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This volume discusses retinal damage thresholds for exposures of the ma-
culae of rhesus monkeys (Macaca ‘nulcztta) to continuous— wave (CW) and repeti-
tive—pulse trains of Nd:YAG laser radiation at 1064 nm. The laser was operated
in the TEM00 mode with a full angle beam divergence of ~l.2 mrad and a l/e

2
beam diameter of ~l.5 mm at the corneal plane.

Single—pul se exposures were made at pulsewldths of 270 nsec and 0.5 and 4
5 sec. Repetitive-pulse exposures were made for combinations of Q-switched
pulses wi th train durations of 0.05, 0.5, 5 and 30 sec at pulse repetition
frequencies from 0.1 Hz to 10 kHz. Nominal pulsewldths were 300 (±25) nsec
except at the highest repetition rate where ~73O-84O nsec pulses were obtained.

For each threshold measurement at least ten eyes were exposed at each of j
sixteen macular sites and were examined ophthalmoscopically at one hour post-
exposure. A simple lesion/no-lesion determination was made and the damage
thresholds (ED5O) were calculated by the method of probits. Threshold powers
are expressed in terms of peak pulse power at the cornea. For all single-pulse
exposures and for repetitive pul ses contained within a train of 0.05 sec, re-
tinal damage appears to be i nduced primarily by thermal mechanisms . That is ,
the observed data show good agreement with calculations of the Illinois Insti-
tute of Technology Research Institute (IITRI) thermal model , though rather
large retinal image sizes must be assumed.

~ IIn contrast, for the longer pulse-train durations , there is an apparent
cumulative effect of repetitive , Q-switched pulses when the repetition frequencies
are in the range of ?1 to ~lOO Hz. For example , the retina is more sensitive
to double—pul se exposures , by a factor of 5 to 10 relative to single— pulse
thresholds , when the interpulse spacing is “~0.2 sec.

Non-thermal damage mechanisms appear to be involved . Because of the stark
similarity between our near-ZR and visibl e repetitive pulse data (see Vol ume II)
we tend to favor a damage mechanism of photobiol ogical or photochemi cal origin ,
possibly involving the photoreceptors themsel ves. Evidently, single photon
photochemistry in the near-IR presents serious problems in terms of realistic
hypotheses regarding the nature of the chromophores. Accordingly, we tentatively
invoke frequency doubling in the anterior ocular media and/or biphotonic ab-
sorption of near-ZR photons in the retina to explain our results. In either
case, the quantum efficiency need be only ~O.l% in order to achieve quantita-tive agreement with retinal i rradiances typical of our visible laser experiments
(see Volume II).

However , it must be borne in mind that this hypothesis of photochemical
damage , resulting from non-linear photon processes, remains to be tested ; other
mechanisms , such as membrane disruption by acoustic shock waves or a con~ination
of effects, including thermal processes, are not ruled out. For that matter,
our present understanding of the fundamental biochemical and biophysical mecha-
nisms invol ved in thermal damage of the retina can best be termed rudimentary.
Thus , we likewise do not rule out strictly thermal damage processes of a type
hitherto unencountered in laser ocular hazards research.
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OCULAR HAZARDS OF PICOSECOND AND REPETITIVE-PULSED LASERS
VOLUME I: Nd:YAG LASER (1064 nm)

INTRODUCTION

Deleterious thermal effects resulting from exposure of biological tissues
to intense light sources have been actively studied for a nunter of years (1-6).
Nuclear detonations and lasers are among the most Intense man-made sources of
optical radiation and present serious hazards to the eye and the skin.

The eye has been recognized as particularly susceptible to damage caused
by exposure to direct or specularly reflected radiation , both thermal (7-12)
and optical (13-34). The prol iferation of lasers for military , Industrial and
scientific purposes has made it mandatory to develop practical safety criteria
and standards to govern their operation. One principal objective of this study
was to contribute to this development in the area of picosecond and repetitive
laser pulses.

Ocular damage is most likely to occur either in the cornea and lens or
in the chorioretinal region of the eye, depending on the wavelength of the
laser radiation . In the ultraviol et (UV) region of the spectrum, most of the
incident radiation is absorbed by the cornea and/or lens and very little reaches
the retina (35-37). However, in the visible and near Infrared (ZR), the cornea
and lens are relatively transparent (36,37) allowing a large percentage of the
radiation to be transmi tted to the chorioretinal region , where it then undergoes
substantial absorption , in some cases as much as 85% (38). i i

The mechanisms responsible for UV-induced damage in the cornea l epithellum
are predominantly photochemical (39,40). Retinal damage from laser radiation
in the visible or near-ZR region , on the other hand , is presumed to be the
result of a temperature increase (1-6 , 9—12 , 21 , 22, 30, 41—43) induced by ab-
sorption of the optical radiation in the pigment epithel lum and other chorio-
retinal l ayers. The damage, centered about the region of maximum temperature
rise , is thought to involve thermal protein denaturatlon or enzyme inactiva-
ti on (3).

Biological tissue is able to maintain normal viability only wi thin a
relatively narrow temperature range ; therefore, It is not unreasonable to
expect that small temperature increases in the retina mi ght cause tissue damage.
Both the damage Itself and the rates of the damage processes are considered
to be temperature dependent. Thus , ultimate production of damage must be con-
sidered In terms of thermally accelerated , biochemi cal rate processes. As such ,
the laser intensity required to produce threshold damage is best estimated
by a temperature-time Integration taken over an effective exposure time.

Theoretical thermal models based on these concepts have been constructed.
A model currently used by the USAF School of Aerospace Medicine was developed
by Takata and co-workers (44) at the Illinois Institute of Technology Research
Institute (IITRI), and is comonly referred to as the IITRI model. This sophis-
ticated computer routine represents a significant Improvement over earlier
models and was designed specifically to account for laser-induced ocular damage

.5
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Its purpose is to provide the capability of predicting ocular damage thresho lds
over a wide range of laser parameters and exposure conditions.

An important factor in chorioretinal absorption and damage is thdt the
i rradiance (intensity/unit area) of the light that strikes the retina can be

• as much as 10- times greater than the irradiance at the cornea because of the
focusing properties of the eye and the high degree of laser beam collimation
(for example, see reference 30). Therefore, the eye can incur retinal damage
from relatively low power lasers operating in the visible and near-IR regions
of the spectrum. Since laser radiation is nearly invisible in clear air except
when viewed directly along the propagation axis , personnel in the vicinit y of
an operating laser could be unaware of the radiation and thus have little warn-
inq before receiving a direct or specularly reflected pulse in the eye.

This study is concerned with maximum permissible exposure levels (MPE)
wi th regard to retinal damage. At present the minimum , or threshold , damage is
defined in terms of the minimum lesion that can be detected with a clinical
ophthalmoscopic instrument. The lesion itsel f is defined as a perceptible
retinal discoloration , usually a white or grayish area surrounded by a dark area.
Laser-induced retinal lesions usually have the shape and symmetry of the fo-
cused laser spot which , in virtually all cases , is circular.

Allen and co-workers (10) studied the effect of focused spot size on re-
tinal lesion threshold , using a non-coherent source, and found that for a given
coy-neal i rradiance , smaller retinal spot sizes produced l ower thresholds. This
was confi rmed by King and Geeraets (28) using a Q-switched ruby laser source.
Clarke (29) and Sliney (30) considered the problems relevant to quantifying
laser ocular hazards and developing laser safety criteria. Vassil iadis et al .
(18) performed laser beam retinal threshold measurements and discussed the
problems of theoretical predictions of the retinal temperatures produced and
the relation between temperature and tissue damage in terms of rate processes.

Recent experiments , by and large , have dealt with worst-case conditions
to produce threshold damage; i.e., a laser operating in the TEM 00 mode (minimum
beam divergence) with a beam cross-section that has a radially symmetric ,
Gaussian distribution . This condition also implies that the subject eye is
in the unacconinodated state and has no refractive error , so that the impinging
beam is focused to a minimum spot size (maximum i rradiance ) on the retina.

Dunsky and Lappin (14) measured paramacular tI~resholds of primate s usingworst-case parameters wi th a krypton—ion laser emi tting at 568.2 nm. The
laser was operated in the TEM00 mode with a beam divergence of 0.8 mi lliradians
(mrad). Ophthalmic corrective lenses were used as needed to compensate for
refractive error. Bresnick et al. (15) performed similar worst-case threshold
measurements on pri mate maculae. They used an argon-ion laser emitting at 514.5
nm in the 1EM00 mode with a divergence of 0.7 mrad , and they also corrected the
subject eye for refractive error. In addition to clinical observations , they
found histopatho logic evidence of damage at exposure levels below the thresholds
as determined ophthalmoscopica lly.

Ham et al. (16) used a helium-neon laser at 632.8 nm wavelength with a
divergence of 0.7 mrad in the TEM 00 mode to expose the macu lar area. They
reported a large variation of the retinal image size (50 to 200 im) over the
population of subject eyes. Apparently they did not correct the eyes for re-
fractive or chromatic errors.

6
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Frisch and co-workers (17) carried out a comparative study of retinal
thresholds using a Q-switched ruby laser (694.3 nm) and an argon-ion laser (514.5
nm). Each was operated in its l owest order mode (TEM00), but the divergence of
the ruby was slightly higher (1 mrad) than that of the argon (0.7 mrad). Lenses
were used to correct for refractive error and chromatic difference between argon
and ruby. Histopathol ogic examinations of suprathreshold exposure sites re-
vealed definite differences in the type of damage caused by the short-duration
Q-switched ruby pulses (30-nsec pulsewidths) and the much longer argon-ion
pulses (12- to 125-msec pulsewidths). At intensities on the order of 10 times
threshold l evels , the damage produced by the Q- swi tched ruby pulses was observed
to be considerably more extensive than that produced by the argon-ion pulses.
Also , a comparison was made between thresholds obtained for the macular and
paramacular regions using single , long pulses from the argon—ion laser. Lower
thresholds were found for the macular region , which can probably be attributed
to the higher absorption cross-sections of the macular pigments (23).

The above studies were concerned with single-pulse laser exposures at
visible wavelengths; more recent investigations have considered also the effects
of repetitive-pulse exposures in the visible and near-ZR regions. Skeen et al.
(20,24) measured macular thresholds under worst-case conditions using repeti-
tive pul se-train exposures from an argon—ion laser (514.5 nm) and a Q-switched
Nd :YAG l aser (1064 nm). Expressing thresholds in terms of either energy per
pulse or peak pulse power, they reported evidence for a cumulative effect.
Specifi cally, the energy per pulse required to produce a threshold lesion was
found to decrease as the total number of pulses in the exposure train was
increased. Gibbons and Egbert (27), using an argon—ion laser (514.5 nm), re-
ported similar results for several combinations of repetition frequencies , pulse-
widths and total pul se—train durations . Ebbers and Dunsky (31) studied rhesus
paramacular thresholds produced by Q-switched Nd :YAG laser and also noted evi-
dence for a slig ht cumulative effect. These investigations were concerned with
retinal threshold measurements under worst-case conditions and all used essen-
tially the same cri terion for determining when damage had occurred , namely the
appearance of an ophthalmoscopical ly visible lesion at the exposure site within
one hour after i rradiation .

The present program was specifi cally designed to investigate damage thres-
holds in the rhesus macula for two different laser wavelengths (514.5 nm and
1064 nm), using worst-case conditions over a broad range of pulsewidths , pulse -
repetition rates and pulse—train durations. This fi rst volume of the final
report deals exclusively with the near-ZR studies.

OBJECTIVES

The objectives of the program were three-fold: (1) to acquire additional
experimental threshol d data for retinal damage induced by trains of repetitive
l aser pul ses; (2) to construct an empirical model of such damage ; and (3) to
validate and help define limi ts of applicability of the JITRI thermal model (44)
of retinal damage i nduced by repetitive—pulse exposures.

As in many previous investigations (14—20 , 23-28, 30-34, 39-43), all of the
experiments reported here were performed in viva on the eyes of young rhesus
monkeys (Macaca mu~atta). There is evidence (18) that threshold measurements
based on paramacular exposures yield higher values than those based on macular

7
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exposures ; therefore in this study , all test exposures were placed within the
macula and generally away from the fovea centralis. The anatomy , physiol ogy and
optical properties of the rhesus eye are very similar to those of the human eye ;
thus , for purposes of ocular hazard evaluations , the rhesus eye can be considered
as a scaled-down version of the human eye. In addition , the detailed therma l and
optical absorption coefficients of rhesus ocular media have been measured in vi~~(35-38 , 41-43) and these measurements provide parameters for developing thermal
models that can be tested against the rapidly accumulating ocular-damage data
obtained from in viva experiments on the rhesus.

The damage threshold , ED5O , is a statistically determined value calculated
from exposure data generally taken from ten or more test eyes. This value re-
presents the pulse power (or energy) incident on the cornea , that has a 50% prob-
ability of inducing macular damage in an eye selected at random from the subject
population . For a given laser with fixed optica l parameters (wavelength , beam
divergence , mode structure , etc.), the threshol d , expressed in terms of pulse
power incident on the cornea of an eye focused at infinity , is a function of
pulsewidth , pulse- repetition rate and pulse—train duration . Therefore, threshold
measurements were performed using selected values of the above variables over a
wide range compatible wi th state-of-the-art commercial laser equipment.

Since a large body of retinal threshold data has been acquired in prior
research at other laboratories , experiments in the present program were conducted
in such a way that direct comparisons coul d be made with previous data and that
the accumulated results could be compiled into a self-consistent empirical model .
Insofar as possibl e , the experimental parameters and criteria used in much of the
previous work were adopted in this program as follows :

(1) The subjects used were young rhesus monkeys (Macaca mulatta ) ranging
in age from two to four years and in weight from two to four kg.
No distinction was made between male and female subjects.

(2) Only the macular region of the retina was irradiated for purposes of
damage determination .

(3) Damage was defined as the appearance of a lesion at the exposed site
within one hour after i rradiation.

~4) A lesion was defined as an ophthalmoscopically visible , dark , circular
discoloration containing a white or light—gray center.

(5) Each macula was exposed at 16 different sites , with a range of inten-
sities (laser beam power) varying over a log-normal distribution above
and below the estimated threshold intensity .

(6) In all but two cases, a minimum of ten eyes was i rradiated at a given
set of laser parameters to determine the threshold under those condi-
ti ons.

(7) The laser was operated in its l owest order Fabry-Perot mode (TEM00)
with a diffraction -limited beam divergence.

(8) The laser power was taken to be the total energy in the beam (measured
at the corneal plane) divided by the effective pulsewidth.

8
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(9) An ophthalmic lens was used if the subject eye had a refractive error
greater than ±0.5 diopter in any meridian.

(10) All retinal examinations were made by the same person.

The data reported here are for a Nd:YAG laser operating at its fundamental
frequency (1064 nm) in either the continuous-wave (CW) or Q—switched mode. In
the CW mode , single -pulse exposure times were 0.5 to 5.0 sec ; in the Q-switched
mode , pulse -repetition rates and exposure times were varied from DC (i.e., single
pulse) to 10 kHz and from 0.05 to 30 sec , respectively. Q-switched pulses were
generally ‘~3OO nsec duration except at the highest repetition frequencies , wherepu l sewidths were ~73O to 840 nsec .

PRIMATE CARE AND PREPARATION

• The San Antonio Laboratory of Technology Incorporated is equipped with a
controlled envi ronment vivarium which is used exclusively for housing infrahuman
pri mates to be employed as research su’~j.?cts. Both temperature and humidity were
carefully controlled and the primates were individually housed in stainless steel
cages. Daily care and feeding were performed by trained personnel. Regular in-
spections were made by a representative of the U.S. Department of Agriculture ,
Agricultural Research Service , Animal Health Division , as well as by a company-
retained veterinarian .

On the day prior to the retinal i rradiations of a primate , atropine sulfate
(1% ophthalmic ointment) was introduced into each conjunctival sac to achieve
maximum pupillary dilation . Approximately one hour prior to retinal i rradiation ,
each subject was tranquilized with an intra-muscu lar injection of phencyclidine
hydrochloride (Sernylan), 20 mg/cm 3 , at a dosage of 1 mg/kg of body wei ght.
After onset of tranquilization , a 19-gauge intravenous catheter was inserted
into a posterior superficial vein in one leg. To initiate anesthetization , 0.5
cm 3 of sodium pentobarbital (50 mg/cm 3) was administered by way of the intracath-
eter. Smaller increments , 0.1 cm 3 or less , were injected as necessary to main-
tain both constant core temperature and deep anesthesia , up to a maximum total
dose of 1 cm 3/kg of body weight. The eyelids were held open by means of a stain-
less steel speculum duri ng retina l exposures. Since lacrimation is usually
suppressed by anesthesia , the eye was i rrigated frequently with sterile , normal
saline to preserve corneal transparency . Throughout the course of the experiment ,
the primate core temperature was monitored with a Yellow Springs Instruments
model 702 telethermometer equipped with a model 402 rectal probe . The subjects
were wrapped securely in a heated blanket and core temperatures were maintained
at 970 ~ 2°F (36° ± 1°C).

APPARATUS AND CALIBRATION

Experimenta l Apparatus

A Coherent Radiation model 60 Nd:YAG laser emi tting at 1064 nm in the TEM 00
mode was used. The laser could be operated either in the continuous-wave (CW)
or Q-switched mode. In the latter case, a model 460 acousto-optic device was
used which permitted generation of either individual Q-swi tched pulses or repe-
titive trains of pulses at frequencies continuously variable from 50 kHz 

down9
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to 500 II!. For lower pulse repetition frequencies , the internal frequency oscilla —
tor was by-passed and the Q-switc h cell was triggered by an externally coupled
Systron-Donner Datapulse model 115 pulse generator. This unit , which in turn was
coupled to a Tektronix type 162 waveform ç~nerator , provided pulse -repetition
frequer:ies as low as 0.1 Hz and pulse-train durations ranging from 0.05 to 30 sec .

In the Q-switched mode , pul sewidths are determined by the physical charac-
teristics of the Nd :YAG rod and the optical pumping scheme . Measurements over
the frequency range spanned by this study showe d that for frequenc ies from DC to
about 500 Hz, pulsewidths as short as 270 nsec could be achieved . At 1-2 kHz
this broadened slig htly to about 300 nsec and at higher frequencies the pulse-
width varied appreciably with increasin~, repetition rate , up to ‘~73O-840 nsecat 10 kHz.

Laser pulses were monitored by a photodiode (EG&G YAG 444), the output of
which was DC-coupled to a wide bandwidth oscilloscope (Tektronix type 555 or
7633) for on— line determination of pulsewidth , intensity and repetition rate.
This was accomplished in the usual way by spli tting off a small fraction of the
laser beam with a thin optical flat and directing the reflected portion to the
photodiode as shown in Figure 1. Since the fraction of light intensity was
directly proportional to the intensity of the main beam impinging on the cornea ,
the photodiode could be calibrated so that its peak output in volts as read on the
osc illoscope was a direct measure of the peak pulse power in Watts.

For the Q-swi tched , repetitive —pu lse exposures , the pulse—train duration
was varied from 0.05 to 30 sec , by means of an appropriate gate pulse fed into the
pulse generator from the Tektronix waveform generator. The error of the gate
pulse length , and hence of the pulse—train duration , was less than ±O.5~’ as de-
termined by measuring the total train length using an appropriate time-base sweep
of the oscilloscope .

For the 0.5- and 5-sec single-pulse exposures , the laser was operated in the
CW mode and the res pective pulses to the eye were obtained by ex ternal ly ga ting
the beam on and off with a Vincent shutter. The repeatability of this electro-
mechan i cal device was found to dev iate from its se t aperture t ime by less than
±45~ as determi ned from osc i lloscope measuremen ts .

Pulse powers at the cornea were varied by adjusting the current of the ex-
citation l amps and by interposing either a fi xed 5 x 5 cm neutral density filter
or an Inconel-coated Kodak circular neutral density wedge (range 0-2 00) in the
laser beam. The circular wedge was tilted at a large ang le from the norma l in or-
der to minimize interference between the transmitted beam and the second-surface
refl ections off the Inconel coating .

Visual examination of each primate retina was performed with a Zeiss fundus
carilera ri gidly mounted with its optic axis perpendicular to the laser beam (Fig.
1). This ophthalmoscopic device was used to view the primate retinae for proper
placement of the test exposures and for post-exposure examination to determine
which of the irradiated sites incurred damage.

• Eac h primate subject was held in a prone position on a mechanically adjust-
able table mount adjacent to the fundus camera , with ear bars holding the head
ri gid in an upright position . The pupil of the subject eye was positioned with
respect to the camera and laser beam axis by one or more of the five mechanical
adjustments on the table mount (x, y, z, azimuth and evaluation).
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A two-position swing-away mirror was attached to the fundus camera objective
barrel to deflect the laser pulses into the eye. In the “in ” position , the laser

• beam wa~ intercepted by the mi rror and deflected into the subject eye , as shown
in Fi gure 1. When the beam was blocked , the mirror was returned to the out’
position allowing the eye to be examined throug h the fundus camera .

With the mirror in place , the distance from the output mirror of the laser
to the subject cornea was 103 cm. When required , a correc ti ve lens wa s i nser ted
in a carefully machined slot placed 10.2 cm in front of the cornea.

System Calibration and Measurement of Beam Parameters

Laser Power Measurements--The apparatus used throughout this program was
cal ibrated against instruments traceable to NBS standards. A Hadron model 100
ball i st ic thermop ile coupled to a Keithley model l5OB mi crovoltmete r serve d as
the calibration reference. Both units were calibrated approximately every six• months against appropriate standards by personnel in the Laser Effects Branch
(SAM/RZL ) of the USAF School of Aerospace Medicine.

The calibra tion configuration is shown schematically in Figure 2. As in-
dicate d , the thermopile was placed in the position normally occupied by the
primate eye to receive either a CW pulse or a repetitive-pulse train from the
laser. The peak power of the pulses was controlled by the circular ND wedge
and the total ON time of the pulse or pulse train was controlled by a gate pulse
from the pulse generator or by activating the mechanica l shutter . In either
case , total exposure time was 3 sec or less , i.e. , well with in the ‘~3O sec re-
laxa tion-tirne of the ballistic thermopile.

The thermopile output was read in microvolts on the Keithley unit and the
photodiode output , representing peak power of the pulses , was read in vol ts on
the oscilloscope . This was repeated at various peak powers over a range cor-
responding to the range of 16 power levels used for each eye exposure . The peak
power of the pulses is given by:

Peak power = t~T~ 
(Watts)

where V = thermopile output in mi crovolts (DV), W = pulsewidth in seconds , R =

pulse-repetition rate in Hz, I = pulse— train duration in seconds , and K = thermo-
pile sensitivity in uV/joule. The powers calculated by this equation were plot-
ted against the corresponding photodiode outputs as measured on the oscilloscope.
A best-fit line for these points was determi ned by least-squares analysis. The
slope and intercept were then used to translate photodiode output into peak
pu lse power by the linear equat i on:

P = A 0V~~+ A 1

where P = pulse power in Watts (W), A 0 = slo pe in W/V , Vp = photodiode output
i n vol ts , and A 1 = intercept in W .

Du ring t he f i rst several weeks of this program , a large number of po i nts ,
typically 20, was taken each day for the calibration line. The slope and
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closeness of fit as indicated by the correlation coefficient did not vary appre-
ciably from day to day ; so thereafter, only about 10 points were ta ken for eac h
calibration , which was performed at least once for every ten eyes exposed (i.e.,
at least once per week). Throughout the series of experiments , the variation in
slope (A0 ) of the calibration line was ±5% about the mean. Correlation coeffi-
cients for all least-squares determinations were 0.994 or greater.

Pulsew i dth Measurements--The pulse duration of the Q-switched output of the
Nd:YAG laser used in this study varied from “~270 nsec at low pulse-repeti tion
frequencies (DC to ~5O0 Hz), to ~3O0 nsec at 1-2 khz and finally to “~73O-84O
nsec at 10 kI-1z. Figure 3 shows oscilloscope traces taken at three widely spaced
repetition rates : 0.1 , 1 and 10 kHz.

Actual pulsewi dths used for laser power measurements and cited in the Results
section were determi ned by planimeter measurements of the oscillographs , taking
the area enclosed by each pulse trace and its baseline. The effective pulsewidth
was taken to be the area (which , appropriately normalized , is the total energy
of the pulse) divided by the peak height (which , norma li zed by the same fac tor ,
is the peak power). This pulsewidth is therefore equivalent to that of a rec-
tangular pulse delivering the same total energy at the given peak power.

For “~3OO-nsec pulses , the deviation of this calculation from the usual ex-
pression of full wi dth at half maximum (FWHM) was within the standard error of
planimeter measurements on 6-8 oscillographs (usually ~25 nsec). For longer
pulses , however , the “tail” of the pulse tended to be more pronounced (Fig. 3),
makin g FWI-IM estimates somewhat less meaningful . Accordingly, planimeter measure-
ments were carried out routinely and effective pulsewidths are used throughout
this report.

Laser Beam Divergence--Spatial profiles of beam distributio n were measured
usin g an EG&G SGD lOOA photodiode covered by a precise 50-pm pinhole aperture.
The entire assembly was mounted on a plate affixed to a screw-drive mechanism
powered by a 2-rpm synchronous motor, which allowed the apertured photodiode
to traverse the beam at a uniform rate. The output of the photodiode was DC-
coupled to a stri p chart recorder which traced the beam-intensity profile.

Traces were recorded at several distances from the laser output mi rror: 13.5 ,
69 and 210 cm. The l/e2 di ameters at these distances were 0.84, 1.07 and 2.73 nni ,
res pect i vely. Figure 4 shows profiles recorded at 13. 5 and 210 cm from the laser .
Calculations at the above distances gave for the full-angle divergence , 0.4 1 mrad
between 13.5 and 69 cm and 1.18 mrad between 69 and 210 cm. The latter can be
taken as the appropriate value for these experiments . The beam diameter at the
corneal plane (103 cm from the output mi rror) can then be calculated from the
beam divergence and the l/e2 beam diameter at 69 cm , gi v i ng a corneal spot size
(lie 2 ) of 1.47 m.

EXPERIMENTAL PROCEDURES

Each day before comencing a schedule of retinal exposures, the al ig nment
o f the mova b le mi rror was checke d and adjuste d to assure tha t the reflecte d beam
wa.’ coaxial with the fundus camera optic axis. Correct alignment was set by ad-
justing the mi rror and , i f necessary, the laser itself , so that the re flected
beani spot projected on a Kodak IR phosphor screen coincided with the cross-hai r

14
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intersection for two positions of the target, near the corneal plane and at a
distance ~l.5 m from the camera . This procedure ensured that each exposure was
precisely placed on a given macular site as selected by the cross-ha i rs. In
addition , the beam was visually checked for radial syninetry by diverging it through
a negative lens to a large spot size (several cm diameter) and projecting it on
a Kodak IR phosphor screen.

Prior to exposure each primate subject was prepared as described in the
Primate Care section and then refracted in each eye to determine the corrective
lenses required . During the eye-exposure sequence, the eyelid was held open wi th a
stainless steel speculum and the cornea was irrigated frequently with normal
saline to maintain optical clari ty.

Eight marker lesions , four arranged vertically and four horizontally, were
placed adjacent to the macula to define the coordinate positions for the 16 test
exposures wi thin the macula , as shown in Figure 5. The 16 exposure intensities
(peak pulse power) to be used were determined as follows. Based on previous ex-
periments or on trial exposures of one or two animals , a preliminary ED5O was
estimated for each exposure condition . Then 16 power levels , spaced uniformly
on a log dose scale, were tabulated such that the estimated value was half-way
down the scale and twice this power was at the top. This normally yielded a
range in which the maximum power was about 3.7 times the minimum. The 16 ex-
posures were delivered to the eye in a random sequence, with a different ran-
domization for each eye. The sequence was unknown to the eye examiner so that
his lesion evaluations would be unbiased .

Imediately prior to exposure , standard retinoscopy was performed on each
eye to find the refractive error in white light. This value was increased by
+0.5 diopter to allow for chromatic error introduced by 1064-nm light. If the
dioptrlc error was greater than ±0.5, a corrective lens was interposed in the 

—laser beam , in which case an additional correction was applied to compensate
for the distance (10.2 cm) between the corrective lens and the eye. This was
computed from the relation F,, = F/(l + D~F), where F,, is the corrected power for
the lens distance (Di) measu~ed from a plane 1.5 cm In front of the cornea (i.e.,Dy = 10.2 - 1.5 cm), and F is the lens power uncorrected for distance. This
distance correction was very small , and for most eyes, was generally less than
0.25 diopter.

In experiments where a corrective lens was required , its transmittance was
measured in the laser beam in the CW mode. The transmi ttance was taken to be
the ratio of beam power (as measured by the photodiode) with the lens in place
to that without the lens , averaged over a set of 10-15 readings . The exposure
energies as determined from the photographs of the oscilloscope traces were cor-
rected by the transmi ttance factor. Transmission values for all lenses used
were found to cluster around 92% .

The average peak power of a given exposure pulse was preset by adjusting
the circular ND wedge while monitori ng several test pulse traces on the oscillo-
scope (Fig. 1). The time that each exposure was made was recorded to the nearest
minute . A photograph of each pulse trace was labeled with the exposure number
and the oscilloscope scale settings for subsequent computation of laser power
and pulsewidth. The designated retinal sites were then examined ophthalmoscopi-
cally one hou r post-exposure using a simple lesion/no-lesion evaluation . In
other words , no attempt was made to quantify retinal damage severity for the
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purpose of statistical analysis. Preliminary ED5O thresholds were calculated on
a Wang 700B progran,nable calculator using the method of probits . Tabular data
on each subject eye were submitted to USAFSAM , Biometrics Division for final
statistical analysis , as discussed in the Appendix. The latter values are
reported here .

Normally, thresholds were calculated from observations of at least ten eyes .
In some cases, more eyes were exposed and examined , especially if initial results
showed wide variability or were otherwise questionable. In two cases, fewer than
ten eyes were used, principally because of equipment failure and time l imitations
on the total program. These cases , as noted in the Results section, introduced
negligible if any discrepancies .

RESULTS

ED5O thresholds were determined for 1064-nm laser radiation using the
combinations of pulsewidth , repetition frequency and pulse-train duration
listed in Tables 1 and 2. More than 280 rhesus eyes were used in this study.

Single-pulse threshold data obtained in this study are listed in Table 1
together with thresholds obtained by Skeen, et al. (24). These same data are
displayed in Figure 6 as log (ED5O) vs. log (pulsewldth). Al so incl uded In
Table 1 are estimated thresholds for single-pulse 0.05-sec exposures and the
effective CW limits for 2- and 5-pul se configurations of =300 nsec pulses ,
obtained from the solid curve in Figure 6. These interpolated values will be
used in the discussion of multiple-pulse exposures. The data, thus displ ayed,
show a relatively smooth, monotonic progression for pulsewidths ranging from
=300 nsec to 120 sec, although there is a glaring paucity of experimental data
in the range from ~l psec to ~l msec. This trend could be anticipated on
the basis of essentially thermal damage mechanisms ; indeed, IITRI (44 ) thermal
model calculations , assuming a retinal image radius (RIM) of 50 urn, show a
distinctly similar trend as indicated in Figure 6. The solid curve represents
the empirical relationship (45):

ED5O (mW) = 48.64t ’13’7 + O.3492t~ (1)

for t > 1O~ where t is exposure time (pulse width ) in seconds. For t < 10~~,a constant energy of 26.5 uJ is used. This is the mean of the two observed
data points in this region.

Threshold data for repetitive , Q-switched 1064-nm pulses are suninarized in
Table 2 along with the corresponding pulse conditions and other statistical para-
meters of interest. We calculated preliminary ED5O values by two alternate probit
methods . One involves a combined probit of exposure data from all test eyes taken
col lectively; the other involves separate probits of the data from each test eye,
taken separately and then averaged to provide the ED5O value. Good agreement was
obtained using the two methods. However, only the values obtained by USAFSAM ,
Biometrics Division , using the latter method, are reported here.

• The entire data set is displayed In Figure 7 as a log-log plot of ED5O as
a function of pulse repetition rate. In addition , the single-pulse threshold
(107 W at 270 nsec) is included as the l imiting , low-frequency terminal point ,
the frequency of which is taken , for convenience , as the reciprocal of each
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TABLE 1. SINGLE-PULSE RETINAL DAMAGE THRESHOLDS AT 1060 nm

ED5O on cornea 90% No.
Peak pulse Energy per Confidence of

Pulsewldth power pulse intervala _ N c t s

0.27 ps 107 W 29.0 pJ 99 - 117 W 10 b

0.60 44.2 26.5 - - c

0.70 34.7 24.3 32.6 - 36.9 30 d

1.50 17.7 26.5 - - c

1 ms 443 mW 0.443 mJ 423 - 465 mW 30 d

10 146 1.46 140 - 153 28 d

50 79.2 3.96 67.2 - 93.2 - c

100 67.3 6.72 63.1 - 71.7 31 d -j

500 53.0 26.5 50.9 - 55.1 12 b

1 sec 41.9 mW 41.9 mJ 38.4 - 45.8 32 d

5 40.9 205 38.6 - 43.3 21 b

30 31.1 933 26.1 - 37.0 - c

120 27.6 3.31 ~iJ 25.0 - 30.4 9 e

aMethods of calculating confidence intervals given in Appendix A for
experimental and predicted estimates.

bThis work.
C
0~6_ and 1.5-usec estimates are interpolated, assuming constant energy of
26.5 uJ--all others indicated are calculated from equation (1), p. 19.

dThresholds are from SAM analysis of original data (Ref. 24.)
eReference (34).
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respective pulse-train duration . The appropri ate CW equivalent for each of
the four curves is shown as the high-frequency limi t. Two of these latter
values , the 0.05- and the 30-sec CW equi valents , were interpolated from single ,
lon gpulse threshold data obtained in this program (Table 1) and from the measure-
ments of Gibbons and Allen (34). Also shown in Figure 7 are the results of one
set of IITRI (44) model calculations carried out for pulse train~ of 0.5- and5-sec duration , assuming a retinal image radius (RIM) of 50 pm.

At 10 kHz , the curves do not pass through the actual threshold data. Due
to lim itations imposed by the physical characteristics of the laser rod , the
pulsewidths of this frequency (730-840 nsec) were greater than those at low
frequency (270-325 nsec). However, assuming an equal energy relationship, all
measured threshold energies have been normalized to a nominal pulsewidth of 300
nsec ; the result i ng threshold powers are li ste d in Ta b le 2 and p lotted i~Figure 7.

For short pulse trains (0.05 sec), the data (top broken curve , Fig. 7)
show a smooth , monotomi c progression of decreasing threshold power with in-
creas ing repetit ion rate , a trend which can be understood in terms of strictly
thermal damage mechanisms (7,10 ,11 ,30,41-44). For example , at 100 Hz the
threshol d for five pulses in terms of peak power per pulse is the same as the
threshol d for a singl e pulse. Considere d i n terms of the interpulse spac i ng
(10 msec, in this case), one can argue that thermal rel axation processes are
sufficiently long lived that the cumulative effect of thermal damage of mech-
anisms amounts to about 2% per pulse. Indeed , this assertion is consistent
with the data of Welch et al. (41-43), who measured spatial and temporal
profiles of laser-induced retinal temperature increases , .Ln t’.~vo , in the rhesus
eye using microthermocouple techniques. At higher repetition frequencies
(e.g., 10 kHz), this accumulation of thermal damage is even more pronounced ,
as expected for an interpulse separation of 100 psec.

For longer pulse durations (0,5, 5, and 30 sec), however , there i s a pro-
nounced decrease in each of the threshold curves in the region of 0.1-10 Hz, a
phenomenon which cannot be explained in terms of strictly thermal processes .
Usin g the argument put forth above to explain the 0.05-sec data , one would
anticipate the same general behavior for l onger pulse durations ; specificall y,
a smooth monotomic progression wi th negative curvature . Instead , we observe i n
each of the three l ower curves , a distinct plateau in the frequency range of
~l0 to 100 Hz. We also observed this same trend in the case of 10-iisec visible
(514.5 nm) laser pulses , as discussed briefly in th i s vol ume and i n deta i l i n
Vol ume II of this report .

This phenomenon becomes much more dramatic when the data are dis p layed for
fixed numbers of pulses rather than for fixed pul se-train durations. Each point
along the curves in Figure 7 represents a discrete number of pulses ; for example ,
in the case of the 30-sec data, the first three repetitive -pulse points represent
threshol d data for 3, 6, and 30 pulses (see Table 2). Since the progression
from point to point is clear , one can interpolate along each of the curves to
estimate the threshol ds for other discrete pulse configurations ; e.g., 2, 4,
5, 10, etc., as indicated in Figure 7 by the open symbols. These values together
wi th actual data for 2— and 5—pulse exposures are listed in Table 3 and displayed
graphically in Figure 8.

In this figure the single-pulse threshold cannot be represented on a fre-
quency scale; instead , it is the limitin g, asymptotic value to which mult iple-
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TABLE 3. MEASURED AND INTERPOLATED THRESHOLDS
FOR 2- AND 5-PULSE EXPOSURES AT VARIOUS
SEPARATIONS OF 300 nsec Nd:YAG PULSES

ED5O on cornea
Repetitive Peak pulse Energy per

No. of Pulse rate power pulse
pulses separation (Hz) (Watts)a

2 -‘
~~~ -‘.O 96,7a 29.0
15 sec 0.067 l12~ 

33.6
2.5 sec 0.4 5~P 40.25 sec 4 18.8 240.025 sec 40 108
O 3.3xlO” 43c

5 -
~~~~ -~O 967a 29.0
6 sec 0.167 72b 21.6
1 sec 1 21.8 6.54
0.1 sec 10 19.1 5.74
0.01 sec 100 96.7 29.0
0 ~3.3x1O 17C 5.1

aSjngle....pulse datum, normalized to 300-nsec pulsewidth
blnterpolated from curves of Figure 7.
ccw limits interpolated from single-pulse data (Table 1).
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pulse thresholds converge in the limi t as the interpulse spacing become s much
greater than ‘.10 sec. The high-frequency terminal points (i.e., CW limits),
however, can be represented by the reciprocal of the nominal pulse duration
(3.33 MHz). The threshold values for these two cases can be interpolated from the
single-pulse data shown in Figure 6 for “.600 nsec and “.1.5 usec, respectively,
for two and five pulses of 300-nsec pulsewldth.

As seen in Figure 8, repetitive Q-switched pulses of near-IR laser radia-
tion constitute a more severe retina l hazard than do single pulses , especially
when the interpul se spacing is between ‘s.O.l and 1 sec. Until additional threshol d
data are obtained , the optimum interpulse spacing and the depths of the minima
can only be estimated. Nevertheless, two 300-nsec pulses delivered to the same
site within “.0.5 sec are clearly more effective, by at least a factor of 5, than
is a single pulse in causing irreversible , retinal damage. Moreover, the trends
indicated in Fi gures 7 and 8 show that this factor must be considered as a lower
limit; further experiments might well yield lower thresholds for other pulse
configurations. The actual threshold for two Nd :YAG pulses at optimum spacing
could be as low as ‘.8W. This is the plateau value for 30-sec pulse trains at
‘1.10 Hz (Fig. 7 and Table 2), and probably constitutes a lower limit.

In any case, if a given laser at fixed pulsewidth can present ocular hazards
that differ by a factor of ~.1O , more research is urgently needed , not only todefine the empirical hazard levels but also to gain a more fundamental understand-
ing of the nature and variety of laser-induced retinal damage mechanisms .

The trend shown in Figure 8 for repetitive 300-nsec pulses at 1064 nm is
strikingly similar to results obtained in this program for repetitive l0-~sec
pulses at 514.5 nm. In neither case can the obvious cumulative effect of retinal
exposures be explained in terms of thermal damage mechanisms , at least at our
present level of understanding of thermal effects of retinal tissues. Instead ,
one is forced to consider alternative damage mechanisms , chief among which is the
possibl e invol vement of photochemical and/or photobiological processes. These
are discussed briefly in the following section and in some detail in Volume II
of this report.

DISCUSSION

General Observations

We observed marked differences in the size , appearance and post-exposure
time of occurrence between the lesions produced by CW single pulses and those
produced by Q-switched repetitive pulses. The single-pulse lesions were rela-
tively large in diameter and diffuse in appearance , where?s the Q-switched repe-
titive-pulse lesions were much smaller , more sharply defined , and appeared to
be deeper. For the single-pulse exposures , the lowest energy lesions in all
cases had considerably larger diameters than the lowest energy burns from Q-
switched pulse trains. In reading the eye one hour after a single-pulse ex-
posure, one could observe a set of large diameter lesions at sites exposed to
the high energy pulses , but in some cases there was no evidence of damage at
the sites exposed to the lower energy pulses. The eyes exposed to singl e-pulse
radiation , therefore, exhibited a very distinct energy transition from °lesion ”
to “no lesion ”. Also , in single-pulse experiments , the two or three highest
energy pulses always produced lesions that were clearly observable Ininediately
after exposure.
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On the basis of these observations , a distinct difference appears to exist
between the nature of chorloretinal damage produced by long , CW pul ses and that
induced by repetitive , Q—switched pulses of 1064-nm radiation. These differences
may reflect mechanism: in the case of long ( ~0.05 sec), single-pulse exposures ,* strictly thermal processes appear to predominate; whereas in the case of Q-
switched pulses , acoustic shock (46) may induce membrane disruption a t power
levels lowe r than required to Initiate thermal damage . It is also conceivable
that at the high corneal power densities required for near-IR-induced retinal
damage (~1O~ W/cm2), frequency doubling of the laser

1 s fundamental output to
532 nm may occur within the anterior media (e.g., stroma or lens). If this were
true, then photobiolog f cal processes Induced in the retina by repetitive , visible
pulses cannot be ruled out. This aspect is discussed in greater detail below.

Most eyes exposed to the Nd:YAG laser , both in the CW and 0-switched modes ,
showed a definite tendency to progress from a relatively clear state before ex-
posure to a cloudy or diffuse state one hour after exposure . This condition
made some retinal exami nations very difficult , since the incident beam is directed
through the center of the pupil for all 1€ exposures in a given eye , and normall y
the post—exposure observ~tions are also made through the center of the pupil.However, due to the radiation-induced clouding (47) of the anterior media along
this di rection , it was extremely difficult --in many cases impossible --to obtain
a shar p view of the fundus. For this reason , the visual examinations of the fun-
dus were performed by siting along a line through the upper periphery of the
pupil. This provided a somewhat clearer view in most eyes, but in some eyes
the fundus was impossible to see clearly along any viewing axis. Of the total
eyes exposed to the YAG laser radiation , about 15% had to be discarded for pur-
poses of threshold determinations , either because the eye was impossible to read
or because the information obtained was totally inconsistent with the prepon-
derance of data gathered under the same or similar circumstances.

The repetitive—pul se data indicate a critical need for further refinement
of theoretical models to account for the decidedly anomalous behavior of thres-
hold pulse power as a function of repetition rate, for argon-ion as wel l as
Nd:YAG laser exposures. As discussed below , we hypothesize that photochemica l
and/or photobio logical processes are i nvolved in producing retinal threshold
damage for certain repetitive- pulse conditions.

In cases where damage is induced by repetitive , v isible laser pulses of
pulsewidth �lOO psec , we find generally good agreement between experimental
results and theoretical calculations predicted exclusively on thermal damage
mechanisms. This indicates that thermal processes (high temperature gradients) ,
possibly unaided by any concurrent photochemical processes , are ch iefly res-
ponsi ble for producing damage (e.g., through the mechanisms of protein de-
naturation or enzyme inactivation (3)).

However , in the case of threshold damage induced by repetitive visible
pulses of shorter pulsewidths and higher intensities , especially pulses shorter
than 10 ~sec , we find serious disparities between experiment and theory . Con-
sidered in terms of double-pulse exposures , we hypothesize that even if the
energy of the initial pulse is insufficient to induce thermal damage , its in-
tensity (power) may reach a l evel sufficient to trigger a photochemica l reaction ,
possibly involving one or more Intermediate stages of the photopigment cycle;
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e.g. , production of excess opsin In the receptors , accumulation of excess retinol
in the pigment epithelium, or production of high localized Na~ or Ca~ concen-
trations in the outer segments (48). Wha tever the initial reaction or its pro-
ducts, the cumulative effects appear to be maxima l within a few seconds after
photic stimulation (Fig. 8), the result being a significantly greater suscepti-
bility to damage, whether by photochemical or by thermal effects. Thus, a sec-
ond pulse arriving within this time interval requires less energy to induce
damage than if it were to arrive either well before or wel l after the maximum
effect of the initial pulse.

For visible laser radiation (Vol ume II), this rather general approach
adequately accounts for the observed minima in the doubl e-pulse thresholds
as a function of pulse separation . It also accounts for the minima observed
with 3-, 5-, and 10-pulse exposures (49). In the latter cases, each pulse
after the first presumably induces damage of the products of the reaction trig-
gered by the preceding pul se, and also retriggers this same reaction to provide
additiona l products which , in turn , can be damaged by succeeding pulses.

As discussed in detail in Vol ume II of this report , a two-mechanism/ two-
threshold hypothesis offers an attractive explanation of the results of visible
laser pulses. However , such an hypothesis presents obvious difficulties if
applied to the strikingly similar results obtained using near-IR (1064 nm)
laser radiation. Photochemical damage mechanisms at this wavelength would appear
to be highly implausibl e unless intermediate processes , such as two-photon
absorption or frequency doubling of the radiation , are also postulated. However ,
in view of the similarities in threshol d behavior at both the visible and near
IR-wavelengths , the latter mechanisms should not be ruled out entirely.

At least partial clarification may be achieved through comparative histo-
logical investigation of both types of threshold damage, I.e., damage induced
by repetitive visible as well as near-IR laser pulses. Detailed comparison of
microscopic appea rances as well as the site of primary damage within the retina
should reveal similarities or differences - which woul d help Identify the mecha-
nisms invol ved in each type of exposure.

- 
Thermal Model Calculations

As noted previously, the threshol d data obtained for repetitive ‘s.300-nsec ,
near-IR pulses (Figs. 7 and 8) are remarkably similar to data obtained using
lO-~sec, visible (514.5 nm) pulses . For reference purposes , we include here
the analogous data obtained using the argon-ion laser. Figure 9 displays all
data obtained In this program for repetitive , l0-~sec, 514.5-nm pulses for 0.05 ,
0.5, 5 and 30—sec pulse trains (analogous to Fig. 7) while Figure 10 shows the
same data but plotted for fixed configurations of 2 , 3, 5 and 10 pulses (analo-
gous to Fi g. 8). The similarity between the results obtained using two entirely
different sets of laser parameters (wavelength , divergence , pulsewidth ) suggests
that we are observing the effects of similar mechanisms in both cases. It is
clea r that both cases represent marked departures from strictly thermal behavior.

Table 4 lists peak temperatures predicted by the IITRI thermal model (44)
for output powers representative in single- and multiple -pulse thresholds for
both 10-usec visible and ‘s.,300—nsec near—IR laser pulses . Two conclusions can be
drawn from these results . First , realistic temperature calculations require
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TABLE 4. COMPARATIVE PEAK RETINAL TEMPERATURES
PREDICTED BY IITRI THERMAL MODEL AT THRESHOLD

POWERS FOR 514.5- AND 1064-nm LASER PULSES

Pulse peak
RIMa LESION No. of separa tion pulse

Wavelength Pulsewidth (1m) (u rn) Pulses ( sec ) powerb (°C)c
(mW)

514.5 nm 10 psec 25 10 1 ISV 38.6
25 10 2 2.5 72.3 17.3
25 10 3 1.7 41.3 9.9
25 10 5 1.0 25.0 6.0

(W)
1064 nm 300 nsec 25 10 1 96.7 190

50 10 1 96.7 30.0
50 10 2 0.25 18.8 5.3
50 10 5 0.1 19. 1 5.4

a Retinal image radius (l/e 2 intensity )
b Powers indicated are minimum thresholds observed for the number of pulses

indicated assuming the respective pulsewidths.
C Temperatures are peak values calculated at the end of a single pulse at a
depth of 1.2 pm in the pigment epithelium and at the center (R = 0) of the
retinal image .
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accurate experimental measurements of retinal image sizes. The respective values
of the RIM parameter chosen for these calculations , 25 and 50 i’m , are considera-
bly larger than retinal image radii calculated by ray-trace techniques (50),
although the ratio is approximately correct for beam divergence angles of 0.6
rnrad (514.5 nm) and 1.2 mrad (1064 nm). However , smaller retinal spot sizes
will yield even higher , and probably unrealistic , calculated temperatures , as
shown in Table 4 by the comparative values for 1064-nm laser pulses.

Second, the 514.5-nm calculations show clearly that strictly thermal damage
mechanisms cannot account for the multiple-pulse thresholds , even if one as-
sumes that the single-pulse threshold (161 nuW ) is representative of such macha-
nisms . Thus , if a peak temperature Increase of ‘~38°C Is required to Induce
thermal damage, then Irreversible damage would not be anticipated at the pro-
portionately lower temperatures predicted for the laser powers observed for
minimum repetitive-pulse thresholds.

In this connection , it must be borne in mind that thermal relaxation pro-
cesses in retinal tissues are very fast relative to the optimal interpul se
spacings (1-2 sec ) shown in Figures 8 and 10. For example , IITRI model calcul a-
tions indicate that a peak temperature increase of “.17°C (representative of a
single , 70-n*i, lO-psec , 514.5-nm laser pulse) will subside to less than 2°C
within ‘.0.5 msec after the end of the pulse. This may be compared with the
microthennocouple measurements of Wel ch and co-workers (41-43) who observed
thermal relaxation times (lie) of ‘.100 msec following 1O-msec, sub-threshold
exposures of much larger retinal areas (~l50 pm radius).

Working Hypotheses to Explain Cumulative Effects of Repetitive Laser Pulses

Since purely thermal mechanisms cannot explain the repetitive-pulse ex-
perimental threshold data (Figs. 8 and 10), we are compelled to invoke other
processes. The most likely alternative appears to be involvement of photo-
chemi cal or photobiologi cal damage mechanisms , although contributions of thermal
effects are not necessarily excluded .

For the moment, we shall consider only the threshold data for visible
wavelengths (Figs. 9 and 10). Departures from apparent thermal behavior do not
become distinct until the pulse duration Is decreased well below 1 msec (see
Vol ume I I ) .  Thus , for 100- and 40-psec pulses , slight departures from predicted
thermal behavior are observed but the effect does not become pronounced until
lO— psec laser pulses are used. This suggests that the minima in Figure 10,
and by extension in Figure 8 as wel l, represent an Intensity- rather than an
energy-dependent phenomenon.

This is borne out by threshol d data for wi dely disparate pulsewidths of
1 msec and 10 psec . At a pulse separation of 1 sec , the threshold (-in terms of
peak power per pulse) for five , l-msec pul ses is ‘~20 mW; for fi ve , lO-psec
pulses at the same separation , the threshold is ‘.25 mW. Thus , in the case of
l-msec pulses , the energy per pulse at threshold is nearly 100-fold greater
than for lO-psec pulses , but the Intensity (Watts photons/sec ) Is about the
same. For a s ingle , 1-msec pulse the threshold (21 ~M4) Is within experimentalerror of the five-pulse threshol d, indicating no additivity of effects for con-
secutive , l-msec pul ses. In contrast , the threshold for a single , lO-psec pulse
(161 mW) is some 6.4 times higher than for five pulses , a factor which indicates
the magnitude of additive effects of optimally separated lO-usec visible laser
pulses.
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We suggest in Volume II a set of working hypotheses against which to test
future experiments directed towards studies of the retinal damage mechanisms
involved here. Briefly, in the case of double-pulse configurations , the prima ry
effect (or infl uence) of each pulse may be either thermal or photochemical.
However, based on the considerations discussed above , we tend to rule out thermal
effects of the initial pul ses. Hence we are left with two alternative working
hypotheses.

In both cases, we consider that the effect of the fi rst pulse involves
quantum conversion of the incident laser pulse ; whether this involves photo-
chemical processes (I.e. , relatively rapid molecular changes due to chemical
reactions of excited electronic states) or photobiological processes (e.g.,
alteration , possibly longer term, of biological activity ) remains to be deter-
mined. In either case, it is apparent that the effect of the fi rst pulse is
reversible: a single pulse does not by itself induce observable damage at the
minimum threshol d power for double pulses (“.20 W for 1064-nm radiation).

The effect of the second pulse may be either thermal or photic. In the
former instance , we suggest (Volume II) that thermal denaturation of free opsin ,
the protein moiety of the visual pigment rhodopsin , may be involved in the
damage mechanism. Light intensities typical of those used in these experiments
induce high concentrations (51-53) of this protein , which has been shown to be
more thermally labile when in the free state (4) than when bound either to the
chromophore or to outer-segment membranes. Moreover, in vivo thermal denatura-
tion of free opsin has been implicated in electron microscope studies of lig ht-
induced retinal dystrophy in rats (4-6 , 54) under conditions such that retinal
temperature increases were as low as 3°C.

The alternative hypothesis invokes photic effects for both pulses. As
suggested in Figure 8, at the optimum spacing for both two and five near-IR
pul ses (~.O.2-Q.5 sec), the minimum threshol d is in the neighborhood of ~.2O Wper pulse . This appears to be a ‘ saturating” va l ue , so to speak , since even for
ten pul ses , the threshold does not appear to change significantly (Fig. 7).
In other words , whatever damage is observed after ten pulses was induced by the
first two to five pul ses. Accordingly, the effect of the first pulse can be
considered to be a reversible photo-trigger , for which the threshol d power is about
20 W (at the cornea). If the effect of subsequent pulses is primarily photo-
chemical , the reciprocity relationship should hold; i.e., the effects of subse-
quent pul ses should depend more on the total energy of these pulses than on the
peak power per pul se. The data listed in Table 5 show that this appears to be
the case for the visible (514.5 nm), but there are insufficient data in the near-
IR region to make a compari son. -

The two working hypotheses may be abbreviated as photo + thermal (A) and
photo + photo (B). Double-pulse experiments at 1064 nm should be undertaken
to test these two general mechanisms . One such experiment would involve inde-.
pendent variation of the power levels of the two pulses ; the results should
provide a clear preference between these two alternatives. Specifically, hypo-
thesis A predicts that the concentration of free opsin (or other thermally
labile species) will be proportional to the intensity of the initial pulse
(at least up to a saturating value). Since the effect of the second pulse is
considered to be essentially thermal, only the temperature change induced by
that pulse in the labile tnoleculea is important. We assume a norma l (i.e.,
Boltzmann) distribution of temperatures among the molecules in the irradiated
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TABLE 5. THRESHOLD POWERS AND ENERGIES FOR
REPETITIVE , lO-pSEC , 514.5-nm

LASER PULSES AT OPTIMUM SPACING
ED5O on cornea

No. of Pulse Peak Energy Total energy Total energy
Pulses separation pulse per pulse N pulses N-i pulses

(N) 
— 

(sec ) (n*~) (p J ) (pJ ) (pJ )

2 2.5 72 0.72 1.43 0.72

3 1.7 41 0.41 1.24 0.82

5 1.0 .25 0.25 1.25 1.00

10 0.5 23 0.23 2.30 2.07

A 
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area and that a minimum number of labile molecules (e.g., opsin) must be denatured
to induce an observable lesion wi thin one hour after exposure. Thus , hypothesis
A predicts a smoothly varying dependence of the threshold power of the second
pulse (12) as a function of the intensity of the initial pulse (I i). This is
shown in Figure 11(A) , which may be sumarized as follows : the lower the con-
centration of free opsin (at low I~) the hi gher the local temperature changerequired to damage the critical number of free opsin molecules in the irradiated
vol ume element . Conversely, at high Ii, hig her concentrations of free ops in
will be formed and thus lower peak temperatures will be required to damage the
critical number of labile intermediates.

In contrast , hypothesis B predicts that the threshold power for both pulses
will be ‘.20 W , as shown in Figure 11(B). Thus , for retinal damage to occur ,
this hypothesis requires that the i ntensity of both pulses be above the threshold.
If either I~ or 12 is less than ‘.20 W , no damage will occur.

In addition to providing more quantifiable predictions , hypothesis B has the
advantage of being more amenable than its alternate to experimenta l verification
of predictions of other N-pul se (N > 2) configurations. However, both hypo-
theses can be tested under a variety of double-pulse conditions , such as variation
of the width of the second pulse . For exampl e, both hypotheses predict that a 20 W ,
300-nsec pulse followed at optimum spacing by a sufficiently energetic pulse
of any other duration should cause observable damage . A clear preference be-
tween the two mechanisms can be made on the basis of: A--constancy nf observed
(or calculated) retinal temperatures, or B--cons tancy of total ener~y of the
second-pulse threshold.

Al though the above discussion is much more straightforward in the case of
514.5-nm laser pulses , plausible mechanisms other than direct , single-photon
absorption processes exist which permit us to consider the repetitive pulse ,
near IR retinal threshold data in parallel with data obtained using vis ibl e laser
radiation. Doublin g of the fundamental frequency of ruby laser pulses (694.3 nm)
has been observed experimentally in excised cornea] tissues , albeit at extremely
low conversion efficiencies (55). This phenomenon almost certainly occurs in the
stroma , behaving as a nonlinear crystal. It is conce i vab le that the lens coul d
likewise behave as a nonlinear optical medium , possibly with higher doubling
efficiencies than the cornea because of its greater thickness.

Efficiency of second harmonic generation (SHG) depends strongly upon both
the power density and the mode purity of the incident laser beam. In the Nd:YAG
ex per iments c i ted here , precautions are taken to assure that only the TEM 00
mode is incident on the subject eye. Furthermore, the repetitive-pulse inten-
sities for near-IR damage threshold are on the order of tens of watts as opposed
to tens of mi lliwatts for visible wavelength thresholds.

On a more quantitative basis , the double-pulse threshold at 1064 nm is about
20 W at optimum spacing (‘.0.5 sec). This power, incident on a “.1.5 mm diameter
cornea] spot, yields a power density of “..lO~ W/ cm2 , as compared wi th ‘.1 W/cm2
for 25 mW of 514.5-nm radiation incident on a corneal spot of 1.8 m. Thus ,
a frequency-doubling efficiency of less than 0.1% for 1064-nm radiation could
give rise to the intensity of visible light required for the reversible photo-
trigger invoked in the two hypotheses discussed above. The experiment thus
suggested is quite straightforward .
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In addition to its possible importance in explaining our repetitive-pulse
Nd:YAG data , experimental observation of frequency doubling of 1064 nm in the
an terior media would go a long way toward explaining the i nteresting and rather
curious observations reported recently (56) in the Russian literature . A series
of experiments was carried out in which human subjects were presented the task
of comparing their subjective observations of the colors perceived emanating
from various near— IR laser sources with noncoherent , monochromat i c ligh t . In
all cases , the subjects perceived the laser radiation at twice the fundamental
frequency. It seems safe to assume that the power levels used in that experiment
were conside rably lower than those used in the damage threshold studies reported
here.

In any case, these subjective observations neither prove nor require actual
SHG of laser radiation in the anterior media. Simultaneous two-photon absorp-
tion by the visual photoreceptors would give rise to the same observations.
Moreover , conside ring the low laser powers employed in the subjective experiments ,
th is mechanism could be more efficient than SHG. Using experimental values
for two-photon absorption cross-sections of aromatic hydrocarbons (57), we have
estimated (58) the relative intensities of ~500- and ~l000-nm li ght required to
pump the S0—~.S1 transition of rhodopsin at the same rate by one- and two-photon
processes, respectively. These calculations indicate that for assumed retinal
image diameters of ‘~.25 pm , a 20-W, 300-nsec pulse of near-IR radiation could
be as effective in bleaching rhodopsin as a 25-mW , 10-psec pulse of visible lig ht.
Th is estimate (58) must be conside red an upper limi t until such time as rigo-
rous quantum mechanical calculations can be carried out. In the meantime , the
experiment again suggests itself: the molecule in question , rhodopsin , shoul d
be studied by laser flash photolysis using both extracted pigments and whole
disc preparations , and Nd:glass or Nd:YAG as the laser source. Photobleachin g,
if observed , will depend linearly on the square of the i nc id ent light intensity .

Further discussion of the hypothesis of photobiological damage mechanisms
w ill be found in Volume II of this report , wh ich also di scusses an empi ri cal
model to describe the cumulative effects of repetitive laser pulses.
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APPENDIX A
DATA ANALYSIS

Statistical analyses of the data were performed using the method of probits 1.
Preliminary probit calculations were carried out on a Wang 700B progranvnable
calculator as described previously ~~, and final analyses were conducted in the
Biometrics Division , USAF School of Aerospace Medicine (SAl~VBRD). The latter
values are reported here.

For the 16 exposure sites in each eye, the powers (or energies) were equally
spaced on a logarithmic scale from about half to twice the estimated threshold.
The latter was obtained from prior experiments or, if necessary, from preliminary
exposures , usually on one to four eyes. A log-norma l distribution of dose was
assumed because otherwise, on a linear scale the distribution curve of the ex- —

perimental thresholds would be skewed; i.e., the probability Is nil that an
individual threshold will be zero, whereas there is a finite probability that a
given threshold will be several times higher than the mean. Thus, by transforming
the experimental laser powers (or energies) to a logari thmic scal e , the probi t
analysis could be carried out assuming a Gaussian distribution function.

Because of general di fferences in pigmentation , age, and overall health
of the subjects, we assume that the variability from eye to eye is greater than
the vari ability among sites wi thin a given macula. We further assume that the
sensiti vity levels (i.e., the threshold level for a burn) for all exposure sites
in a gi ven eye are randomly distributed across the macula, regardless of the
specific location. Accordingly, a probit analysis was carried out for each eye,
using a binary lesion/no-lesion determination for each of the 16 exposure sites.
The result of each calculation is an ED5O whi ch is defined as the laser power
(or energy), incident on the cornea, that has a 50% probability of inducing
macular damage at any site selected at random in the macula.

Each ED5O reported here is the geometric mean (i.e., arithmetic mean on a
log scale) of the individual values for a given set of exposure parameters .
The mean ED5O , therefore , represents the 50% probability point for macular damage
i nduced in any eye taken at random from the population . The upper and lower
95% confidence levels (UCL , LCL) are computed as standard 90% confidence limits
on the mean (on a log scale) and then converted to dose units . Thus, UCL and
LCL represent the 90% confidence interval for the ED5O ; i.e., the interval that
should contain the true ED5O with 90% probability.

Preliminary probi t analyses were carried out on all exposure sites , in all
eyes exposed to a given set of conditions (pulsewidth, pulse—repetition rate,
pulse-train duration). Implicit in this combined-probit approach is the more
restrictive assumption that the variability from eye to eye Is no greater than
the variability among sites within a given macula. There does not appear to be
any a piu..ox-L reason that this assumption should be valid. Nevertheless, we

1. Finney , D.J. Probit analysis , 2d ed. New York: Cantridge University Press,
1952.

2. Skeen , C.H., et a] . Ocular effects of repetitive laser pulses . Technology
Incorporated, Contract F41609-71-C-0018, USAF School of Aerospace Medicine ,
Final Report, June 1972.
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found good agreement between the two sets of ED5O’s as well as thei r re-
spective 90% Confidence Intervals , especially for large (> 10 eyes) s~amplepopulations.

The 90% Confidence Intervals reported here on experimentally determined
ED5O’s are in general , within 5% of the respective ED5O’s. This narrow range
of variation indicates only the precision of our data and not the accuracy.
The reproducibility of retinal damage thresholds among different laboratories
depends on factors such as equipment setup, system calibration , experimenta l
procedures , animal care, and most importantly, the relative abilities of 3

different observers to detect retinal lesions ophthalmoscopically. Thus , it
is not unexpected that results of closely similar experiments, performed
independently, have shown significant differences.

A more realistjc estimate of the variability of retinal thresholds was
obtained by fitting~ 15 experimental ED5O ’ s for a wavelength of 514.5 nm with
a pulsewidth not less than 10 ~isec. The equation empirically fitted was:

ED5O (mW) = 7.466t~~
1 502 

+ l.O30(lOy 3 t~~

where t is pulsewidth in seconds . The errors were assumed proportional , so
that fitting was done taking logarithms of both sides of the equation as a
first order approximation. The standard error thus obtained was 0.0945,
which related approximately to an error rate of 24%. This estimate of stand-
ard error provides a more reasonable basis for computing confidence intervals
than using the estimate of standard error from a single experimentally deter-
mined ED5O. There is no adjustment for sample size when using this more
realistic estimate of error.

This standard error is quite close to our estimated error of ± 20% which
is based on additivity of the possible sources of error in our measurements. It
includes the biological variability from subject to subject, as expressed by
the 90% Confidence Interval , which ranges from about + 1% to + 7%. Taking
the larger of these two as an upper limit , we add + 10% for calibration error
and about + 3% for operational error. The calibration error contains the
absolute error (+ 5%) of the energy measuring device (ballistic thermopile)
and can also be considered an upper l imit.

In summary, we believe the threshold values reported here to be accurate
wi thin a factor of about 25% and possibly within 20% of the stated value.
As noted in the text, the agreement of our values with results reported by
other investigators is, In general , quite satisfactory. A similar curve
was obtained for neodymium based on seven experimental values . These two
equations have been used to obtain predicted values at certain points where
no experimental data exists. The tabled 90% Confidence Limits for these
values are based on the estimates of the standard errors of predicted values
from the fitted curves and are only approximate because of the nonlinea rity
of the equations.

3. McNee, R. C. Prediction of a single-pulse E050. Unpublished report , USAF
School of Aerospace Medicine (SAM/BRO), Jun 1977.
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