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ABSTRACT

PART 1

This project waa designed to further evaluate the effects of atomic
detonations on the eyes, This was studied in two previous projects, one
on the daytime problem which was found to be of minor importance insofesr
as the production of flash blindness is concerned, and one on the night-
time problem where flash blindness was of considerable importance, but
which was curtailed because two subjects received retinal burms,

The present project, like the zecond cne mentioned above, was de-
signed to determine the effect of the flash of atomic detonations at
night upon the ability of military personnel to carry out their assigned
tasks when such tasks involve the use of vision., It is considered that
in general three types of visual tasks are involved in military opera-
tione: (&) reading of instruments in ships, aircraft, tanks, and vehi-
clec; (b) central acute vision at low levels of illumination; and (c)
peripheral vision at very low levels, Afier an atomic flash each in-
dividual involved in such military visual tasks would estempt to return
to seeing under the light level then available te him, The time re-
quired for him to see under each of these circumstances was determined.

Subjects were dark adapted in a light-tight trailer. Their eyes
were exposed tc the atomic flash by a shutter arrangement, Eyes were
protected by a combired infrared absorbing and red transmitting filter,
This filter was choser because it seiectively filters out & large por-
tion of the visible and infrared spectra of the bomb, and because in-
dividuals wearing it can see red-lighted instruments in vehicles, ships,
tanks, and aircraft, The period of exposure to the flash began at zerc
time and extended through the period of the blink reflex,

Twelve subjects in a light-tight trailer were exposed to five
nuclear detonation flashes at distances of from 7 to 14 milee, The dark
adapted subjects looked at the flash with the left eye through filter
ports which screened out all wavelengths except those between 600 and
900 millimicrons, Following exposure through the protective filters,
return of visual function was determined using Zeiss nyktometers,
adaptometers and readings on red-lighted aircraft instruments, Results
were as follows:

a, Red-lighted instruments could be read correctly in an average
of 18.4 sec (range of 5 to 27 sec) if illuminated with regulation type
small red floodlights, and in an average of 55.9 sec (range of 44 to 81
sec) if 1lluminated with standard red internal lighting only.
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b. Reasonably good central vision (20/40) under reduced illumina-
tion (1,57 Kit)* returned in approximately 154 sazc.
¢, Peripieral viaine returned in an average of 160 sec under 0,001
Nit luminance \ipproximately that of wconless night sky) and in an
average of 249 sec under 0,00001 Wit of luminance (slightly less than
moonless night siy with overcast).
It is concludied that filters of the type used protect almost all
individuals from retinal burns under the conditions of the experiment
and allow performsnce of typical visual tasks required of a pilot fly- .
ing the aircraft vithin 20 to 60 sec following the flash of the atomic |
datonation, '

PART 11

When the sye observes an atomic fireball, thu energy rnceived in the
retinal image per unit time and area depends on the relative opening ot
the eye (pupillary diameter divided by focal len:th) and the energy
emitted by the firebasll per unit area, Due %o t..e concentration of
energy in the image formed on the retina, skin burns and retinal burns .
follow different laws. As a result of this concentration retinal le- 2
sions are produced at distances many times grecter than those for min-

. . imal skin burns,

e In comparison with the skin the central part of the retinal image e

""" . gets a higher percentage of its total radiation at an sarlier time,

reenel The energy (per unit area and time) emitted by an atomic fireball

""" bas an early peak before 1/1000 of a second. Humen ard animal eye pro-

- 2" tective refiexes come too late for this first peak.

et In order to determine the burn injury processes to the dark adapted

cesee, rabbit eye and their possible correlation with thosge which occur in

) humans, 700 pigmented rabbits were exposed to six predawn atomic blasts

D at distances varying from 2 to 424 miles. Dark adapied rabbit eyes suf-

o fered retinal burns at distances up to 424 miles; 350 of the 700 rabbits
placed in the field received retinal injuriea, It was found that reti-
nal damage varied with the bomb kilotonnage and diminished with the
distance of the animals from the flash.

Pathologic findings in the exposed pigmented rabbit eyes correlated
well with clinical observations and showed characterisiic coagulation
necrosgis with or withcut majer tissue and cell destruction in the retina
and choroid. Exmlosive generstion of steam in some cases caused rupture
of the retinal elemsnts with hemorrhage into the vitreous,

Four cases of acc.idental atomic chorioretinal burns have occurred in
humans, These individuals viewed the flash at distances varying from 2
to 10 miles from ground zero, Clinically the lesions resemble those
cccurring in rabbits ut corresponding distances and are supporting evi-
dence for predictions made in the laboratory., Permanent acotomata have
resulted in these individuals,

* See Definitions for meaning of Nit,
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PREFACE

PART 1

This is the third report in the series on flash blindness. The
first was a study of the effectc produced by atomic detonations during
daylight operations, This was reported as Flash Blindness, WI-341,
Project 4.3, Operation BUSTER, The second study wes reported as Flash
Blindness, WI-530, Project 4.5, Operation SNAPPER, This was a study of
the nighttime protlem; however, it was interrupted because two of the
test subjects incurred retinal burns, This third study represents a
continuation of the interrupted project, Its pu.pose is to give opera-
ticnal units an estimate of the length of time personnel will be unable
to see well enough to carry out their assigned duties if they are unex-
pectedly exposed to an atomic flash,

It is emphasized that these experiments were devised to obtain an
estimate of the usefulness of a specific filter ccmbination in eye daz-
zle protection. They were not intended to obtain basic data on dazzle
effects and cannot be so interpretad.

PART 1I

The study here reported was done in four parts and ia not yet en-
tirely ~ompleted. The first portion will consider the physical factors
involved in the effect of these factors on the eye. This will includs
the determination of the threshold energy required tc produce a lesion
in the retina by the wavelengths involved., The second portion will give
the results obtained in an experiment using 7CO rabbits in six atomic
detonations in Nevada during UPSHOT~-KNOTHOLE teats in 1953, The third
portion will be a report of fcur human ceses of chorioretinal bwns pro-
duced by atomic flash, The fourth portion will be a brief suwmation of
the pathological findings in the retinal burns,
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PART 1

ULAR EFPECTS OF THERMAL RADIATION FROM ATOMIC DETONATION
ot ~ FLASHELININESS

CHAPTER 1
INTRO DUCTION

1.1 OBJEKCTIVE

This research was conducted to determine to what degree the flash
of an atomic detonation impairs the vision and reduces the efficiency
of military personnel during night operations, Observations were made
which were intended to reveal the evolution, degree, and duration of
the reduced vision. An atteupt was made to evaluate the efficacy of a
filter designed to protect against retinal burns and flash blindness
and also designed to permit performance of visual tasks such as aro
cequired of aircraft pilota,

1.2 BACKGROUND AND THEORY

l.2.1 Daytime Situation

In considering the effect of atomic flashes on vision, both the
daytime and nighttime situation must be mentioned. The effect of flash
on daytime vision was studied in Flash Blindness, WT-341, Project 4.3,
Operation BUSTER, The effect is transient because of two important
factors, First, the pupll is constricted by the bright light exirting
pricr to detonation, Secondly, after detenation, the individual re-
turns to his visual task in the high illumination present in daylight.
The retinal burn hazard in this situation is discussed in another sec-
tion of thia report,

1,2,2 Nighttime Sttuation

The night task is somewhat different, In this inatance the in-
dividual has pupils which are more or less widely dilated, depending on
the amount of light to which the eye is being exposed prior to detona-
tion and the amount of illumination involved in the visual task at
hand, There are essentially two types of night vision tasks which are
of interest to the services. One of these is the situation in which an
individual is looking at illuminated dials (usually red lighted) aboard
ship, as pilot of an aircraft or driver of a tank., He may be exposed
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to a bright flash of light such as that produced by an atonic detonation
and then returns to his task of attempting to read illuminated instru-
mentis,

The other type of night visioca tesk is that of the soldier or air-
man on the ground., His visual task ia carried out with only the illumi-
nation providea by the moon or stars. If he is exposed to the flash of
an atomic bomb he returns to his task of trying to see objects under
this dim illwmination, This task is further subdivided into two because
vigion at moonlight levels permits the use of central (photopic) vision,
When there is only starlight available, all vision must be peripheral
(scotopic) vision,

Tests were therefore designed to procure data on all three of these
vigril tasks; tae reading of red-lighted instmments, the recognition of
objects by moonlight intensities and the recognition of objects under
starlight intensities,

SECREF—RESTRICIEDDATA




CHAPTER 2

INSTRUMENTATZON

2,1 THE TRAILER

Since all of the detonations took place within 30 min prior to of-
ficial sunrise and a considerable amount of illuminatiun from the sun
was present, it was necessary to use some means of exposing the eyes
while the subject was dark adapted and had the normal dilated pupils
that go with the night-seeing situation, This is, of course, necessary
in order to obtain useful information applicable to night operational
conditions. A light-tight trailer was used to house the observers so
that dark conditions could be simulated (Fig. 2.1).

2,2 SHUTTERS

Along the side of the trailer were 12 ports fitted with shutter
devices for exposing the eyes of the observers., The shutters were con-
structed in such a manner that the left eye only was exposed to the
flash, while the right eye was used to fix the position of the eyes by
regarding a luminous fixation object. The shutter-opening mechanism was
initiated by means of a minus 1 sec signal sent out by the Control
Point (1 ms accuracy). A built~in delay opened the shutter at an average
of 1113 ms before time zero, The shutter remained open for 1 sec.
Mechaniamns were calibrated before, during, and after each test, Shutter
mechaniams worked satisfactorily during all tests (Figs. 2.2 and 2.3),

2,3 TESTING

Three types cf squipment were used to examine the subjects after
exposure, One group of subjects was asked to report readings on red-
lighted aircraft instruments (Fig. 2.4). Return of the ability to read
these instruments was recorded in seconds.

Zeiss nyktometers were used to indicate the return of mesopic
viaion following which the observers reported their ability to see
Landolt rings in adaptometers of known luminosity (Fig. 2.5).

During the exposures all of the observers in each group viewed the
detonation through a combined filter. One portion of this filter wvas an
infrared absorbing glass which prevented the passage of the larger part

15
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Fig. 2,1 Interior of Light-tigh* Trailer. The shutter mechaniams are
on the right, The subjects were seated on stools, After exposure they
turned around and faced the test apparatus shown on the left. Stools
vere guided to the proper apparatus by tracks on the floor, The various
cections veare igolated from each other by the dark curtains on the slidg-
ing rods. The black stovepipe visible was a portior of the light-~tight
forced air ventilation system,

16
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Fig. 2.2 Shutter Mechanimm, These shutters have a mmall self-luminous
fixation spot before the right (unexposed) eye. This is brought to in-
finity by the strong plus lens shown. This devioe insures that the
subject will be looking near, but not directly at, the detonation pcint
and that his accommodation will be properly controlled. The shutters
had an average opening lag of 11 * 3 milliseconds, remained open 1 seo~
ond and closed again automatically.

17
SECREI~RESIRLCIED DATA

.....

'''''




oooooo

------

......

------

input signal of
tter timing mechanims capable of taking any
e 2.3 32: sec or 1253 prior to detonation and actlvating the shutters.

It has an accuracy of ¥ one millisecond.
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Fig., 2,6 Transmisaion Chart of Combired Red and Infrared Filters

of the radiation with wavelengths longer than 1 micron (Fittsburgh heat
absorbing glass HA7), The cther ccmponent of the filter, through which
the flash was viewed, was the standard gcggle, dark adaptation, Type
F~1, Spec. No. 9{-3142, This filter permits the pa=ssge of radiation
with wavelengths longer thar 590, thus absorbing the ahort wavelengths,
which have such high intensity early i: the flash, By this combination
of filters ithe light waa reduced tc a fairly narrowv band between 6OC and
00, as indicated in Fig, <.t. Wiih the copbined filters thL:. retinal
irradiation in the central image, formed at 10 miles distance from the
fireball, during the first 1/10 of u seccnd, was reduced tw 20-25 per
cernt of the irradiation without the filters under otherwise equal cir-
cumstances,
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CHAPTER 4

RESULTS AND DISCUSSION

4e1 RESULTS
be 1.1 Statistical Data

Data for this project were obtained from five detonaiions. Thers
were 19 subjects used with a total. of 55 test cbservations. Of these,
39 were tests on red lighted instrments of the aircraft type and 16
were tests of mesopic and scotopic vimion., The results of these tests !
ars sumarissd in Table 7,1 to 7.4, and they indicate that the re-
covery of useful vision for reading red lighted instruments was very
rapid, The average time to the first correct reading was 18.4 sgec, This i
time varied but little for bombs of various sizes, It will be noted on
the taples that thage tests were conducted in very cleer air conditions,
Remults might not be the same if heze or Jdiffering weather conditions
pmmil@do

Nyktometer tests snowed that recovery of reasonably good mesopic
vielon (acuity 0.5 or 20/40; occurred on the avers,.e in 153 sec (range
47 to 420 aec{.

The adaptometer tests indicated that recovery of scctopic vision
to diatinguish light at 0,001 Ni{ luminance occurred in an average of
152,8 sec (range of 45 to 250 sec)., Visual acuity of 0,01 at this
luminance returned on an average of 160.7 sec (ramnge of 50 tc 255 sec),
At a luminance of 0,00001 Nit, the ability to distinguish form returned
in an average of 226,3 sec (range 100 + to 300 sec), and visual acuity
of 0,01 in an average of 248,9 sec (range of 105 to 330 sec).

4el.2 Thermal Effects

Jne officer, usva a3 a substitute on the last tost, sustained a
slight retinal burn in his paramacular area, He was the only subject ot
the 55 exposures who did, All other personnel were adequately protectod
by the combined filter used and careful objective and subjective wian- ’
inatior .howsd no injury. This burn occwrred on the final sh~t and vas
not detscted until after the trailer had been diemzntled, so the filters
could not be rechecked to be sure they wers intact, This officer does

24,
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have an extremely darkly pigmented fundus and energy striking the pig-
ment layer of his retina would be absorbed within a very thin layer of
tissue, His injury occurred during the participation in the detonation
of the largest of the bombs and the trailer was located nearer (7 miles)
to ground zero than in any of the previous shots. The signifance of
such a retinal burn is discussed in the other section of this report
concerned with atomic chorioretinal burms.

L2 DISCUSSION

There are two important eye problems relating to radiant energy
released by the atomic detonation. One is the problem of physical
tissue injury due to an increesed temperature in the pigment layer of
the choroid and the retina dve to asbsorption of infrasred and visible
light. This problem is discussed in project report Chorioretinal
Burns Produced by Atomic Flasgh, Project 4.5, Operation UPSHOT-KNOTHOLE,

The second problem 1s the temporary loss of visual fvnction due to
bleaching of the photochemical substances in the retina., This is the
so-called flash blindness which is temporary. It was the aim of this
study to determine the duration of this phase of the problem when a
gspecific filter was used. Such filters are readily available and can
be used by tactical organizations if the visual tasks of the individual
can be carried ocut with the filter iu place. Observation of red
lighted aircraft instruments and navigational ingtruments are examples.
In addition to reducing the period of visual disability, these fi ‘ers
in most instances will protect the eye against a chorioretinal burn,

The degree of protection afforded by these combined infrared ab-
sorbing and red transmitting filters cannot be determined with great
accuracy oince on each test there were many variables, in this latest
bomb series not only were all individuals protected by filiters, but
different subjects were employed, Distances, total yields and atmos-
pheric ccaditions varied on each shot, However, it may be inferred
from our data and from the previous TUMHLER-SNAPPER study that an in-
dividual wearing such goggles in the vicinity of an atomic detonation
at night would recover from the flash blindness in about 30 per cent
less time than an unprotected person., While the percentage of time is
not high, the length of time an aircraft can be flown at night without
vigual control is limited, Reduction 'n this temporary disability can
be very significant from the standpoint of operation effectiveness and
Sa-fetyo
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CHAPTER 5

CONCLUSIONS

5.1 CONCLUSIONS

It is concluded that a significant loss of central and peripheral
vision occurs temporarily following exposure to an atomic detonation,
It is aluwo concluded that filters of the type twsicd sarve to shorten
by about 30 per cent the normally longer period of incapacitation in
unprotected individuasls as measured in the TUMBLER~-SNAPPER operation.
These filters will also protect almost all eyes against chorioretinal
burns with bombs cf the given ylelds, at the given distances, and
under the stated atmospheric conditione. The atmosphere during the
test was nearly ideally clear, Over industrial areas air attenuation
woculd be higher,
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PART II

OCULAR EFFECTS OF THERMAL RADIATION FROM ATOMIC DETONATION
CHORIORETINAL BURNS

CHAPTER 6

INTRODUCTION

6,1 OBJECTIVE

To find thé extent of damage caused by exposure of the dark adapted
rabbit eye to the high intensity illumination of an atomic detonation
with appropriate «valuation to determine whether human eyes might suffer
similar injuries under the same exposure conditions, The injuries to
the rabbit eyes were to be assessed by clinical photographic and hie-
tolgic means in an attempt to determine a threshold distance where
retinal burns were no longer produced. An attempt was also to be made
to correlate the size and frequency of retinal burns with weapon kilo~
tonnage and distance of the animals from the firebail and insofar as
possible with thermal flux intensity produced on the retinal image.

6.2 BACKGROUND AND THEORY

6.2+,1 The Literature

The advent of the atomic bomb has produced new problems for the
ophthalmologist and it has intensified some of the old ones, The neutron
radiation problem is completely new. The gamma radiation problem is an
expanded version of the roentgen ray and radium emanation problem. The
radiant energy released at detonation of an atomic bomb in the form of
infrared and vis.ble light is again a physical agent with which opthal-
mologists are familiar because it produces the well-known eclipse burn
of the retina., It is the same infrared and visible light which produces
the atomic chorioretinal burns which are the subject of this presenta-
tion, Eclipse blindness wi‘h its typical macuiar burns has been reported
by Birch-Hirschfeld (12), (13), (1), (15), Verhoeff, Bell and Walker
(124), Alexana.r (1), Aubaret (3), Lundsgaard and Ronne (83), McCulloch
(85), Rosen (105), Tower (121), Zade (138), (139), (140), Jess (67),
(68), (69), and many others, Excellent reviews have be.. published by
Lauber (76], Birch-Hirschfelt (14), Verhoeff, Bell and Walker (124) and
Irvine (65),
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6.2.2 Characteristics of Light

Wnile the components of light from the sun and from the atomic
bomb flash which produce the damage are the seme (viaible light and
infrared), there are some rather marked differences between them, The
eclipse purn is salmost always macular; the atomic burn is usualiy not
maculer unless some fixation point has been provided giving the loca~-
tion of the bomb, The eclipse burn is incurred through a very amall
pupil, hence an appreciable period of time is required to heat tiassue
sufficiently to damage it, During this period the vascular system of
the sye can dismsipate some of this heat, In the atomic burn most of
the ensrgy is delivered so rapidly as to be almost instantaneous, thus
giving no opportunity for vascular dissipation and very little for dis-
sipation by conduction. In additiocn, it may well be delivered through
the widely dilated pupil occurring at night, This wide open pupil will
adnit roughly 50 times the energy passed by the smallest pupil in the
same pariod of time; so, while the mechaniam 1s the same, there are
differences which warrent careful consideration.

The extremely high intensity of radiation from the atomic flach
has been recognized from the earliest tests, As a result, the eyes of
practically all observers at atomic detonations have been carefully
protected by very dense filters required by the test organization of the
Atomic Fnergy Commission. The.e filters transmit less than 0,01l of 1 .
per cent of the visible light falling on them, A few individuals who y
have exposed their eyes in experiments and a few accidentally exposed
eyes have sugtained atomic chorioretinal burns, The literature reveals
no report of such a burn except for a single case of bilateral central
scotomata incurred in the Hiroshima atomic explosion, (Oyama and
Sagsaki (99)), The main reason for the paucity of burns in the Hiroshima
incident is apparent -~ detonation in bright sunlight with pupils of the
obgervers constricted to amall size, There were other factors also,
including size of the bomb.

Atomic chorioretinal burns are a real hazard from a national
defense and civilian defense standpoint and the factors governing the
production of these lesions should be known to ophthalmologists.

6,2.,3 Physical Factors

Phyaical factors largely determine whether or not an atomic
chorioretinal lesion will be produced. A theoretical consideration of
the physical factors led to the prediction that such lesions could be
produced considerably farther away from an atomic explosion than any
other damage to living beings (Buattner and Rose (2;?, (26)). Heat
damage to living tissue depends on the temperature and the length of
time the temperature persists, The increase in temperature of matter
depends on the energy absorbed per unit volume, If the energy is ir-
radiated on a surface and absorbed by a layer of known thickness and N
absorption, the temperature during the heating period depends on the
irradiance (that is, the energy arriving per unit area and unit time,
e.g., cal/cm?/sec). There is a difference between skin damage from
thermal radiation and the production of chorioretinal lesion by thermal
radiation. The irradiance from an atomic fireball on a surface, e.g.,
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on skin, depends on radiant emitlance, air attenuation, absorption and
scattering, and on the inverse square of the distance., Due to the
image formation in the eye the irradiance cr the retina does not depend
on the inverse square of the distance. It depends on the radiant
emittance of the fireball, the square of tne relative opening of the
optics (pupillary radius divided by focal leng“h) and on attenuation
by the air and the ocular media, If air attenuation could be ignored,
irradiance on the retina would not vary with Jdistance, In the percep-
tion of brightness a similar phenomenon is well known. Due to the
constancy of illumination of the retira a surface appears of equal
brightness tc us when we vary our distance from it. This is true as
long as the distances are not large w=nough to introduce effects of
attenuation by the air,

The radius of the image of an atonic fireball on the retina
varies linearly with the radius of the {'ireball and inversely with the
distance from the fireball, Thus with & pupil of given size at a given
distance, a certain amount of encrgy is distributed over the image area,
Now if the subject is twice ar far awsy, the amount of energy passing
through the same pupil will only be one-fourth as great, however, the
image area into which the ensrgy falls will only be one-fourth as
large, therefore, the energv per vnit area will be constant except for
the attenuations produced b alr and ocular media as mentioned above.
Attenuation in the ocular media will clange due to the change in spectral
distribution of the fireball's radiation passing through the air. The
significance of this change cannot be determined at present due to lack
of spectral distribution data for short times,

When the angle subtended by the fireball is smaller than the re-
solving power of the optical system of the eye, an image of constant
size results, The size of this image (often loosely called point-size
or point-shaped image) depends on the diffraction at the entrance
pupil, optical aberrations and scattering. The irradiation per unit
area in such a "point-shaped" image on the retina is like irradiation
of the slin dependent on the inverse square of the distance but it¢ is
higher than the skin irradiation due to the radiation gathering power
of the optical gystem.

Most of the following discussion (but not all of the experiments
later Jescribed) will be concerned with atomic bombs equivalent to
20,000 tons of TNT, (Effect of Atomic Weapons, 1950 (47)). Such a bomb
produces a fireball of 1370 cm C 1 ms after explosion. During the first
gecond the fireball grows to about 10 times this radius, and it persists
for about 3 sec after the explosicn.

While expanding, the fireball cools rapidly. At 0.1 ms the swur-
face temperature is 300,000°K, After 10 ms it is 2000°K; then it rises
again, reaches a maximum of 75000K after about 0,3 sec and finally drops
to ambient temperature at 3 sec, (See also more recent data in The Ther-
mal Data Handbook - AFSWP-700,) The radiant flux per unit area and the
quality of radiation changes considerably with the surface temperature
of the firebull. Spectral emission measurements have not been published,
Figure 6.1 gives spectral emission computed on the assumption of black
body radiation and rlanck's formula,

The radiation at 0,1 ms is rich in ultraviolet and "blue” radia-
tion. The radiation at 10 ms is "reddish;" the radiation during most
~f the time thereafter is fairly well represented by the third curve
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for 6100°K, The initial image on the retina subsequently receives the
sum of this radiation energy for each unit area,

Ring-shaped zones around this initial image (corresponding to the
enlarging fireball) receive less energy per unit area and radiation of
different spectral quality (relatively more "reddish" than the initial
radiation), If air absorption in the immediate vicinity of the fire-
ball is considered, but air absorption on long paths of air is neglected,
the irradiation of the ring-shaped zones of the image of the fireball
can be given approximately in per cent of the irradiation which the cen- .
tral part of the image (corresponding to a fireball of 1370 cm at 0,1
ms = millisecond) would receive during 3 sec. The central image would
have received at 100 ms 38 per cent, at 150 ms 40 per cent, A zone cor-
responding to a fireball of 2740 cm radius would have received at 100
ms 2.8 per cent, at 150 ms 5.5 per cent, The zones corresponding to
fireballs of 4110 cm, 5500 cm, 6850 cm and 8250 cm would have received
at 100 ms 1,7 per cent and at 150 ms 4.3 per cent, It is easily seen
that at distances at which such zones can optically be resolved, the
central zone will determine the threshold distance for damage,

The initial high radiant emittance and high temperature radia-
tion is of special interest for several reasons. It can be assumed
that an eye will react to the flash with closure of the 1ids, In man
this reflex has a minimum latency of 55 ms (Brunn, Falk, Matthes, 1941
(24); Gerathewohl and Strughold, 1953 (54)), with an average nearer 100
ms, In rabbits the average 1id closing time was found to be 284 ms, )

About 35 per cent of the total energy emission of the central
part of the fireball (radius 1370 cm) arrives at the eye during the
first millisecond, (Fig. 6.,2), For this part, the closure of the lids
as well as the pupillary reflex have too much latency to be of any pro-
tective value,*

The transmissicn of the eye is assumed to be similar to the data
in Fig, 6.3, This curve is a composite of data from Ludvigh and
McCarthy, 1938 (84), from 400 i to 640 4 and the data of Roggenbau and
Wetthauer, 1927 (103) for wavelengths longe. than 640 millimicrons.

The latter data were recomputed for the thickness of the media of
average human eye according to Listing, Helmholtz, and Gullstrand., it
was extrapolated into the ultraviolet taking intc consideration Kinsey's
(70) data on rabbits. Data or the absorption of the pigment layer were
not available for thissestudy.

For the animal experiments as well as for those human eyes in
which accidental damage occurred, refractive error must be congidered.
The enlargement of the image radius is approximately proportional to
the pupillary radius and to the shift of the imare from the retina,

In human beings it can be assumed for the large maicrity that correct
focusing occurs elther by emmetropia, accomm.daticn, or correction cf
refractive errors, The strain of rabbits used in the UFSHOT-KNOTHOLE
experiments had about <,5 diopters manifest hypercpia. For practical

* ,T£; faiiﬁéggime and temperature data quoted here was obtained {rom
Effects of Atomic Weapors. }?29”§47). For reasons cf expedience, in

the publication of this report, more recent data (c.f, Wi=71C, Air
Blast Measurements) was nct utilized,
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purposes the resulting enlargement of the image radius is negligible
(about 0,08 mm when pupil diameter 9 mm and focal length 10 mm). The
increasiig size of the actual fireball image, diffraction and scatter-
ing effects would overghadow the effect of small errors in refraction,

The relative opening of the eye differs in Aifferert species,

A rabbit eye with wide night pupil, about 9 mm has about twice the
relative opening of a human eye with wide pupil of 8 mm (the nodal point
is closer to the retina in the rabbit). Since irradiance on the retina
is proportional to the aquare of the relative opening of the eye, a
human eye, if absorption were equal, would require at the cornea four
times the irradiance necessary for o raobit at the cornea for the pro-
duction of a chorioretinal burn.

With equal irradiance on the retina differences in pigmentation
exsrt a decisive influence on the production of lesicnes, Radiant en-
ergy can produce immediate effects only where it is absorbed. The deal-
ing here is ncot with a specific effect of certain wavelengths, as in
vision, but with non-specific heat effects from energy absorption, In
an unpigmented albinotic eye, in spite of focusing by the optical system
much radiation will pass thirough the eye and into the orbital fat, The
little that is absorbed in the retina is absorbed in a relatively long
path, Conversely, in a darkly pigmented eye much of the pigmentation
is concentrated in the single cell layer of the pigment epithelium of
about 5 micron thickness, It can be assumed that per unit length of
path through the eye and per unit volume the pigment epithzlium in a
well pigmented eye has the highest energy absorption. It 1s the
high energy absorption per unit volume and rot so much the focusing
effects which are responsible for the depth localization of the primary
heat effect, This is obvious when one considers what happens in the
case of an extended image where no "focal point® is formed. No data
about absorption in the chorioretinal pigment are available., The
absorption depends on individual pigmentation and should be wvery high
irn dark pigmented individusals.

Since from existing data the threshold for chorioretinal lesions
could not be determined, an experiment with sun radiation was performed.
A detailed report on this experiment will be given later, Only results
pertinent to the present problem will be mentioned here., The experizent
wag performed on pigmented rabbits with pupils of 5 mm diameter.

The radiation from the sun was concentrated by means >f a two
rirror system, The irradiance at the cornea was measured by means of an
irradiation meter devised by Dr., Oskar L, Ritter, The device was cal~
ibrated at the Yational Bureau of Standards by Mr. Ralph Stair, The
irradiance at the cornea of the rabbits was 0,478 gm cal/sec cm<, The
exposure was 0,03 sec for the smallest chorioretinal lesion, which was
of 1 mz radius. The assumpticn was made that this amallest lesion
represented most closely the size of the "solar image,"™ used for
radiation, and that it showed the least secondary inflammaticn effec.s,
Such effects tend in lesicns obtained with mers than threshcld energy
to make the lesion larger than the criginally irradiated area.




During the 0,93 sec exposure 0,0143 gr cal/cm< was received at the
ccrnaa, The assumptior was made ‘hat 40 per cent® of this energy was
iranasmitted through the media of the eye and that all energy tranamitted
through the media and & 5 mm pupil was concentrated in the 1 mm diameter
image. The relation of the area of th. pupil to that of the image is

£/1. After applying the factors 0.4 &nd 25 the energy received per unit
area of the retira is computed as 0,1, gm cal/cx?, That is far less than
the energy per unit area for the minimal skin lesior and less than re-
ported formerly for eclipse blindness (Eccles and Fiynn (46)).

Table 6,1 is an estimate of distances from stomic explosicns for
0,1 gm ca.l/c:m2 in the central image on the retina which corresponds to
the initial fireball of 1370 cm, No exmct data abcut the spectral trens-
mission of air during different weather conditions are available, The
total air tranmmission data given in Effects of Atomic Weapons, 1950 (47)
wvere used. For the human eye a daylight pupil of 4 mm diareter and s night
pupil of 8 mm diameter were used fer computation. The time interval was
from explosion to 0.15 sec, For the rabbit at night twice the relative
opening of the human eye and the time interval from explosion to 0,25 sec
wvas taken.

TAHLE 6,1 - Estimated Threshold Distances for Chorioretinal
Lesions from a Nominal Atomic Boab

- —
! Visibility (in miles) E Distance (in miles) B
| | Human Eye Rabbit Eye !
| . Day | Night Night
S S e +=

Exceptionally 3 ,

Clear Air 25 ; 31 40 50
12 16 20 24
g 7.5 0. 13 17

Clear Air ) 1 3 f 10 12

Light Haze 1.9 3 5

The high initial irradiance of the retirsl image has interesting
consequences, If about 35 per cent of the tctal dosage of the central
image arrives in 0,00)1 sec, there is scarcely time {0 diassipate this
energy by conduction, The saxe number of calories arriving during a
longer interval of time raises the temperature less because scme energy
is dissipated during the heating., If, due to short distance from the
fireball, the temperature in the pigment layer reaches more than boiling
temperature and there is insufficient time for heat dissipation (as
during the first millisecosncw; =. explosicn of the beiling pigment epi-
theliur 18 the necessary conseguence, Tissue daxzage exceeding the
criginal image in gize is then t¢ be expected, Furthermore, it is to

* Ystimated on the basis of eye tranamisgion data {rom references 103
and U,
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Fig. 6.3 Spectral tranmission of the human ve, af’.. Ludvigh and

McCarthy, for 400 to 64 m 'limicrons & . f r the wavelengths
ionger than 660 millimjercus after Rogger.au and Wetthauer,
The curve has bes. exirapolated i~ the ultraviolet using data
from Kinsey, The Roggenbe:-¥atthaier data were recomputed
from the thicknesses of cow ayes .rom which they were
measured, tu thicknesses cf : man eyes.

e be expected that a leaion due to .xp) sior wili differ from a .esion
Beeee in which explosion does nct ocecur, bec wuse destruction of individual
L ¢ lls and tissue structure occurs :+ th the exploaion,
...... I. is ~ot poasible to give - usaful estimate of the protebilaity
,,,,, : that the chorioretinal lesion desircys a definite part of the visual
------ ficld or of the "normal® visual acuity. The size of the damaged &rea
BRI will in general be larger than the size of the image formed bv the
incident radiaiion, The effect of a cer'ain size of & lesion depends
o>n the locaticn of the iesion., A lesio. of the optic disc can cause
ccusiderable lose of the visual field or total blindness. A lesion in
the macuia will cause loss of visual acuity; secondary damage, like
retinal detachmer*, can affect large parts of the visual field., If the
appoaran~e cf & {'reball were equally probable in all directions in
space, and if the direc‘icn of gaze were completsly randomized, then the
probabilit- tha* a cer.ain siructure of the retina were Jjamaged hy a
lesion wouid be ziven by . fracticn in which the product of the area of
the lesion in square degrces and the area of the structure in square
dsgrees forms the mmerator, and wher= 41,253 is the decominater, Ob-
viously the direction ¢’ gaze is often toward the horizon and I, pilots
often in the direction of flight, Atomic fireballs are mcre rohable
near the horizon. For the direction cof the fireball as well as :or the
direction of gaces welghting 1actors are necessary for the computation
of a realistic rrobabllity of 1 cartair leslcn, CSuch weighting faciors
ars presently nct availabie. (The proulem cf weighting factors for thne
gaze wes discussed atl length by the Armed Forces - NRC Vigion Comittee
in 1953 fc~ reascns not connected with atoxic ireballs, The diiscus—
sion did not yield genemally acceptable weighting factors..
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CHAPTER 7

INSTRUMENTATION

While computaiions and threshold determinations indicated that
chorioretinal burns could be expected to a distance more than 45 miles
as predicted by Rose (104, it was felt necessary to verify these pre—
dicticns by actual experinentation., For this reason 700 pigmented
rabbits were obtained., These were &ll male rabbits weighing between
4 and 6 1b, It was essential to uvtiliz- pigmented rabbits becauase the
pigment in their fundi absorbs radiant energy in the same manner as
does a human. These rebhits were expcsed (one time each) during six
differe~t atomic detonations at the Neva.a Proving Grounds, Shots par-
ticipated in occurred on 7 Mareh, 2, March, 18 April, 25 April, 19 Msy,
and 4 June, They vere all detonated 5 mir before dawn under very clear
atmospheric conditions,

ctograph of Animal xposure Bexes, (amers and rhoteelsctiric
g a as Used During Atomic Tests (alsrs clock mot
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Fig. 7.2 Photograph taken by fiash of atomic bomb. By this means
animals with closed or shaded eyes could be eliminated frocm
statistical consideration {alarm clock not visible)., Note
animal with head insgide box,

The rabbits were placed in indivi.tual boxes which limited their
head moticn, They were 2ligred so that one visual axis was directed at
the approximate location of the detonation., Since a rabbit moves his
eyes vexy little, no methed of eye fixation was required. They were
placed in groups at variouas distances from the cdetonation point start-
ing at @ wmiies and going back in one Instance to 42 miles., Alarm clocks
were get to awaken the rabbits juet pricr to detonation, In addition,
each group was photographed bty the light of the bomb itself (see Fig.
7.1} This was done by & photoelectric timin~ device which snapped the
picture during the first 21 ms, thus recording it tafcre the rabbits
could blink, In this manner the animals with closed or shaded eyes
could be eliminate’ from statistical consideration (see Fig 7.2).

The animals were :sxamined ophthalmoscopically within the first few
hours after the saot. Retinal burns were identifieq, deseribed, and
photographed with a fundus camera. Some animals were sacrificed at
once in order to obtain the eyes for study; others were followed for
longer periuds to watch thas subsequent course,
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CHAPTMR 8

RESULYS

8.1 RABBITS

The typical fresh lesicn in the rabbit eye as seen with the cph-
thalnoscope is almost perfectly round, sharpely circumscribed and con-
sists of a central and perivheral zone., In animals exnosed nsar the
detonation flash (within approximately 6 miles) :ne sees a desp central
hole with glistening white base which appears to be sclera (see Fig.
8.1). Elevated volcano-like margins border this area. There may or
may not be herorrhage and/or coagulated debris exuding from the hole,
Surrcunding the central hole is a "halo" of dirty gray color, often
twice the diameter of the hole. At greater distances from the flash the
central arsa no longer appears to be a hole but is rather a yellowish-
vhite plaque, (see Fig, 8.,2) while the "halo"™ also diminishes in size
with increasing distance until at the middle and extreme distances it
disappears completely, whereas the plaque persists (see Fig. 8.3).

The ramainder of the retina appears entirely normal. Not all distances
were utilized on all shots, and cameras and photoelectric equipment
wers not available for each station., In addition the photoelectiric
device falled to trip the shutters at some stations. From 5 to 50
rabbits were exposed at various stations. The rabbits shown photograph-
ically to have closed eyes at the time of detonation were eliminated
frou atatistical congideration. On at least one of the shots chorio-
retinal burns were producad in 100 per czent of the proven exposed
animals at each of the following distances in miles: 4 5, 6, 7, 8, 9,
10, 12, 13, 14, and 27, Tables 9,1 through9.7 show statistical data
pertaining to results of clinical exsmination of rabbits for each shot.

8,2 PATHOLOGICAL FINDINGS

8.2,1 Material

Sections of the eyes from a total of 173 pigmented rabbits have
been prapared for the purpose of investigating the histopathological
changes produced within the eye by atomic flash. In this report a few
slides have besen selected *» correlate with the clinical picture and to
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Fig, 8.1 Atomic Chorioretinal Lesion in Rabbit Incurred at 10.3 Miles
During Shot 11. Noje elevated margins, deep central hole .
with sclera at base, hemorrhage inio the vitreous and sur-
rounding coagulated area, (C~726)
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Fig. 8,2 Atomic Choriovwtinal Lesion in Rabbit Incurred at 27 Miles
During Shot 11, Typical of middle distances showing area of
coagulation necrosis end small halo. {(C-753)

38
SEGREF—RESTRICTEDDAT A

BT e e i T i L *wvﬂ
N o




eJucidate the pathogenesis of both reversible and irreversible tiassue
changes accompanying atomic flash burns in retina, choroid, and sclera.

8,2, Technique

The rabbits were sacrificed by decapitation and the eyes
enucleated immediately. The histological technique routinely employed
was as follows: DBuffered isotonic 10 per cent formalin solution was
injected into the vitreous cavity of the freshly enucleated eyes which
vere then allowed to remain 3 weeks in the same fixative., This
formalin-fixation was followed by alcohol dehydration. The eyes were
finally embedded in celloidin under heat and increased pressure (Walls
(129)). Microscopic sections were cut in a sagittel plane and were
stained with hematoxylin eosin,

8,2.3 Morphology

The extent of the microscopic changes in the choroid and retina
of pigmented rabbits exposed to atomic flash varied greatly, according
to the amount of energy which had been absorbed by the tissues, pri-
marily the retinal pigment epithelium and the choroidal chromatophores.
These histologically visible changes in choroidal and retinal tissuesg
can be divided into two characteristic types:

1, Lesions characterized by coagulation necrosis with additional
ma jor tissue and cell destruction in retina and choroid, This major
tissue destruction is probably produced by =2xplosive intracellular and
extracellular generation of steam and gaseous expansion.

2, Lesions characterized by coagulation necrosis without major
tissue and cell destruction in the retina,

Both types are best demonstrated by an unusual case in which a
double retinal lesion oceu'red at 10,3 miles from the hypocenter
(Shot 11), In this case, “wo disciform lesions of type 1 above were
connected with each other by an opaque linear burn of type 2 (see Fig.
8.4). The diameter of the larger discoid lesion was 1.6 m.; that of
the smaller discoid lesion was 0,5 mm, The length of the lineer buin meas-
ured 6,5 mm; its width 0,2 mm, These measurements do not inciude the
secondard choroidal reactive changes seen surrounding the lesions.

Ophthal:oscopically, both d woid lesions showed an immediate
rupture of the retina and hemorrhage into the vitreous body. This
vitreous hemorrhage disappeared within 2 days. The tissue around the
necrotic center appeared as a gray milky ring which measured 1,6 mm
in diameter on subsequent sectioning, After 2 days the animal was
sacrificed for histopathological investigation of the eyes. The per-
tinent sections are shown in Figs. 8.5 and 8.6,

The microscopic picture of the larger lesion (Fig. 8.5) was that
of circumscribed coagulation necrosis measuring 1.4 mm in diameter,
with almost complete disintegration of nerve tissue and choroid within
a central area of about 0,4 rm diameter, Hemorrhage from choroidal
vessles had produced a circumscribed bulging elevation of retina into
the vitreous with a horseshoe-shaped retinal tear., Although the
retinal architecture is seen to be relatively well preserved over this
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Fig. 8,3 Atomic Chorioretinal Lesion in Rsbbit Incurred at 28,5 Miles
During Shot 11, Typical of extreme distances showing sharply
?1rcum§cribad area of coagulation necrocis and minimal halo,

C-717

area, the underlying retinal pigment-epithelium and choroid have dis-
integrated. The choroid showed in addition dilatation of vessels,
moderate edema, and minor hemorrhages.

The histological section cut vertically through the linear por-
tion of the burn of Fig, 8.4 revealed (Fig. 8.6) marked choroiditis
accompanied by structural changes in the adjacent retinal layer;
whereas, only minimal alterations occurred in the remainder of the
retina,

Retinal and chorcidal lesions resulting from exposure to energy
levels higher than those which produced the foregoing lesions (i.e.,
at closer stations during shots of highest thermal yield) are shown in
Figs. 8,7 and 8.8 as follows: Figure 8,7 is a photomicrograph showing
marked dectruction of the retina over a central area of 1,1 mm, with
choroidal alterations extending to a diameter of about 3 mm., This
"perifocal" choroidal lesion seen histologically correlates closely in
area with une ophthalmoscopically observed opacity of the retina which
had been seen to surround the central area of retinal destruction, It
is notable that there is no histologically demonstrable indication of
retinal swelling or retinal edema within this perifocal area., One
might be inclined to assume that the gray retinal opacity surrounding
the central area of retinal disintegration, i,e., the perifocal retinal
opacity, represents coagulation necrosis rather than edema.
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Fig. 8.4 Atomic Chorioretinal Lesion in Rabbit Eye Produced at 10,3

Miles During Shot 11, Unusual case of double diaciform
lesions connected by linear burn,

Top: 2 hr after exposure (high energy)
Center: 2 days after exposure
Bottom:

Schematic diagram showing medullated nerve fibres
in heavy lines, non-medullated nerve fibres in dotted lines,

The latter have been obtained by extrapolation of the course
of former., Magnification of lesion x 10 (USAF SAM R842)
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Fig, 8.5 Top: Early Stage of Atcmic Chorioretinal Lesion (larger disci-
form leaion of Fig, 8.4)
Bottom: Microscopic section vertically cut throuch larger
lesion coagulation necrosis with major tissue and cesl destiruc—
tlon in chorold and retina, xudation and hemorrhage in liqui-
fied center of lesion, Bulging and rupture of retina., Artificial
detachment of retina, P‘a.?nification Yo scale of retinal picture,
HAE, x 50 (USAF #842-C11
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Fig. 8,6 Early Stage of Atomic Chorioreti.ial Lesion, Vertiecal section
through linear burn effect shown in Fig, 8.,3. Notice the well
presesved inner layers of the retina. Artificial detachment
of the retina on both sides of lesion, H&E, x 150 (USAF SAM
#842~C1)
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.....

Fig. 8.7 Early Stage of Atomic Chorioretinal Lesion in Pigmented Rabbit
Zye Due to High Fnergy (6 mi, Shot 5). Sacrificed 2 days after
exposure, H&Z, x 60, Insert at left corner shows ophthalmoscopic
picture of lesion. Magnification x 10 (SAM #309)
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Fig. 8,8 Early Stage of Atomic (horioretinal Lesion Due to High Energy
(5 mi, Shot 2), Sacrificed 8 hr after exposure. Notice burn
effect in sclera., h&E, x 50 (USAF SAM #113)

Fig, 8,9 Aseptic Irflammatory Reaction in Farly Atomic Chorioretinal
Lesion (10 mi, Shot 11). Accumulation of polymorphonuclear

granulocytes, predominantly ecsinophiles, H&E, x 200 (USAF
SAM #eL,

bay




Figure 8,8 shows the tissue damage produced by extremely high
levels of atomic flash energy. In such severe atomic burns almost
complete destruction of the retina and choroid is found, often asso-
ciated with a widespread coagulation necrosis which perietrates deeply
into the sclera. However, even in these severe burns no case of per-
foration of the sclera was observed.

Figure 8.9, 8,10, and 8.11 illustrate the histologic changes
asgociated with healing of these lesions, Figure 8.9 shows the appear-
ance of aseptic inflammation which developed early in the repair phase.
Polymorphonuclear granulocytes are present in the necrotic tissue of
all the cases at this stage of repair., In many cases, such as the eye
from which Fig, 8.9 was made, eosinophils predominated.

The final result of the repair process, after liquefaction,
phagocytosis, and digestion of debris had taken place, and exudate had
been absorbed, was a replacement of the disintegrated nervous tissue by
glial tissue. In the choroid many of the dilated vessels were oblit-
erated, Figures 8,10 and 8,11 illustrate the conversion of the granu-
lation tissue to dense connective tissue which provides a relatively
firm connection between retina and choroid,

8.3 ACCIDENTAL CHORIORETINAL BURNS IN HUMANS

Although not a specific result of the experiment as planned, the
following irformation is pertinent to the study of retinal burns. Four
human cases of chorioretinal burns severe enough to show on a fundus
photograph have been observed during this and previous atomic tests.
There are several more individuals who have looked at atomic detona-
tions with unprotected eyes in the daytime and w:c have amall other-
wise unexplained scotomata,* Tnese cases are not included, Of the
four cases described here, only one has a serious disability., This
man, 5, H.,, was warned by his commanding officer that it would be
dangerous to look at the flash, but he ignored the warning, He was an
Army officer stationed with Army troops in trenches within 2 miles of
the detonation point on Shot 8 (25 April)., Fortunately, he did cover
one eye which was therefore not damaged. Visual aculty in the exposed
eye dropped immediately a.ter exposure to 20/200., This patient was
not seen i - the Department of Cpthalioclcgy group until 6 weeks after
his exposure, At that time he shcwed a centiral retinal lesion, about
a disc diameter in size, the upper border of which bisected his
macula., The area resembled a healed chorioretinitis with sharply
defined borders, There were pigmentary changes surrounding the lesion,
There was some necvascularizstion principally below, The central part
of the ciearly defined semicircular lesicn was brownish in color., The
entire lesion was depressed t | w the level of the currounding retina
and showed marked cicatirical contraclion with a complete rosette of
prominent retinal tension folds. Visval acuity was 20/7C with a
sharply circumscribed absolute scotoma, meesuring 4 degrees ve, ically
and 5 degrees horizontally and lecated just abcve tre fixation voint
(see Fig, 2.12),

* thman Chorioretinal Purng from Atomic Fireballs, (Report in press,
Archives <[ Ophthalmolo;y. )
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Pig., 8.10 Late Stage of Atcmic Chorioretinal Lesion, Pigmented Rabbit,

18 Days after Fxposure to Medium Energy (4 miles, Shot 8).
Insert shows ophthalmoscopic picture to scale with micro-
scopic photograph, Note obliteration and cicatrization of
choroid in the canter of the lesion, reactive hyperemia or
choroidal vessels in surrounding tissue, Artificial
detachment of choroid on both sides of lesicn., HaE, x 10
(USAF # 600)

Three cother human cases of retinal burns have been adecuately
docurented in the series of bomb ‘ests in this country, all of which
occur.ed at approximately 1C miles, Ths first ¢f these, B, V. C.,
occr .red in 1952 tests during investigation of the changes in visual
acuity, loss of dark adaptation and pesrsistence of scotomats “ollm.ri:j
atomic Ilash {see IUMBLER~SNAFFER report on Flaan Blindness, WI-530).
No protective filters were employ~d, Fcllowins the flash, sub ect‘va
symotoms persisted for no mere tnan 5 min, however, a r‘ea::br roun
at .olute scotcma vas later mapped cut in the L eye, T mm from t:za,

_ixation point, about 1/10 disc diareter ir size, <Jphthalmescopically,
a punched out fairly sharply demarcated srea of blanchins of the retlins
apr oximatel, /10 disc diazeter was teer in a positicn corresper ding
tc the scotoma just nasal te the macula, siswl weulty temained uwne
Sffected, 0S: 20/14-1 (see Fip. 8,13'.




(25}

~ate Stage ! Atomic Cicor Figzen: bbit,
<8 Dmys after Zxpesure to Figh Irergy .| kot 10
Advanced scarification of
*relo® in fundus piciure, ! (o of eh . ls
and plgment atrcphy. HEY O LTSAF SAM #53)
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Fig. 8,12 Atom!r Chorioretinsl Lesion in Human (S.4,) 2 Miles from Ex=
plosicn; Snot 8, Leaion in the lower right part of picture.
Note radial tension folds, Two dark spote and white lines in
the center ars artifacts. Photograph taken € weeks after bomb
axpo gure,

L i

.. ..

Fig. 5,13 Healed Atomic Chorioretinal Lesion in Human (B.V.G.) at 10 mi,
from Explosion, TUMBLER-SNAFPER, 1 May 1952, Dark spots and
white lines ir center of picture are artifacts, Lesion isolatad
hetween macula and artifacts, Photo taken 1} yr after exposure.
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Fig. 8.14 Atomic Chorioretinal Lesion in a Human (M.C.R.) 7 Miles from

Fxplogion (19 May 1953, Snot 8). Lesion: oval area below
macula, Photograph 1 month after exposure.
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Fig, 8,15 Atomic Chorioretinal Lesion (W.I 7.j in iiuman, Fhotograph 1
Month after Exposure, Incurred at il miles from expleaion,
Shot 7. Arrows point to lesion.
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The last two cases occurred during UPSHOT-XNOTHOLE, C. B, was an
officer who observed the flaah (at 7 miles distance during Shot 7, 19
May) with his left eye through special ophthalmic filters designed to
tranamit muob reduced intensgity in a limited portion of the spectrum, A
peripheral scotoma was noted immediately after the tests and has per-
sisted to the present. Corrected visual aculty OD: 20/15; 0S: 20/1i5,
Examination showed a horizontally elliptical punched out lesion approx-
imately 1/6 disc diameter in size just below and bordering on the left
macula, Sclera is seen in the depths of the lesion, The center of the
lesion is white in color and is in all respects julescent. A 3-degree
absolute scotoma persists (see Fig, 8,14).

The final case is that of an airman, W, L. C.,, who was preparing
to photograph the atomic bomb (at 7 miles distance during Shot 7). He
had just sighted the target when the flash occurred, He blinked imme-
diately and turned away from the flash. The subject noted no symptoms
whatever and was examined on a routine checkup one month later, ix-
emination revealed identical bilateral symmetrically placed small
lesions. The left is half way between disc and macula and slightly
below a line joining them, The lesion of the right eye is latersl to
and just below the macula, Lesions have a pale cenier with slightly
pigmented margin., No edems or depression is seen. Corresponding
scott):mata were plotted., Visual acuity OD: 20/20; 0S: 20/25 (see Fig,
8,15},
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CHAPTER 9

DISCUSSION AND CONCLUSIONS

9.1 DISCUSSION

The unimal experiments have shown that danger to the retina from
an atomic explosion estually exista far beyond all previougly estimated
distances, While the experiments were performed on rabbits, thkay show,
within axperimental error, agreement with the estimates made in Table
6.1. It is obvious from studying the burns in question that they do
not represent the maximum distance ™' the threshold is being approached.
There is therefore considerable support for the Department of Ophthal-
mology's estimates of threshold distances for human eye lesions as
given in Table 6.1, The three human cages in which lesions occurred at
7 to 10 miles away from the detonation are further proof of the poten—
tial danger to the retina, Ophthalmoscopically these lesions were
reasonably similar to those observed in animals at comparable distances,
Subsequent observation showed that the healing phase in humans also
correspcnds to that in experimental animals, It is apparent that the
diameter and severity of the lesion decreases with increasing distance.
Close to the fireball the predicted explosions within the retina were
observed, Near the sstimated threshold distances no retinal explcsions
were obgerved, One must also consider the possibility of an atomic
flash burn occurring directly on the optic nerve head., This would, if
of sufficient size, result in complete blindness of the affected eye.
The formation of radial tension folds suggests the possibility of
future retinal detaclment, In this manner even a small extrafoveal
lesion which in itself would not essentially impair vision, will result
in a potentially disastrous loss of vision.

From the series of microscopic sections studied thus far, it can
be inferred that the pigment of the retinal epithelium and choroid is
the principal site of absorption of the energy from atomic flash which
produces intraccular lesions, The lesions are characterized by a o~
agulation necrosis accompenied by central major tissue destruction
involving these saue pigmented layers., In lesions caused by low radia-
tion energy, the inner layers of the retina are usually well preserved,
This does not necessarily imply functional integrity in vivo since mod-
erate heat with temperatures beluw the boiling point may cause
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coaguletion necrosis without destruction of the arcnitecture, Similar
cases had been Gescribed by Birch-Hirschfelt (13), (14), and by
Verhoeff and associates (124)., These investigators produced retinal
burns with a carbon light for the purpoze of correlating histopatholog-
ical changes with the clinical picture of solar retinitis, Birch-
Hireehfelt (12), (13), (14), (15) also observed that thermal damage
produced in the choroid and retins of pigmented rabbits is greater than
that produced in the eyes of albinotic rabbits., He interpreted his
findings as ovidence that the anatomic lesions of eclipse blindness are
a transucaticn from the choroid, a necrosis of the outer retinal layers,
and disintegration of the pigment epithelium, a conclusion already made
by Czerny (14), Deutschmann (34) and Witmsrk (14). According to Birch-
Hirschfelt (125, (13), (14), (16) the inner retinal layers were only
secondarily involved - a conclusion which remains to be proved. There
is strong evidence that coagulation nscrosis, whenever caused by neat

lcw the boiling point of tissue, is the cause of the milky gray dis-
coloration of the retina seen with the ophthalmoscope.

Histelogically, this gray retinal tigssue was distinguished by a
well preserved architecture, This discoloration could be interpreted
not only as the result of a direct heat coagulation of the tissue, but
alsc as the result of a delayed autolysis. Such a delay in autolysis
could be explained by assuming that the epplied heat destroys the fer-
ments which normally initiate re-id autolyeis,

The histological evoluiion of the tissue repair following these
atomic bomb flash burng does not differ essentially from a repair fol-
lowing burns produced by other sources of energy. Remarkabie, however,
is the extensive accumulation of eosinophils in some cases. This find-
ing suggests the occurrence of a hypersensitivity reaction to the de-
natured protein or its derivatives, Also surprising is the extent of
the reactive hyperemia in the choroid surrounding the lesion., In some
cases it exceeded the sree of primary damage by more thar six diameters,
This observation suggested a study of the heat effect on the activity
of rertain enzymes in the retina and choroid which is presently being
urdertaken, In the final stage of repair, the prominent features of
the microscopic picture were the obliteration of initially dilated
vessels, the scarification in the area of the burn, and the solid fusion
of retina, choroid, and sclera at the margin of the lesion, These atomic
chorioretinal burns are important to the practicing ophthalmologist who
should be aware of the danger of their production for military and
civil defense reasons and who should be able to recognize them if they
occur, Certain facts must be emphasized. A large part of the energy
is dalivered so rapidly that blinking and pupillary contraction have
only limited protection value, Kelative pupillary aperture is a most
irportant factor, thus atomic chorioretinal lesions will occur much
more frequently and at larger distances at night. The darker the pig-
mentation of the retina, the more susceptible it is to being burned,
Defects produced in the visual fields will be peripheral unless the
burn involves the macula or the nerve head, in which case very severe
visual defects may result,
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TABLE 9,2 - Recovery Time, Shot 1, 17 Mar 1953

Subjects viewed the bomb flash through the filter system described in
the text,

A, Recovery of ability to read red floodlighted and internaliy red
lightea instruments in protected individuals:

Subject Recovery Time in Sec *
W, K, 20
Ce M, 20
2. S, 17
' D, C, 20
L, ¥, 25
R, B, 25
E, H, 12
C. G, 20
Avarage 19.9 s=ac J

B, Recovery time in seconds of mesopic vision measured on the

nyktometer:
Subject Visual Acuity 0.1 Visual Acuity 0.5 (20/40)
J. K, 53 176
G. P, 55 *175
c. C. 28 158
W. F. 92 420
Averags 58 swc #* 2,8 sec

C. Recovery time in min of scotopi: vision measured on the adaptometer:

Luminance 0,001 Nit Luminance 0,00001 Nit
Distinguish | Visual Aculty Distinguish |Visual Acuity
Subje~t| Light 0.01 Light .01
J. X. 3:00 3:05 4:20 5:25
G. P, 4:02 412 4:50 5:30
c. C. 2:45 3:00 4:00 4552
W, F, 4:10 4:15 5:00 5:20

* 175 seconds is the time required to read 0.4 acuity, 0.5 reading
not posaible even at & minutes,
**% 175 reading not included in this average.
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TABLE 9,3 - Recovery Time, Shot 2, 24 Mar 1953

Subjects viewed the bomb flash through the filter system described in
the text,

A, Recovery of ability to read red floodlighted and internally red
lighted instruments in protected individuals:

Subject Recovery Time in Sec

. 40
22

1
21
20
15
25

8

Average 21,5 sec

L] ® o &
L) s o L]

L)
L]

Om:ﬂbpmﬂt

L ]
O:EWFOU)KX

B, Recovery time in seconds of mesopic vision measured on the

nyktometer:
Sutject Visual Acuity 0,1 Visual Acuity 0.5 (20/40) |
Jo. K, 77 260
G. P, 20 56
C. C, 15 100
W, F, 35 * 125
Average 36.5 sec % 138 gec
C. Recovery time in min of scotopic vision measured on the adaptometer: L
Luminance 0,001 Nit Tuminance 0.00001 Nit |
Distinguish | Visual Acuity Distinguish | Visual Aculty s
Subject| Light 0.01 Light 0,01
J. K. 4:21 4222 4356 . 5:10 R
G, P, 1:05 1:10 1:40 L 145 S
c. C, 2:40 3:00 3:30 5:15 T
W, F, 3:05 - - | 4200 J

......

* The 125 is 0.4 reading; no reading of 0.5, R
** This does not include the 125 reading. e
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TABLE 9.4 - Recovery Time, Shot 5, 18 Apr 1953

Subjects viewed the bomb flash through the filter system described in
the text.

A, Recovery of ability to read red floodlighted and internally red
lighted instruments in protected individuals:

Subject Reccvery Time in Sec
W. K, 15

C. M, 12

R. 8. 16

D. S, 9

L, W, 25

R, B, 19

J. F, 20

F. H, 5

Average 15.1 sec

B, Recovery time in seconds of mesopic vision measured on the

nyktometer:
Subject Visual Acuity 0,1 | Visual Acuity 0.5 (20/40)
P
J. K, - 89
G, P, 10 65
¢, C. 11 85
W, F, 15 * 60
Avera 12 ** 79,6
e | ge _
Beetld C. Recovery time in min of scotopic vision measured on the adaptometer:
...... Luminance 0,001 Nit Luminance 0,00001 Nit
S Distinguish | Vigual Acuity Distinguish | Visual Acuity
s Subjecv| Light 0.01 Light 0.01
Je. Re - 3:00 - - !
G. P, 0:45 0:50 3:00 5
c. C. 1:40 1:45 2:25 3:10
W, F, 1:50 - - 2:30
L Lo .1

SO o Th:_&)v{s'id.j reading; instrmment failed on 0.5,
** This does not include the 60 reading.
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TABLE 9,5 - Recovery Time, Shot 7, 25 Apr 1953

Subjects viewed the bomo flash through the filter system described in
the text,

A, Recovery of ability to read red floodlighted and internally red
lighted instruments in protected individuals:

i Subject Recovefy;figg_ig Sec
W. K, 10
C. M, 1
Re S. 27
L. W. 25 |
R. B. 12 x
Eo Ho * 6
Ho W. 23 |
|
[ Average 16,7 sec !
_ _ e
B, Recovery time in seconds of mesopic vision measured on the
nyktometer:
Subject | Visual Acuity 0.1 vm@l Acuity O, 5 (20/40)
J. K. 55 : - (No 0.5 reading possible)
G, P, 14 ’ 47
‘o Co 58 225 |
4, F, 17 | 170
|
| Average 36 w
c. Recovery time in min of scotopic vision measured on the adaptometer o
% i Laminnnce 0,001 Nit 7v‘“MTV“WA»}£gp§§§ce C.OOOOl Nit [EEEREEEEE
; Distinguish | Visual Acuity | Distinguish i Visual hcuity
| Subjoct! Light . 0,01 Light . 0,01 4
>:—— T ,i: "_”_"—’7:1.:.2;—-_——_».’:/?7:;_;__":,::;’;, e L LTI T T =]
% Jo Koo 150 § 2:00 | 3:50 4:00 L
G, P. . 04 1:0 | 4:50 N
. C, C, 3:50 3:50 4125 4:40 L
W, F, 1:20 1:31 2:16 2:19
57
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TABLE 9,6 - Recovery Time, Shot 8, 19 May 1953

Subjects viewed the bomb flash through the filter system described in
the text,

A, Recovery of ability to read non-floodlighted red internally
1lluminated ingtruments in protected individuals:

-
Subject Recovery Time in Sec
v, K, 8
R, S. 23
R. B, 1
W, F, 18
G, P, 23
J. Kell 20
5. K&v m
B, 5¢3
Average 16.4 sec
| S
58

R I RS IRICTEO—DRTA




TABLE 9,7 - Summary of Frevious Tables

A, Averages of recovery time of ability ‘o read red floodlighted

instruments in protected individuals for each shot:

y ey S
Distance Radiochemical|Visibility Recovery Time
Shots  ,in Miles Tield(KT) | in Miles in Seconds
1 (17 Mar 53) 745 16,2 50 19.9
2 (2 Mar 53) | 1.0 2.5 %0 21.5
5 (18 Apr 53) | 1.0 23.0 % 15.1
7 (25 apr 53) | 8,0 434 50 16,7
| { Average _ 18.4
B (9 My 53) 7.0 27,0 50 * 16.4
B. Average racovery time of mesopic visiorn measured on the nyktometer:
| Shot | Visual Acuity 0.1 § Visual Aculty 0.5 (20/40)
w 1 58 aec ‘ 248 sec
§ 2 i jo sec : 138 sec
j 5 iZ sec** g 80 soc
7 36 sec 147 sec
% Average 35.5 sec Average *** 153 gec
C. Average recovery time of scotopic vision measured on the
adaptometier:
| Shot _ Luminance 0,001 Nit _Luminance C,00C0L Nit
Distinguish - Visgual Digtinguish  Visual
oo Lignt = Acwdty C,01 Light  Acuity C.01
1 2092 218.0 | 272,5 316,38
pi 179.0 170,7* 02,0 2.5
5 25,0 - 111,7% 1o, 5% 17C,0%
7 r .o 132.8 Q30,2 <19,7*

* Qn ’\ the time required to reai ron=-flocdli nted internally ii-
lzxmmted instmmernts was measured,
** Iriicates average bmsad cn “ess than 4 sublects,
*®% This figure 13 umdoubtedly ~cnsidersbiy delow the irue avar=/e,
nee on each shot scme ir fvivao falled o read the O,% lest,
Subjects viewed ths ucsb flash through the filter gysiex
deacribed in the text.
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TABLE 9,8 - Regults of Clinical Exgmination and Fiacement Information
on Rabbits for Shot 1 (17 March 1953)

E;ation No. of | Camera | Proven* | No, of Animals | Per cent of
(miles | Animals|Coverage! Exposures with Animals with
from Placed (No., of | Retinal Burns | Retinal Burns**

GZ) Animals)

2 5 None 1 20 - ?

3 5 None 3 ¢ 60 = T

4 5 Still 4 4 80 - 100

5 5 Movie 5 5 100 -~ 100

6 5 Still 4 3 60 - 75

7 10 S5ti11 5 50 - ?

8 10 Still 6 6 8 - 100

9 10 Movie 5 50 - 2

10 15 Movie 12 7 47 - 58
11 15 Movie 9 8 53 - 89
12 15 Movie 7 6 L0 - 86

TABLE 9,9 =~ Regults of Clinical Examiration and Placement Information
on Rabbits for Shot 2 (24 March 1953)

Station; No., of | Camara | Provan® ! Ne, of Animals| Per cent of
(miles | Animals| Coverage| Exposurss with Animals with
from Placed (No, of Retinal Burns | Retinal Burns**
 GZ) Animals)
3 5 None A 80 - 2
4 5 None 5 5 100 - 100
5 5 None ) 5 100 - 100
6 5 Movie | 5 5 100 -~ 100
7 5 Movie 4 3 A =75
8 10 None 5 60 - 7
9 10 Still 8 7 70 - 87
10 10 None 8 80 - ?
11 15 S+111 2 8 53 - 89
12 20 Still 12 10 50 - 83
13 20 Still | 15 13 | 65~ 87
1, 20 Still | ] 9 l 45 - 6

* "Proven Exposure® includes animals with lesions plus those whose

eyec were open at zero time as shown by ohotographs of the rabbits

in
i

situ,

Per cent of «nimals placed showing retinal burns is followed by

per cent of proven expoced animais showing retinal burns,
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“ABLE 9,10 ~ Results of Clinical Examinalion and Placement Information
on Rabbits for Shot 5 (18 April 1953)

Station | No. of | Camera | Proven®* Ne. of Animals | Per cent of
(miles | Animals|Coverage| Exposures vith Animals with
from Placed (No, of | P~ .nal Burns | Retinal Burns**
GZ) Animals)
3 5 None 4 80 - 7
4 5 None 5 5 100 - 100
5 5 None 3 60 -7
o 5 Nore 3 60 - ?
7 5 S5till 4 3 60 - 75
8 5 None P L0 -7
9 5 Still 3 60 -~ 75
10 5 None 3 K - 7
11 5 None 3 60 - ?
12 10 S5till 8 8 80 - 100
13 10 Still 8 8 80 - 100
1, 15 Still 12 12 80 - 100
15 15 Still 13 5 33 - 38
16 15 None 7 47 - 7
17 20 None 9 45 = 7

TABLE 9,11 - Results of Clinical Examination and Placemernt Information
on Rabbits for Shot 7 (25 April 1953)

Station | No, of
(miles |Animals
from Placed

GZ)

3 10

4 10

5 10

6 10

7 i0

8 15

9 15
10 20
11 20
25 10

Camera ‘ Proven*
Coverage | Exposures
(No, of
|Animals)

e e ——

i

None
None
None
None
Still
Still
Still
Still
Still

6
8
10
15
12
Still 8

e

! No. of Animals | Per cent of
with Animals with
R:tinal Burns | Retinal Burns**
3 30 - 7
8 80 - %
7 G - 2
8 80 « ?
6 €" - 100
8 53 - 100
10 67 - 100
L 70 - 93
11 55 - 91
1 10 - 12

R ——

% "Proven Exposurec" includes animals with lesions plus those whose
eyec were open at zero time as shown by photographs of the rabbits
in Situ.

*%

cent of proven exposed animals showirg retinal burns,
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TABLE 9,12 ~ Results of Clinical Examination and Placement Information
on Rabb’ts for Shot 8 (19 Mey 1953)

Station |No, of | Camera | Proven* | No. of Animais | Per cent of
\miles |Animala|Coverage | Exposures with . Animals with
from Placed (No, of | Retinal Burns | Retinal Burng®*
GZ) Animals) |
S i
9 10 None 7 70 - ?
23 30 None i 1? 3?
25a 20 None 1? 57
25b 20 Still 20 1 5
39 50 None 1? 27

TABLE 9,13 =~ Resulta of Clinical Examination and Placement Information
on Rabbits for Shot 1l (4 June 1953)

Station |[No, of | Camera | Provsz:* | No. of Animals | Per cent of
(niles |Animals|Coverage |Exposures with Aniuals with
from Placed (No, of | Retinal Burns | Retinal Burns**
Extended Animals)
GZ)
10.3 10 Still 8 8 80 - 100
18,5 1 15 None 8 53 = ¢
25 15 Stily 10 7 L6 - 70
27.4 15 Still 11 11 73 - 100
28.5 15 S+ill 8 53 -2
D 42,5 10 None 3 3 -1

ooooo

* "Proven Exposures® includes animals with lesions plus those whose
eyes were open &t zero time as snown by photograchs of th. rabbits
in Situ.

*#* Por cent of animals placed showing retinal burus is followed by
pexr cent of proven exposed animelsg showing retinal burns,
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9.2 CUNCLUSIONS

Potential danger to the retina far beycnd previously estimated
distance: has been descrited. In exceptionally clear air the nominal
atomic bombe (20 KT) can be expecied to produce atomic chorioretinal
lecions in humans up to 36 miles in the daytime and up to 40 milcs at ¢
night. The resul’s obtained in the experimental exposure of 700 pig-
mented rabbits to the atomic flash along with four humans accidentally

exposed are given. The pathology of the lesions has been briefly .
described, The physics of the generation of the pathologic process is
di scussed.
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DEFINITIONS

Adaptometer - An instrument used to measure the state of dark adap-
tation of the human eye,

Fovea - The anatomical area of the eye which is lie site of the
highest concentration of visual end organs capable of giving the
individual most acute vision,

Scotopic Vision - Vision which an individual employs (using rods
alone) wnen luminance i1s lower than & moonlit night sky. The cen-
tral portion of the retina cannot funetion at this luminance, so
there i~ a sectoma in the visual fileld,

Mesopic Vigion ~ Vision using both rods and cones,

Infrared Filter - A lens which permits the passage of almost all
visible 1light, but absorbs infrared radiations.

Nyktometer - An instrument designed to determine the rate of recov-
ery of mesopic visual acuity following glare.

Peraceutral Visicn - Vision outside, but close to the central area
of very acute vision,

Red Filter - A filter transmitting mainly radiation of wavelengths
longer than 600 millimicrons,

Red Ianternal Lighting - Illuminatior of instrument dials by lights

inside the instruments ratner than by external flood lighting.

Luminance - Formerly called brightness, the characteristic property
of an area that makes it appear brighter or darker to the eye, It
is measured in luminous intensity per unit.

Nit - A unit of luminunce equivalent to 1 candle per square meter,
or 3.0U314 lambert (3 x 107%) or, 0.492 foot-lambert or 0,.0929
candle per squere foot.
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