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FOREWORD

The research for this report was funded by the National Aero-

nautics and Space Administration, Manned Space €Center, under NASA

contract NAS9-10836. The report was prepared byiDonald‘G. Pitts,
0.D., Ph.D., principal investigator,;and William D. Gibbons, O.D.;
M.S., research assistant. Ophthalmology Associates, Pasadena, Tezzs,
served as medical consultants for the human exposures. Thg research
was‘accomplished between June 20, 1970 and January 31, 1972. The
paper was submitted for publication on March 31, 1971.

This research is dedicated to the human volunteer subjects wto
showed a confidence in the research protocol above that ordinarily
expected. Sincere appreciation is extended to Dr. Roger Fitch,

NASA, MSC, Neurophysiology Eranch for his support and contributiocs

to the effort,
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ABSTRACT

A 5000 watt xenon-mercury high pressure lamp was used to produce
a continuous ultraviolet spectrum. Human and animal exposures were
made to establish the photokeratitis threshold and.abiétic action
spectrum, The lower-limit of the abiotiﬁ action spectrur was 220 nm
while the upper limit was 310 nm. The radiant exposure threshold at
270 n; was 0.5 x lO_2 watts cm_z for the rabbit, 0.4 x 10'-2 watts cm-z
for the primate, and 0.4 x 1072 watts em > for the human. The rabbit
cur&e Qas bi-peaked with minimuﬁs at 220 nm, 240 nm and 270 nm. The
primate curve was tri-peaked with minimums at 220 nm, 240 nm and 270 nm.
The human data showed a rather shallow curve with a minimum at 270 no.

Formulés and calculations are given to predict minimum exposure

times for ocular damage to man in outer space, to establish valid

safety criteria, and to establish protective design criteria.
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THE HUMAN, PRIMATE AND RABBIT ULTRAVIOLET ACTION SPECTRA

I. INTRODUCTION

. Purpose of the study

The objectives of this researchAeffort-wgre_(l) to proviée cali-
bration, monitoring, and Spgctral analysis of the high intensity
ultraviolet source; (2) to establish threshold data for photokeratitis
in the rabbit, primate, and man; (3) to relate threshold data to the
solar ultraviolet profile in space; (4) to predict minimum exposure
times for ocular damage to man in outer space; and (5) to establish
valid safefy and protective design criteria.

The study was designed to establish thresholds with rabbits and
primates prior to research ﬁith humans. The human data would provide
a direct comparison with animal data and permit valid protective cri~
teria to be developed. The‘clinical aﬁproach was rather straightior-
ward and involved the study of the effects of ultraviolet on the

corneal epithelium by the biomicroscope.

Historical review

The abiotic effect of the near (300 to 400 nm) and far (200 :o
300 nm) ultraviolet light (UV) on living tissue has been known sizce
very early times because Xenophonon mentions "snowblindqess" in his
treatise,'Anabasis. Coordinated studies of the deleterious effects of
ultraviolet light were begun in the 19th century, but were concentrated

on the effects of the electric light on the eye.
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The ultraviolet is not detected by the visﬁal receptors of mamnmals
—-including man. Therefore,. exposure to ultraviolet could result’in
ocular damage before the reéipient was aware of the potential danger.
Numerous cases of abiotic UV exposure resulting in keratitis of the
cornea and cataracts of the.lens have been reportéd (1,2).. The UV
levels involved were associated with weldiqg arcs, high pressure pulsed
lamps, and reflection of solar radiation from natural terrain (snow,
desert, and water).

An extensive historical review of the literature will notlbe accom-
plished because Verhoeff et al. (3) and Buchanan et al. (4) have estab-
lished extensive references and an annotated bibliography. Only a few
vital references are needed to acquaint the reader with the effects of
ultraviolet on the eye.

Verhoeff et al. (3) are an excellent starting point because all
research data are included so that one may form his own opinions. 1In
addition, they formulated some of the basic postulates relating oculaf
damage to ultraviolet and established 2.0 x 106 ergs/cm2 as the
threshold for the whole UV spectrum. Duke-Elder (2) provides aﬁ excel-
lent summary of the research which covers threshold data, destructive
and fqparative processes. Bushke et al. (5) emphasize the destructive
effects of UV on the corneal epithelial cell nuclei, loss of epithelia
adhesion to Bowman's membrane, and the inhibiting effects of ultra-~
violet to the healing process.

Cogan and Kinsey (6) provide the most reliable quantified thresh-
old data. They used a high-pressure mercury quartz lamp as a source

and were limited in spectral waveband cutput by a prism monochromator.
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Their description of the grading of ocular reactioﬁ to ultraviolet and
their criteria were used extensively during this research. They estab-
lished the long wavelength limit between 306-326 nm and a threshold of
0.15 x 106 ergs/cm2 at 288 nm for the rabbit.

" A central question to UV effects on corneal tissue lies in the
aﬂsorﬁtion or transmission of the ulttaviolet. ’A‘compariéon of.Kinsey
(7) and Bachem's (8) corneal ultraviolet absorption curves sﬁows that
little ultraviolet below 310 nm is transmitted through the cornea and
that most absorptionlbelow 310 nﬁ oécurs in the epithelium. The two
sets of whole cornea absorption compare quite favorably.

The ordinary clinical photokeratitis follows a characﬁeristic
course. After exposure, there is a period of latency varying somewhat
inversely with the severity of thelexposure. The latency may be as
short as 30 minutes and as long as 24 hours but is typically 6 to 12
hours. Conjunctivitis sets in and is accompanied with an erythema of
the skin surrounding the eyelids. There is a sensatioq of a foreign
body ér "sand" in the eyes, varying degrees of photophobia, lacrima-
tion and blepharospasm. These acute symptoms usually last from 6 to
24 hours, but almost all discomfort disappears within 48 hours. Very
rarely'does exposure result in permanent damage. However, the impor-

tance of the symptoms lies in the fact that the individual is incapaci-

‘tated visually for varying periods of time and that the ocular system

does not develop tolerance to repeated ultraviolet exposure like the
skin.
The UV reaching the earth's surface provides little hazard to man

under normal activities because of the filtering action of various
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components of the earth's atmosphere. Absorption in the region below

85 nm is due chiefly to O0,, O, N, and N; between 85 and 200 nm, it is

2? 2

dﬁe to molecular.oxygen;’while from 200 to 300 nm absorption is due to
ozone (9). Thus, practically all of the UV radiation shorter than
295 nm is absorbed by the earth‘svatmosphere.

As man seeks to eﬁpand his environment to outer space and other
planets, a new situation develops in which‘man is constantly subject to
high levels of ultraviolet radiation. Approximately two percent of
the sun's total energy in space is concentrated in the abictic UV por-
tion of the spectrum, and there are relatively large flﬁctuations in
intensity in the far ultraviolet due to solar flares. In space, man
is not afforded the proteétive ultraviolet absorbing atmosphere.

If man is to accomplish his space mission objectives, he must not
be incapacitated by abiotiec UV radiation. Reliable and accurate
tolerance 1imits of UV radiation are a necessity. These limits can.
be determined by accurately calibrating and monitoring the light

energy used to produce exposures in the laboratory and by carefully

"and systematically relating the exposure to any resulting injury.
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II. INSTRUMENTATION AND CALIBRATION

The source for the ultraviolet energy was a 5000 waft xenon-
mércury high pressure lamp. It was powered by a 10 KW, DC power
supply which was regulated to +0.5% and capable of delivering from
0 to 80 amperes at 25 to 50 volts to the arc electrodes. A diagram
of the exposure apparatus is shown in Figure 1. The lamp housing
was cooled by two blowers. Adequate cooling was available except
when the lamp was operéted at‘high amperages.
| The desired waveband of ultraviolet was obtained with a model
2501 MacPherson grating monochromator. The grating was blazed for 300

nm and provided a 737 efficiency at 270 nm. The grating was grooved

"with 300 lines per millimeter which allowed adequate band-pass char-

acteristics. Entrance and exit slits were set to pass a nominal

full-band width of 9.9 nm. Full Band péss did not exceed 10 nm for
all wavebands used in these experiments; therefore, all wavebands
are reported as 10 nm.

Exposure times were controlled with a Uniblitz Model 300 elec-
tronic shutter. The controls of the shuttérﬂallowed millisecond
accuracy from zero to 9.9 seconds, Extented times could be obtained
by adding external resistance. The electronic shutter system was
calibrated using an SGD-100 photodiode and photographing the shutter
response displayed on an oscilloscope. Figure 2 illustrate; the
shutter response time plotted against real time. Exposure times
above 25 seconds were measured by a stop watch. Table I demonstrates

that only six of the exposures were above the 25 second time period.
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Radiant energy from the source S (Fig. 1) was brought to a focus
at the ﬁonochromator‘entrance slit by quértz'lenses Ly and L,. A
15 cm quartz enclosed water chamber was placed between the focusing
lenses and the monochrométor to remove infrared energy. The beam size
at the cornea for the monochromator produced ultraviolet wavebands
was 1.6 x 1.8 cm.

All previous reseafch on the effects of ultraviolet have used
subjective biomicroscopic measures as the end-point. An objective
measure which lends itself to quantification was highly desirable.
Since ultraviolet affects primarily the epithelial iayers of the
cornea, the scatter of corneal light offered promise as an objective
technie.

The apparatus for measuring corneal light scatter consisted of

a Zeiss biomicroscope, a scanning micrometer eyepiece modified to fit

‘the Zeiss biomicroscope, a photomultiplier and a storage oscilloscope

(Figure 3). Corneal light scatter measurements were obtained by
using the slit lamp beam to section the cornea and focusing this
corneal section into the scanning eyepiece mounted on the slit l;mp.
A 50y fiber optic in the scanning micrometer eyepiece was then passéd
across the focused section of the cornea.. The angle between the

slit lamp light source and the eyepiece with the scanning 50u fiber
optic was fixed at 45°, The slit lamp beam sectioned the cornea
normal to the cornea. Réplication was assurred by aligning the first
and third Purkinje images. Light received by the scanning fiber
optic was passed on to the photomultiplier, amplified and displayed

on the storage oscilloscope. The oscilloscopz display was measured



and photographed for later analysis. The amplitude of the scaﬁter
trace on the film was measured from a microfilm reader which provided
5x magnification. A typical corneal scatter traceAis éhown,in Figure
4. . Pre-exposure measurements were used as a baseline and fhe change
in scatter measurements were'expressed as a percentage of the pre-

exposure level.

Source Calibration

An Eppley 16 junction thermopile wés ﬁsed to calibrate the ultra-
violet source (10,>11, 12). The tﬁermopile was calibrated against zn
NBS standard lamp for the visible and infrared portions of the elec-
tromagneticspectrum with a +2 accuracy. The readout instrument was
a Keithley model 150B microvolt-ammeter which was accurate to +0.5%.
The thermopile was placed in the same position that the subject's
cornea would occupy and thé output of the thermopile was read from
tﬁe‘microvolt‘meter.

The irradiance incident on the thermopile was determined by the

following relationships:

(1) Ee = kVe
. . -2 -1
Ee = jrradiance (watts cm =~ sec )
k = calibration constant of the thermopile (5.565 x 10—3
watts cmm2 sec ~ mV)
Ve = thermopile voltage in mV

Equation (1) is valid for measurements made on light sources which

have diameters at the measuring plane of the thermopile equal to the

detector's surface diameter. Figure 5 provides a calibration curve

. . . - -1
of the source spectral irradiance, Ee()), in watts cm = sec = nm.
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The radiant exposure Q (watts cm_z) was calculated using the

following:.

(2)Q = EeT
Q = radiant exposure (watts cm-z)
Ee = irradiance (watts cm—2 sec—l)

T = exﬁqsure'duration (sec) -
For a given irradiance Ee,_the exposure duration T could be varied to
obtain different values for the radiant”exﬁosure Q.
The exposure duration T, ultraviolet irradiance Ee and radiant
exposure Q were determined for each subject prior to exposure using
the above calibration technics. The overall calibration accuracy was

estimated to be less than +10%.
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IITI. EXPERIMENTAL PROCEDURE

Previous data (13, 14) was used to establish ghe guidelines for

human research. Exposures were to be made at 30%, 40% and 50% of the
primate data; however, it was found that threshold had not been attained
at some wavebands at these levels. Care ﬁa& to Ee exerciséﬁ siﬁce
animal data had shown that a 10% irradiance increase changed a below
threshold responsé to an above threshold response. For the human
subject such a change could result in severe discomfort and pain.
Thus, as the 50% primate threshold value was reached only one subject
was exposed at higher values for that wavebénd during an experimental
session, The remainder of the subjects were exposed at.another wave=
band.

Féur“or~five subjects Qeredexposed at -each experimental session.
Prior to exposure corneal light scatter baseline data, visual acgity
and a bidmicroscopic examination was méde on each subject. The source
was calibrated; radiant_exposure vaiues determined, and exposure time
calculated, The cornea of the subject's eye was placed in the center
of and normal to the UV beam. Alignment ofnghe subject was maintained
by use of a head-chin rest. The subject was requested to refrain from
blinking during exposure and any blinks or other movements were recor-
ded. The corneas were exposed at 10 nm waveband steps from 220 to
310 nm. Source calibration and exposure usually took an hour for each
experimental session. B
Waveband exposures below 220 nm were rot possible because.the

source energy was insufficient to make exposure time practical. The

N
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transmission of wavelengths above 310 nm tﬁrough the cornea to the
lens increases rapidly. The effeéts-of ultraviolet on the anterior
epithelium of the crystalline lens is not known; therefore, exposures
abéve 310 nm were not méde. This was a safety precaution since the
lens anterior epithelium must serve the human throughout life.

After exposure the subjeéts”wére‘examined with the biomicroscope,
corneal light scatter measurements were made, and visual acuity was
taken on a B&L orthorater at hourly intervals for 9 hours. Each
subjebt was asked to describe verbally any symptoms which he had
experienced.

To obtain scatter measurements, the beam from the slit lamp
source was focused on the cornea and adjusted so that the beam inci-
dence was normal to the cornea. Normal incidence was accomplished
by aligning the light beam on the iris and lens in a continuous line
and with a fiducial mark on the slit beam housing. The scanning
fiber optic was set at a reading of 3.0 and the slit lamp adjusted
so that the fiber optic probe was pbsitioned on the posterior surface
of the corneal section focused in:the eyepiece. The slit lamp mag-
nification was set ét i6x. Alignment was rechecked and scatter mea-
surements taken. Pr;cise fixation was required for subjects under-
going scatter measurements. The slit source was checked prior to
each experimental session to insure that light values did not’affect
the measurement. Three corneal light scatter measurements were
obtained from eagh subject hourly during an experimental session.

Seven criteria were used to determine threshold: epithelial
debris, epithelial haze, epithelial granules, photcphobia, symptoma-

tology, and corneal light scatter. Epithelial debris may be described

10
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as small glistening bodies located in the corneal tear layer. Epithe-

lial haze was an irregular, crackled appearance of the corneal anterior

~surface and was classified as an above threshold exposure. Epithelial

granules were small? white, discrete, round spots located deep in the
epithelial layer of the cornea. If 50 to 200 granules were seeh, the-
exposure was threshold; above 200 grénules was sﬁprathreshold; below
50 granules was subthreshold. Photophobia was an avoidance response
or verbal response that the siit lamp light-bothered the subject as
the cornea was examined. Symptoms and corneal light scatter were
recorded to determine if they-could be correlated with the ultraviolet
exposure levels. This would place greater confidence in the threshold
data.

Two observers independently determined the criteria status and
classification of each eye.  The severity of the exposure for each
criterion was indicated as negative (-), probably positive but not
certaiq (i), positive (+), moderately positive (++) and severely
positive (++). When any five of the seven criteria were positiye
(+), the eye was classified.as above threshold (+). Three to four
positive criteria were.classified as probably positive, not certain
(+). Fewer than three positive criteria resulted iﬁ a below threshold
classification (~). The lowest radiant exposure which resulted in
an above threshold classification terminated the experiment for that
waveband.

All subjects were volunteer and paid $20.00 for each experimental
session. The subject sample was composed of college age students. In
spite of the subjects being paid, it was difficult to obtain an ade-

quate number of subjects because of the apprehension that permanent

11
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damage to the eye might result. Each subject was thoroughly briefed
prior to the experiment and assured that no permanent damage could
result. B

Conventional statistical rounding procedures were used. All data

was rounded to two significant figures. An experimental session

covered approximately 14 hours.

12
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IV. RESULTS

Ultraviolet exposure was made to 39 human eyes during these
expgriménts. In prior reports (13, 14); data for 238 rabbit eyes and
83 primate eyés were présented. The raw laboratory data for biomicro-
scopically determined human photokeratitis thresholds (QCH) for ;he
wavebands from 220 to 310 nm, in 10 nm steps, are presented in Table
I. Each subject's response to the seven criteria and subsequent
classificatipn for wavebands from 220 to 310 nm are givén in Table II.
A summaxy of biomicroscopic determined rabbit, primate.and human
threhsolds in both erés cm'-2 X 106 and watts cm”2 X 10—2 and the
relative efficiency of each are listed in Table III. Relative effi-
ciency was calculated by normalizing the thresﬁold data to the wave-
band most effective in prodﬁcing photokeratitis, i.e., waveband 270 nm.
Figure 6 compares the biomicroscopic ultraviolet abiotic action spec-
trum cﬁfves for the human, primate and rabbit with the abscissa
presenting the threshold exposure QC in watts cm_2 X 10”2 and the
ordinate the waveband in nanometers.,

Corneal light scatter data was analyzed in the following manner.
Three.meaned pre-exposure light scatter values were taken as the
baseliné. The amplitude of individual post-exposure light scatter
responses were measured from oscilloscope photographs. A minimum of
three such measures were meaned for each post—exposuré examination.
The means were conﬁerted into percent difference from the baseline
light scattef measure. An increase in corneal light scatter above

the baseline was taken as a + value. A decrease in corneal light

13



scatter below the baseline was taken as a - value. The data were

graphed with percent change in light scatter as the ordinate and the

- time in hours after exposure as the abscissa. Each corneal light

scatter figure presents the data for each subject and the radiant

-2

. : -2 . :
exposure in watts cm = x 10 for the particular waveband used in the

exposure. Corneal light scatter results are shown in Figures 8 through

'15. It should be noted that wavebands 240 nm and 280 nm did not have

sufficient scatter data taken to be included in the report. Subject
JBR at 300 nm was unable to maintain adequate fixation for corneal

scatter measurements to be interpreted.

14
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V. DISCUSSION

The data in Figure 6 establishes the ultraviolet abiotic action
spectrum for the rabbit and primate from 220 to 310 nm. The rabbit
radiant éxpdsﬁre threshold at 270 nm was 0.5 x 10-2 watﬁs cm_z.

The thfeshold radiant exposure for the primate éf’%?O nm was 0.4 x
10_2 watts cm_2.> The rabbit curve presented & bi-peaked curve with
minimums at 230 nm and 270 nm. The primaté.gurve is tri-peaked with
minimums at 220, 240 and 270 nm. Both the rabbit and priméte curves
show rapid increases in thresholds above 220 nm and above 310 nm
(Table III).

The ultraviolet abiotic action spectrum for the human is not as
easily defined ‘as for the rabbit and the primate. At 260 nm and above
the human threshold curve ié not materially different from the pricate;
however, belo& 250 am the human threshold curve shows radiant exposure
values considerably below the data of either animal. Rather than

showing peaks or minimums the human curve tends to be a rather shallow

-curve which gives a minimum at 270 nm of 0.4 x 10-2 watts cm-z. The

data indicates that the upper waveband for the ultraviolet action

spectrum couldvbe 310 nm. Likewise the data indicates that the

lower waveband would be‘220 nm even though ultraviolet eneréy was

insufficient fér exposures below 220 nm. Therefore, it is felt that

the human ultraviolet action spectrum range is from 220 nm to 310 ==,
The experiments were not designed to produce discomfort in huzzn

subjects. One might question just how well the established threshclds

for humans predicts discomfort (Table III), The exposures made at

15
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waveband 250 nm provide an exceilent insight to answer such é question.
Thresholds were established at Qavebénds 270 nm, 280 nm, 290 nm and
260 nm prior to making exposures at 250 nm. In each of these wavebands
it was found that the threshold was 80% to 100% of the primate thresh-~
old;. In an éttempt to\prevent repetitious.exposures whicﬁ provi&ed
Iittle information, it was decided to expose suﬁjects for 250 am at

the 507 and 602 primate level. The 60% exposure for BBR provided a +H+
classification response with severe discomfort, photophobia and a
decrease of visual acuity from 20/20 to 20/40. The 50% exposure for
APR resulted in acuity decrease to 20/30, photophobié, and moderate
discomfort. The 40% exposure to PCL resulted in ;he decrease of

visual acuity to 20/30, slight photophobia and mild discomfort. The
discomfort and acuity decreases by DML at 280 nm were slightly more
severe than for subject BBR at-250 nm. All human exposures at 250 na
produced diécomfort at a muéh lower percent of the radiant exposure
level than found at wavebands above 250 nm. These findings provided

an excellent experiencé, although totally unplanned, and gave an indi-
cation of the energy levels above threshold which would result in
discomfort and incapacitation. Figure 7 gives the threshold curve

and a second curve 207 above threshold. Exposure to ultraviolet at

an energy level below or equal to the threshold curve should result

in little decrease in acqity, little or no discomfort and little
impairment of visual performance. Exposures at or above the +20%

curve should result in decrease of visual acuity up to 2 Snellen lines
for at least 24 hours, moderate symptoms and decrease of visual per-

formance. Photophobia should be severe enough to prevent the subjec:t

16
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from keeping his eyes open.

ST

Corneal scatter measurements provide a second method of estab-

lishing ultraviolet radiant exposure thresholds. The major percentage

of scatter in the cornea is caused by the epithelium. Ultraviolet in

the waveband range used in this experiment is almost totally absorbe&

" in the corneal epithelium (7, 8). Théréfbte;'ﬁﬁé“Would'éxpebf damage
of the corneal epithelium to be directly related to the level of energy
used in.the exposure of the cornea.

Figure 13 A~D provides an example of corneal scatter data which
can be éxplained in terms of level of the ultraviolet radiant exposure,
Figure 13 D illustrates the response obtained with a low exposure level.
The surface corneal epithelial cells absorb the ultraviolet and pro&ide
a scatter above and belcw the baseline as thay die aﬁd are sloughed
into the tear léyer. As the energy is increased (Figure 13 C) the
surface cells clear and the cornea shows a period of time in which
scatter is decreased. Further increases in ultraviolet radiant expo-
sure results iu-damage to deeper epithelial cells and a prolonge§

increase in scatter which clears very late in the experimgnt (Figure
13 B). Finally, the radiant exposure level is sufficient to result
in corneal haze and corneal edema. This is reflected in scatter
measurements which remain elevated'throughout the period of the exﬁer-
iment and for a 24 hour post—ekposure period (Figure 13 A). A

further increase in radiant exposure results in sloughing of the deegp

epithelial cells and a clearing of the cornea as illustrated in Figure
10 B. This type of response was always accompanlied with discomfort,

photophobia and a decrease in visual acuity. Therefore, a corneal

S
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light scatter response such as Figure 13 A was taken as a threshold

response,

Utilizing the corneal light scatter response criteria for the
dete?mina;ion of a threshold exposure provided the following thresh- .
olds: X220 nm, 0.1 x _].O-2 watts cm_z; 2230 nm, 0.1 x 10_2 watts c:fz;
‘xzsd nm, 0.8 x 102 watts cm2; A260 nm, between 0.65 and 0.74 x 1072

watts cm-z; 2270 nm, between 0.35 and 0.40 x 1072 watts cm—z; 2290 nm,

0.7 x 10_2 watts cm—2; A300 nm, 0.7 x 10_2 watts cm—z; and A310 nno,

‘between 1.2 and 1.4 x’10_2 watts cm_z. It can be seen that the ccrneal

scatter data and biomicroscopic data compare favorably in establishing
the radiant exposure threshold. An advantage of the corneal scatter
method is that the respounse is quantified and does not rely on subjec-
tive interpretation.

Epithelial debris proved to be one criteria which was of 1little
value in detefﬁining'éxposure thfeshold. Debris was obtained for

every subject regardless of the total radiant exposure. In spite of

this, debris was valuable in comparing biomicroscopic and corneal

light measurements. One could predict early scatter responses by

observing the debris. Later corneal scatter responses were due to a

combination of debris, haze and granules. Debris was noted sooner and
was greater in amount at wavelengths below 260 nm. It was less appar-
ent and less in amount at the longer wavelengths. In above threshcld
measurements, debris appeared and cquld be determined by scatter
technics bﬁt showed cyclic changes (Figure 10 A) or a clearer corzza

than pre-exposure (Figure 10 B). Finally, two different types of

" debris were noted. There was a coarse debris which was assumed tc be
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related to the surface epithelial cells and a very fine_debris which
was related to ﬁhe deepef corneal epithelial 1ayers. The coarse debdbris
usually occurred early post-exposure and the fine debris late after
exposure. The fine debris became more noticeable_after highef radiaat
exposﬁres while the coarse debris was more apparent at'lqwef radiant
exposures, : ’ : | - - -

Epitheliai haze was not found until the radiant exposure levels
approached the threshold level. It usﬁéll& occurrea é to 7 hours'afﬁer
exposure. Therefore, haze appears to be one of the criteria which
becomes ménifest as threshpld is approached. Granules, like epithelial
haze, did not appear until the radiant exposure level approached
threshold. The size of the granules appeared direétly related to wave-
length. Wavelengths below 250 nm showed fine, discrete granules while
wavelengths above 250 nm gave largef more coalescing type granules.
Both epithelial haze and granules should contribute to increzsed
scatter; therefore, corneal light scatter measurements should pfovide
an excellent method of determining a threshold classification.

Photophobia provided little assistance in establishing threshold
exposure levels. Photophobia did not occur fotr all subjects classi-
fied as threshold. Photophobia did not occur prior to 6 hours post-
exposure and delayed as long as 12 hours. Photophobia was so varizble
between. exposure levels and subjects that it was an unreliable criteria
in determining Fhreshold;

The visual acuity of all subjects élassified as threshold was
affected. In Table II, subjects classified as threshold and marked

(-) reported hazy vision; (+) subjects had an acuity decrement of cne
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Snellen line and (+) subjects had an acuity decrement of two lines.
Visual acuity decrement occurred within 2 hours but as long as 7 hours
for some subjecté.' The a&erage lapsed post-exposure time fof acuity
decrement was 5 hours. All subjects classified with a (+) for visual
acuity showed-decreases in acuity 24'hours after exposure. It was

interesting to note that some subjects reported improved visual acuity

with sub-threshold exposures. The improved aculty corresponded to

biomicroscopic reported clearing of epithelial debris and improved or
less corneal light scatter measurements. It can be concluded that
ultraviolet exposure at threshold levels can result in the decremént
of acuity of two Snellen lines which will begin in about 5 hours and
continue for period of 24 hours. |

Many subjects reported bizarre symptoms which were not related to
the UV exposure. The most common related symptoms which weré reported
included tearing.and a foreign body sensation. Only three subjects
(APR, BBR and DML) reported symptoms which were considered severe
enough to interfere with no;mal duties. Thus, if visual acuity decre-
ments allowed pefformanée of duties requiring vision, most of the
subjects could have continued their dutiegz

&he subjects' reactions to 220 and 230 nm exposure selected as
threshold requires some discussion. Subject ACR was exposed to 220 nx
with a radiant exposure Q of 0.1 x 10_2 watts cm_z.\ The irradiance
was 3.9 x_lO“5 wvatts cm"2 sec-l for a duration of 256 seconds. The
subject blinked 39 times during exposure. The eye was injected imme-
diately after exposure and the subject stated that the eye was uncoc-

fortable. Within one hour, thére was coarse and fine debris, the eye
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was still injected and had a foreign body sensation. After two hours
expdsure, the eye was injected, there was tearing, foreign body sensa-

tion, slight edema of the 1id margins, and severe fine and some coarse

debris. The signs were the same at 4 hours after exposure but the

subject reported that his VA appeared a little clearér'than originally.
The examination at 4 hours after exposure showed deep granules, slighf
fine debris, moderate large debris and a decrease in visual acuity.

The eye had begun to feel more comfortable. By 6 hours post—exposure,
all injections had disappeared and the subject was comfortable in spite
of debris, epithelial haze and granules. This was considered a rather
qpick, severe reaction to the exposure and further increases in the
level of radiant exposure were not warranted.

Subject RHL was exposed to 230 nm with a radiant exposure of 1.3
-1

.x 10-'2 watts ém_z. The irradiance waé 2.8 x 10_5 watts cm-2 sec for

a duration of 45.5 seconds. Hg stated that his eye was stinging and
burning duriﬁg exposure. The sfinging and burﬁing sensation coatinued
through 4 hours post-exposure. He showed a slight increase in fine
and coarse debris after one hour which increased to moderate at 2 hours
post—e#posure. Visual acuity decreased one Snellen line at 2 hcurs
with. coarse and fine debris, epithelial haze, and granules being
apparent at 3 hours post—expésure. Visual acuity returned to ncrmal
atv6 hours pdstnexposure but all other signs remained tﬁf&ughout tﬁe
experimental session.

From the ébove observations, it was felt that the reaction of the
cornea to wavebands below 250 nm was different from those found with

exposures above 250 nm. The signs and symptoms occurred much ezrlier

21
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post-exposure for exposures bélqw 250 nm and subjective symptoms always
regurned to‘normal prior to completion of the experiment. For expo-
sures above 250 nm, the %ymptoms did not occur until late in the exper-
iment. §ubjects éxposed above threshold (PCL, APR, BBR and:DML),gave
quimum $ympt0@s at 9 to 11 hours post-exposure. Visual acuity
decreased quickly and returned to normél within 6 hours for exposures
below 250 nm. Reduced acuity was not found on exposures above 250 nm
until abéut 6 hours post-exposure and remained below ﬁormal for the

24 hour post-exposure examination.

It is.felt that these differences weré due to the difference in
;bsorption of»the different wavebands. The lower wavebands were
absorbed in the outer corneal epithelial layers and manifested a rapid
change. The higher wavebands were absorbed in the deeper epithelial
layers and showed delayed changes because these cells are more viable.
Thus, shorter wavelengths provide a rapid recoverable response while
the longer wavelengths show a delayed more serious response.

In the previous reports, a method for computing minimal exposure
time (T) in space to produce photokeratit;sﬂwas derived from the
primate and rabbit data. These data are modified in the following
paragraphs so that safe exposure times may be predicted for humans.

The data required to-calculate ultraviolet (UV) safe exposufe
criteria include solar spectral irradiance, moon spectral irradiance,
transmittance of the optical media before the eyes, and the relative
efficiency of UV to produce photokeratitis. The threshold data fer
primate corneal damage QCP are shown in Figure 6 and listed in Table

IV, column 7 in watts cmm2 ﬁm_l X 10—7. The radiant exposure threshold
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data QCP are used to calculate the relative efficiency WA of UV by‘
normalizing the data to the waveband (270 nm) requiring the least irra-
diancé to produce photokeratitis. The relative efficiency WA'fbr :
primates is shown in Table IV, column 8. The calibration procedures
used in the experiments‘to determine the radiant exposure threshold
data was estimated to be accurate to jﬂb%. Théjéamé déta are shown
for human in Figure 6 and Table V. Solar spectral irradiance is given
ig Tables IV and V, column 2 while the mooﬁ gpectral irfadiance is
shown in colummn 5 (15-21). ' —_
Several modifications to the energy take place before safe.expo-
sure times can be calculated. The moon radiant energy is modified by
reflectance from the moon's surface and transmission through the space-
craft window or other optical transparencies prior to striking the
cornea of the éye. Solar radiant energy is modified by transmission
through the spacecraft window or other optical transparencies prior
to striking the cornea. The formulas given in the following examples
can be used to calculate safe exposure times for any optical trans-
parency as long as its transmission is known. Figure 16 shows fhe
transmission of UV through a quartz spacecraft window used for ultra-
violet photography on APOLLO 15 and 16 (20). All windows aésociatéd
with the other APOLLO missions and all other windows on APOLLO 15 and
16 were essentially opaque to the ultraviolet. The spectral reflec-
tance of solar gltraviolet from the moon's surface given in Figure 17
is variable but does not exceed 3% (21). It is estimated that 3% is
the worst case and constitutes an unknown safety factor in the calculia-

tions.
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The solar radiation inside the spacecraft is found by multiplying
the solar irradiance at each waveband by the'speé:ral transmissica of
the optical transparencies placed in front of the eyes:

Eyst = Exs " T

where: EAST = the solar spectral irradiance inside the spacecraft

(watt:slcm-'2 sec ° nm_l X 10_7) :
. 2 -1 a1 -7
EAS = solar spectral irradiance (watts cm = sec ~ nm ~ x 10 ')

TA = transmission of the optical transparency in decimzl form
The results of these calculations for the APOLLO quartz window for the
primate and human at each waveband from 210 nm to 320 nm are showa in

Tables 1V and V, column 4, EAT'

The moon spectral irradiance E (Tables IV and V, column 5) was

AM

calculated by multiplying the solar spectral irradiance EAS (colu=m 2)

by the reflectance of the moon's surface, r (assumed to be 37):

Em=Es ' 7
. -2 -1 -1 =7
where: EAM = moon spectral irradiance (watts cm sec nm x 10 )
EAS = solar spectral irradiance on the moon's surface (wa:t

cm'_2 sec—l nm-l—x 10_7)

r = reflectance factor of UV from“modn's surface. Assuzed
to be .03,
The spectral irradiance of the moon inside the spacecraft was calsula-
ted as follows:

Eor = Ean " Ty

EAMT = moon irradiance inside the spacecraft
EAM = moon spectral irradiance-
TA = transmission of the intervening optical transparenzy

in decimal form
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These calculations are shown in Taﬁles IV and V, column 6, for the

APOLLO quartz spacecraft window.

The rate of irradiance inside the spacecraft for solar and moon

irradiances for the quartz window at each waveband interval are shown

in Tables IV and V, columns 9 (ESUV) and 10 (EMUV) respectively. Sum-

ming these columns and multiplying by the wavelength interval AA(AX =

10 nm) gives the total irradiance for the 210-320 nm spectrum within

the spacecraft

suv

where: E =

A

for each second, i.e., watts em? sec™! x 1077;

210

320 EATAWAAA .

210

330 EAMTAWAAA

solar radiant exposure (watts e ? sec! x 107%)
= moon radiant exposure (watts cm_2 sec'—1 x 10—7)

-1 -1 7

solar spectral irradiance (watts-cm_2 sec ~nm — x 107 ")
transmission of spacecraft window in decimal form
relative efficiency for photokeratitis at waveband A

waveband interval of the spectrum (AA = 10 nm)

All data necessary to calculate safe exposure time has been generated.

The safe exposure time t is given by:

where: t = =

Q70

Q70 o 270
Esov  EBvuv

safe exposure time in seconds

radiant exposure threshold at 270 nm or 0.004 watts
) .

cm  for the primate or human

) -
solar radiant exposure (watts cm sec x 10 )

z -1 -7

= moon radiant exposure (watts cm ~ sec - x 10 ')
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For the primate data given in Table IV, the safe exposure time from

solar irradiance is as follows:

p

Q70 _ .004 watts em > _
=. = 3 = 4,9 sec

ESUV 8214 x 10~7 watts cm % sec™!

For the human data given in Table V, the safe exposure time from solar .

irradiance is:

o L0 004 vatts en”?
ESUV 9964.9 x 10"7 watts cm-'2 sec

H = 4,01 sec

-1

This time means that with the quartz window directed toward the solar
energy 4.01 seconds would be necessary before human photokeratitis
symétoms would be observed after a laténcy period of 9 to 11 hours,
Ch;nging the angle of incidence of the solar irradiance on the quartz
window would in;réase the safe exﬁosure time t but data is not avail-
able for these calculations.

Séfevexposure time ‘from moon irradiance through the quartz window

can be calqulated as follows:

_ %70 _ 0.004 watts cm?

P Evov 251 x 1077

-t

) - 159.4 sec or 2.7 min
w cm ~ sec

o Q270 _ 0.004 watts cm_2

H E -2 -1

t
MUV 309 x 107 w em 2 sec

129.4 sec or 2.2 min

Lamplighter data given in Figure 17 indicates that the angle of inci-
dence of the sun on the lunar surface has litfle effect on the refiec-
.tance of UV, i.e., the lunar surface acts as a Lambertian diffuser to
ultrgviolet. Thus, the lunar UV irradiance should be reasonabiy
constant at modest angles of incidence on the spacecraft window.

It can be seen from these example calculations that under orbital

conditions, with the spacecraft quartz window directed toward the sum,

26.
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additional protection would‘be needed 1f direct exposures'to'the cornea
exceéd about 5 seconds. The safe time from moon reflected UV would be
extended to 2.7 minutes; however, combinéfions of moon and sun UV irra-
diance could reduce the 5 seconds value for sun exposure alone depending

on the angle of incidence on the spacecraft window.
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TABLE I. Human Threshold Data for 9.9 nm Total Bandwidth
SUBJECT Ee T Q CLASSIFICATION
watts cm—2 sec~l (sec) watts cm”
x 10-5 x 1072
‘Waveband 220
DWR 63.033 120 0.36 -
LBR 3.033 180 0.55 -
ACL 3.9 256 1.0 +(Qc)
Waveband 230
ABR 24.9 32.0 0.8 -
JSR 24.9 40.0 1.0 -
RHL 28.4 45,5 1.3 +(QC)
Waveband 240
RMR 44,5 14.0 0.62 -
PCR 44,5 15.2 0.68 -
SQR 44,5 17.0 0.76 +(QC)
Waveband 250
PCL 65.7 12.2 0.8 +(Q)
APR 55.7 '18.0 1.0 o+ €
BBR 55.7 22.0 1.2 ++
Waveband 260
ABR 111.3 4.9 0.55 -
RMR 111.3 5.8 0.65 -
DWR 111.3 6.7 0.75 +(Qc)
Waveband 2706
BAR 27.8 2.8 0.08 -
SR 28.9 4.4 0.13 -
APR 30.0 5.9 0.18 -
GSR - 30.6 7.3 0.22 -
WBR 30.0 9.9 0.30 +
SQL 50.0 7.0 0.35 +
BWV 111.3 3.6 0.40 +(Qc)
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TABLE I (Continued)

SUBJECT E, T Q CLASSIFICATION
B watts cm~2 sec~l (sec) watts cm™?
x 1073 x 102

Waveband 280

GCL ©122.0 3.8 S -

GP 69.3 - 7.5 0.52 +

BBL 169.0 - 3.5 0.59 +(Q

DML 413.0 2.3 0.95 ++
Waveband 2’;90

GCR | 94.6 4.8 0.46 - -

DWL 94,6 5.8 0.55 -

APL 80.7 7.8 0.63 . +

SQL 77.9 8.3 0.65 *

RCR 105.7 6.6 0.70 +(Q)
Waveband 300

" JBR - 77.9 5.6 0.44 -

FGL 77.9 7.0 0.55 -

SRR 89.0 7.4 0.66 -

BVL 105.7. 6.6 0.70 +Q)
Waveband 310

PAL 94,6 8.5 0.80 -

RML 94,6 10.0 0.95 -

RHR 125.2 9.5 1.2 -

BCL -155.8 9,0 1.4 +(Qc)
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TABLE II. Criteria and Subject's Responses for Different Wavebands,
Threshold was taker as five positive responses for the different criteria.
Scatter measurements were not made in early experiments.

CRITERIA
e =
o | 3 2 o 2 “ !
B = i ] = = =1 =
(3 @ v %) | o =1 > =} = ==z
=5 oo = =) o - < B £ [ )
) = o £t o & & 2y
2 | 5a. | 58 | 3 g | a3 2 g | %2
7] [calan] €3] é (&) (9] > < w [72) SO
Waveband 220
DWR . + - - - + + + -
. LBR + - - . - - - + -
ACL 1 t + + + + t ++
Waveband 230
ABR + - - - - - + -
JSR + - + - - - ¥ -
RHL + + n + .+ + + +
. Waveband 240
RMR + + - - - - + -
PCR + + - - - - + -
SQR + +. + - + + + +
Waveband 250
PCL + + I + + + + +
APR + + + - + + ++
BBR :t + -+ + 1 I + +—~+
Waveband 260
ABR + + - - - - + -
RR + I + - - - + -
DR + + + + + + + +
Waveband 270
AR + - - - - < -
SR + - - - . - - -
APR + + - - + - -
GSR + i-_ i - - i—. -
WBR + + + - i - + -
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FIGURE 4, CorNEAL LI1GHT ScATTER TRACES FROM THE Human EYE.
THE LOWER TRACE IDENTIFIED THE SUBJECT. THE MIDDLE AND UPPER
TRACES REPRESENT CORNEAL LIGHT SCATTER MEASUREMENTS., SCATTER
WAS MEASURED FROM EPITHELIUM TO ENDOTHELIUM THEN REVERSED,
THE FIRST MEASUREMENT OF THE MIDDLE TRACE REPRESENTS THE
IDEAL CURVE, SMALL WIGGLES IN EACH TRACE ARE CAUSED BY EYE
MOVEMENTS. THE AMPLITUDE OF EACH SCATTER CURVE WAS DETER-
MINED AND A PERCENT SCATTER CHANGE FROM PRE-EXPOSURE BASELIMNE
DATA WAS CALCULATED FOR PLOTTING.
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FIGURE 8. CORNEAL LIGHT SCATTER MEASUREMENTS FOR K.vIBANE

EACH GRAPH,

220 NM, SUBJECT CODE AND RADIANT EXPOSURE ARE INDIZ1TED £

HE SINGLE POINT TO THE RIGHT OF THE G=:7H

INDICATES THE PERCENT CHANGE IN SCATTER 24 HOURS PC3T EXPczias
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FIGURE 9. CORNEAL LIGHT SCATTER MEASUREMENTS FOR WAVERAND
0 NM. SUBJECT CODE AND RADIANT EXPOSURE ARE INDICATED BY

k EACH GRAPH, IHE SINGLE POINT TO THE RIGHT CF THE GRAPH
INDICATES THE PERCENT CHANGE IN SCATTER Zl4 HOURS POST EXPOSURE.
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RE 10, CORNEAL LIGHT SCATTER MEASUREMENTS FOR WAVEBAND
SUBJECT CODE AND RADIAMT EXPOSURE ARE INDICATED BY

HE SINGLE POINT TO THE RIGHT OF THE GRAPH

INDICATES THE PERCENT CHANGE IN SCATTER 24 HOURS POST EXPOSLTEZ.
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FIGURE 11, CORNEAL LIGHT SCATTER MEASUREMENTS FOR WA.IBAND
260 nNm, SUBJECT CCDE AND--RADIANT EXPOSURE ARE INDICATZID BY
EACH GRAPH, [HE SINGLE POINT TO THE RIGHT OF THE GRA®+

INDICATES THE PERCENT CHANGE IN SCATTER 24 HOURS POST ZXPOSLZE.
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EACH GRAPH. |HE SINGLE POINT TO THE RIGHT OF THE GRAPH
INDICATES THE PERCENT CHANGE IN SCATTER 24 HOURS POST EXPCSURE.
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IGURE 14, CORNEAL LIGHT SCATTER MEASUREMENTS FOR WAVEBAND

O NM. SUBJECT CODE AND RADIANT EXPOSURE ARE INDICATED BY
EACH GRAPH. THE SINGLE POINT TO THE RIGHT OF THE GRASH
INDICATES THE PERCENT CHANGE IN SCATTER 24 HOURS POST EXPC3URE.
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