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NOTICES

This final report was submitted by personnel of the Vulnerability Assess-
ment Branch, Radiation Sciences Division, USAF School of Aerospace Medicine,
Aerospace Medical Division, AFSC, Brooks Air Force Base, Texas, under job
order T757-05-50.

When Government drawings, specifications, or other data are used for any
purpose other than in connection with a definitely Government-related procure-
ment, the United States Government incurs no responsibility nor any obligation
whatsoever. The fact that the Government may have formulated or in any way
supplied the said drawings, specifications, or other data, is not to be
regarded by implication, or otherwise in any manner construed, as licensing
the holder, or any other person or corporation; or as coaveying any rights or
permission to manufacture, use, or sell any patented invention that may in any
way be related thereto.

The animals involved in this study were procured, maintained, and used in
accordance with the Animal Welfare Act and the "Guide for the Care and Use of
Laboratory Animals" prepared by the Institute of Laboratory Animal Resources -
National Research Council.

The Office of Public Affairs has reviewed this report, and it is releas-
able to the National Technical Information Service, where it will be available
to the general public, including foreign nationals.
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BEHAVIOR DEGRADATION DUE TO 1100-RAD PULSED RADIATION EXPOSURE

(5.8:1 NEUTRON/GAMMA RATIO)

INTRODUCTION

Nuclear weapons produce blast, thermal x-ray, and electromagnetic pulse as
well as alpha, beta, gamma, and neutron irradiation. An aircraft frame protects
the crew from the blast of an intermediate dose range (100-3000 rads). Thermal
curtains or shields with PLZT flashblindness/retinal-burn protective window
elements can be used to isolate crewmembers from the thermal effects (6). In
the lower atmosphere, where most manned systems operate, x-rays produced during
detonation are absorbed by the atmospheric gases in relatively short distances
and are of little concern. Baum et al. (3) reported that the electromagnetic
pulse environment minimally affects crewmembers even after exposure to 10
pulses of electromagnetic energy with amplitudes of 447,000 volts per meter.
Therefore, of the components in the nuclear environment, nuclear radiation is
the most significant contributor to crew effects.

Acute radiation (gamma) exposures spanning a wide range of doses have been
deseribed by Gerstner (12), Zellmer (35), Pickering et al. (25), and Albanese -
and Pickering (1). With whole-body sublethal doses--i.e., 100-300 rads gamma 2
(midbody tissue)--human subjects exhibit mild to moderate prodromal reactions of -
listlessness, discomfort, weakness, anorexia, and possibly nausea and vomiting. .ﬁ
With doses in the range of 300-800 rads, reactions are characterized by a higher ]
probability and more rapid onset of nausea and vomiting, increased fatigue and .
lethargy, and then diarrhea. Exposure levels beyond 800 rads speed the onset of
the above effects and may include extended periods of vomiting and prostration.

In the intermediate dose range, these effects gradually abate after 10-12 h but

may reappear after 2-3 days. Depending on the time of their onset and duration, ?
some of these symptoms may moderately or severely impair the ability of aircrews s
tc perform specific tasks.

ya

More data about man's ability to operate after exposure to high-neutron/
low-gamma environments is needed. The only large body of data for neutrons and
nontherapeutic human exposure is the followup on the Hiroshima and Nagasaki
survivors, and the relative value of that data has diminished with recent evalu-
ation and revisions. The end point has been death rates from various types of
cancers. Leukemia mortality rates appeared to be higher in Hiroshima than in
Nagasaki. Based on tentative 1965 dose estimates, the differences were attrib-
uted to a much higher neutron component at Hiroshima (8). 1In 1980, William Locwe
and Edgar Mendelson (19) sharply revised those bomb dosimetry estimates. Their
proposed leukemia mortality dose-response curves show no difference between the -
two cities. They believe the neutron element was so low in both cities that
only very limited conclusions can be drawn about the relative biological effec-

tiveness of neutron and gamma radiation. The debate, however, is by no means
settled,
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The capability of Air Force systems to withstand exposure to a nuclear
environment without losing their mission-completion capability is termed "sys-
tems nuclear survivability." Because man is a crucial part of Air Force sys-
tems, the identification of "sure safe" and "mission failure" radiation doses,
with effects of time considerea, is essential. Within limits, the aircraft
frame and additional safety devices can provide protection from many nuclear-
weapon effects but not from nuclear radiation. An enhanced-weapon's dispersion
distances are considered to be significantly larger than those of current
weapons, yield for yield. If a weapon is released from a low altitude, the
crewmembers who drop the device may receive partial exposure from it. There-
fore, we must understand the operational significance of behavioral-performance
degradation; i.e., 1) the onset and duraticn of early transient incapacitation
and performance decrement, and 2) immediate permanent incapacitation, although
this would not be expected to occur at doses considered in this report.

Fiying requires highly complex tasks that must be performed for extended
periuds of time. Normal aircraft operation involves many stressors including
task complexity, workload, fatigue, and physical and psychological stress. How
much stress small amounts of radiation add and its effect on mission completion
must be assessed. Even with a protracted exposure, a total dose of 300 rads
(gamma) has been shown to impair performance and increase reaction times (4,
34), Less is known about the behaviorw. effect of neutron doses; the equivalent
number of rads (neutrons) apparently does not produce equivalent exposure ef-
fects. Examples of studies that compare gamma and neutron exposure effects are
those by George et al. (11) and Thorp and Young (29).

The study by George et al. investigated the relative effectiveness of fis-
sion neutrons for performance decrement in the miniature pig. The incident
neutron/gamma (n/g) ratio was 10:1; the dose rate was 2000 rads/min; and mid-
brain doses ranged from 1500 to 36,000 rads. The task for the pigs was to
traverse on cue a two-chambered shuttlebox. Their response to supralethal doses
from the neutron field was distinctly different than to similar doses from the
gamma field. GCarly performance decrement, early transient incapacitation, and
immediate permanent incapacitation all occurred at much lower doses from the
gamma exposure than from the neutron. With early performance decrement and
death within 48 h as end points and with the gamma exposure as the reference
point, the relative effectiveness of the neutron field was 0.23.

Thorp and Young (29) evaluated the relative effectiveness of neutrons for
causing early transient incapacitation in 58 monkeys (Macaca mulatta). The neu-
tron/gamma ratio was 10:1; the dose rate was 2000 rads/minute; and the midbrain
doses ranged from 2200 to 4400 rads. The task for the monkeys was a visual-
iiscrimination two-choice problem, between a square and a circle. The subject
had to press a lighted symbol displaying the square. Significantly higher neu-
tron doses than gamma doses were required to elicit early transient incapacita-
tion. The EDgg for the gamma field was 2186 rads (midbrain tissue dose); for
the neutron field, 3215 rads. The difference was significant. The relative ef-
fectiveness for the neutron field in the study was 0.68 when compared to similar
gamma exposures.

For early transient incapacitation, the relative effectiveness of similar
neutron expnsures was much lower for miniature pigs (0.23) than for monkeys
{0.n3). Also in the studies by George at al. (11) and Thorp and Young (29), the
midtnorax dose was higher for the gamma field than for the neutron, but the
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difference was less in the study using monkeys (29). This could be an important
factor in reported differences for relative effectiveness. Dose-rate differences
have been considered as a variable in relative biological effectiveness (RBE)
type studies, but dose-rate effects are generally attributed to rates less than

' 1000 rads/min. The rates used by George et al. and Thorp and Young were beyond
the general area of dose-rate concern., Other factors responsible for the RBE
difference include the different tasks or animal species used. However, the
conclusions of the above studies are still in the same direction--gamma expo-
sures produce greater postirradiation performance decrements generally attrib-

i uted to central nervous system disturbances than do similar neutron exposures.

The purpose of this study was 1) to examine the effect of neutrons in order

.. to better define dose levels and effects that might impact specific Air Force

. sorties, specifically at 24 and 48 h after exposure (although our data collec-

tion continued for 120 h), and 2) to document the gross and microscopic pathol-
ogy induced by high-neutron/low-gamma exposure. A review of the results from

I gamma-exposure studies led us to anticipate that the dose level selected for
this study would produce moderate radiation effects as related to mission com-
pletion. The task and schedule arrangement 1) contained periods of moderately
heavy workload (a correct response every 2 s), 2) had an uncomplicated arrange-
ment between stimulus and required response, 3) allowed each subject to estab-
lish his own pace in operating the task, U4) permitted a significant shift in the

e pace (faster or slower) but with a response that could still be classified as
correct, 5) had a moderately undesirable consequence (shock) for an incorrect
response, and 6) had task length sufficient to produce mild fatigue (as a func-
tion of duration and workload).

[ METHODS AND PROCEDURES :
- Subjects -
: Eight male American-born rhesus (Macaca mulatta), ranging between 2.9 and {
! 3.3 kg, were randomly selected from the USAF School of Aerospace Medicine :

(USAFSAM) colony and trained to operate the three-lever Multiple Avoidance Pro-
gram (MAP) described later.

. .
NPT SR LU

Clinical evaluation and chemistries were used to ensure that the monkeys

- were in good health prior to exposure. The animals were necropsied to ensure t
r. that clinical impressions and data obtained prior to exposure were not biased by :
.. disease undetected by conventional methods.

v Training. Each subject was individually hand trained by standard shaping

techniques until performance was sufficiently stable for training by laboratory B

programming equipment. Initially each subject was trained for about 1 h per ’

¢ day. The shock level was approximately 3.0 mA for 0.3 s duration. Once avoid- ) 1
1
1
{
1

ance was consistent (95%) on the center lever, the other two levers were phased
in. Training sessions were gradually increased up to 4 h (to match lU-h test
sessions). Subjects were trained in 12-min work periods followed by 3-min rest
periods, This cycle continued throughout training anrd testing conditions.
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Diet Control. At the beginning of each work period, each animal received a
monkey bYiscuit and a small piece of fruit. This facilitated catching and re-
straining; it also simulated a subject with a small amount (snack) of food in
the stomach. When returned to the home cage, each subject was fed a normal
food ration (8-10 biscuits and 1 whole orange). Feeding times were constant to
facilitate observation for emesis during exposure.

Task

The MAP panel (Fig. 1) was located directly in front of the animal. When
one of the red lights was lighted, the subject was allowed 2 s to press the
lever directly below that light to extinguish it. Failure to press within 2 s
or pressing one of the two incorrect levers resulted in a small shock (2.0-3.0
mA) to the feet of the subject for 0.3 s. At the end of the 2-s response inter-
val or when the subject pressed a lever, the lighted lamp was extinguished imme-
diately and one of the other two was lighted. Thus, a stimulus cue lamp never
repeated, and the speed of presentation was established by the animal as long as
a response occurred within 2 s. Some subjects established work rates (set their
own pace) of almost twice that of some other subjects.

Fieure 1. Animal resvonse pancl.
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Equipment

Each subject was placed in an individual cubicle (2'x3'x4') to minimize
external distractions. The booth was power ventilated, and a small amount of
light entered near the top-opening door.

All programming was done with Digibit equipment manufactured by BRS/LVE.
The order of stimulus presentation was randomized in six balanced blocks of 24
trials per block, determined individually for each subject by a punched-paper-
tape reader. This allowed each animal to work at his own pace.

Complete data was summarized each minute and dumped to punched papertape
for backup. Identical data was simultaneously transmitted to a DEC MINC (11/23
computer) for recording on RX02 floppy disks. Collecting the data in machine
readable format saved time in subsequent analysis. The MINC also permitted
display of the data in real time. This immediate feedback was useful in moni-
toring performance and helped in detecting equipment problems during the course
in testing.

Pnotography

All photography and video recording were by white Sands Missile Range
(WSMR) personnel. Before leaving the exposur: @11 at the end of each work
session, the animals were still-photographed as A g-n~up. As soon as they were
back in their individual holding cages, a 3-min . » recording was made of
each animal. For some typical animals, the edited video recordings have been
paired with the subject's performance for each day. The purpose was to compare
the general appearance of the animal (which may be poor) with his performance
scores (which may be near baseline levels).

Exposure Procedures

The eight subjects were always tested in two groups of four. Each group
(morning or afternoon) was fed 1 h before its work period started. See Table 1
for an account of daily activities.

The exposures occurred 30 min after the start of the work period, so S0 min
nad elapsed since the snack (e.g., 1 biscuit and 1 orange slice) had been con-
sumed. The small amount of food in an animal's stomach at the time of exposure

was significantly less than his normal ration of 8-10 biscuits and 1 whole
orange.

Dosimetry

The exposure parameters required to deliver an 1100-rad pulsed midline dose
(neutron + gamma) to a 3.0-kg primate exposed in a training booth to the Fast
Burst Reactor (FBR) were determined via dosimetric measurements in Alderson
neutron-tissu2-equivalent primate phantoms approximating the size of the animal
to be used in the experiment. The phantom exposures were conducted in training
osooths identical with the ones used by the animals. Free-field measurements
were 3lso conducted.
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On the basis of phantom dosimetric measurements, the required core-tempera-
ture size (AT3) of 2500C and exposure distance of 54" were established. To cor-
roborate the programmed exposures, dosimetered phantoms and monitor dosimeters
were exposed with each group of animals.

From a free-field dose value at 54" of 7 rads per OC of reactor core-tem-
perature change (AT3) and a midline/free-field dose ratio of 0.7 obtained from
dosimetry measurements in May and July 1981 (5), we established that a midline ]
dose of approximately 1200 rads could be attained with a reactor core tempera- - 3
ture of 2509C. For corroboration, a dosimetry primate phantom was exposed on [
3 August 1982 (Op 9612). The phantom was exposed P-A in the primate booth at a ‘
midline-to-reactor-center distance of 54" (137 em). Figure 2 illustrates the
dosimeter exposure configuration used in the phantom exposures. The results of
the phantom measurements for this operation are listed in Table 2. The average :
total midline dose was 1247 rads, with an average midline neutron/gamma dose : ]
ratio of 5.8:1. We considered this adequate for the experimental requirements, »
and the reactor operators were instructed to try to duplicate this pulse in the
animal exposure.

]

»
INSTRUMENT PANEL 1
0.063 IN. (1.6mm) | , ]

ALUMINUM 10cm s

BACK PLATE AN |
A/Rv

“‘D .Vq
ALUMINUM 7
TRAINING —__| 3 -
CHAIR gl i ]
50 IN. (127cm) ER
L 2
DISTANCE TO REACTOR 3
CORE CENTER ]
BOOTH MONITOR B
i‘?
o
..

®

Figure 2. Exposure configuration for phantom dosimetric measurements at WSMR

FBR, 3 August 1982.
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-" VABLE 2,  RADIATION DOSES MEASURED IN TEST PHANTOM EXPOSURE (WSMR FBR, -
9 3 AUG 82, OP 9612, aTy = 2769C) )
1! i
p 5 »
& Gamma Neutron Total O
t' Dosimeter dose dose dose N/G Dose By
- position (rads) (rads) (rads) ratio o
= {
L Posterior __j
- A 209.2 1548.9 1758.1 7.4 ).
B 229.6 1600. 4 1830.0 7.0 A
) C 191.5 1352.9 1544, 4 7.1 "'
.. Average: 1710.8 7.2 -
3 Midline j
re D 166.1 11844 1350.5 7.1 »
- F 192.5 11041 1336.6 5.9 ]
H 189.0 940.6 1129.6 5.0 1
_ I 188.3 984.3 1172.6 5.2 4
§ Average: 1247.3 5.8 i
" o . NS
Y Anterior L
§ J 115.2 502.8 618.0 4.y 3
K 136.7 4o91.,7 628.4 3.6 "9
s L 147.5 553.6 701.1 3.8 ]
. Average: 649.2 3.9
Free-field i
at sum 1816 1431.0 1615.6 7.8 1
<]
Booth :;{
monitor 233.8 1216.3 2050.1 7.8 L
]
Average midline total dose . 4 52 pad/°c )
AT3 -3
Y
Average midline total dose - g, 41 3
Monitor total dose }i
Average midline total dose - g, 77 |
Free-field total dose W)
=
R
9
]
. 8
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On 6 August 1982 two groups of primates, four animals each, were exposed on -

the FBR--one group in the morning (Op 9614) and one in the afternoon (Op 9615), R

A dosimeter phantom and a free-field monitor were exposed at 54" with each K O

group. In addition, booth monitors were exposed with each animal. Figure 3 :;ﬂiﬁf
illustrates the overall exposure configuration. The pulse of 3 August 1982 was .. ®

not replicated. The core temperature sizes actually obtained for the two groups - 4
were 2219C, and 2319C, respectively, indicating a delivered dose somewhat lower o]
than anticipated. The phantom dosimetry data obtained for these two operations ) ’
are listed in Tables 3 and 4. The average midline doses measured in the phan-
toms were 1039 and 1108 rads respectively.

.
' MONITOR 1
@ DOSIMETERS R
PHANTOM \ .
MONITOR |
\ DOSIMETERS N
R
/ SR
L -
®’  FREE-FIELD R
e MONITOR R
DOSIMETER 4
e
Figure 3. Animal exposure configuration for WSMR FBR experiments. _:‘.‘;
.
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TABLE 3.

Dosimeter

position

Posterior
A

3

C

Midline

D

F
H
I

Anterior
J
K
L.

Free-field
at 54"

Booth
monitor

Average midline total dose .

Gamma
dose

{rads)

165.4
181.4
166.2

118.9
135.4
158.5
157.4

164.7

194, 4

AT3

Average midline total dose

Monitor total dose

Average midline total dose .

Free-field total dose

Neutron
dose
(rads)

1242.2
1383.5
12U47.8

Average:

771.0
1026.8
872.8
915.7

Average:

405.5
425.8
518.5

Average:

1212.8

1496.7

4.70 rad/°C
0.61

0.75

10

Total
dose
(rads)

1407.6
1564.9
1414.0
1462.2

889.9
1162.2
1031.3
1073.1
1039.1

491.8
539.1
6U42.2

557.7

1377.5

1691.1

RADTATION DOSES MEASURED IN PHANTOM EXPOSURE WITH ANIMAL GROUP 1
(WSMR FBR, 6 AUG 82, OP 9614, AT3 = 2210¢)

N/G Dose

ratio
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CABLE L4, RADTATIUN DOSES MEASURED IN PHANTOM EXPOSURE WITH ANIMAL GROUP 2
(WSMR FBR, 6 AUG 82, OP 9615, 4T3 = 23100)

Gamma Neutron Total
Dosimeter dose dose dose N/G Dose
position {rads) (rads) (rads) ratio
Posterior
A 179.9 * *
B 205.1 14581 1663.2 7.1
C 174.8 1200.7 1375.5 7.9
Average: 1519.4 7.5
Midline
D 133.4 828.4 961.8 6.2
T 162.0 998.0 1160.0 6.2
H 176.8 912.3 1089.1 5.2
1 166.8 1052.6 1219.4 6.3
Average: 1107.6 6.0
Anterior
J 116.0 ¥ ¥
K 123.8 506.3 630.1 4.1
L 128.2 516.2 ouy . 4 4.0
Average: 637.3 T
free-field
at 54" 174,5 1321.5 1496.0 7.6
Sooth
ronitor 209.1 1635.3 1844, 4 7.8

Average midline totul dose . 4 79 pad/°c
4\1 I\S

average midline total dose - g,.40
Menitor total dose

Average wmidline total dose o o =y

i _f o1 A SO PR el
Yree-fiold total dose 9
X

—— e —— e e e S e — . 1

Xt o, 4o imet o hoent N

. .l

. e

=

.73
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Table 5 lists the results of the individual booth monitors. This data indi-
cated average estimated midline doses of 1066 and 1118 rads to the respective
groups. These were in good agreement with the phantom measurements. This data
also indicated that all exposures were within + 4% of the average.

Based on the phantom data, entrance and exit doses are approximately 1.38
and 0.55 times the midline dose. For the 1066-rad exposure (Op 9614), the en-
trance and exit doses were 1471 and 586 rads; for the 1118-rad exposure (Op 9615),
1543 and 615 rads. The average neutron/gamma dose ratios (+ SD) based on the
phantom data in Tables 2, 3, and 4 were as follows: midline, 6.0 + 0.8; free
field, 7.6 + 0.2; entrance, 7.4 + 0.45; and exit, 4.1 + 0.4.

The gamma dose component was measured with type 700 LiF thermoluminescent
(TL) powder dosimeters (Harshaw Chemical Co. Lot # 1-OL-1), which were read out
on a Harshaw Model 2000 thermoluminescence analyzer at USAFSAM. Gamma doses were
assigned by comparison of responses of the dosimeters exposed at the WSMR FBR
with responses of dosimeters (from the same lot) exposed to known doses of
cobalt-60 gamma rays.

TABLE 5. BOOTH MONITOR DOSIMETRY DATA (WSMR FBR, 6 AUG 82)

Operation 9614, AT3 = 221°C

Animal Monitor Estimated
Booth ID (No.) total dose (rads) midline dose (rads)*
1 15672 1 1684 1027
2 1907 2 1729 1055%
3 318D 3 1810 1104
4 204Z 4 1771 1080
Average:1066 (+ 33)
Operation 9615, AT3 = 2319C
1 356D 5 1788 109
2 348D 6 1801 1099
3 344D 7 1881 1147
y 346D 8 1863 1136

Average:1118 (+ 27)

* Manitor cose x C.61.
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The fast neutron dose component was measured with dl-alpha-alanine, a free
radical dosimeter system, The radiation-induced free radical response of the
alanine was measured on a Varian Associates Model E-6 Electron Paramagnetic
Resonance Spectrometer at USAFSAM; the peak amplitude of the free radical spec-
trum was used as the response. The dl-alpha-alanine measures both the fast
neutron and gamma dose components. To determine the fast neutron dose (Dy), the
response due to the gamma dose component (Dg) as determined with the TL dosi-
meters had to be subtracted. The Dy was determined from the following empirical
relationship:

Dy = N (Dy - Dg)

Wnhere N = fast neutron dose conversion factor
Dp = Co-60 equivalent dose in rads
Dg = gamma dose in rads.

Previously N was determined to be 2,44 (+ 0.11 SD) by direct comparison
with activation foil measurements exposed concurrently to the WSMR FBR spectrum
(5). Dj was determined by comparison of total dose (neutron + gamma) response
with a Co-60 gamma calibration set exposed on an Eldorado 78 Co-60 teletherapy
unit at USAFSAM. The gamma output of this facility had been measured with ioni-
zation chambers having calibration factors directly traceable to the National
Bureau of Standards. Dg was determined with type 700 LiF dosimeters.

The primate phantoms were constructed (Alderson Research Laboratories,
Inc., 390 Ludlow St., Stamford, CT 06904-1271) of Alderson Plastinaut material
with an elemental composition approximating soft tissue, especially with regard
to hydrogen and nitrogen, thereby making this material "tissue equivalent" to
fast neutrons. The phantoms (illustrated in Fig. 4) closely approximated in
physical size the animals used in this experiment.

.
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BEHAVIOR

Yariables studied each day were accuracy (the number of errors) and cor-
rest-response times,  Subjects were scheduled to perform on 10 occasions: four
taseline runs; an exposure run; and postexposure followups at 24, 48, 72,

Sn, and 120 n., The first two baselines were used to test equipment and allow
»220ts o adjust to thoir new surrcundings. The other two baselines were used

15 4 standard against which cach subject's performance could be judged on expo-
sure and postexposure days.

Figures 5 and 6 show the accuracy for each subject on each test day. The
plot points represent 12-min summaries (given in the Appendix). Subjects gener-
ally performed with near 100% accuracy on baselines 3 and 4, preceding exposure.
This 1s indicated in Figure % by the overlapping of points forming a bold plot
symbol.

On exposudre day, the earliest accuracy decreases were noted within 12 min
after exposure--in subjects 2, 3, 5, and 7, with respective accuracy scores of
a4, 76%, 97%, and 80%. (Subject 5's performance had never gone below 98% dur-
ing baselines 3 and 4.) Within 42, 57, 72, and 117 min, subjects 1, 4, 6, and
3 experienced their first performance decreases--with respective scores of 93%,
95%, 75%, and 97%. The earliest decreases for four subjects (1, 2, 4, and 7)
coincided with their lowest accuracy scores. Subjects 3, 5, 6, and 8 had their

owest scores--22%, 82%, 2%, and 69% respectively--at Y42, 207, 162, and 192 min
1fter exposure.

On postexposure day 1, subjects 1 and 6 had perfect scores; and subjects 3,
“, 5, 7, and 3 nad near-perfect scores. Subject 2's diminished accuracy began
ab2u*t 152 min into the run and lasted about 50 min, with scores ranging from 87%
te 7%,

Tnothe scoornd postexposure day, subject € continued to give perfect per-
rmané i subliects 1, 3, and 7 continued with near-perfect performance; and

*t D returned to near-perfect performance, Subject 5's performance ranged .
Uni and 99%; subject L's, from 0 to 13%; and subiect 8 could not work 1)
romoved from the experiment, )

PP T

Ry the third postexposure day, subjects 1, 2, 6, and 7 gave near-perfect

h
performance, dnx’p subjects 3 and 9 had varied performance. During his last 2 h k
of performance, subject 5's aceuracy ranged from 95% to 99% in contrast to his ]
near-perfect baselines, Subject 3's azcuracy did not diminish until his last i -
Wominutes of performance, when it ranged from 23% to 97%. R
n tne fourth day, subjects 1, 3, 5, and 6 gave near-perfect performances. S
Suhjects int 7 14i4 not. Durirg the first half-hour, subjr~-t 2's accuracy fell R
from 935 Lo 0%, His second half-hour yielded no performance, so he wis with- o
irawn from the stady.  Subject 7's decline wis more pradual; after having seores »
in excose Af LY fop 0 on 1y min, this subieot faded to 3% during the next hour, -
ooy vt ro withdrawn fromothe atady,
; > CI e sastoxpesyr o thy, Four sithiente romaine d two from o both omorn-
i et afierns o, Thires continaed to wore butono longer with near-perfect
porfoarngn e, et 's oaecres variod hetweeon Bd47 oand 3% subject '3, be- »
twoen 2t oand Ty and subgest o's, Trom 60% to 97%. Subject 3's scores were
=l ey nis fiest nours ardimne Lhme next three 10 -min perionds, his scores .
Tl CE, dt, ant TR omesreoecively, e W therns wWitnarawn from o the stuoy., N y
P
’»
o e i i it ininetdiitettistilnsintntin
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Figures 7 oand 3 osaow the reaction times for a4 correet roLponse. oe Mgaendd .
contains 1 complate daty summary.  There is generally more variabilily in tne i
m2trio because zan sublect responds at his own pace within the -5 responae :
window. Under daseline conditions (Fig. 7) overall reaction times ranged rom !
Lty TL0 85 earn sublect's reantion times were generally linesrs and fla
©owas tne slowest responder; subjects 2, 4, A, and 8, the fastest.
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Subjects are

Reaction times on exposure and postexposure days.

Figure 8.

numbered 1 through 8, and scores are computed over 12-min

The neutron pulse occurred at 30 aia on exposure day.

intervals.
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During the 30-min preexposure period on exposure day, the subjects' response
patterns were generally similar to the preceding baselines. In particular, the
scores were within the same range (.5-1.0 s); they were linear; they were flat;
and the fastest subjects (2, 4, 6, 8) maintained their ranking. After the neu-
tron pulse, reaction times slowly rose in all subjects except number 8, whose
reaction times remained flat. Variability increased in all subjects, and new
maximum reaction times were reached. Subjects 2, 3, and 4 were the first to
exceed their maximum baseline reaction times, by 27 min after exposure; later
that day their respective maximums became 1.03, 1.28, and .98 s, yielding net
increases of .21, .40, and .28 s over their maximum baseline scores. Subjects 1,
5, and T were next, exceeding their baseline maximums at 42 min after exposure;
their new highs were 1.27, 1.35, and 1.04 s, for net maximum increases of .42,
.37, and .21 s. Subjects 6 and 8 were among the fastest baseline responders and
among the last to exceed their baseline maximum reaction times; 57 min after
exposure, their new maximums were 1.5 and .72 s, for net increases of .58 and
.05 s. These results are summarized in Table 7, with the percent of time that
exposure-day maximums exceeded baseline maximums., Statistically, by a sign test,
the increase in maximum reaction times in 8 of 8 subjects is a significant event.

At 24 hours after exposure, responses were returning to baseline patterns.
Subjects 2, 4, and 8 were still considered to be among the fastest responders,
and 5 the slowest. For all subjects response times were considerably less vari-
able than on exposure day; they were generally linear, flat, and ranged from .5
to 1.0 s.

By the second postexposure day, quick-responding subject 8 was unable to
perform and was removed from the experiment. Subject 4, another quick responder,
exhibited variable response times ranging from .5 to 2.0 s and was withdrawn from
the study. Subjects 2 and 6 had the quickest responses, but with greater varia-
bility than on previous days. Subject 5 maintained his position of having the
consistently slowest responses, with times generally in excess of 1.0 s. The
responses of the other subjects, more variable than before, continued to range
between .5 and 1.0 s,

On the third postexposure day, subjects 1, 2, 3, and 5 were consistently
taking 1! or more s to respond; subject 5 was still the slowest. Subjects 6 and
7T, whose responses were the fastest, ranged between .75 and 1.0 s.

During the fourth postexposure day, subject 2 had to be withdrawn since he
could not complete the sessions. Subjects 1, 3, and 5 continued to take more
than 1 s to respond, and subjects 6 and 7 responded as they had on the previous
day.

By postexposure day 5, four subjects remained for testing. Subject 3 could
not complete the 4-h performance period and was withdrawn. The remaining subjects
(1, 5, and 6) each took more than 1.0 s to respond on the average during a 12-min
trial. Their range (at baseline, .5-1.0 s) now stood between 1.0 and 1.5 s, i.e.,
an approximately 50-100% increase in correct response times,
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TABLE 7. BASELINE VS EXPOSURE-DAY MAXIMUM REACTION TIMES

Baseline Net increase Time (min)* % Time
c (s) Exposure (s) baseline is over

=

o

- !
o)
..
it
¢

kot

N\ -- ID b3 oA day (s) ___over baseline ___ 1st exceeded baseline
1 150 .85, 117 1.27 JA2 4o 75
N 130 82, .06 1.03 .21 27 19
3 218 .88, .80 1.28 ) 27 81
4 204 .70, 09 .98 .28 27 38
5 55 .98, .88 1.35 .37 42 i)
i b2 32, LT3 1.50 .58 57 54
” 344 .83, .81 1.04 21 42 75
- Jn o3, BT .12 .05 57 13

i 2r exposure.

“sing Table © and ranking within subjects, 2 multiple comparison proc !
=4 unon Friedman rank sums (16)¥% detected significant differences at the (0%
covel in contrasting the errors on all the test days against the last baseline
day ‘bY).  Zxposure day and postexposure days 3, 4, and 5 had significantly moro
sreors Csyver the 4-n tast periods) than the last baseline. Table 8 shows ow thoe
2reors aere distributed over eight half-hour performance periods on exposdar- Jday.

st creocedure and a-level, the total numder of orrors Jdurines
rat o treodsh £105h oand the seventh half-nour after exposure wers Significan: .y
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; TABLE 8, EXPOSURE-DAY ERRORS DISTRIBUTED ACROSS EIGHT HALF-HOUR TES ;
N PERIONS PR
. . -0
] Half-Hour Performance Periods S
. 1
Subjent _ Postexposure Tntal .
No. -- ID Preexposure 1 2 3 4y 5 6 7 errors R
]
1 155 1 1 36 6 4 2 1 0 51 "."
190 0 98 13 3 0 3 2 6 130
R 318 0 101 393 207 45 14 10 13 783
4 204 0 M 31 8 3 1 8 1 63
R 3505 2 14 36 72 I 34 53 104 354
348 1 0 12 199 253 600 372 3 1445
Ik ! Q7 i 11 16 14 15 14 17U °
Sl 2 3 6 B 23 g 8 451 508
Total errors 5 325% 5LU3%¥  512%  3F5%  L77%  Uol 597% 3508
*T{znificant 4ifference from preexposure period: o = .05, by equation 20, .
2. 195, Hollander and Wolfe (16). "o
TABLE 9. COMPARISON OF AVERAGE REACTION TIMES B
(a) Times (s) for 4-h Test Periods !
o
Tl oot Baselines Exposure Postexposure days . -
Ne. == LD 03 b4 day 1 2 3 4 5 .
: LT 700 .98 78 1.00 1.29 1.07 1.29 T
Tt ks ) 75 .76 .92 1.04 1.14 WD R
) s L 7 1.00 .76 1.00 1.10 1.09 1.1 °
v wh . A7 .97 WD wD Wo e :
{ LEs 90 1.1¢C .95 1,47 1.19 1.12 1.30 o
R o ] LAC 77 .76 .88 .92 1.22 e
2l & LTA LA .83 .98 .92 1.00 WD BEE
§ I = 0 01 L66 WD WD W WD N
, o
poont Thange Cver Baseline (b o+ Dy Reaction Times S
-t Ay Expcsurs __ Postexposure days :F;f
L. o= j + oV day 1 2 P b &
i ( 24 4L 3 .
' e i 13 3v Hb 0 Wi T
1 v, -2 o i %' 3('\ L‘C
L % : t 54 WD WD wi
Vf ey 10 fe 35 29 D0
v (S % ! 10 D0 n9 69
P ITEN 3 19 30 D3 3 Wi e
ENES ‘ 2 1 Wl Wi WD Wi -
W e e i anab L un pertort 'ﬁ N
®
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Each subject's reaction times were examined individually for radiation ef- L
fects. The benefit of this approach is that it eliminates the "averaging out" S
of effects between subjects due to subject variability when reaction times might
change. It also prevents averaging out effects within a given subject due to ..'
temporary excursions from his baseline behavior. We first fit baseline behavior
Wwith a least-squares line and then constructed the p = 0.95, o = 0.05 tolerance
limits of Lieberman and Miller (18) to identify a band of normal behavior about
this line. Brown et al. (4) first applied this approach to reaction-time
experiments, The method requires time-independent data. The Durbin-Watson testu
(24) indicated four instances that were correlated. Figure 9 shows the valid 'S
results, The least-squares line was fit to the baseline (3 and Y4) data points. o
The upper and lower limits correspond to the p = 0.95, a = 0.05 criterion. Scores o
above the upper limit represent reaction times significantly longer by this cri- RN
terion; similarly, reaction times below the lower limit would be judged signifi- ’
cantly shorter.

MAgaaay — oo

By this criterion subjects had increased reaction times as follows: on
exposure day--subjects 1, 2, 3, and 5; on postexposure day 1--subject 2; post-
exposure days 2-4--subjects 1, 2, 3, and 5; and postexposure day 5--subjects
1, 3, and 5. Subjects 4, 6, 7, and 8 (eliminated from this analysis because of
the significance of the Durbin-Watson test) exceeded their maximum baseline
scores on test days as follows: subject 4 (withdrawn on postexposure day 3), on ."
all test days; subject 6, on exposure day and postexposure days 3-5; subject 7
(withdrawn on postexposure day 5), on all test days; and subject 8 (withdrawn on
postexposure day 2), on postexposure day 1. ;' .

.rrr~1
L

We conclude that of the eight subjects, seven had increased reaction times . ,
on exposure day, and four on postexposure day 1. Allowing for withdrawals due to ® '
inability to perform, we found that six of seven subjects had increased reaction
times on postexposure day 2, six of six on postexposure days 3 and 4, and four of
four on postexposure day 5. All increases in reaction time on exposure day
occurred after the pulse. .

..
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SUBJECT 156(1)
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Figure 9.

RERCT TIME

REACT TIME

SUBJECT 190(2)

B

£E 0ga8.20°

F D c ¢ [%
c 55

MINUTES

SUBJECT 356(5)

0 80 160 240

MINUTES

Least-squares lines fitted to baseline reaction-time data.

3 and 4 = baseline scores (reaction times) on days preceding

exposure day.

A = exposure day (neutron pulse occurred at 30 min).
B, C, D, E, F = postexposure days 1, 2, 3, 4, 5 respectively.

A least-squares line was fit to the baseline scores computed over
12-min intervals, and surrounded by p = .95, a = .05 simultan-

By this criterion, scores above the

upper limits are judged to be longer than baseline reaction times.

eous tolerance limits.
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PATHOLOGY o
Materials and Methods -
@
The monkeys were euthanatized with 10 ml of T-61R intravenously via the '
right saphenous vein, Complete postmortem examinations were dorie lamediately
after euthianasia.  All tissues were fixed in 12% buffered formalin, processed
routinely, and stained with hematoxylin and eosin,
o .
Clinical Evaluation -
Prior to radiation exposure, the eight monkeys were alert, active, and
ciini~illy normal.  When first seen, approximately 4 h after exposure, the major
inioal signs were vomition, anxiety, and cachexia (Table 10). These signs were i
1 [ ]

v the same in all subjects, except for one that apparently did not
Several subjects had loose stools with perianal pasting of feces. ‘The
~onkeys' nealin declined steadily for the remaining test periods, with cachexia,
inorexia, anl dehydration becoming more pronounced each day. Vomition was essen-
tially afsant on postirradiation day 1; but reoccurred on day 2 in three of the
Tenk=y3; b0 Of these also had melena and muscle tremors, one with intermittent
onvialaions,  The monkeys with convulsions and one with severe debility wer:
catnanaticed on day 2. One monkey began taking minimal amounts of food and water
eReS irradiation 1y 3, while the others were essentially anorectic. On day Y,
oy developed epistaxis and gingival nemorrhages and was euthanatized due
oo oextreme debility. All remaining monkeys were euthanatized on postirradiation
nad developed epistaxis, three had melena, and four had gingival
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Gross Pathology

With a few notable exceptions, the eight monkeys had essentially the same
gross lesions (Table 11). These lesions were recognized over time, with indi-
vidual variations. The most notable and earliest gross lesion occurred in the
two monkeys that were euthanatized first. They both developed hydrothorax, and
their chest cavities were approximately half filled with a clear, dark-yellow
fluid. The third monkey euthanatized due to general debility had moderate fluid
distention of the pericardial sac. All eight monkeys when euthanatized were in
progressive stages of emaciation and dehydration., Externally, seven of the

eight had indications of clotting defects exhibiting one or all of the following:

melena, epistaxis, and/or gingival hemorrhage. Internally, the most common
changes were loss of body fat and dark reddening of lymph nodes, renal medullas,
and gastrointestinal mucosas and contents (Figs. 10 and 11). Two subjects had
marked reddening of the pancreata and surrounding tissues (Fig. 12).

TABLE 11. GROSS PATHOLOGY

Postexposure day
euthanatized Monkey # Lesions

Pay 2 204 (b)) dehydration; hemorrhage: kidney, lymph nodes,
pancreas; hydrothorax; melena

346 (8) dehydration; emaciation; hemorrhage:
pancreas, kidney, lymph nodes; hydrothorax;
congestion of gastric mucosa

Day 4 190 (2) dehydration; melena; hemorrhage: gingiva,
myocardium, kidney, stomach, cecum; hydroperi-
cardium

Day 5 156 (1) dehydration; emaciation; hemorrhage: gingiva,

lymph node, rectum; congestion: rectum

318 (3) dehydration; melena; hemorrhage: gingiva,
lymph node, stomach, large intestine, pancreas

344 (7) dehydration; emaciation; hemorrhage: gingiva,
small and large intestine

348 (6) dehydration; melena; hemorrhage: lymph node,
kidney, small and large intestine

356 (5) dehydration; emaciation; hemorrhage: gingiva,
kidney, small and large intestine; melena
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Ficure 10, Cortico-medullarv area of the kidney i« black due to necrosis and 1
} hemorrhase . This gross lesion was recognized in all eight subjects. 1
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Pienre 11,0 Colonic lTumen and foeal areas of the serosal surface are black doe
to congestion and hemorrbawe,
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Histopathology

ALl 2ight monkeys had essentially the same microscopic lesions with vari-
anle despees of expression.  The primary microscopic changes were necrosis, con-
restion, edema, and hemorrhage. Lymphnid necrosis and hypocellularity of bone
mirrow wore recognized in all subjects (Figs. 13 and 14). The lymphoid necrosis
&3 oresent in lymphoid tissue throughout the body. Individual cellular necrosis
W Lo main exprossion of cell damage in the salivary glands, adrenal glands,

Lanoceeata, testicles, gastrointestinal tracts, and kidneys. Necrosis was espe-
“al ity severe in the kidneys and in two subjects' pancreata.

inme and oongestion were most evident in the lungs, gastrointestinal sub-
mieatas, and lymph nodes.,  Fxtravasated erytnrocytes were usually associated with
tae fonioof congestion and edema.  Marked hemosiderosis in the liver, lympn
nodos, spileen, and adrenal glands was noted in one subject; minimal *to moderate
wviunts werso rocognized in two nthers.  The most severe and life- threatening
anharit o snances were recognized in the xidneys, lymphold tissues, intestines,

vlren i, panereata, and bone marrows.

The widreys of all subjects had diffuse severe necrosls of renal tubular

2pit {um.  The tubalar lumens contained deeply eosinophilic proteinaceous B

ot , ilouihed epithelial eells, and minerilized necrotic debris. The _,«:

slomoralas were nobt remdarkable.  The vessels of tne kidneys were congested, and ‘ A

cxteavasation of crythrosytes ints the interstitiums was minimal to severe (Figs. 1

1 R ’ B

Parcoreitio necrosis in six of the monkeys was minimal with scattered indi- 1

il excorine and eandoecrine epithelial cells undergoing degenerative change, y
oonunized hy karyorriexis, cytoplasmic swelling, and hyperchromicity of nuclei. °

Tve Wy suhjeots Wwitn edema in their pancreata and diffuse severe necrosis and i

Lemtrrnage JFie, 7)) were the first to be cuthanatized. )

"q

-“

L

e ..

o el el T S el R B ]

- . e, e . - . - . 9

PR S U W A SN W S P ot ial A A AT e m e im AT i moim .mar A e . m At oa Lt T . o .




Cath -:‘*T

- . —

L ?/1

~ .'_1

- .‘)..
.-‘ . - 4 '—— ."‘.
.\ .'v.

5
‘!
<
' L
, O
m - -
' ]
Do o

)
(Y S A
n.-. '_‘
: 1

[ | '
’ 1
. ""41.\ 4
o TS

<
'. — 4

o ) )

g Piloure 130 Lvmph node  tollicle is hvpocellular with loss of lvmphoevtes in " 1

: the germinal centers, mantle, and medullarvy cords.  The subeapsular

sinus is dilated.  H&E 270X, o
e
P
A"“-T
v Cd
- ’
h ' .
- C
.
.
<
g
.
!7‘] ’
‘. 1
g B
4
]
K .

° ’
= -

» 1

[ ]

.. 1
| -
' 5
\ .
A . '1
; 1
' 1
P i oo Pollicle P dityicalt to discern from surroundin: paren-

. D! H. S S [RAN] it AR . o
{ Con ctne to ke et nd hepocee o b i, B 2A6Y ‘
‘ .
"
3 -
3 .
! O

@ ' [

RO e iadmadiu PR PR R L O N NP PE YR PCIEIN




e e
T T —Tw
NPt e s e 0 P ara e N s
‘ " — . B -
‘ : o ; T P P Py Y yeyry=

. -

Fivure 15. Renal cortical tubular epithelium -- diffuse necrosis with hemor- ®
rhhage and proteinaceous material in tubular lumens and in the :
interstitium. H&E 93X.
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Figure 16. Renal medullirsy collecting tubules contain sloughed renal
¢ cortical tubular epithelial cells occluding the lumens. H&E 155X, 1
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Figure 17, Diffuse severe pancreatic necrosis--hemorrhage, congestion, and
moderate interlobular edematous change. H&E 230X.

Gastrointestinal changes were severe and diffuse throughout the length of
the tract. The mucosas, submucosas, and occasional subserosal foci were edema-
tous ind often had collections of extravisated erythocytes within the edematous
ir2as, Th2 mucosal architecture was irregular with a marked decrease in crypt
aeiznt, dilation of crypts, necrosis, and regeneration of epithelial cells. The
Mi20315 Were hypocellular with noticeable reduction of lymphoid cell populations

P

Tigs. -2,

Lymynnoid necrosis was recognized by loss of cells in the lymph nodes,
avloens, tunymuses, tonsils, laminae proprias, and mucosas of the body. The loss
ymenoid o oells was not uniform among subjects, and in three it was minimal.
e w1 decreas2 in the small-lymphocyte population and a moderate loss of

roo lymapnneytes,  The germinal centers were essentially devoid of lymphocytes.

Cioor=tiegiar cells did not have any remarkable changes. The loss of lympho-

vty ot rs dnereaserd hypocellularity of the glands and edematous change. In

’ vio o oem=rally populated by scattered populations of lymphoid cells, there

At mar<ed pauzity of cells.  Free erythrocytes and erythrophagocytosis were
o lnoo1lL subjects' lymph nodes.

s hone marrows were hypoecellylar in all subjects. A marked depression of
T oomatopolietin nomponent accentuated the fat ecells and vessels., Pyknotic
el wnree comoon, Immature and blast cells were rare (Fig. 22).

individual epithelial cell necrosis in
multifocal to diffuse and cevere, with

Adreny. necrosis Was recognized A
M T ey
: 3

ig. 23). The necrosis wais essentially

3
Sive Subgonta, n four, the nacrosis wia
sdama nd erythrocytic extravasation (Fi

onfirnd oy Lne 2ortex,

13

PP G A

PUTN SRV SR S IR S

T W

]




Y T Yr—Y—r—y

i i
A

-

1

cotenio mneosal Loight--crvpt dilation, aucosal hivpos
U oolarityy Aantawcosal cdema, and extravasation of crvthroevtes
N A

Tuoen ., He 93y, (Sce Fieure 19.)
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Ficure 20,

Crypts are lined with metaplastic epithelium. Note the sloughed
necrotic cells in the dilated crvpt spaces. H&E 340X,
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St i nrtace epitheliom i« markedly metaplastic.  Mocosa is
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Bone marrow is markedly hypocellular with prominent fat cells.
Note the paucity of blast cells. H&E 390X.

Figur

Figure 23.  Severce diffuse adrenal cortical epithelial necrosis with hemorrhage
and congestion. H&FE 185X.
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The lung changes included minimal to moderate congestion with accumulation
of proteinaceous material in alveolar spaces. Minimal to moderate septal thick-
ening, due to proteinaceous material, macrophages, and atelectasis, was occa-
sionally recognized.

The salivary glands and testicles had similar changes, with individual cel-
lular necrosis (Fig. 24). There was karyorrhexis, swelling of epithelial cell
cytoplasms, and occasional pyknotic nuclei. No inflammatory cells were associ-
ated with necrosis in any of the organs.

Pyknotic nuclei were recognized in the cerebrums, cerebellums, and livers;
these organs had no detectable necrosis, hemorrhage, or edema.

Focal myocardial necrosis was recognized in one subject. The focus was
approximately one-half diameter of the ventricular wall, with discrete margins
and no inflammatory cell infiltrates. The individual myocardial fibers were
lightly eosinophilic and vacuolated and nad no cross striations. Another sub-
Jject had multifocal to diffuse myocardial hemorrhage but no detectable necrosis
of myocardial tissue.

Marked hemosiderosis was recognized in one subject with accumulation in the
liver, spleen, bone marrow, and adrenal and lymph nodes. Minimal to moderate
hemosiderosis was recognized in two other subjects.

Additional lesions recognized in the monkeys were considered to be unre-
lated to the irradiation damage. The most significant were adrenal minerali-
zation and accumulation of inhaled exogenous pigments in the lungs.

Fivnre 2450 Individual cellular necrosis of the salivary gland acinar epithelium.

Note the karvorrhexis and cvtoplasmic swelling. This individual

cellnlar necrosis was commonly recognized in salivarv glands, testicles,

adrenals, and pancreata.  H&E 700X.
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Even though the pathogenesis of ionizing radiation | ;
ia well documerted in muny species (7, 9, 10, 13, 32). The lesions rocognine:

, the doso rate, and the single exposure. Additionally, z dircct extrapoln
to the radiation effects on humans exposed to comparable radiation can b
with few reservations.

Tho current understanding of tissue damage by radiation has led to the con
on that the most important factor is that of cell xilling (12, 26, 33).
s 1s certainly the most notable cellular change recognized in these tes
jects, with the necrosis varying from foral to diffuse and minimal to severa
in maior organs. Necrosis was recognized in the pancreata, gastrointestinal
tricts, bone marrows, lymphoid tissues, kidneys, adrenals, salivary glands, and
st . Nerrcsis in most of these organs hias been well documented by cthnr
suranrs 2, 10, 13, 23, 26, 32, 33)., Edema ind hemorrhage were generally asoo
% oNith necrotic tissues; and altnougn vascular histopathology wis not
Lo re 1s little doubt that it occurred. Not being =:b Lo Soe a2ut
f. ane i dnnase with low levels of radiation i3 not unusual, F authcre

te
Tover:]
sndothelial damage is the most likely cause of the edemsa and

3 Ay Wy oun etz most o sericusly affectod by radintion, and the first re-
. ciinine st oty totn develaoped savere aydrothiorax, T

i
ooy oty nine s and severe «ldrney e e nad diffuse, sovers panorenti

; : v 1o nermorrnayre, Another subjeeor, ana the tnilrd to be outhanabice i, o
Loy sricium,. Sevar ol oeitnors comment on pulmonary eder ) rnenpann-
1 Tty ot oloura! offusions, but none specifically discuss nydrothoras and
t,: oo et aeddam (100170 280 310 30, These ~hanges may be copeoinally slonifld
o vitoieen st performance and therapy in s neutron radiaticn envireonmens,

Silrev perosis was severs in o all subleeots, and predictably, che otubualar
izy pathology, while quite controvereial for
C,olr W UL dlecumented and readily onenssible (7, 20, 23, 27, 00,

p—— oo i e ceposic s nou owell dooumented; severe pancreatic noorosis Lo
- o el 2t el may be o sionificant neutron radiation chane (70

’
ey toth nad hemorrhs.
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e The nemesidercosis seen in one subject was probably due to rapid uptake and

conversian of erythroeytic elements (32). This monkey had severe intestinal hem-
orrhages.  No direct documentaticn of postirradiation hemosiderosis was found.,

Pyknotic nucleil in the brain and liver are documented, even though the
change 1s extremely difficult, if not impossible, to identify as a real morpho-
logic change. The brain cells damaged by the radiation were most likely oligo-
dendrogliia.  tepatocytes wer: damaged in the liver. Radiation necrcsis is well
decumented in the brain and liver (2, 9, 10, 30) but at much greater dosages than
those used in this study.

The clinical picture that the monkeys presented was typical of ionizing
radiation exposure in mammals, although the signs were apparently more marked
than could possibly have been expected at the relatively low dosage (30). The
severe lesjons in the subjects would have no doubt been fatal and would have
oceurrad even with supportive therapy. Since the monkeys were euthanatized,
determining how long they could have lived is not possible; but it is unlikely
trney would have survived past 10 days, with the majority dying within 7 days.

Behavior

Neutron exposures at dose levels of 1050-1100 rads (5.8:1 n/g ratio) will
nest likely impair performance accuracy and cause a concomitant slowing in reac-
tion time. The task in this study was rapidly paced, demanded periods of high
sutout, and was mentally fatiguing; however, all baseline performance excceded 99%
wwear ey (Table 6),

g%
c*

ween the task loading of this study and operational aircrew
2y to identify. Many operational situations require bursts of
lowel oy reducad work rites or short rest periods. An increase of
tae cp=rator's normal (acceptable) error rate would likely have a
Attt oen rovzl mission parformance.  Table § indicates that at least 3
Yo increase in orrors occurred for all subjects on exposure day and for
St et ooun postexposure days 2-5,  Mission-essential subtasks have varying
o oonsequence for fallure, Low-level and high-level cruise have

iV Uerine regquirerents for job performance.  Landing an aircraft on land
contitions 1o quite different than landing on an aircraft carrier in
sioatner o conditions,  Tome jobs ecan tolerate limited errors, and some
eecoyery 5 posasible, Befueling, for example, is a4 task where errors (break-

I e e sV

[we)

r—

coowithin Dimitse Too many breakawiays, nowever, extend
Lo v pies D for refucling and can ultimately lead to mission failure.

Tree ubiects inotnds stady originally performed their task at a high level
GUocsoury. AYLer thee oxposure, performance accuracy significantly decreased for
) ‘ Aot necessarily at the same time (see Table $).  In

i Ciroe ing bt pulse, throee of the eignt subjects were appar-
Vo o, Culy gre cabicet qppeared to be unaffected.  Acou-
e Ure D col o expoasure day. Although dependent upon the
A oo rtormeea o VT rebaetion in performanas oo ooy
. Coailure forosome points In time.
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- After the 1100-rad neutron exposure, response rate was significantly de-
layed. One feature of the task was that an animal could change his response
3 rate up to 2 s (most averaged under 1.0 s). If the response came after 2 s, the i
1!% subject received a shock. Seven of the eight subjects had significantly in- -
P creased reaction times on exposure day, four of eight at postexposure day 1, six @
[ of seven at day 2, six of six at days 3 and 4, and four of four at day 5. This IR
b shift to slower responding can be seen in Table 9b. On exposure day, reaction
: time increased by 11-32% over an average of the previous two baselines. Although
b - the reaction time ranged from a 2% decrease to an 18% increase on postexposure
9
o
]

day 1, it had a 40-73% increase for the four subjects performing on day 5. L;?

A shift in the range for reaction times demonstrates that a subject is no
longer responding in an expected manner. Many of the changes to slower respond- )
ing were large. The subjects' ability had been degraded, although the "best" o~
postexposure performance was seen on postexposure day 1. S

Productive emesis was another variable of interest. The animals were moni- ®
tored at the end of the 4-h postexposure work period. When removed from the work
cubicle on exposure day, seven of the eight subjects in the 1100-rad group had
vomitus on their fur, and two animals experienced an additional emetic episode
later that day. At postexposure day 2, three subjects experienced additional
® emetic episodes. Most of the animals would uninterestingly consume small amounts )
of food 1 day after exposur.-* but by the third day, most were ingesting almost no 9
monkey biscuits, fresh oranges, Tang orange drink, or water. Depending on physi- RN
cal condition or termination of the study, the animals were euthanatized at the
times indicated in Table 12.

s ot ae e e o

p—

To permit easy comparison of data, Table 12 summarizes the performance accu- .
racy, reaction time, and emesis effects after radiation exposure for (a) present ®
study--1100 rads and a 2-s response window, and (b) earlier study (5)--600 rads
and a 3-s window. The most obvious comparison is that in the 1100-rad study, two
animals were unable to perform meaningfully on the second postexposure day and so
were euthanatized; in the 600-rad study, all eight animals were performing on the
third day.

The 600-rad exposure generally resulted in moderate performance changes. In
the 600~rad group, subjects were performing relatively well at postexposure day 3;
the number of errors and subject loss are clearly greater for the 1100-rad group
(contrast Table 13 with Table 6). It is quite likely that the subjects who re- :
ceived 600 rads could have worked reasonably well for up to 5 days because they N
were still consuming some food; however, only two of the four subjects in the ’
1100-rad group that started postexposure day 5 performed to any appropriate de-
gree. Visual inspection of the animals, combined with virtually zero food or
water intake (see Pathology section for possible reasons), made it doubtful that
any animal could have performed to any meaningful degree on day 6.
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TABLE 12. RADIATION EFFECTS

(a) 1100 rads, n/g 5.8:1
(behavioral response window = 2 s )

Postexposure days

Subject Exposure
. No. -- ID day 1 2 3 4 5

1 156 A+ A+ A A A+ S
2 190 A+ E A+ A+ E A A L

3 318 A+ E A+ E A+ A A+ %3
y 204 A+ E A+ A+ ES

5 356 A+ E A A+ A A+ A+ S
6 348 A+ E + A+ S
7 344 A+ E A+ A+ A+ A * S
8 346 A E A S

(b) 600 rads, n/g 5.5:1 (Ref. 5)
(behavioral response window = 3 s)

Postexposure days

Subject Exposure
No. -- ID day 1 2 3

176
178
180
184
154
160
Lb4 A
174

+ 4+

A+ A+ A+

= e >
mmmm

+

’

O~ oUW =
2!
=3
=
p=J
®
Aok

+ o+ o+ o+ o+

[e3}
+
+

A = Decreased accuracy defined by the presence of more errors on exposure and .
postexposure days than on either of the twn control baselines. -

+ = Jncreased reaction-time scores by simultaneous tolerance limits or : -
axceeding both baseline maximums. S
E = Emesis cecurrence (productive), ST
* = Withdrawn during secoion due o inabillty to successfully perform. L s
Oo= Futhinnatized, .
®
ST e
®
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:_ FABLE 13. (PERFORMANCE ERRORS)/(NUMBER OF TRTALS) FOR 4-H TEST PERIODS TFOR
g 600-RAD STUDY, N/G 5.5:1 :
. :
(4 . S
s Subject Exposure __Postexposure days . =
g No. -- 1D Baselines day 1 _2 3 R
& 1 176 16 21 12 9 9 L
h 7526 7537 8615 8111 8303 ]
g 2 178 47 142 69 230 286 e
g 6656 6110 6675 5091 5167 SRR
o ]
- 3 130 27 48 11 25 17 o
6910 6907 8207 6407 956 -
‘ -
1 4 134 T 26 T T__ v o L
} 712 6743 7018 608 5832 .

3

3
5 154 39 26 7 15 14 ]

) 8512 7589 7125 692 6883 ]
)

] v d
- 6 150 26 10 13 5 2 L
" 9307 922 9992 85398 9028 IS
3 oA
= S
. 7 L6Y 30 136 37 62 34

7237 6358 7554 6918 7123 L
.]
3 174 16 12 ¥ 16 2 ._
8473 7867 8291 6953 8204 .:ﬂj
ﬁfﬁ
An element of risk always exists when we take animal data, regardless of ;Lf}
how good we believe it to be, and make generalizations to human operational o

A tasks. These data can, however, suggest some guidelines. Below are some ..

' evaluations of the 1100~rad (current) and 600-rad (previous) exposure groups. R
2 jﬁi
3 ) Previous Study (5) Current Study ﬂcﬁ

° 600 rads, 5.5:1 n/g 1100 rads, 5.8:1 n/g . :}
3 L J
- 1. Exposure will impact both perform- 1. Exposure will have a marked im- :n:1
{f ance accuracy and reaction time. pact upon both performance accuracy o
b and reaction time. Sl

. .1

° For tiaes without 31 low mursin of 2. Performance will be able to con- f}ﬁ
L. error, performinze can prohadly  con- tinue within the first 4 h, although e
f.' tinua for several nouars. there will be periods (20-30 min) of )
. poor performarnce.

o
e
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3. For a task with a critically low
tolerance for error, performance may
be significantly compromised. Air-

craft-carrier-based flying personnel
would be apt to perform below safe
standards; landing on a carrier (15-45
min after exposure) could very well be
beyond an acceptable risk. Safety in
land-based aircraft operations might
be compromised, even in a normal take-
off procedure, at 15-30 min after crew
exposure.,

4, By 24 h after exposure, personnel
would likely be available for reuse;
but at 48 h, their speed of response
for time-critical events would still
be affected.

5. Loitering should be possible for
an extended period of time after expo-
sure, with minimal or perhaps no crew
redundance,

6. Tasks required for penetration are
very demanding and would be marginally
affected 24 h after exposure. After
48 n, responses requiring speed would
likely be Jjeopardized,

7. Refueling ~oui.t 7 0

cessful if an e oo o e
Wwere possible. Addrn Lo L0 e ey
would 1likely occur anil gt e
procedure.  Activity at 28 o atrer
sxpesare  Would experience the  least
iy ifter 72 h, refueling
Wl e e Ly e e more difficult,

3. For a task with a critically low
tolerance for error, per formance
will be significantly compromised.

Aircraft-carrier-based flying per-
sonnel would probably perform below
safe standards within the first

hour; landing on a carrier would be

dangerously questionable for about
50% of the personnel. An additional
20% could be expected to perform
poorly, and at times unacceptably,
for up to 4 h, regardless of risk.

4, By 24 h after exposure, most
personnel would be available for
reuse although time-stressed tasks
would suffer some degradation; by 48
h, response rate would be distinctly
slowed, but accuracy would be only
slightly worse than at 24 h, More
significantly, there could be an ap-
proximate 20-25% total loss of usa-
ble personnel by this time.

5. Loitering should be possible for
an extended period of time, with
personnel surviving up to 96 h. At
120 h, approximately only 20-25% of

exposed personnel would be able to

do their jobs.

6. Skill levels required for pene-
tration would be compromised for
several hours after exposure, but
marginally affected 24 h after expo-
sure, At 48 h, tasks requiring rapid
response would definitely be jeo-
pardized and 20-25% of personnel
4oull be unavailable (medical casu-
1lty) or useless,

Refueling would be seriously
~smpromised  within the first  hour
LS probibly successful within
=30 h, partiecularly if an increased
time rnlement were possible, By 48 h
after exposure, the surviving per-
sonnel (75-80%) would continue to be
successful with Aadditional time,
although breakaways would unques-
tionanly increase, By 72 h, perform-
pie w1t tively be plagued with
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2, The cruise phase of missions would 8. The cruise phase of missions
suffer the least radiation-related would be minimally affected by
problems. Because of lowered work radiation-related problems. Because
rates, crews should accomplish tasks of lowered work rates, surviving
with limited difficulty. The opportu- crewmembers should accomplish tasks
nity to spread activity out in time with limited difficulty within 72 h
somewhat should increase the expected after exposure. The opportunity to
success rate, but this may not bDe spread activity out in time would
possible in a tactical situation where increase the expected success rate.
activity 1is at a continuous high After 120 h, however, it is unlikely
level. that any operational crewmembers

would be available.

9. As noted in Table 12, emetic ac- 9. As noted in Table 12, emesis
tivity, increased reaction time, and/ appears up to 2 days after exposure.
or decreased accuracy may not coincide For this sample, increased reaction
nor occur equally in all subjects. time and/or decreased accuracy gen-

erally occurred together (not true
for the 600-rad group).

For the 600-rad data, behavior of the neutron-exposed animals was gener-
ally similar to that of animals exposed primarily to gamma radiation. In the
current study, a more rapid death rate is easily associated with neutron expo-
sures, Whereas gamma exposures generally result in an early performance
decrement (EPD) for the dose levels discussed here, recovery time from the EPD
appears to be longer for neutron exposures. To further identify the neutron/
gamma relationship, it would be advisable to expose an additional group at
1100 rads, all gamma. The 1100-rad neutron exposures for this study defi-
nitely exceeded "threshold" dose. An all-gamma exposure would address the
neutron RBE question as presented by the work of George et al. (11). Although
their studies were good, they used different behavioral techniques and differ-
2nt species. The RBE question becomes increasingly important with the more
recent shift in the types of nuclear weapons being considered (25).
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APPENDIX
THREE-MINUTE AVERAGE REACTION TIME AND ACCURACY SCORES?
(%e%%% =

= missing data point)

A0verview in text Figures 5 and 6
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