS 20 ZATS2IrTl2 LlL4, L TTAIacd
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of this methed was adequate; ncweyer, this method weuld nave necessitatsd
the use ci 2 seccnd spectrechotameter in cur case since we assayed ¢re

3SH by a spectrophctomerric method. Alsc, the sgectrochotemetric tech-

~de

. A -
nicue for 434 re

uired rarid ranipulaticns tetwzen the iniciacticn 27 re-

£

acticn arnd the cptical density determiraticn. Therelcre

was not employed in this study.

Determinaticn of ascerbic acid ty the visual titration method was
simple; =ood reprcducibility was cbtained after one nad rerformed re-
peatad assays of inown amcunt of the compeund pricr to each assay series.
In this manner the eve < the investigator rerformirg the titratiors was
attuned toc the develcpment of the same hue or tint as an end point.

DCP (2,6-dichlororhenclindeghencl) is not a specific dsterminant
for ascortic acid as it can be reduced by other cxldizacle groups (Foe
1G54). For example, sulfhydryl groups (gresent in scme amino acids arnd i

oroteins) can be cxidizei by DCP; however, in the gresernc

("]

hi -—d ..
of relatirel;

3 -~ ' - e - 3 | -2 2 < -
large hydregen ilon cencentrations (pH less than ), the rate of coxidaticn

» 1 3 T 3 el - ES I = e & e - < T I0Y - e
is very slcw and is slizht 1f the titraticns are done raridly. The assg, :

3 K ey m mamy o Eee - £ —~—y Fal -
of ceular material In chis study eliminsted the rmain scurce o arrer, 25

(43

5 a - v P~ ven e =1 ~q < g SER -

ne assays were performed on tricihlorcacetic acid (TZA) Tiltrates., These
o . IR s o 3 oA 3

filsrates were sssentially trctein free and 2d largs nydrogen ion concen-
A

sraticns (pE less than 3). Therefore, rapid titraticns cf

- - 3 - Ed 2 .
S Tam Sancra e
2L2 nterisrerle Uo 2 Ml

————— e

e ——— T T S ——. ak ISP . 1 it ik L Dt




APPEIDIX 4

ASSAY PROCECURE FCR REDUCED GLUTATHICIE
by the method of Grunert and Faillips (1551)
In this method, glutathicne (GSH) and nitroprusside (IP) react
ferming a complex which 1s rose-cclored in an ajkaline medium; the
presence of cyanide stabilizes the ccmplex ard retards fading of the
color. The absorbance of the reaction product at 520 mm is a function
of its GSH content. The methcd used was modified by utilizing a satu-
rated solution of sodium chloride in place of solid sodium chioride as
specified by Grunert and Phillips. Furthermore, provortionately smaller
volumes of all reagents were used because of smaller (v éml) cuvettes
used.
The following reagents were prepared:
GSH Stock Solution
Glutathione (sigma grade B, lot 788-0604) &0mg
Distilled water to 100ml
GSH Working Solution
GSH stock solution plus 107 TCA 1:l
10% Trichlorocacetic acid (TCA)
5% TCA soluticn (10% TCA in distilled water 1:1)
Saturated MaCl (at rocm temperature) (S35 1aCl)

2% NP solution

Sodium nitreprusside zsrystals lgn
Glass distilled water O 50ml
174
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Ci soiutien 0.3577
NaCHN 375mg
Glass distillsd water to 1001

-~

The 38H stock soluticn was prepared immediately prior to assay and Lerst

in a brewn tottle covered with aluminum foil and placed in erushed ic

[§]

The P solution was also kept in darkened bottles and placed in th
refrigerator at 5°C. The CM scluticn was kept in a polyethylsne bottle
at 5°C.

Preparation of a Stardard Curve for GSHE

GSH S5aTCA H~0 SS MaCl Ny CN  Designation
(workirs 3cl.)

0.0 0.4 1.6 3.0 0.5 0.5 2lank

g.1 0.3 1.6 3.0 0.5 0.5 30 uG GSH
9.2 0.2 1.6 3.0 0.5 0.5 60 uG GSE
0.3 0.1 1.5 3.2 0.5 0.5 S0 uG GSH
0.4 2.0 1.6 3.0 0.5 0.5 120 uG GSHE

The GSHE and 57 TTA were allcwed %o stand at rcom temperature wi<ch

3.0 ml of 38 rall for 12 minutes. Then 1.5 ml of water was added,

Pf_'

owed
by additicns of 3.5 ml each of nitrcrrussids (I?) and cyanide () seolu-
tiens., The mixture was capped with Parafilm, mixed by inversion and the
cptical density (C.I.) irmediately determined and recorded. The stan-
dard curv2 was made Ty plotting the 0.2, at 520 rm versus the microsrzrs
sgecTrorhotinmeter,

Flgure i-d=1l 13 2 2cmpesite standard curve Sor GSH detarmined in

3 amd aqed o 3 kS 2 § Tyt T $
this investizaticn Ly <he methed of Irunert and Shillips. The ordinace
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1s in optical density at 520 mm ard the atscissa s graduated in micre-
grams of GSH. Each point on the curve 1s the average value cf several
routine determinaticrs; the error bars represent one stardard deviation,
In this grarh a straight line was fitted by eye <hrough the origin and
the average values; a statistical fit was not cbtalned.

The GSH values obtained in each group of determinations were cb-
talned frem the standard curve prepared for that day; each of these

standard curves appeared to te linear and passed through the crigin,

GSH Determinaticns

For determination of lenticular GSH, 0.4 ml of the TCA filtrate
of the lens hcmiogenate was allcwed to stand at rocm temperature with
3.0 mL of SS WaCl. Then 1.6 ml of distilled water was added followed
by additions of 0.5 ml each of NP and CN solutiorns. The mixture was

cal

[

capped with Parafilm, mixed by inversion ard the resultant cp®
density determined at 520 rm on a Spectrenic 20 or a Spectrenic 500
spectrocnotometer.

The quantity of GSH in the total lens (3.0 ml of lens horcgerate)
was determined by multiplying the quantity ¢f GSH cbtained “rem che
above by 3.0 ml/0.4 ml. The concentration was then determined oy di-

viding this latter value by the lens weight.




APPEIDIX 5
CXIDIZED GLUTATHICHE (333G) DETERMIUATIC

Petermination of GSSG was made by spectropnctemetrizally deter-~

} mining the decrement of rALB.DPHz at 34C rm resulting frem the reacticn:

GSSG + NADPH, GSE 2 GSH + UADP.
reductase
The amount of GSSG in the reaction is a functicn of the jecreased amcunt
of NaDrHy. (At 340 rm NADPH, absorts strongly, whereas NADP does not.)
The procedure used in this study was a modificaticn of the procedure of
Bergmeyer (1963).

Bergrmeyer suggested determinaticn of total GSSG in micrograms {(ig)

in the reaction by the formula:

O'D3L&O (reaction volume in ml) (€12)
G3SG = 12min

6.2

{O.D3uol is the decrement in optical density zt 340 rm during che
éllin

initial 12 minutes of reacticn, £12 is the molecular weight cf 3SSG and

. , - 4 ) \
£.2 1s the extinction ccefficiant (actually 5.2 x 1% cm®/mol) J .

In this investigation the methed was modified In twe ways: The

A

0‘33401 was plotted versus uG of GS5G o create 2 starcard 2wrve,
, ard Neethylmaleimide was added to the reacticn to prevent oxiidation of

existing 3SH which could result in 3 false high reading.

7
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GSSG Standard Curve

The reagents reguried for this assay were: (1) Buffer (B) con-
sisting of 4/10 phosphate buffer pH 7.6 plus lO'u Scdium-ethylene-
diaminetetracetate (EDTA); (2) Albumin (ALB)~—Bovine serum albumin 17
in 3uffer (3); (3) Oxidized glutathiocne (GS3G) (Calbicchem Grade 32
crystals--lot 000567)—380 mg in 100 ml water diluted 1:12 with buffer
(3). These soluticns were made fresh prior to 2ach series of deter-
minations. (4) Neethylmaleimide (N&M)--(Calbiochem B grade lio. 34115)
15 mg~—dissolved in 100 ml of Buffer (B). (5) IADPH, (tetra sodium
salt of NADPH,—Sigma) 10 mg in 2 ml of 5% sodium bicarborate was main-
tained in light resistant capred glass vials—f{rozen between assays.
(8) Glutathiocne reductase (Calbiochem Grade A lot $34093) 440 interma-
tional units (I¥) diluted to 60 IU with AT urea. The enzyme was de-
livered to the reacticn mixture frcem a 20 ul Lang Levy plpette.

The entire reacticn was carried out in 2 standard cuartz cuvettce

(1 em light patn).

Stardard Curve

A blank was opregared as follows: 2.0 ml of 2uffer (3), 3.15 ml <f
1% 2lbumin solution, 1.0 ml of GSSG soluticn, 0.1 ml of NI and 20 lamizda
(uL) of diluted enzyme. The cuvette was carped with Farafilm and mixad
ty inversion. In determinaticn cf the CD decrement resulting from dilfar-
ent cuantitles of G38G, identical volumes were used as for <he btlarnk; nou-

ever, J.J4C ml of IADPH; solution was added. 1 mi of GSESG soluticn 2in-

taired 3C micrograms of 3S3G. When lesser vclumes of 385G (2.5., equiva-

~ T -t i y I3 o vy N - ~
lent to 40,20 or 19 ug, ware used, the volum2 was zijuzted to 1.2 a0 it
E X 208 A ~ 1 . - v B - = T . iev -
ouffzr (B). & starndard curve was made by pleotting tha 340 TOTUUS
12nin
L}
— e

e

—. A e s Mo . Y NP2 U
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uG of 3SS3. This stardard cwrve was ccrmpared with that cbtained by the
use of Bergneyer's formula given above. The cuvettec were rinsed with
concentrated ritric acid between determinations, then ninsed with zlz
distilled water-—-this removed all residual enzjyre.

Plgure A-S-1 shows the coptical density azs a fucticn of time fer
various amcunts of 3SS5G.

Flgure 8-5-2 is a2 stamdard curve for oxidized glutath;cne. The
ordirate is graduated in units of CD 340/12 (the decrement of optical
density at 340 during the initial 12 minutes of reaction), the abscissa,
in micrograms of GSSG. The stamdard curve was gquite linear and was regro=-
ducible when fresnly diluted snzyme was used. For example, the resultant
decrement in cptical density during the initial 12 minutes c¢f reacticn
versus micrograms of oxidized glutathicne were 0.215 versus 80 ug; £.108
versus <0 ug; and 0.058 versus 20 ug.

Values obtained several days followling diluticn or the enzyme were
lower, but still quite linear (e.z., CD 340/12 versus g G5SSG: 0.180
versus 30; 0.031 versus 40; and 0.037 versus 20).

2ergmeyer stated that one could not utilize equaticn (1) for the
determinatizn of 388G unless the reaction had gone to completion durin
<he assay <ime interval. The slope cf the reacticn rate at 12 minutes
as pletted in Figure A-5-2 irdicated that the reacticns were inccmrliata.

WO curves for 2D 3UC/LZ versus welzhs of 388G are picttad in

Tizwe A-3-3. The crdinate arnd atscissz are Identical with these in
Tilgure i-5-2 (1D 3B0/12 and micrograms 385G, respectively). The lower
curve iz <he standard curve for 385G (Figure A-3-2). The ugrer curve
resulted “rom pletting tne 2 F40/12 wersus the welgnt of GS3C determined

% . G B S .
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by the uze of the eguaticn, The CD 3UG/12 versus the indiczated weighs
of GSSG were 0.215 versus 56 ug; 0.1C8 wversus 3% ug; and 0.058 ve

18.6 ug, respectively.

GSSG Cetermirarvicns

The C.5 ml aliguet of the TCTA lens ncmegenate Tiltrate was noutral-
ized with 0.15 mi of L1 sodium carbcrate. The pE was checked with toyiricn
paper. The volume of the neutralized aliguot was adjusvted to 3.0 ml with

Buffer (3). 2.1 ml of NE1 was added, then 2.15 ml of Alb 2.040 mi of

NADFHy scluticn, and a final 0.320 ml of enzyme diluticn. The cuverts

3
U
)
g
(6]

ed with a section of Parafilm, mixed Ty inversicn and the initial

[{]
’1

cptical density determined at 340 mm 2gainst she dlank., The cptical

density was measured at 12 minutes. the 38SC was determined frem curv2

A-8-2. The amount of GSSG in the lens was six times Shis value, 25 the
b

origiral lars hcrmcegerate voilume was 3 ml.

Reactizcn Factes 27 Lrown uantities of 3SSG

- - + N e Y - - - -damas
The reactizn rates, a3 determined Ty the Jecrement ol cptical Zanszivy
2 / e~ & 2 P et al~dola) -
at 340 mm '\'_,1.340), vere a fretion of substrzte (GS30) ccncernTrasion.

il I = B P - . B - ~AS 1 XL - Ay ™
Tlgure A==l 13 3 plict of the reacticn rates of l.c 1.7, (Intermasicor:

s

presence cf 5 x 10 LADPHy, for varicus concantraticns of 388G, The

gncentrations of 3330 were 13,3.% and 2.25 x L2770 (30,20 and 27 miore-

grams, respectively (ZSergmeyar, 13£3Y), The crdinate is oraduatad in

unizs of cotical Zenzisy at 388 mmy the zfzelssz, In minuzes of relltiin.

Tre cptizal denzity apgeoared o nave decrezcad in an exporential ~orror,

ard the urvs Las nsarly A3;TRtonis alfter 10 mdnutes o7 reaction. T
e
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reacticn was carris=d cut

or 12 minutes as specified ¢y Zergmeyer. I°©
the reaction were corplete the slope of the curve shouid have been zars:,
The quantity of 3835 could have been then determined by tha fermula ziven
apove. The slcpes of the reacticn rates of G836 iid nct appear to Te

ero aftsr 10 to 12 mirutes of reaction. They were, nowever, small.
3 3

Discussion of Assay

The enzymatic method of GSSG guantitaticn described ty Rergmeyer
(1963) was used in this investizatiocn. Cne modification may have caused
3 decrement in the rate <r GS3C reduction. This was the use ¢f a smailsr
NADPH2 corcentraticn in the test assay. Thls was necessary in order that
the initial cptical density (0.0, at 340) bte less than one. (The lcga-
rithmic scala for CC on the Spectronic 5C0 speetrornctcmeter used was
not graduatad sulficiently well tc permit accurate readings in the rarges
above CD 1.) A secord medificaticn was the additicn of IZT (M,ethyl-
maleimide) for <he removal of reduced glutatiicrne. [T combines irvevers-
ibly with sulfydryl rcoups.  Sulficisnt NEi was addad £o each test rezcgticn
tc remcve all 33X gresent from the lens filsrates. (The GS/aliguet was
equivalant o 35C ms7 wat weignht of lans.)

- - - ~ RN Viyemm tmla -
The reacticn rates of reducticon of G885 with glutathicone reductaza

in the greserce 27 ”A:?Hz 2an ze caloulated frem dasa used for the son-
structicn of Flsre ~=3-1. The methods utilized for the dsterminaticon
2f rate constants and sutseguently in She dstermination oD nall 1ifs zre
descrized Ly Trogt and Tearson [1323).

Zased In extrapolation of Suwr data to Zers realiicn rate (In whian
the reactizn rata ili ncs appear S0 De compiste 2t 12 minutes) it was
4isfiouls o detarmine 2t th2 reaction rate was indeed irst crder.
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It is pessible that if we nad used a greater amount of LAZPH, the reaction
would rave gzcne essentially to ccmpletion Ty 12 mirutes, and calculatizns

would have irdicated 2 rirst order reaction. However, as indlicated ztcve

it was not cossitle to use a greater amount of !ADFH: tecause of spectrc-

photcmetric limitaticns.
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Figure I-1 shows the appearance of a lens cross-section fram a control
and from a CO, laser irradiated eye respectively, in which the ccrmea
had not been perforated. Both the lenses were removed f{rcm eyes fixed
in glutaraldehyde. The lens on the left taken {ram an unirradiated eye
had a normal biconvex aprearance. In contrast the anterior porticn of
the lens from the irradiated unpenetrated eye had a marked concavity.
The free arrow shcws the direction of the irradizting beam with respec:
to the lens.




Figure I-2D

Flgure I-2S

[ TOTPRT

Flgures I-2D and I-2S shcw the clinical appearance ¢
right and left eyes of a rabbif months after {C, lzs
An arrow marks the periphery cf the whitened sciErred
cornea. Subsequent nistological examination (Fig. I
the upper cormea in rigure I-20 had perfcorated.
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FMaures I-4D and I-4S The aprearance of lenses by retre-illumination.
The uprer lens (I-4D) was taken frcm an eye whese cormea had perforated
on irradiation with the CO, laser. The upper lens shows positive cata-
ractcus change. The free arrows are directed tc scme of the cloudy re-
glens. These changes were not apparent in the lens ol the other eye
(Flgure I-438). The black lines and specks in I-4S are artifacts.




Flgure I-5D

rigure I-5S

Flgures I-3D and I-5S Histolcglcal appearance of the anterior regicn of
lenses excised from ayes (perforated and unperforated, respectively) on

002 laser irradiation. The upper figure shows a regicn (between the arrcews)
of cataractous changes deep toc the anterior lens capsule, in an eye in
which the cornea has been perforated. The lower figure (I-SS) shows the
appearance of a ccmparable regicn of the lens from the unperforated left
eye—no cataractous changes are present., The clefts in both secticns

are artifacts (40 H and E).
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/-\(\‘l'XPANDED BEAM

EYE

CONCAVE
FRONT
SURFACE
MIRROR

’
Figure IZ-1 A dlagrarmatic rerrz.iiu o Loy of the set-up ercloved in
this study to Irradiit. (h. copnea with a selscted peorticn
9] I oI - [ - > - - . -
of the CCp laser tew: i i'l.ctad frem a concave, frent sur-
face mirror.
)
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POWER DENSITY {mw/cm?)

-3 Steady state corn2al surface z2nd anterior chazmker tem-
perature elevaticrs during CCs laser irvrzdiazticn ol the
rabbit cornea. Zach circle Is the average value Jor
various irradiarcirs oower Jdensiciss. The errer tars
represens cne stardard deviaticn.
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mw/cm2

Cornea AT in °C

Aguecus AT in °C

20
£0

10%-1130

530

770

1.3
3.3
5.5
7
8.7 .7(2)
14.25 + 3.36(3)
20.8 + 1.2(3)
31.7 £ 2.5(2)

1+

"+
N n [\N] [y} O
. . . .
(WV)
~
wm
~

1+

i+

i+

0.52 = 0.88(3)

2.5 £ 2.32(3)
4.4 £ 2.9(5)
5.5 = 2.4(2)
7.9 £ 2.3(2)
8.75 = 4.6(3)
12.7 = 4.81(3)

26. + 2.0(2)

Table II-1 Steady state temperature

aqueous durirg 2C4 laser irradiaticn

power density levels.

determinaticn.

elsvaticn 2t cormeal surface ax¢ in

¢l the eye, at varicus

*+ one standard deviation. The raren-
theses indicate the number of eyes used fcr each power density
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Cornea cer N Iris !
vied Ji g3y
—— - A
. Charter Sursace - .
Ant. ocst, = - n Under
o i ey~ e N i - -~
vl 29z 41.5°C | =2.3°C wZec 2307 32.3°°C
i —~ - - e} (e e
340 o7 z2eC - 4geC LE°C <goT
b . bl L S e - - -~
Tavle II-2 Steady state temperatures measured 2n the ccorrez and in thse
antericr sezment of the racecisc 2ve during continucus CC-

laser irradiati

o

cn ot

_
e CC

rnea.

- 3 4

Cornea

Anterior Chamter

)
N
W
"+

(D
=
[
i+
'..l
[¢3]
[
(@]

32.98 = C.74(mi3)
- . - - v ALAN + ~ 1lAG SCa - vl 4)
Schwartz % Feller{lS€2) 32.3 = S.u9°C 33.80 * 1.01i(rcss,
U - L,UL(CCST,
. . 3%
~ - ) - 1 - 3 ¥ - - = -~
Table II-2 2fverage cormezl and antericr charker tarmperatires of unirva-~
K] 3 oy pmin 2 . - T el ) S mm—
diated rzctit 2y2s a2t rcom tamperature, comparad wWith zta
by - < b’ - 3~ ~ - B -~
frem Senwartz and Tellsr., The asterisi repressnts the zveracs
¢




Wet*

Power Lensity
(m/cm=)

Dry

-

8.5

10G0 14,8°C °C

560 7.4°C 1.34°C

250 5.45°C 1.17°C

Table II-4

~

Temperatures measured on direct 0, laser
chromel--constantan thermocouple in air.
sents the average value for each determinaticn.
ence junction was in water at 22°C. The air temrerature
was 22°C.

A4 a

Al

irradiation of
The zsterisk re

!
(1934)

Present Investigation Hoffmann ard funz
. .y |
o ~ . ..JIT.VI‘ ! o Cu ol Prey AO
Corneal Aguecus Hume Corneal Aquecus Hgnor
i
47°C 43.6°c* 47-48°C 42eC
50°C 45, 4oc* 50-51°C 46-47°C
- - . . . I L
-5 CZcmpariscn of agueous humor temperature cttained in thiz

study with these of Hoffmann ard Xunz (2834) for similar

corneal femperatures. TIhe asterisk represents the values
of aqueous numer tsrrerature sncwm for the rresent inves-
tigation were cttairaed frcom the darva shewm in Tacle IZ-2
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study was 32.3°C,
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iHYPODERMIC NEEDLE

TYGON TUBING

POLYETHYLENE

MILLIMETER SCALE

Hg RESERVOIR

o R S e
3 Schermatic representaticn of the mercury mancmeler systam
- DR X ; . P T ~
used in the preliminary investizaticn ol intracculzr res-
K] lalad N~ 2 - '
sure measwremsnts during CCp laser irradizcicn of the cor-

neal surface.




*BSULI0D 9] JO UOTIRTPELIT

Jasey Coo Sul.mp ofks ayaqul ayl JO JoquEYD JOTJIJUE 83 UT safluryd amssaad pue adnjedadusg

SNOSUBRITIUTS PIOOAI 07 Apnys sTyy up pakordus quaudinbe syj Jo uniyriussaadad OTIBWRYOS ¥ G-TI1 93T

HIAWVHI HOIYILNY
NI 37dNOJOWH3HL

3INIMVYS TYWHON

QJIZINIMYdIH
PE T I-,I/.L

WVYHLVLS

HIBWYHD HOIYILNY
Nt 37d33N

155

3A3

. Y3YYILS
/ NIAINQ HOLOW
AIN3W3T3

Y31V IH
/ 37dN0JOWYIHL
3ONIYI4IY

JHOLYYILAWIL
f INVLISNOD
HIOAHISIY HILVM

=w/lzu5_zozzwzp

NVINVISNOD
AYNIY3IN

HdVY92AT0d INdANO] WALA | LndNI

NOST9

veiv
QUVHIIVD LLITMIH

._u—zozzu\\

WEPRPN




200

Flgure III-6 A view of an anesthetized rabtit positiocned for deter-
mination of Intraocular pressure changes during ccrne-focused CCo laser
radiation on the mid-anterior surface of the cornea. The manometer-—
system needle is sealed into the antericr chamber. The Hg mancmeter
depicted in Figure III-3 is shown at the right; the focusing cone
diagrarmed in Figure III-1 is shown at the left.

e e
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Simultanecusly recerded cressire and temperature variz-
tions measured Iin the antaricr charfers of rattls eyss
during fccused CCz laser Lrmadizticn of the mild-eo
surfaca. The initial intra-coular tressure as
was 20 MIEHr—the Initial point ol 23ch oresswre
at this value. The tep pair of sracas (presswr
perature) are Jor 1.3 secsnd irvagdisticons at
middle znd lower palr of traces are Tor 2.7% secend
diaticns at o watts. Iach irwadiation started
time. The uproer ond middlaz ralrs of reccerdin-s were
made in livins animals,  Inoche LOTtom rath, she ardinnl
rad dicd rricr T2 eendinticn.  Reopviration and Sload
pressus? vt lonl croaent Ll the wrror Two praphs e
absent frem Sin 2agn.
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Figure ITI-8 View of a rabbit eye immediately following focused CO»
laser irradiation (6§ watts, 1.5 seconds). The transcucer system
needle (9 o'clock) and the thermocouple (12 o'clock) are sealed into
the anterior chamber. The site of irradiation in the approximate
center of the cornea 1s visible.
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Flgure III-9 Lateral views cf a rabbit cornea tefore and immediately
following focused irradiaticn of the mid-corneal surface with a COp
laser (7 watts, 1 second). A portion of the fcocusing cone is visitle
in each view. In the figure at the left, taken pricr to irredilaticn,
there 1s a definite space (arrow) between the cornea and the antericr
surface of the lens. This space is not visible in the figure at the
right taken immediately following irradiation; the radius of curvature
of the cormeal surface is greater follewing irradiation--the cornea
appeared flattened. :

o g,
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Figure III-10 A concavity in a fixed lens following COp laser irra-
diation (6 watts, 1.5 secords) of a rabbit cornea. The lens was
stained by irmersion in acid crcein following dissection from an
excised eye fixed in glutaraldehyde. The lens is shcwn at an cbligus
view. The concavity in the center of the anterior surface of the lens
13 located between the arrows. The entire surface of the lens was
darkly stained except for the region ¢f the concavity. The extent cf
this lessened staining is partially visible as the cloudy-white regicn
between the two horizcental and bottom arrows. The white areas outside
the arrows and that within the arrows at 1 o'clock represent reflec-
tions and are photcgraphic artifacts.
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Flgure IV-1 Pattern of darkening Figmre IV-2 Pattern produced in
of Thermofax paper caused by the Thermofax paper by a C0s laser
COp laser beam in a multimde beam assumed tc be cperating in
condition a TEMoc mode.

FARRS AMKOY £ T AR SISD i

vy

- et

Figure IV-4 The pattern produced cn Thermofax paper by <he expanded
COp laser beam after passage through the 8 millimeter diameter aper-
ture. The central area Is darker than the rperigheral zone. There
appears to be uniferm darkeaning radially.
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Flgure I/-3 Felative rower density cbtained on scannirg a Cos laser
beam in the X ard 7Y directicns. The pattern produced oo
the beam on Thermofax paper is shown in Figure IV-4.
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Flgure IV-5 The electrcrhoretic pattern on cellulose polyacetate strips
of soluble lenticular zroteins from 3 pair of lenses from unirradiated
rabblt eyes. The sample was applied at "C"., The direction of m*gra:l
was from left tc right towards the anode. Six separate btards with % en—
tical movilities, visible on each strip, are delineated by the lines ce-
neatn the lower strip. (Actual size)

Figure IV-6 The electrorhoretic pattern procuced on "ellulose polyaceta
strips {rom an eye excised Irmediately follcwing CC5 laser irradiaticn :
an 8 nm diameter area of the cornea (1.5 watts, 30 seccrda) The strip
labelled "L" is from a lasered aye; the strip labelled "C" is frcm the
contralateral control eye. The number of bards and their mobilities
appear to be identical. The electrorhoretic strips apreared to have

six bands——this rumber of bards may not te avident in this photograch
(Actual size)
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Plgure IV-7 The electrophoretic separaticn of lenticular groteins Ircm
an eye (lower strip) excised three days fcllowing CC- laser {rradiaticn
(1.5 watts, 90 secords) of the corned cerpared with Srat from the con-
tralateral control &ve- e mobilities of the grotelin groups cn the
cellulcse polyacetate strips are not jdentical. The mooilities of the
slowest bards farmow) in the lower strip were less than that of the
contrecl. The mobilities of the other sands io not appear O have peen
pemariably altersd. e fast bard, Iz, 1S present only in the ccnirol
strip. (Strips actual size.)
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28,000 g supernatant laser lens
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Figure IV-3 The electrophoretic pattern of lenticular and aqueous hurcr
protelns fram an eye four days following COp laser irradiation (1.5 watss,
90 secords, 3 mm diameter area) compared with that of the contralatera’
control eye. (Previcus paracentesis had teen performed cn the anvericr
chamber of the control eye to cause the formation of plasmoid aquecus
with a high protein concentraticn in order that the bands te visible.)

The mobility of the bards rrocduced by the soluble proteins rom the lens
of the irradiated eve was comparatively less than that Irem che lsns of
the controi sye. The fastest tand produced bty the plasmeid aguecus (bot-
tom strip) was greater than that of either control or irradiated lenticular
material; also the mobility of the slcwest band was greater than that of
the slowest tard of the lenticular crotein. The pattern groduced dy <the

rmoe i .

aqueous humcr pretein Srom the irradiated eye (third strip) arzears to te
a composita of toth control lenticular and control aguecus humer preoteins.
The arrows snow the site of application <f the samples.
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Figuwre IV-10 Relative ascorctic acid (AsA) concentraztion In weanling
rabbit lansas 25 2 Sunetion of time focllowing CO. lassr
{yradiasisn (1.5 wastss, ¢0 ssconds) of the cormed (I
diameter area). Zach 3data point (i) regresents the
lenticular A3a corcansrasion (Tatla V-1 2xpressed as
a percentaze of the ccneentrasicon o the centralateral
control lens. Zach cirelad x Is the averass fercenil:t.
value Sor e2zcnh Time Troup. w2 relative conmeentration
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GLUTATHIONE PERCENT OF CONTOL EYE
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Pelative reduced glutathicre (CSH) concentration in
weanling rapbit lenses as 2 function of time following
C0, laser irradiation (1.3 watts, 30 secords) cf &
corrnea (5 mm diameter area). EZach data point (X) rep-
resents ths lencicular S8 concentration as a2 percent-
age of the centralzteral contrcl lans. Zach encirclsad
X represents the averzse ceresentas? value for each time
group. The decremsnt Zdoes not appear to rave teen
significant Zurins the first days pest Irradiation. Ze-
tween cne and tives days there was 2 siznilicant drer.
The relative 35 concentraticn was reduced to an insiz-
nificant value cy zix days gost irradiation.
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Scott, R.E. and Donoghue, J. "Measurements and Hazards on
Interaction of Laser Radiation and Biological Systems," NEREM
Record, 1958, 1964.

Nowak, W.B., Fine, S., Klein, E., Hergenrother, D., Hansen, W.P.
“On the Use of Thermocouples for Temperature Measurement During
Laser Irradiation," Life Sciences, 3:1495-1581, 1964.

Derr, V., Klein, E. and Fine, S. “Free Radical Occurrence in Some
Laser Irradiated Biological Materials," Federation Proceedings,
24 (1), Supple. 14, Part 111, January-February, 1965.

Fine, S., Klein, E., Nowak, W.B., Scott, R.E., Simpson, L., Crissey, J.
and Oonoghue, J. "Interaction of Laser Radiation with Biological
Systems. 1. Studies onh Interaction with Tissues," Federation
Proceedings, 24 (1), Suppl. 14, Part IIl, January-February, 1965.

Klein, E., Fine, S., Laor, Y., Simpson, L., Ambrus, J., Richter, W.,
Smith, G.K. and Aaronson, C. "Interaction of Laser Radiation
with Biological Systems. II. Experimental Tumors," Federation
Proceedings, 24 (1), Suppl. 14, Part 1II, January-February, 1965.

Klein, E., Fine, S., Ambrus, J., Cohen, E., Ambrus, C., Neter, I.,
Bardos, T. and Lyman, R. "Interaction of Laser Radiation with
Biological Systems. III. Studies on In Vitro Preparations,”
Federation Proceedings, 24 (1), Suppl. 14, Part IIl, January-
February, 1965.

Edlow, J., Fine, S. and Vawter, G.F. Federation Proceedings, 24:556,
April, 1965.

Litwin, M., Fine, S., McCombs, H.L. and Klein, E. "Effects of Laser
Radiation on the Surgically Exposed Canine Liver," Federation
Proceedings, 24 (1), Suppl. 14, Part IIl, 566, March-April, 1965,

Fine, S., Klein, E., Fine, B.S., Litwin, M., Nowak, W.B., Hansen,
W.P., Caron, J. and Forman, J. "Mechanisms and Control of
Laser Hazards and Management of Accidents," Laser Technology
Conference, April, 1965,

Laor, Y., Simpson, L.C., Klein, E. and Fine, S. "The Pathology of Laser
Irradiation on the Skin and Body Wall of the Mouse," The American

Journal of Pathology, Vol. 47, No, 4, October, 1965, pp. 643-63.

Hansen, W.P., Fine, S., Peacock, G.R. and Klein, E. "Focusing of
Laser Light by Target Surfaces and Effects on Initial Temperature
Conditions," NEREM Record, Vol. 7, 156-157, 1965.




: 26. Stratton, K., Pathak, M.A. and Fine, S. "ESR Studies of Melanin
! Containing Tissues After Laser Irradiation," NEREM Record,
f p. 150, 1965.

‘ 27. Klein, E., Laor, Y., Fine, S., Simpson, L.C., Edlow, J., Litwin, M.
| "Threshold Studies and Reversible Depigmentation in Rodent
' Skin," NEREM Record, Vol. 7, pp. 108-109, 1965.

g 28. Edlow, J., Fine, S., Vawter, G.F., Jockin, H. and Klein, £. "Laser
‘ Irradiation Effect on Rat Embryo and Fetus in Utero," Life
Sciences, 4:615-23, 1965.
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! 29. Klein, E. and Fine, S. "Biological Aspects of Laser Radiation.”

] Abstract presented at the 149th National Meeting of the American
Chemical Society, Detroit, Michigan, 1965.

30. Fine, S. and Klein, E. "Biological Effects of Laser Irradiation,”
in Advances in Biological and Medical Physics, Academic Press,
10:149-225, 1965.

31. Fine, S., Klein, E., Litwin, M., Peacock, G., Hamar, M. and Hansen, W.P.
"Biological Effects of High Power Continuous N2-C02 Laser Radiation
at 10.6 Microns," Federation Proceedings, Vol. 25, No. 2, Part 1,
March-April, 1966.

32. Laor, Y., Hust, F., Fine, S. and Klein, E., “Studies on Biological
Effects of Laser Radiation," Symposium on Biomedical Engineering,
Marquette University, Milwaukee, Wisconsin, Vol. 1, pp. 316-318,
June, 1966. |

33. Lobene, R. and Fine, S. "Interaction of Laser Radiation with Oral
Hard Tissues," Journal of Prosthetic Dentistry, 16:3, 589-597,

May-dJdune, 1966,

34. Fine, S., Klein, E., Litwin, M. "lLaser Radiation and Therapy of
Malignant Melanomas," New Views of Skin Diseases, Boston:
Little, Brown & Co., 1966.

35. Fine, S., Klein, E., Fine, B.S., Hansen, W.P., Peacock, G.R. and Litwin, M.
"Implementation of Procedures and Techniques for Safe Operation of
Lasers," Proceedings of the First Conference on Laser Safety,

November, 1966.

36. Klein, E., Fine, S., Laor, Y., Hust, F. and MacKeen, D. "Injurious
| Effects of Laser Radiation on Mammals," published in Proceedings
1 of the First Conference on Laser Safety, November, 1966. 1

37. Fine, S. and Klein, E. "Ultraviolet Lasers," presented at the First
Conference of the Biologic Effects of Ultraviolet Radiation,
published in The Biologic Effects of Ultraviolet Radiation,"

F. Urbach, editor, Pergamon Press, 1969.
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43.

44,

45,

46.

47.

48.

49.

50.

Fine, S., Hansen, W.P., Peacock, G.R., Klein, E., Hust, F. and Laor, Y.
"Bio-physical Studies with the COp Laser," NEREM Record,
8:166-167, November, 1966.

Fine, B.S., Fine, S. and Zimmerman, L.E. "CO2 Lasers Irradiation on the
Rabbit Eye, Clinical and Histopathologic QObservations," NEREM
Record, 8:150-161, November 1366.

Fine, S., Klein, E. "Biological Effects of Laser Radiation," in
McGraw-Hil1l Yearbook of Science and Technology, 1966.

Klein, E., Fine, S., Laor, Y. and Hust, F. "Biological Effects of
Laser Radiation," Proceedings American Society for Cancer Research,
1966.

Fine, S., Klein, E., Hansen, W.P. and Litwin, M. "Biological Effects of
Laser Radiation," Digest of Technical Papers, International Quantum
Electronics Conference, 1966.

Fine, S., Klein, E., Haynie, W.H., Litwin, M., Laor, Y. and Hust, F.S,
“Biological Effects and Hazards of Laser Radiation," presented at
American College of Physicians Conference, 1966.

Fine, S., Klein, E., et al. "Management Study on Bicological Effects of
Laser Radiation Program" for U.S. Air Force, Parts I, II, and III,
1000 pages, 1966.

Klein, E., Fine, S., Laor, Y., Hust, F., Litwin, M. and Knubbe, K.
“Interaction of Laser Radjation with Experimental Melanoma,"
Proc. Am. Assoc. Cancer Res., 7:36, 1966.

Litwin, M.S., Fine, S., Klein, E., Fine, B.S. and Raemer, H. "Hazards
of Laser Radiation Mechanisms, Control and Management," American
Industrial Hygiene Assoc. Journal, 28:68-75, January-February, 1967.

Fine, S., Klein, E., Parr, W.H., Fine, B., Fisher, R.S., Peacock, G.R.,
MacKeen, D., Hansen, W.P. and Feigen, L. "Hazard Studies with )
Laser Radiation,” Conference on Laser Technology, April, 1967. ‘

Hardy, L.B., Hardy, F.S., Fine, S. and Sokal, J. "Effect of Ruby Laser
on Mouse Fibroblast Culture," Federation Procsedings, 26:688,
April, 1967.

Fine, B.S., Fine, S., Peacock, G.R., Geeraets, W. and Klein, E.
“Preliminary Observations on Ocular Effects of High-Power,
Continuous CO Laser Irradiation," American Journal of Ophthalmology,
Vol. 64, No. 5, pp. 209-222, August, 1967.

Peacock, G.R., Hansen, W.P. and Fine, S. "Increasing the Power Qutput from
Inexpensive CO, Lasers,” American Journal of Physics, Vol. 35, No. 8,
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51. Fine, S., Feigen, L., MacKeen, D. and Klein, E. "Hazards and Protective
Devices Associated with 10.6 u Radiation,"” presented at Conference :
on Engineering in Medicine and Biology, 1967. Published in Proceedings, |
November, 1967.

52. Hansen, W.P., Feigen, L. and Fine, S. "A 'Worst Case' Analysis of !
Continuous Wave He-Ne Laser Hazards to the Eye," Applied Optics, i
Vol. 6, No. 11, pp. 1973-1975, November, 1967.

83. Laor, Y., Simpson, L., Klein, E., Fine, S. and Hust, F. "Effects of
Laser Radiation on the Skin and Underlying Tissue of Mice during
Controlled Hair Growth Cycle,"” Journal of Invest. Derm.,
48:297-298, 1967.

54, Fine, S., Edlow, J., MacKeen, D., Feigen, L., Ostrea, £. and Klein, E.
“Focal Hepatic Injury and Repair Produced by Laser Radiation:
Pathologic and Biophysical Studies," American Journal of Pathology,
Vol. 52, No. 1, pp. 155-176, January, 1968.

55. Hansen, W.P. and Fine, S. "Melanin Granule Models for Laser Induced
Retinal Injury," Applied Optics, Vol. 7, No. 1, pp. 155-159,
January, 1968.

56. Aaron, A., Fine, S. and Schetzen, M. "Safety Improvement for Unattended
Lasers," Laser Focus, February, 1968.

57. Lobene, R.R., Raj Bhussry, B. and Fine, S. "The Interaction of Carbon
Dioxide Laser Radiation with Enamel and Dentin," Journal of Dental
Research, Vol. 47, No. 2, pp. 311-317, March-April, 1968.

58. Cohen, E. and Fine, S. "In Vitro Effects of Laser Irradiation on Human
Gamma Globulin," Federation Proceedings, 27:1, 473, March-April, 1968. !

59. Parker, G.S., Bavley, H.A. and Fine, S. "Report on Massachusetts Laser
Survey,"” Laser Focus, 11:30-32, May, 1968.

60. Parker, G.S., Bavley, H., Fine, S., Powell, C. and Keene, B. "Laser
Survey in Massachusetts," Health Physics Society Annual Meeting,
Denver, Colorado, June 16-20, 1968. (Abstract.)

61. Fine, B.S., Fine, S., Feigen, L. and MacKeen, D. "Corneal Injury
Threshold to Carbon Dioxide Laser Irradiation," Vol. 66, No. 1,
pp. 1-15, July, 1968, American Journal of Ophthalmology.

62. Cohen, E., Klein, E. and Fine, S. "Effects of Laser Irradiation on Some
Serologic Properties of Human Gamma Globulin," accepted for
publication,

63. MacKeen, D., Fine, S. and Klein, E. "Toxic and Explosive Hazards Associated
with Lasers," Laser Focus, pp. 47-49, October, 1968.

64. Fine, B.S., Berkow, J.W., Fine, S. "Corneal Calcification," Science,
Vol. 162, pp. 129-130, October 4, 1968.
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Hansen, W.P. and Fine, S. "Application of Thermal Models to Retinal
Threshold Injury,” presented at Laser Industry Association meeting,
October 24-26, 1968, published in Proceedings of the Laser Industry

Association Convention, 1968.

Bock, F., Laor, Y., Fine, S. and Klein, E. "Exploration of Potential
Carcinogenic Effects of Pulsed Laser Radiation," presented at Laser
Industry Association meeting, October 24-26, 1968, published in
Proceedings of the Laser Industry Association Convention, 1968.

Fine, S., MacKeen, D., Feigen, L. and Fine, B. "Anterior Chamber
Measurements on COp Laser Corneal Irradiation," Proceedings of the
Annual Conference on Engineering in Medicine and Biology, Vol. 10,
p. 6, November 4, 1968,

Feigen, L., MacKeen, 0. and Fine, S. "A Method for Detecting and
Measuring Frequency of Surface Vibrations Using a Helium-Neon
Laser," Review of Scientific Instruments, Vol. 40, pp. 381-382,
February 2, 1969.

Geeraets, W., Fine, B.S. and Fine, S. "Ophthalmic Studies on CO;
Laser Irradiation,” Acta Ophthalmologica, (Koberhavn), Vol. 47,
pp. 80-92, 1969.

Laor, Y., Simpson, C.L. Klein, E. and Fine, S. "Pathology of Internal
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Litwin, M.S., Fine, S., Klein, E. and Fine, B.S. "Burn Injury After

Carbon Dioxide Laser Irradiation," Arch. Surg., Vol. 98, pp. 219-222,

February, 1969.
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pp. 28-36, July, 1969,
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Fine, S. and Klein, E. "Lasers in Biology and Medicine" published in
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Development in Laser Technology, Society of Photo-Optical Instrumentation

Engineers.

MacKeen, D., Fine, S., Feigen, L. and Fine, B.S. "Anterior Chamber
Measurements on COp Laser Radiation," Investigative Ophthalmology,
Vol. 9, No. 5, pp. 366-371, May, 1970.
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and Magnesium in Focal Hepatic Lesions," Federation Proceedings,
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Klein, E., Laor, Y. and Fine, S. "Interaction of Laser Radiation with the
Skin," Abstract-Laser Journal, Vol. 2, No. 1, January-February, 1970.
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Fine, S., MacKeen, 0., Berkow, J. and Fine, B.S. "Biological Studies
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Vol. 71, No. 4, April, 1871.

Campbell, J. and Fine, S. "Heat Sensation Thresholds for CO2 Laser
Radiation," Radiation Research, 43 (1), 1970.

MacKeen, D., Fine, S., Aaron, A. and Fine, B.S. "Cataract Production
in Rabbits with an Ultraviolet Laser," Laser Focus, April, 1971.

Fine, S. and Hansen, W.P. "Optical Second Harmonic Generation in
Biological Systems," Applied Optics, October, 1971.

MacKeen, D.L., and Fine, S. "Effect of Suprathreshold C02 Laser
Irradiation of the Weanling Rabbit Eye on Lenticular Ascorbic
Acid and Reduced Glutathione," Federation Proceedings, Vol. 32,
No. 3, Pt. 1, 1973.
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MacKeen, D.L., Szabo, G., and Fine, S. "The Effects of UV Laser
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Non-Laser Related

In addition, credit was given to non-laser related studies, in which the
principal investigator and his associate were involved. A number of these
were listed in the annual progress reports; several are listed below.

86.

87.

8s8.

89.

Fine, S., Klein, E., R.E., Hainish, H. and Aaronson, C. "Bio-Engineering
in the Biological Sciences," IEEE Student Journal, January, 1964,
1:33-39.

Litwin, S.B., Cohen, J., Fine, S. and Aaron, A. "Rupture and Tensile
Strength Measurements of Fresh and Teated Canine Aortic Tissue,"
Proceedings of the Annual Conference on Engineering in Medjcine and
Biology, Vol. 10, p. 44, November 4, 1968,

Aaron, A., Litwin, S.B., Fine, S. and Sillin, L. "Pressure and Flow
Relations in Canine Aortic-Pulmonary Shunts," presented at Second
International Conference on Medical Physics, Boston, Massachusetts,
Auqust, 1969, published in Abstracts of Conference.

Aaron, A., Litwin, S.B., Fine, S. and Rosenthal, A. ™"Determination of
Cardiac Cutput by Dye Dilution,” in Proceedings of the 23rd Annual
Conference on Engineering in Medicine and Biology, Vol. 12, 1970.
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90. Cobhen, J., Litwin, S.B., Aaron, A, and Fine, S. "The Rupture Force and
Tensile Strength of Canine Aortic Tissue," J. Surg. Research,
December, 1972,

91. Litwin, S.B., Cohen, J. and Fine, S. "Effects of Sterilization and
Preservation on the Rupture Force and Tensile Strength of Canine
Aortic Tissue," J. Surg. Research, 1973.




c.

Laser-Related Presentations as Invited Lecturer, Pertinent to
Contract to Which Credit Was Given

1.

2.

i

~N O

10.

11.

12.

13.

14.

15.

16.

17.

18.

Conference on Biological Effects of Laser Radiation, Washington, D.C. -
Sponsored by U.S. Army Medical Research and Development Command, 1964

Conference on Lasers, New York Academy of Sciences, 1964

Gordon Research Conference on Biological Effects of Laser Raaiation,
1965

Conference on the Biological Effects of Lasers, National Institutes of
Health, Bethesda, Maryland, October 4-5, 1965

Gordon Research Conference on Biological Effects of Laser Radiation, 1966
Bell Telephone Laboratories - invited lecturer, 1966

The Martin Company - symposium on Biological Effects of Laser
Radiation, 1966

Boston Medical Physics Society - Lecturer on Biophysical Studies with
Laser Radiation, 1966

Seminar on Biological Effects of Laser Radiation, University of Texas,
Austin, 1966

Conference on Development of Lasers in the Biological Sciences,
Veterans Administration, Department of Medicine and Surgery,
Washington, D.C., August 5, 1966

Presentation before the Physicians of the Association of American
Rajlroads, Montreal, June 4, 1967

Gordon Research Conference on Biological Effects of Laser Radiation, 1967
(Session Chairman)

American College of Obstetrics - District I Meeting - Invited Participant -
Biological Studies on Laser Radiation, October 1967

Invited Lecturer on Lasers ~ P.R. Mallory & Co. - Laboratory for Physical
Sciences - Biological Effects of Laser Radiation, February, 1968

Brookhaven National Laboratory, Upton, New York "Biophysical Effects of
Laser Radjation", May, 1968

New England Chapter Health Physics Society, "Biological Evfects and Hazards
of Laser Radiation", May, 1968

Case Western Reserve University, Cleveland, Ohio, Summer course on Laser
Technology and Applications, presented lecture "Lasers in Biology
and Medicine," July, 1968

G-APURSI Symposium (International Antenna and Propagation Symposium)
"Electromagnetic Waves (Lasers) for Biological and Medical
Applications", September, 1968




19. Rutgers University, New Brunswick, New Jersey, Participant in “"Evaluation
of Laser Hazards Course", October, 1968

20. S. Fine - "Biological Studies Relating to Laser Irradiation, Particulary
with Respect to the Eye", Howe Laboratories, Massachusetts Eye and
Ear Infirmary, Harvard Medical School, December, 1968

21. S. Fine - "Control of Laser Hazards and Management of Accidents"”, National
Center for Radiological Health, U.S. Department of Health, Education
and Welfare, Rockville, Maryland, February, 1969

22. S. Fine - "The Application of Lasers to Biology and Medicine," Conference
on Trends and Directions in Biological Sciences of the Thirteen
Colleges Curriculum Program Biology Teachers, Clark College, Atlanta,
Georgia, March, 1969

23. S. Fine, Participation in Skin Laser Workshop, Second International Laser
Safety Conference, Cincinnati, Ohio, March, 1969

24. S. Fine, Lasers--Characteristics, Use, Hazards and Biological Effects,
Seminar Series, Environmental Health Engineering and Science, Graduate
School of Engineering, Northeastern University, March, 1969

25. S. Fine, lLasers--Characteristics and Uses in Biology and Medicine, Surgical
Seminar Series, Boston University School of Medicine, March, 1969

26. S. Fine, Use of Lasers in Biology and Medicine, Laser Applications Course,
Washington University, St. Louis, Missouri, May, 1969

27. E. Klein, and S. Fine, Tissue and Cell Effects of Laser Radiation--Gordon
Research Conference on Lasers in Medicine and Biology, June, 1969

28. S. Fine, "Lasers in Biomedicine,” I.E.E.E. Student Branch, Northeastern
University, July, 1969

29. S. Fine, "Biological Hazards and Effects of Laser Radjation," in course
on Fundamentals of Non-Ionizing Radiation Protection, lNortheastern
Radiological Health Laboratory, August, 1969

30. S. Fine, Lasers in Industry, Associated Hazards and Protection, National
Safety Congress, Chicago, I1linois, October 28, 1970

31. S. Fine, Non-invasive Testing in Medicine, I.E.E.E. group on Engineering
in Biology and Medicine, Boston, Massachusetts, November, 1970

32. S. Fine, Uses and Hazards of Laser Radiation in Industry and in Atmospheric
Pollution Studies, 24th AMA Clinical Convention, Boston, Massachusetts,
November 30, 1970

33. S. Fine, "Bioengineering", Massachusetts Epsilon Chapter, Tau Beta Pi
(Northeastern University), September, 1969




34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

. Fine, "Laser Biology", in Laser Fundamentals and Applications

course, Polytechnic Institute of Brooklyn Graduate Center,
September, 1969

. Fine and E. Klein, "Biological Effects of Laser Radiation," the

Theobald Smith Society, New Jersey, October, 1969

. Fine, "Lasers--Biological Effects and Medical Applications,"

Society of Photo-optical Instrumentation Engineers Meeting,
co-sponsored by the University of Rochester Institute of
Optics, Rochester, New York, November, 1969

. Fine, Session Chairman, Laser and Ultraviolet Contributed Papers,

Fourth Annual Midyear Topical Symposium, Health Physics Society
Meeting, Louisville, Kentucky, January 28-30, 1970

. Fine, Lasers in Industry, Associated Hazards and Protection, National

Safety Congress, Chicago, I1linois, October 28, 1970

. Fine, Non-invasive Testing in Medicine, [.E.E.E. group on

Engineering in Biology and Medicine, Boston, Massachusetts,
November, 1970

. Fine, Uses and Hazards of Laser Radiation in Industry and in Atmospheric

Pollution Studies, 24th AMA Clinical Convention, Boston, Massachusetts,
November 30, 1970

. Fine, "Lasers in Biology and Medicine," in course on Lasers and

Optics for Applications, Massachusetts Institute of Technology,
Cambridge, Massachusetts, July 30, 1971

. Fine, Guest Lecturer in Graduate Course 2.77, "Biological Effects

and Medical Applications on Non-Ionizing Radiation," Fall, 1971,
Massachusetts Institute of Technology

. Fine, "Medical Applications, Research and Safety," Boston Section

I.E.E.E. 1972 Lecture Series, February, 1972

. Fine, "Lasers in Biology and Medicine," a course on lasers and

optics for application, M.I.T., July, 1972

. Fine, "Biological Effects and Medical Applications on Non-Ionizing

Radiation," guest lecturer for several sessions in graduate course
2.77, M.I.T., 1972-1973

. Fine, "Biological Effects and Medical Applications of Non-Ionizing

Radiation," guest lecturer in graduate course at M.I.T., 1973-9974

. Fine, lectured at Raytheon Research Laboratory on Electrical Hazards

and Emergency Management of Accidents, 1974

. Fine, "Biological Effects and Medical Applications of Non-Ionizing
Radjation", guest lecturer in summer session course, M.I.T.,
July, 1975




Most other conferences in which abstracts or papers were published
are included in the preceding bibliography.




D. Laser-Related Conference Organization and Planning; Pertinent to Contract
1. Boston Laser Conference, 1963
2. Boston Laser Conference, 1964

3. Institute of Electrical and Electronics Engineers - Member,
NEREM Program Committee, 1965

4. 1Institute of Electrical and Electronics Engineers - Member,
NEREM Program Committee, 1966

5. American Association for the Advancement of Science - Session Organizer
and Chairman of Session on Biological Effects of Laser Radiation,
1966 .

~

6. Laser Industry Association Convention, October 24-26, 1968 B

7. Course on "Fundamentals of Laser Radiation Protection" given to
' personnel of U.S. Department of Health, Education and Welfare,
1968

8. Member, program planning committee on seminar series in applications
of physical chemical techniques in Biology and Medicine, EMB,
IEEE, Boston Section, 1969

9. Laser Industry Association Meeting - Los Angeles, California, October
20-22, 1969

10. ETectro-Optical System Design Conference, September 22-24, 1970,
New York Coliseum. Planning of sessions, session organization
and chairman.

11. Major participant in the organization, planning, and instruction of
personnel, and field work related to the first major survey on
lasers and laser devices in the United States which was carried
out be the State of Massachusetts and Occupational Health and
Radiological Health, H.E.W., 1968.
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