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INTRODUCTION

On December 12,13, and 14, 1956, a Sym-
posium on the Shorter-Term Biological Hazards
of a Fallout Field was held at the Pentagon,
Washington, D. €., under the joint sponsor-
ship of the Atomic Energy (ommission and
the Department of Defense. The purposes
were to review the basic information related to
the more immediate effccts of fallout, both
biological and physical, laboratory and field,
and to suggest new research approaches to the
many unresolved problems. .

The papers were presented under five topic
headings:

1. Decay Constants, Weathering and Shielding

Chairman, Dr. Louis B. Werner, U. S.
Naval Radiological Defense Lahora-
tory

2. Gamma FEnergy Spectra and Geometry

Factor
Chairmen, Dr. Eugene P. Cronkite,
Brookhaven National Laboratory

3. External Beta Radiation
Chairman, T.t. Col. James T. Brennen,
Walter Reed Army Medical Clenter
4. Biological Repair Factor
Chairman, Dr. Nathaniel 1. Berlin, Na-
tional Institutes of Health
5. Internal Emitters
Chairman, Dr. Wright H. Langham,
Los Alamos Scientific Laboratory
Whatever success the Symposium may have
achieved was due to the efforts of the chairmen,
speakers and discussants. Appreciation is ex-
pressed especially to Colonel Roy ). Maxwell
and Commander Thomas E. Shea, Jr., Armed
Forces Special Weapons Project, and to Mr.
George T. Anton of the Atomic Energy Com-
mission, for their able assistance in plan-
ning and conducting the Symposium, and to
Mrs. Violet M. MeCarthy of the Atomie
Energy Commission for her invaluable secre-
tarial assistance.
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Decay Constants, Weathering, and Shielding




METEOROLOGY—FALLOUT AND WEATHERING

By Lester Macnra and Kenners M. NacLEr
U7. 8. Weather Bureaw, Washington, D. (.

INTRODUCTION

Meteorology plays two roles in the study of
the biological eflects of nuclear radiations on
man. First, winds and rain govern the trans-
port of the fission products to man’s environ-
ment. Seccond, after settling on the ground,
the fallout particles can have their effects mod-
ified by rain washing and wind erosion. 1t is
the purpose of this paper Lo discuss both roles.
Research in the Weather Bureau has been de-
voted largely to the first problem, namely pre~
dicting the fallout. Accordingly, in the absence
of first-hand research, the discussion of weath-
ering will be more general.

TRANSPORT

There are two aspects of the problem of pre-
dicting dosages of radioactivity on the ground.
In the first place, the initial distribution of
radioactivity in the stabilized atomic cloud on
various particle sizes, at different altitudes must
be given. Then, with this distribution as the
starting point, the particles are tracked down-
ward according to their settling velocity and
horizontally according to the winds.

In theory, it might be possible to deduce the
distribution of radioactive particle sizes and
their specific activities in the atomic cloud from
the explosion kinetics, thermodynamics, and
available scavenging agents, but in practice, it
is necessary to rely on the findings from previous
nuclear explosions.

Figure 1 shows, in principle, how this is
accomplished. From considerations of the
settling speed of the particles and the winds,
it is a straightforward procesz to obtain the

locus of points at which particles from a given
altitude will fall. These arc the radial lines
on the chart. Further, from the same informa-
tion, it is also possible to devive the locus on
the ground of particles of the same size (or,
really, fall rate), also shown on the figure and
labelled according to their diameters in microns.
The heavy line shows the path that the 100-
micron particle takes in falling from 40,000
feet to the ground. The heavy dashed lines
are isolines of ohserved radiation intensities,
in milliroentgens per hour 12 hours after the
burst.

Although the actual procedure is more
complicatod because of the finite lateral width
of the cloud, the theory of producing a model of
cloud radioactivity can be illustrated from this
figure. The procedure is that of associating
the amount of radioactivity at a given range of
cloud altitude and particle size with the cor-
responding radiation intensity on the ground.
For example, the particles in the shaded ares
(those between 87 and 100 microns in diameter
which were initially between 30,000 and 35,000
feet) have caused an average dose rate of about
50 mr/hr, It is to be noted that this mapping
procedure bypasses the determination of the
number of radioactive particles and their
specific activities. In fact, since the radiation
intensity lines used in this type of analysis are
obtained for Nevada tests by monitoring the
ground with conventional hand radiation-
measuring instruments {or, less frequently, by
pircraft surveillance), the effect of shielding due
to rough terrain is already included in any
forecast derived from such information. This
technique of preparing forecasts of radiation
intensities from cloud models is now used by

b3



4 THE SHORTER-TERM BIOLOGICAL HAZARDS OF A FALLOUT FIELD

FraurE L—Hypothetical Fallout Plot.

practically all groups engaged in this procedure:
The Weather Bureau, the Los Alamos Scientific
Laboratories, the Rand Corporation, the Uni-
versity of California Radiation Laboratory, the
Naval Radiological Defense Laboratory, and
others.

The result of the preceding aunalysis yields a
model of a cloud from a specific explosion: A
given yield, fission-fusion ratio, and type of
burst. The best information, that from Nevada
tests, is limited largely to comparatively low-
yield weapons tested on towers. A scaling
formula is required to refer the dosages to other
yields and heights of burst, but such scaling
rvelationships are not yet well understood.

It does not. appeer to he appropriate to pro-
vide the details of each of the models of radio-
activity created by different organizations.
Rather certain gencral results will be given,
flavored by the Weather Bureau studies of
Nevada tests.

The bulk of the radioactivity in the fallout
comes from the mushroom head. The ratio
of such mushroom to stem material in Nevada
bursts is roughly 3 to 1, but this distribution
seems quite variable even on shots of similar
vield, There probably is a smaller proportion
of stem material in bursts in the megaton range.
Models proposed by various groups studying
fallout have differed greatly in the proportions
of activity in the mushroom top and stem. The
particle sizes in the stem are velatively larger,
that is, the radioactivity is mainly attached to
particles greater than about 200 microns.
Further, the lower down in the stem, the larger
the particles appear to be.

The activity in the mushroom is also non-
uniformly distributed in the vertical. From
first principles, one may argue that the thorough
turbulent mixing in the mushroom will inake the
amount of radioactivity per unit mass of air
uniform throughout this part of the cloud.

METEQOROLOGY~-FALLOUT AND WEATHERING 5

Since the air density decreases with altitude,
the amount of radioactivity in a given volume
of the cloud is much larger near the bottom
than at the top. This appears to be borne out
by actual fallout data with the one additonal
fact that the peak activity seems to be located
on somewhat Inrger particles vear the bottom
of the mushroom cloud than near the top. In
general, both in Nevada and the Pacific, the
particle size with the greatest amount of
mushroom radioactivity is between 100 and
150p in dismeter with a specific gravity of
about 2.5.

APPLICATIONS

Aside from demonstrating how a fallout
intensity field is predicted, there are other
features which may be of interest in this sym-
posium. For one thing, it is comparatively
easy to estimate the time of arrival of fallout,
which is necessary in estimating the cumula-
tive dose from a dose-rate measurement. Also,
if there is fractionation in the nuclear. cloud
as o function of altitude or particle size, then
it is possible to provide estimates of the heights
of origin and the particle size in a given part
of the radiation field. As indicaied by particle
size measurements, meteorological predictions
do yield approximately the correct particle
sizes; but along with the activity on the pre-
dicted particle sizes, there is a disturbingly
large fraction of activity on particles too small
(even less than 5 microns) to have a significant
settling velocity.

EXAMPLES

It may be of interest to consider a typical
prediction of fallout in the Nevada Test Site.
In Figure 2 the predicted fallout in milliroent-
gens per hour 12 hours after the burst is shown
as the solid lines. The thin dashed lines ere
the observed after-the-fact fallout isolines in the
same units. This case shows the verification
of the falloul pattern, using a wind forecast
made 2 hours before shot time and & Wenther

Bureau model of radioactivity. Such forecasts
are used by the test manasgement in making the
decision whether or not to fire. On Figure 3,
the shot time winds are used. A comparatively
small decrease in wind velocities has made the
fallout pattern shorter and wider than the H-2
forecast. Finally, as shown in Figure 4, a more
refined treatment of the wind has been at-
tempted. The time and space changes of the
wind along the paths of the falling particles have
been incorporated. It is evident that the east-
ward turning of the fallout pattern in northern
Nevada, missed in the previous static wind
cases, is better accounted for in this figure.

In Figure 5 the pronounced effect of the wind
structure on the fallout pattern is shown. Not
only the bearing of the fallout pattern, but also
the shape is controlled by winds. Shown in
the upper left corner (from a paper by Dr.
Gordon Dunning) is a set of idealized dosage
lines for the CASTLE BRAVOQ event, together
with the winds which carried the particles east-
ward. The remaining three figures are the
authors’ estimate of what the same isolines
would look like in different wind situations.
In the lower left is a typical winter case of
strong west winds, with an elongated fingerlike
configuration. In the lower right is a case of
light winds, changing from east to west. Note
the marked difference in patterns. The upper
right, a case of southerly low-level winds and
moderately strong upper westerly winds, shows
the stem fallout bulging northward somewhat
in comparison witl the lower left-hand case.

SCAVENGING BY PRECIPITATION

The previous discussions and examples of
fallout have considered only the effects of grav-
ity and wind. It should be pointed out that if
the airborne debris passes into an area of rain
or snow, a very different radiation pattern on
the ground may result. There is no good data
on the quantitative effects of precipitation on
close-in fallout, but it has been observed that
most of the radioactivity remote from the test
site is brought down by rain.
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Frguge 2.—Sample Fellout Computation—Predicted Winds.

WEATHERING

Tae radioactive psrticles deposited on the
ground may be transported or modified in their
effect on man by the action of wind and pre-
cipitation. Three types of weathering can be
imagined :

1. Particles can be washed away.

2. Particles can be blown away.

3. Particles can be covered.

In the first case, particles embedded in rain-
water or snow melt can be washed into the
ground or carried away by runoff. Light rainor
the initial part of even heavy rain tends to soak

into the ground—carrying some particles with
it. Once the air space in the soil is filled with
water, most of the additional rainfall will run
off along the surface and into streams—-carrying
along more of the radioactive particles.

To this must be added the action of raindrops
in dislodging the particles by their striking
force. With light winds or on level ground this
is unimportant but in strong winds or on slopes
with as little as 10 percent grade, there will be
significant transport.

This qualitative picture combined with the
tremendous variability in rainfall can differ

METECGROLOGY--FALLOUT AND WEATHERING 7

with time and location through a very large
range.

The movement of various particles by the
action of wind is shown in Figure 6 {from »
paper by G. R. Hilst of the Hanford Atomic
Products Operation). The table shows that
the particles most casily moved by wind are
those in the range of 50-500 microns in diame-
ter. A wind of only about 10 knots (measured
at the meter level) is sufficient to pick up
particles in the 60 to 130-micron level (A. Sund-
borg, Gengrafiska Annaler XXKVII (1955) ).
80 it is apparent thal the important particle

sizes as far as radioactivity is concerned sare
casily moved by moderate winds. Smaller
particles may be eroded by a process known as
saltation, in which the impact of larger, erodible,
particles jars them loose and allows the wind
to carry them away.

The particles whictt are lifted by the wind
will, of course, settle elsewhere, However, in
general, the importance of this dispersal rrocess
is the diluting of the higher radiction intensi-
ties. Furthermore, particles initially or sub-
sequently settling inte crevices will be the ones
most apt to remain.  Radiation from these

o
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F1oUre 3.—Sample Fallout Computation—Qbserved Winds ai Test Site.
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particles will be partially shielded by the
" surrounding soil.

Like rainfall, wind speeds show marked
variability, so that the erosion of particles by
wind action likewise varies over a large range.

Finslly, fallout particles may be covered by
wind-blown sand with a resulting decrease in
radiation. Also, it should be noted that snow
cover has a shielding effect.

In_conclusion, it might be well to emphasize
the very great variability from time to time and

" place to place in the effects of weathering on
deposited ra lioactive particles. Any “average
" weathering effect” must be used with caution.

DISCUSSION
K. M. Nagler, U. 8. Weather Bureau

Dr. Mircagrs (Rand Corporation). I would
like to know why the particles of less than 20
microns are considered non-erodible.

Mr. NacLEr. This concept that large parti-
cles are more easily blown away than smaller
ones seems unlikely at first thought, but it has
been verified experimentally. The explanation,
I believe, lies in the way that the wind speed
decrenses very close to the surface over which
it passes. With moderate wind speeds at a few
inches above ground, the force of the wind is

METEORCLOGY---FALLOUT AND WEATHERING 9

still strong enough 100 or 200 microns above
the surface to move a particle which is large
enough to extend into that layer, but it is
normally so much weaker just above the surface
that it is unable to move a 20 micron particle.

Dr. Bora (Brookhaven Laboratory). Would
you care to comment on the importance of
different soils in altering the particle distribu-
tion that the model that you propose deals
with, and the resultant change in the fallout

Mr. SreNcer (Buresu of Standards). T have
two questions. Have yvou actually carried out
caleulations of the time distribution of the
fallout?

Mr. Naenen. Yes.

Mr. Srencer. Have you determined what
percentage of the dose delivered is delivered
while the particles are actually falling?

Mr. NacLiEr.  No, not specifically, but radia-~
tion from particles still airborne has been ob-

patterns?

served. In some Pacific tests, a considerable
Mr. NagrLer. This is something which is

part of the dose received at some locations was
really not very well known. The distribution  due to particles that were settling very slowly
of activity on coral from a Pacific atoll does not  or, essentially, just drifting past in the trade
scem to bhe greatly different from that on Ne-  winds. The measurements T have seen from
vada sand, but it seems probable that the Nevada tests have not indicated that ihis is an
rubble of a bombed city would lead to quite a  important phenomenon there,

different distribotion of radioactivity and par- Mr. SpeNcer. One other question, Have
ticle size. you plans or have you actually carried out any
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SOIL ERODIBILITY AS A FUNCTION OF PARTICLE SIZE
Relative erodibility

‘Diameter (microns)

Less than 20

Non-erodible except at wind

speeds greater than 50 mph,
6 inches above ground,

0 - 50
50 - 500
500 - 1000
‘More than 1000

Difficult to erode.

Highly erodible.

Difficult to erode.
Non-erodible except at wind

speeds greater than 50 mph,
6 inches above ground,

Fieurg 6.~—8otl Erodibility as a Function of Particle Size.

studies of local irregularities as they affect the
fallout pattern?
Mr. NagLer. The question of irregularities
in the fallout pattern?
Mr. Spencer.  In the ground contour as they
affect the fallout pattern. .
Mr. NacLer. We know that these irregu
Jarities exist, but to my knowledge, there has
been no good quantitative study of them. The
ohserved Nevada fallout pattern which I showed
is probably oversimplified, since most of the
monitoring runs are made in fairly broad, flat
valleys, Some features of rougher terrain must
" act like snow fences and cause an irregular
piling up of the radioactive particles.
Dr. WERNER. Are there any other questions
from the audience?
Dr. Srannarp (University of Rochester).
Could you give us some very average figures
. for the fraction of activity on particle sizes too
smell to settle out?
- Mr. Nacrer. The fraction not settling out is
" quite dependent on the type of burst. We can
get an idea of this fraction by considering the

measurements of what fraction settles out.
For Nevada tower bursts perhaps 5 to 20 per-
cent of the total radioactivity falls out within
the first 200 miles or so. For a surface ex-
plosion, where a great many more large particles
are formed, a much higher percentage may fall
down, perhaps as much as 80 percent, within
this distance. For an air burst, this percentage
falling down is almost negligible. In each case
some of the remiaining activity reaches ground
in a few days, but much is on particles with no
significant settling velocity.

Dr. WerNER. Are there any further ques-
tions? I would like to ask a question, if I
could. What would you expect the effect
would be of weathering on redistribution on a
rather large-scale fallout field and also on
structures?

Mr, NaorLer. On a large scale field the
general effect would be to diminish the fallout
in the places where it was most dangerous,
Weathering would not have a concentrating
effect normally. It would tend to distribute
it and bring small amounts to other places

METEOROLOGY-—FALLOUT AND WEATHERING 11

which had not been affected. T don’t think
this wouldl be a very dangerous effect.  As far
as structures are concerned, the airborne
particles would gradually infiltrate into homes
and so forth, much as dust does. T don’t know
quantitatively how important an effect this
would be, T would not imagine that it would
he too great an effect.

Dr. Werwer. As T recall at Redwing, there
were some effects of this sort noticed on the
ships that were out in the falloul pattern.
Passing through a rainstorm did have quite a
significant effect in reducing the level of radia~
tion. However, here there was a convenient
waste disposal tank available which would not
be available in the case of land installations,
For land installation, I would think that
perhaps the intensity would not be appreciably
decreased by weathering processes. T wonder
if you would comment on that.

Mr. NaciLer. 1 can cite an example of this.
We drove in very close to the remains of one
tower—that from the explosion on May 35,
1955—just a few days after the test. The
levels of radioactivity were rather low on the
asphalt pad almost underneath the tower itself.
There had been rather strong winds. T would
suspect that from smooth surfaces like city
streets and buildings the wind erosion of these
particles will be rather large. On rough
terrain and in vegetation it would be rather
small. Tt must be a tremendously variable
thing. It would also depend upon how damp

448629 0—58—2

the ground was.  On very dry ground, particles
may be picked up more easily.

Dr. Werxer. Perhaps we have time for one
other question.

Dr. Newcomse (USNRDL). Do you have
any information on the possible screening
effect of vegetation in determining the amount
of fallout on the ground? 1 have in mind

_availability 1o the animals on the floor of a

forest, for instance, as contrasted with a desert
area or grassland area.

Mr. NagLer. T believe that Mr. Larson of
TCLA has had some dats on that, that the
leaves of plants do tend to selectively collect
small particles, due to the rough struclure, the
tiny hairs on the leaves, and eo forth,  So there
is actually a collecting mechanism which is
probably important in some types of vegetation
in intereepting and holding these particles,
making them more available to the animals.
This is an important effect. In Nevada we
don’t have the best place for measuring the
effect on foliage, but we feel this is an important
effect.

Dr. Werngr. Thank you. T believe there
is one thing that impresses those of us who
have been concerned with the matter of pre-
dicting fallout field that Mr. Nagler has been
discussing and that is the variability. Even
under best conditions as you can see where the
impute data is determined, one can still expect
rather large variations.
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RADIATION PROTECTION WITHIN A STANDARD HOUSING
STRUCTURE

By Rorertr T, GravEsoN

Health and Safety Laboratory New York Opcrations Office, U. 8. Atomic Energy Commission

INTRODUCTION

The gamma radiation field measured at a
point above a contaminated ares is the sum of
the individual radiation contributions from in-
cremental surface aress located at various
distances from the observer. A relatively
small, clean area may be expected to reduce the
total intensity by eliminating the close-in con-
tributjon. In practical application, s building
which does not offer shielding by its walls will
still reduce the total dose to an observer due to
the existence of this clean area, although the
roof may carry activity.

Relatively uniform fallout contamination
was present in the vicinity of a onc-story build-
ing. The gamma measurements made inside
this building indicated that an appreciable
reduction in radiation intensity may be expected
within standard housing stractures.

PROCEDURES

The building in Figure 1 is located on a level
field. It is located 50 feet from an adjacent
building, and its back faces a small earth mound
situated 20 feet from the rear wall. The build-
ing was constructed of corrugated aluminum
siding, approximaicly %.-inch thick on a con-
crete slab floor. Two sides are bordered by
a porch.

The gamma radiation field in the vicinity
resulted from fallout, and the measurements
were made 6 days after the shot. A (otal of
2 inches of rain had fallen in several hard
showers subsequent to the cessation of active

fallout. It is believed that the roof had been
either partially, or completely, cleaned by the
rain action.

F1oure 1. —Lacation of Building,

All measurements were made with a scintilla-
tion detector, HASL Tvpe TH-3-(!, This
unit uses a sodium iodide crystal which has a
nonlinear energy respouse, Figure 2, and is not
roentgen equivalent. However, the readings
were all made within a short time interval,
climinating energy depeudence on the changing
gamms ray spectra of the fission products.

DISCUSSION

The radiation readings, at 3.6 feet from the
surface, were plotted on a plan view of the
building, Figure 3. Readings were taken in the
open doorways and behind the adjacent walls,
and indicate that there was little effective wall
absorption. The section through the building,
Figure 4, shows that the outside activity ap-
pears constant except in the vicinity of a rain
ditch where a sharp increase is noted. The
distribution of readings across the open porch

13
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appears to confirm the absence of shielding by
‘the walls.

Vertical profiles of radiation intensity vs.
height were taken both inside and outside the
building.

TasLs 1.~RADIATION—HEIGHT PROFILE

" H (eet) Station1 | Station2 | Station3 | Btetion 4
(mr/br) (mr/r) (mrfhr) (mr/ur}
20,0 0.6 Lo | n
15. 0 LS 1.2 0.05
12.0 2.7 2.1 .9
10.6 5.0 4.0 25
10.0 8.0 [wonenan 3.8

These profiles are plotted in Figure 5. The
outside profile agrees with tentative calculations
of the response from a large uniform source.
The inside profiles do not remain constant

though this might be expected, since the slant
distance to the active source area does not
change appreciably for the height range meas-
ured. The increase in intensity might be due
to contamination on the roof, however, it is
much more likely that a more complete field
of view was obtained into irregularities of the
outside surface.

CONCLUSIONS

An appreciable reduction in radiation in-
tensity was noted near the center of the build-
ing. An occupant might receive between Xo
and ¥, of the radiation intensity that would be
experienced in open field. The effect of ground
unevenness allows even greater reduction in the
intensity at points close to the floor. The
radiation intensity which would be encountered
in & besement would almost certainly be con-

RADIATION PROTECTION WITHIN A BTANDARD HOUSING STRUCTURE 15

siderably less than indicated here.  Thus, by
observing precautions, occupants of standard
houses may secure considerable protection from
fallout, without sny modification of these
structures.

DISCUSSION
Robert T. Graveson
Mr. HoLrano (AEC): Doesn't the falling off

of the outward curve offer the explanation that
as you get higher, you gel into irregularities?

Mr. Graveson. No. When we are over a
uniformly contaminated plane without a clean
area between us a high percentage of that dose
comes from a very close cirele. Therefore even
at these heights we are looking into irregulari-
ties. As soon as the slant distance becomes
relatively large with respect to the height we
are looking edgewise af little irregularities of
the surface.

Mr. Srarieo (NRDL). T would like to com-
ment that both experimental data and theoret-
ical studies at our laboratory indicate what the
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RADIATION PROTECTION WITHIN A

speaker sald scems Lo be quite correct, in that
surface roughness affects readings in this way.
We have observed that sometimes the reading
will rise to as large a height as 30 feet before
beginning to fall if the surface is rough enough.
The shape of the curves he showed seem to be
in agreement with our experimental and theo-
retical work.

Mr. Gravison. This is approached by a
thick slab calculation, such as you get over
water, where the material is distributed in
depth, and then any slant distances are lLighly
preferentially absorbed and the source seems
1o be almost 2 monodirectional plane source.

Mr. Howtanp (AEC). On the other hand,
you have an increase of something of the order
of 4 or 5 mr per hour in the indoor curve. It
secms as though this would have to be reflected.
Thig would he added onto the doses outdoors
as you went up and would give you a departure
from the theoretical curve, wouldn't it?

Mr. Graveson. I am sorry 1 didn't quite
follow what you meant by your question.
Would you rephrase it?

Mr. Honranp. I assume that the theoretical

. curve for the deerease of dose rate with height

does not include this effect of irregularities?

Mr. Graveson. It as such does not. Ilisa
true plane calculation. Therefore, the irregu-
larities could not be serious to give this type of
result. The small irregularitics could, and it is
possible did contribute.

STANDARD HOUSING STRUCTURE 17

Mr. Hovnaxp. If they were of the magnitude
shown which is of the order of several-—I don’t
rernember the exact magnitude-—many r per
hour increase, it seems to me they would have
shown up on that curve, and particularly since
those readings were taken indoors the same
effect would probably be larger if existed out-
doors. In other words, I am trying to point to
the other indication. There must have been
contamination on the roof.

Mr. Guravrson, On the other hand, if we had
contamination on the roof, which would match
these readings, the contamination density
would have been 3 or § times higher than the
contamination density on the ground. I am
not in a very strong position here. 1 am just
saying 1 am presenting some measurcments
which I think are very interesting.

Dr. Werner, Are there any further com-
menis on this?

Mr. Recann (Public Health Service). I have
a feeling on this that what was missing was a
theoretical curve for the indoor type of measure-
ment where you have an uncontaminated slab
under the measuring imstrument.

Mr. Graveson. The theoretical curve we
derived was based on the simplest cage, that of
8 smooth plane. This negleeted unevenness of
the surface. When the major radiation con-
tribution is from outside a clean area, this is not
applicable. The Theory for thick slab source
is under examination.



THE APPLICATION OF AUTOMATIC WASHDOWN TO PITCHED
ROOFS

By A. J. Brrsun

Health and Safety Laboratory, New York Operations Office, United Stutes Atemie Energy Commission

The classical approach to estimating the
dosage which would acerue to the occupants of
a huilding in a fallout situation is to compute the
edditive contributions to dose from contamina-
tion on the surrounding plane and the building
roof. These dose contributions are funections
of the geometry and the attepuation properties
of the structure. One can conceive of many
combinations of these variables in which the
relative proportion of the dose originating from
the roof would vary over a wide range. How-
ever, in typical onc-story residences and in-
dustrial buildings of moderate size, the vari-
ability of this proportion ranges from 20 to
60 percent. The relative roof contribution is
greater within a basement than at grade.

Continuous removal of roof contamination
during a fallout event would result in an im-
portant reduction in dose to persons within a
building. This method of dese reduction by
itself would not necessarily render building
occupants safe from harmful radiation in severe
fallout. but when applied in combination with
measures to reduce the radiation emitted from
the plane source, the overall protection could
be made quite effective. When measures gre
taken which reduce the plane source component
the roof component assumes a governing sig-
nificanee. Thus applying such a measure in
conjunction with others can result in effective
overall protection.

Tt has been suggested that continuous roof
decontamination might be accomplished with
an automatic washdown system. Such wash-
down systems have been used successfully on
warships. Tests of their cffectiveness against

simulated fallout and actual field experience
have demonstrated that efficiencies approach-
ing 99 percent are achieved, On the other
hand, consideration of the effectiveness of
washdown on roof surfaces lias been primarily
ono of conjecture. Not only are there un-
cortainties regarding removal efficiencies hut
legitimate questions may also be raised con-
cerning water supply, contaminant disposal,
effectivencss relative to other countermessures,
ete. One can conceive of circumstances in
practice where these questions could be re-
solved making washdown feasible, provided
that the washdown mechanism per sz is effec-
tive.

Certainly a fundamental question is whether
or not a water film will transport masses of
particulate matter over a sloped surface. The
magnitude of contaminant deposition in an
event producing lethal dose rates may be milli-
grams to hundreds of grams per square foot.
Large particles have been found in fallout of
this intensity. Particle diameters covering a
range of 150 to 400 ¢ with & mean of 260 p were
found on the Fukwryu Marv. Analyses of
particle distribution in fallout collected on the
outer Marshall Islands during Pacific tests
indicate size medians of about 80 to 100 micra.
It would seem, therefore, that in roof wash-
down the problem is one of mass transport
rather than aectual compound formation or
simple adsorption which have been shown to be
important contamination mechanisms in small
seale laboratory tosts.

At the Health and Safety Laboratory a pilot
experiment was conducted to determine whether
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masses of insoluble particulates can be removed
from sloped surfaces by water films. The tests
were of an exploratory nature and only simu-
Iated roofing surfaces were used; the basic
objective was simply to test the capability of a
water film in moving the contaminant.

A 4 x 4’ panel was mounted on a tilting
easel and set at an angle of 14° (3" rise in 12*7).
17/ x 1”” ribs fixed to the panel in the direction
of slope divided the panel into 4 sections of
oqusal area. Test surfaces were mounted within
the 4 sections.

Two methods of applying wash water were
tested. The first was by means of a header, or
distribution pipe, mounted ecross the upper
end of the sloped panel and perforated so es to
deliver a distributed water film to 2 of the 4
test sections. The second method of applica-
tion was by a garden spray nozzle fixed in
position sbove the panel and adjusted to spray
two adjacent test sections. Water delivery
rates were & function of the characteristics of
the delivery systems. They ranged from 0.3
to 1.0 gal/min/lineal foot. The total wash
water used per panel in each test run was
collected in & funnel placed under the lower
edge and emptying into a jar.

The contaminant was simulated by calcium
carbonate dust with & particle size range of
44 g to 150 x. This material was dusted onto
the panel from a 4-foot Jong shaker held several
feet above the surface. During dusting, the
shaker was moved back and forth over the
panel in the direction of slope to effect uniform
deposition.

The tests were conducted in the following
manner. The wash water was turned on prior
to dusting. A measured charge of dust was
shaken onto the 4’ x 4’ pavel as uniformly as
possible, both in surface distribution and time.
The rate of deposition was about 0.3 to 0.5
gm/min/ft? and the total deposition was very
close to 1 gm/ft? in each case. When the
shaker charge was exhsusted, the water was
turned off. The collected wash water was
filtered and the solid content weighed. The
residual solids on the wetted test sections were

carefully removed in 1-foot increments and
weighed. The dust on the unwetted test
panels was similarly removed and weighed.
The latter measurements were used as material
balance checks against the megsyrements ob-
tained from the wetted pancls and to determine
uniformity of dust deposition.

* The results of the tests appear on the fol-
lowing table.

SUMMARY OF WASHDOWN TESTS

Water Avg. re-
Type of surfnee Typeol | Retegpm/ moval
washdown | fiefrool | efficlency
width %
. Smooth aluminum. . | Header. [ __..... 1526

N -

. Smooth aluminum
treated with Aero-
sl O. T ... ... Header.. 1.0 180. 4

3. Smooth aluminum

treated with Aero-

sol O T L. oo Spray.._ .3 197.8

4. Corroded aluminum__| Header. | .8 1909.6
5. Aluminum painted

with flat white

alkydoon el Header_. .8 197.2
6. Simulated gravel Header... 1.0 48.0

BUrface ..o
7. Bimulated gravel

surface. .. ......_. Spray_._| .9 32.6

1 Average of two values,

The limitations of this series of tests are
obvious. However, the simple objective of
demonstrating the ability of water to transport
sizeable masses of particulates was realized.
The results are sufficiently encouraging to
justify further investigation.

Certain behavior characteristics exhibited by
the washdown system during the tests were
noted. On ressonably smooth surfaces, the
contaminant was effectively removed wherever
the water film was maintained. In test number
1, the film divided into individual rivulets
about half way down the slope. The paths of
the rivulets were relatively fixed and as a con-
sequence, portions of the test sections were
unwetted and uncleaned. As a result, rela-
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tively poor efficiencies were obtained. The
pretreatment. with the weiting agent in the
second test was an cffort to promote more
uniform wetting and was partially successful
as indicated by the removal efficiency. How-
ever, the spray used in the third test success-
fully wetted the entire surface and the removal
efficiency was again correspondingly irproved.
The corroded and painted surfaces were con-
ducive to a uniforme water film; hence, good
efficiencies were realized with the header dis-
tribution system. The assumption was made
that the spray would perform at least as well
s the header on these surfaces and therefore
was not tested. From the standpoint of prac-
tical application, it js difficult to imagine that
even a smooth metal roof would be devoid of

surface itregularities and it would appesar that,

a spray would be necessary to achieve the
required uniformity of water distribution.

As one might expect, removal from the coarse
irregularity of a gravel surface is less effective.
Since gravel surfaced roofs are normally flat
or only gently sloped, performance may be

expected to be poorer than indicated in these
tosts.

A second question coneerning mass transport
is associnted with a roof washdown system.
This involves the capability of a water flow to
move the contamination collected in a roof
gutter. This aspect was tested qualitatively.
Water was passed through a slightly inclined
4.inch diameter cylinder. CaCO, dust was
discharged into the water stream in the cylinder
from a vibrating feeder at an arbitrary rate of
about 80 gm/min. This was done at water
flow rates of 4 and 9 gal/min. As determined
visually, all of the dust was transported along
the cylinder and out from the end for as long
as the feed was continued.

Again the limitations of the test are obvious
and need not be enumerated. On the other
hand, it has been demonstrated that reason-
ably heavy amounts of insoluble particulates
can be flushed through a gutter. As in the
surface washdown tests, the results of this
experiment may be taken as justification for
further experimentation.
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SHORT LIVED FISSION PRODUCT GAMMA RADIATION

By W. Zoser and T. A. Love
QOak Ridge National Loboratory, Oak Ridge, Tennessee

Fission-product. gamma-rays are defined as
those gamma-rays emitted by fission-product
nuclei, either primoary or their daughters, at
times measurably later than the fission event.
Most of the available information about these
gamma-rays is the result of radiochemical
experiments which, by their nature, tend to
diseriminate against short-ived activity. As
one is generally interested in the gross fission-
product gamma-ray spectrum one has had to
construct such a spectrum from the known
emitters since experimental evidence was avail-
able only for times in excess of 17 hours after
the fission event.’? One would expect this
synthetic spectrum to be in error at short times
after fission, up to perhaps an hour, due to lack
of information on nuclides of short half-life.
Experiments were therefore undertaken at
ORNL to measure the gross fission-product
gamma-ray speetrum at short times, i e,
starting at about 1 second, after fission. This
paper will present preliminary results obteined
a0 far.

To investigate the energy spectrum and time
behavior of the gross fission-product gamma-
ray mixture we exposed small samples of hizhly
enriched wuranium for short periods in the
ORNL Graphite Reactor and withdrew them
rapidly to a position in front of the spectrom-
eter. Sample sizes varied from about 2 mg to
about 32 mg and exposure times varied from
about 0.7 second to about 64 seconds. The
experimental arrangement allowed us to meas-
ure either the time behavior of different energy
groups, or detailed energy spectra.

The experimental results are summarized in

tD, H. Pelrson, ABRE-EL/R-165 (Nov. 8, 1954).
1 Germagnoli and Mongind, Energte Nucleore 3, 32 (1656),

Figures 1, 2, and 3 for the two phases of the
experiments. It should be emphasized that
these results are preliminary only, based on
a rather crude analysis of the data which is
currently being refined.

The time behavior of 6 energy groups, cov-
ering the range from 0.28 Mev to 5.0 Mev,
is shown in Figure 1 for times after fission
between 1.25 seconds and 1,600 seconds. These
curves were integrated to obtain the number
of photons/fission and the encrgy/fission car-
ried ofl by fission-product gamma-rays in the
time range and encrgy range mentioned above.
The results are shown in Table 1.

TasLe 1
Phntnn(irlng:sy TENgE I}}';:r;l)k‘;}-ﬂ:{ A&\:;:g}o sli‘:;-rgﬂ/en‘g;
sion {Mov)

0.28-0.51.._.. ... 0. 747 0. 395 0. 295
0.51-1.12 1225 . 815 . 998
1.12-1.62 . 452 1.37 . 619
1.62~2.30. . 235 1. 96 . 461
2.3-3.5. - . 198 2.9 - 575
8550 ... . 067 4.25 . 285

Total.. ... 2024 | ee. 3.233

Detailed encrgy spectra teken at 10 differ-
ent times after fission are presented in Figures
2 and 3. The peaks shown represent merely
an attempt by the authors to indicate some of
the fine structure. No errors have been com-
puted on the experimental points at this time,
so that this fine structure is still somewhat
uncertain. It should be noted., however, that
peaks tend to appear on successive curves, thus
lending some credence to their existence. The
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curves were again integrated to obtain the
photons/fission-sec and energy/fission-sec, and
the results are shown in Table 2.

Tarre 2
Ph- tans/fis- Energy (Mev.] )/ Average pho-
Time after fission | stun- vcl' (0 28-5.01 | Assion sec (u ton energy
Mev) 5.0 Mev (bev)

1.7 1L 62x1077 | 1.89x 10t 117
6. 59 x 10-2 | 6. 58 x 10~ 1.18
3.88x10°% | 4 48 x 102 115
L31x10-* | 1,53 x 10~ 117
7.43 x 1073 | 8.97 x 1073 1.21
4.16x 10-% | 4.90 x 10-2 1.18
1. 48 x107% | 1 68 x10-3 114
5. 11 x 10-¢ [ 5. 25 x 10~ 103
4.00 % 107} 3,76 x 10~ .04
2,84 x 10 [ 2.26 x 10-¢ 97

Crossplots of the data taken in one phase
of the experiment on those of the other phase
are shown in Figures 4 and 5. It is seen that
the agrecment is quite good.

An additional experiment was performed in
cooperation with R. W. Peelle of this labora-
tory. In this case the equipment used inte-
grated the spectrum over a longer time than
was used in the first experiment. A representa-
tive spectrum, representing the integral between
about 0.7 second and about 3 hours after fission
is shown in Figure 6. While it is difficult to
compare the results of the two experiments
since they cover a different time range, a not
unreasonable extrapolation of the curves from
the first experiment leads lo approximately
the same number of photons/fission and en-
ergy/fission as was obtained in the second
experiment.

The authors wish to express their apprecia-
tion to Mrs. G. Estabrook for her aid in the
many caleulations involved in the analysis of
the data.

DISCUSSION
W. Zobel and T. A. Love

Vorce. T wonder if you could describe a
little bit the type of radiation used to produce

the fission products deseribed in the first talk,
the duration of this and the spectrum?

Dr. ZossL. What did you have in mind?
You want the experimental arrangement?

Vorce. Yes. T would like to find out how
these fission products were produced.

Dr. Zoper. Small samples of 235 were sent
pneumatically into the graphite reactor and
again pneumatically blown out. The time was
set by an oscillator which was checked with,
if you will, a frequency calculator, so that the
time was reproduceable very well.  The differ~
ent bombarding times used, and sample sizes,
the sample sizes varied from 2 milligrams to
32 milligrams  the combination of bombarding
time and sample size was chosen so that we
could get the maximum number of counts in
the spectrometer —this is coineidence counts-—
without overloading (he central chanuel too
horribly.

Are you familiar with the 2 or 3 erystal
spectrometer?

Vorce. Yes.

Dr. Zoren. We had in the central channel
count rates as high as 150,000 counts a second,
and we just refused to go u,bow that. As you
know, that is bad enough in itself. We ran a
maximum of about 120 samples in any given
run. This was all the samples we had. This
is primarily at the short times, say on the 1.7
scconds, 6.2 seconds and 10.7 seconds runs,

We go to somewhat less samples on some
runs, and the statistics got better. Unfortu-
nately when we first started this, the machine
ran off 1.7 seconds first, and this is one of the
first cases. Does that answer your question?

VoIceE. Yes.

Dr. Bore (Brooklhaven). 1 would like to
ask one further question to follow up the last
one. What were the actual bombardment
times? How long did the fission oceur for
the samples that were analyzed 2 seconds
later?

Dr. Zoser. The bombarding times were
again variable, varying between 1 second and
64 seconds. We tried to keep it so that the
bombarding time and the counting time were
less than or equal to the time elapsed in between.
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Figurn 4.-—Fission product photon energy spectrum with superimposed specirum from time decay study.
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In other words, for the 1.7 seconds run, the
equipment was set to bombard 1 second, wait
1 second, count 1 second.

Dr. Smr (University of Californin), Was
there any reason to believe that the fission
product distribution in your test might be
different from that encountered in weapons?
This would, or course, affect the gamma ray
distribution, as well.

Dr. Zoper. I am afraid I don’t know. 1f
the fissioning process is the same, I see no
reason why it should be different. That is for
the U-235 fission product. If there is an
apprecigble amount of fast fission which
might lead to different levels, I do not know.

Dr. Bora. Perhaps I can add a small bit
to the last answer. The fission product distri-
bution curves after fission in different materials
are noticeably different. Figstoning in pluto-
pium as against uranium shifts the curve
Fissioning with high energy neutrons as opposed
to low energy necutrons will raise the value of
the distribution curve for these who are familiar
with such & curve. If some of the nuclides
which are emitting important gamma spectra
are on the portion of the curve shifted, there
might be a significant difference in the gamma
spectrum that results,

Dr. Sirr. Is there any possibility of ven-
turing a guess as to the magnitude of this
effect? Isn’t it likely that the fission product

distribution from weapons is more that repre-
senting high energy neutron fission?

Dr. Boroe. Yes. 1 must admit I am not
much of an expert along these lines, I think
the answer js probably ves. I have asked this
question myself of Dr. Spence at Los Alamos
when he showed me different nuelide distribu-
tion curves. e threw up his hands and said
it is hard to know. There are so many nuclides
that arc radiating that the chauces are good that
these spectra are similar for cach case, and that
the fast spectrum of plutonium or natural
uranium or U-235 is not very different from the
slow neutron flssion spectrum.

Dr. Cronkire.  Are there any further ques-
tions?

Mr. Kocn (Bureau of Standards). How did
vou evaluate your absolute numbers of flssions
and how sceurate do you think your numbers
are?

Dr. Zosgr. That right now is the biggest
source of error that we can see. Thenumber
of fissions is calculated and it is erudely caleu-
lated, admittedly. We have taken the weight
of the sample, we have taken the cross section,
and we have measured the flux. It is calcu-
lated on that basis. We expect to make a
better analysis of the source and we expeet
that this will then bring the error down a fair
amount. We hope that the final error will be
of the order of maybe 15 percent. I don’t
think we can reduce it below that.




BRIEF SUMMARY OF GAMMA RADIATION SPECTRA FROM

RESIDUAL RADIATION SOURCES

CLEAR DETONATION

FOLLOWING A NU-

By R. L. Maregr
U. 8. Naval Rodiological Defense Laboratory, San Francicco, Californio

Introductory Note.—The following brief sum-
muary is extracted from rescarch carried out by
members of the Naval Radiological Defense
Laboratory, including Dr. C. 8. Cook, Mr, F.
M. Tomunovec, Mr. W. E. Thompson, Lt. R. F.
Johnson, Mr. L. A, Webb, Mr. F. L. Bouquet
and the author. The research has been sup-
ported by the Bureau of Ships, Navy Depart-
ment, and in part by the Armed Forces Special
Wespons Project.

In the progress of & nuclear detonation both
fission product and induced activities are pro-
duced in ratios which may depend on the details
of the weapon construction and of its environ-
ment. Following the detonation these activities
are dispersed and fractionated by physical and
chemical phenomena influenced by terrain and
meteorological conditions. These activities
come to rest and create a residual radiation
field which can be controlled by shielding. The
effectiveness of the shielding will depend on the
nature of this radistion field.

This Laboratory has been gathering empirical
data on the nature of the radiation fields follow-
ing various weapon detonations of the past
several years from which one can say what the
usually observed cffects are and can say some-
thing about their customary variability.

The distribution of residual activities is
typically in two parts, one symmetrical about
ground zero and due to activities induced in the
soil by the bomb neutrons and te activities
deposited there by the ficeball, the second elon-

gated and downwind due to faliout from the
bomb cloud.

The total gamma radiation intensity from
mixed fission products decays with time in a
fashion which is the sum of the exponential
decays of the various nuclides in the mixture.
The decay is usually empirically fitted by a
negative power function of the time after
detonation. The power is ususlly observed to
be one and a fraction with some viriation from
shot to shot, from sample to sample of the
same shot, from time to time on the same
sample, and on the definition of the mesasure of
intensity.

A group of us has been applying gamma-ray
scintillation spectroscopy to samples of residual
activities from a dozen or so shots exploded in
the last three years [1, 2, 3, 4, 5, 7]. A sample
of some of our recent data is shown in Figure 1
which is a pulse height gpectra of pulses from
4 4-inch diameter by 4 inches long Nal(TIl)
crystal detector but which, for purposes of this
summary, may be called a gamma ray photon
spectra. Beneath this spectrum are the spectra
of 5 nuclides or nuclide chains which are often
identifiable in these spectra. The first 3 are
induced activities and the last 2 are fission
products. There are, of course, many other
isotopes present most of which seem to con-
tribute unidentifiable lines in the region of 200
to 800 kev.

The first two induced activities are prominent
in the soil around ground zero. The third can
be formed from bomb materials which are in-
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Fraure 1~—Nel scintillation detector pulsc-height distri~
bution (approzimately the gamma-ray photon spectrum)
Jrom a typical fallout sample with the gamma-ray line
specira from & wuclide or nuclide chains often identifi-
able tn such spectra.

timately mixed with the fission products and
deposited with the fallout from the bomb cloud.

These 5 isotopes tell most of the story in the
time span from 2 hours to 3 months following
the detonation. Eeach isotope becomes most
prominent (to the extent of 20-50 percent of
the gamma ray intensity) in the spectra about
1.5 half-lives after the time of detonation.

At 10-20 hours after the detonation, in those
locations where Na* is an important contribu-
tion, the very penetrating and biologically effec-
tive 2.8 Mev quanta may be found in abun-
dance. Four days following the detonation the
105 kev quanta from Np®® generally constitutes
a very large fraction of the quanta emitted but
these quanta have relatively low penetration
and biological effectiveness. Twenty days
after, the quite penetrating and effective 1.6
Mev quanta from La!® are prominent. Two
months after, the 750 kev radiation from
ZrNbB® dominates the spectra.

There appears to be real differences in the
spectral composition of fallout radiation that
ure of the order of 2 to 1 for the eontribution
of individual gamma ray lines. These differ-
ences have been observed to be (a) character-
istic of the weapon, () characteristic of the
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region of the fallout area, and {&) a characier-
istic of the individual fallout particles, There
is insufficient information to make any con-
sistent explanation of these variations.

Following the emission of the quanta by the
radioactive nuclides the gamma ray spectrum
is considerably altered hy Compton seattering
from materials which support and surround the
residual radiation sources. The scattered radi-
ation is continuous in its energy distribution
but. always less than the source energy. Usu-
ally the energy of the scatlored quanta is less
than 250 kev regardless of the energy of the
source radiation.

Experimenta]l measurements of radiation
spectra have been made for the simple case of
fallout on level land. The spectrum is a func-
tion of the direction of the radiation as shown
in Figure 2. This data was taken 9 days
following the detonation (when the 105 kev

1 e ey =

Fraore 2.—Ezperimental 20~300 kev gamma-ray photon
apeclra observed in various diveciions sbove a flat field
covered wilh fallout activities 9 days after the detonation.

Np®? line was very prominent) and shows the
20 to 300 kev region of the spect '..

The pronounced pesk in the intensity of 105
kev radiation traveling in the horizontal direc-
tion (90°) is due to viewing this uniformly dis-
tributed source plane at grazing incidence where
the effective radiation source strength per unit
solid angle reaches o very large value. The
most effective use of shielding in such a radiation
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field is to shield against. radiation coming from
slightly below the horizon.

The scattered radintion is more uniformly
distributed in direction and for angles above
ihe horizontal (<Z90% the radiation is !l from
seattering.  The 75 kev peak in the spectrum
of radiation seattered down by the air is due to
the degradation by multiple scattering of the
105 kev Np®® line,

The two exireme radiation spectra vevealed
by this information are (a) @ field of 2.8 Mev
quanta above induced soil activities near ground
zero 10-20 hours after the detonation, and (8)
the 40-100 kev air scattered radiation entering
a freshly dug foxhole in a fallout area 2-10
days after the detonation.
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DISCUSSION
R. L. Mather

Mr. Graveson (New York Operations).
Do you know whether the sodium 24 was pri-
arily from your Teapot data, or have you
encountered this elsewhere?

Mr. LARrvigre. T don’t know if it is Teapot.
I am sure it was Nevada,



THEORETICAL CALCULATIONS OF THE GAMMA RADIATION
SPECTRUM FROM INITIAL AND FALLOUT RADIATIONS

OF NUCLEAR WEAPONS

By D. C. Borg
Brookhaven Nuational Laboraiory

INTRODUCTORY REMARKS

In another paper to be presented by Dr. Bond
later at this conference emphasis will be given
to the dependence of whole-body radiation ef-
fects upon depth dose factors. Since penetra-
tion of ionizing radiations into targets depends
upon the energy of the incident photons as well
as upon the geometry of exposure, development
of spectral information concerning fallout gam-
ma rediations becomes highly pertinent to the
caleulation of biological responses to be ex-
pected from fallout gamma fields.

However, questions may well be raised as to
the pertinence of discussing nitial gamma radia-
tion spectra at a conference on fallout. In
answer to this several considerations may be
cited, to wit:

The same theoretical treatments apply to
both initial and fallout geometrics, so support
for the former case by relatively good data
increases the validity of conclusions and in-
sights derived from the application of a com-
panion approach to the latter geometry.

In actual fact the constancy and certainty
of the input data for the initial gamma radia-
tion case are far superior to those for the fallout
gamma case. Furthermore, actual field meas-
urements of gamma air dose correlated with
weapon parameters are vastly more accurate
and more numerous for initial bomb gammsa
radiations than for fallout gammas.

In short, the theoretical treatment that can
give insight into aspects of fallout gamme radia-

tions can best be checked experimentally for
the initial homb gamms radiation case.

Moreover, a parallel situation exists with
respect to radiation damage criteria for man:
namely, that the data correlated with initial
bomb radiations and their laboratory counter-
parts are far more numerous and better docu-
mented than are those for fallout radiations.
Thus, there is practical radiobiological signifi-
cance in understanding the mechanisms of ini-
tial bomb radiations: so that the radiobiclogical
dose-response criteria derived from them will be
properly adjusted for application to fallout
radiations or to other conditions.

This concept is generalized and developed
more comwpletely in Dr. Bond’s companion
paper.

THEORETICAL METHOD

The general nature of the theoretical r ethod
applied to bomb gamme radiations in this paper
may be surmarized briefly.

Gemma ray propagation in an infinite me-
dium can be defined by & partisl linear integro-
differential equation—that is, a so-called “trans-
port equation.” [1, 2, 3]. This equation con-
siders all the major interaction processes be-
tween gamme, photons and the medium: namely,
photoelectric absorption, Compton interactions
with associated generation of secondary photons
with their altered anguler distributions, and
positron-electron pair production. The eque-
tion that represents this can account for the
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distribution of photons according to both en-
ergy and direction as a function of position in
the transporting medium; and the equation can
be set-up for several source geometries of in-
terest [2].

Extensive recent caleulations have been made
with this equation using the method of moments
83 developed by Spencer and Fano {1}, wherein
the flux function of the transport equation is
expanded into & series of Legendre polynomials.
The first few of a series of linked integral equa-
tions related to these polynomials have been
solved numerically on the NBS “SEAC" caleu-
Jator for gamma sources of various initial en-
ergies in various media. From these solutions,
in turn, differential spherical or so-called 4z
energy spectra and integral energy or dose
spectra at different distances from. the source
have been obtained. Then by superposition of
solutions, spectra have been determined from
sources composed of more than one encrgy.

Details of this method, its solution, and its
application have been reviewed in unclassified
AFSWP document 502-A [2].

APPLICATION

The application of this gamma ray transport
equation and its solutions to bomb radiations
has been dealt with most satisfactorily for the
initial gamma radiation.

Hera the problem resolves itself into the deter-
mination of the proper source input data for the
transport equation when all that is known about
the bomb a priori is its presumptive yield plus
certain parameters relating to its nuclear fuel
composition and internal geometry.

The important gamma radiation sources from
bombs are the cloud of radioactive fission prod-
ucts and the radiative capture of bomb neutrons
in externsl materials, particularly nitrogen of
the surrounding air. These sources are often
referred to as the fission product gammas and
the nitrogen capture gamimas, respectively.

The general theoretical treatment of gamma
photon propagation from an effective point
source in air takes the form shown in Figure 1.
This figure shows the differential energy

spectrum  received from all directions 1,000
yards distant from a source of 2 million electron
volts, that is: 2 Mev, gamma photons in air.
Although the units along the ordinate may be
taken as arbitrary units of energy, the shape of
this speetrum shows that at 1,000 yards much
of the gamma encrgy has aleady been degraded
to Jess than the 2 Mev source energy.

These same conclusions can be expressed also
by an integral energy spectrum; or after con-
version to air dose by proper consideration of
the true coefficient of absorption of air as a func-
tion of pholon energy, they may also be ex-
pressed by an integra} dose spectrum, as seen in
Figure 2. In this case the ordinate represents
the fraction of total energy or dose delivered by
photons whose encrgy is less than & given value,
as indicated by the abscissa. For example:
1,000 yards away from a 2 Mev gamma source,
one-half the air doso is delivered by photons of
energy less than 1 Mev.

Figure 3 presents the differential energy spec-
trum of the seme 2 Mev source, now seen from
3,000 yards away. Compared with the spec-
tram at 1,000 yards (fig. 1), even further degra-
dation has occurred—due mostly to Compton
scattering events. Thus the unattenuated 2
Mev source photons are relatively even less
prominent at 3,000 yards from the source.

By extending solutions of this type to a num-
ber of different source energies sl several dis-
tances, interpolation curves can be drawn up,
plotting fraction of dose delivered by photons
of & given energy against source cnergy.

Figure 4 shows an example of interpolation
curves at 1,000 yards from a point isotropic
source, For example: For a pamma source
component of 6 Mev, 35 percent of the dose at
1,000 yards is delivered by photons of 4 Mev or
less, 56 percent by scattered photons of all
energies, and the remainder by unscattered 6
Mev photons. Such interpolation curves enable
the preparation of crude dose spectra for arbi-
trary source energies.

In Figure 5 are similar interpolation curves
for 1,500 yards. One can sce that for any given
source component the fraction of dose delivered
by scattered photons or by photons up to any
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F1auRE 1.~ Point isolropic source, differential energy specirum at 1,000 yards, Eo-=2 Mev.

given energy increases with increasing distance.
This is also suggested by the differential dose
spectra for a monoenergetic 2 Mev source seen
in Figures 1 and 3.

In Figure 6, finally, are interpolation curves
at 3,000 vards. At this distance even the
very most energetic gamma sources deliver
most of their dos2 through scattered photons.

For example: even for a 10 Mev source com-
ponent, 66 percent of the dose derives from
scattered photons, comparcd with a comparable
figure of 41 percent at 1,000 yards. In com-
mon technical jargon the dose build-up factor
is defined as the total dose delivered by all
photons derived from source photons of a given
energy, divided by the dose delivered by un-
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Fraure 2.—Point isolropic source, integral energy and dose specire al 1,000 yards, Eo=2 Mev,

attenuated photons only. In other words,
then, the dose build-up factor can be deter-
mined theoretically by this method. Thus the
build-up factor for a 10 Mev source 3,000 yards
away in air would be one divided by one minus
0.66, or 2.27. )
By using such interpolation curves and com-
hining solutions for seversl energies, one can

determine spectra from polyenergetic gamma
sources, thus beginning to approach the case of
an actual bomb gamma source. As an example,
Figure 7 presents an integral dose spectrum
1,000 yards away from an arbitrary source
made up of 40 percent 1 Mev photons, 15 per-
cent 2 Mev, 6.7 percent 3 Mev, and 2.5 percent
4 Mev photons.
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INITIAL BOMB GAMMA RADIATIONS

In order io calculate a solution for an actusl
weapon source, however, the emission spectra
of the previously mentioned fission product
gammas and nitrogen capture gammas must be
known, and the absolute abundance of ecach

of these sourcea must he weighted according
to the pertinent weapon parameters in order
to determine air doses and spectra as a function
of distance. These considerations sre treated
in detall in the classified literature and will not
be developed here.  In substance, however,
appropriate fission product and nitrogen capture
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gammae spectra are normalized to known
weapons parameters, and then treated in the
manner previously developed.

In Figure 8 is a representative fission product
source spectrum used for these calculations.
At the times of gamma ray emission which are
of interest from the point of view of initial bomb
radiations, the fission product gamma source
spectrum. can be characterized by an exponen-
tial expression as is seen hera. (See also refer-
ence 4 and Dr. Zobel’s paper at this conference).
It appears that the source spectrum correspond-
ing to e 1 in the figure is the best one to use:
that is, the middle curve. For application to
the transport equation solutions the continuous
fission product spectrum presented here can be

- approximated by a discrete distribwtion, if
desired. Note that on the logarithmic chart
of the figure, the vast majority of fission prod-
uct photons leave the source with energies of

" only a few Mev or less.

The decay scheme of excited N is shown by
Figure 9. [5]. The column listing relative
numbers of photons defines the source strength
of the nitrogen capture gammas. In contrast to
the continuous fission product spectrum, the ni-
trogen capture gamma source is seen to consist of
relatively few discrete types of photons, many
of which are exceedingly energetic, at around
10 Mev or more. It may be anticipated that
the so-called “hard’ or energetic nature of this
nitrogen capture source will be reflected in the
gamma dose spectrum at various distances
from a nuclear device, end this will be further
indicated later.

Using the appropriate normalization factors,
initial gamma spectra cen be calculated at
various distances from actual nuclear weapons.
As a representative example, a fairly typical
small yield weapon might generate gamma dose
spectra in air of the following nature:

Figure 10 shows the differential dose spectrum
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at 1,000 yards, as represented by a histogram
chart plotting fraction of total dose within the
energy range 4 I against photon energy.
Note that the speetrum is & “hard” one with
prominent high energy contributions. Despite
some degradation through 1,000 yards of air,
many of the discrete source components of the
nitrogen capture radiations are still prominent.

The spectrum of Figure 11 has been caleulated
for 1,500 yards, a range of some biological
interest for weapons in this yield range. Two
salient features are apparent in it:

1. This s a very “hard” or energetic
spectrum indeed.  Although these data are
caleulated for spherical or 4 geometry, the
tendency of very encrgetic photons Lo seatter
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preferentially in a forward direction would
suggest that the spectrum incident on the
presenting surface of any real target—such
as a human torso-—would be even “harder”
than that shown here. This spectrum is vastly
more energetic than conventional laboratory
sources or than fallout radiation; and insofar

as this greater hardness may affect depth
dose curves or relative biological effective-
ness, biological date derived from exposure
to initial bomb gamma radiation should be
suitably corrected before being applied to
fallout or other conditions. (See Dr. Bond’s
paper, this conference.)
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Freuge 12.—Initial gamma differential dose spectrum at 3,000 yards.

great interest, but ‘. ..
pudding is in the eating.”” It would be desirable
to have field measurements to support these
predictions. Unfortunately, very little experi-
mental work has been conducted to determine
the spectrum of initia]l gamma radistion,
except for some general and non-definitive
conclusions to be drawn from absorption and
depth-dose measurements.  Although some
field data based on photon-activated reactions
of high energy threshold do attest to the
presence of &t least some very energetic gamma
rays from nuclear detonations, it is difficult
to check definitively the conclusions derived
from the transpori theory approach. However,
one can compare theoretical predictions of
total air dose with the well documented film
badge gammea dose-versus-distance date from
weapons field tests in order to determine in a
general way if the calculated spectra yield dose
. information that is consistent with the field

the proof of the

data. Then, by inference, the spectral informa-
tion leading to the total dose calculations
would also be validated.

COMPARISON OF INITIAL GAMMA RADIA.
TION CALCULATIONS WITH FIELD TEST
DATA

Figure 14 presents the air dose-versus-
distance curve for the representative bomb
configuration discussed before. The compo-
nents of totel dose due to fission product gammas
and to nitrogen capture gammas ere indicated
separately. The composite dose is then de-
termined by adding these. For actual test
nuclear devices, with known bomb parameters,
specific dose-versus-distance predictions can
be made by the methods that have been dis-
cussed. These can then be corrected by con-
ventional techniques to the appropriate atmos~
pheric densities and compared with measured
field data.

[

THEORETICAL CALCULATIONS OF THE GAMMA RADIATION SPECTRUM, ETC. 51

Figure 15 represents a typical small-yield
bomb. The theoretical data mprosente(‘i by
the “X” % conform amazingly well to (he
measured doses, symbolized by the circles.

In the case represented by Figure 16 a very
low yield device was fired, and the bomb param-
eters were such that the relative contribution

Lo

of nitrogen capture gammas was small.  Still
the ealeulated points are acceptably close tc;
the measured data.

For contrast, Figure 17 pertains to s case
wherein nuclear parameters predicted an un-
u_s\mlly significant nitrogen capture contribu-
tion and a totel gamma dose per KT of yield

K

R(D,6)

Eliav.)

Froure 13.— Initial gamma integral dose apectra.
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more than one and one half times that of the
previous dovice.  Again, however, the theo-
retical prediction appears sound.

Figure 18 presents an instance wherein
unmodified theory and measurement do not
agree- —especially at closer distances. However,
this shot represents a weapon of relatively large
yield, and it is presented as a reminder that
with high yields—such as more than about 100
KT-—a phenomenon comes significantly into
play that is relatively unimportant at lower
yields but which ecannot presently be dealt
with analytically for inclusion in the unmodified
transport theory. The phenomenon referred
to is the radiation enhancement that is duc to
the modification of the previously homogencous
atmosphere by the weapon’s blast wave. This
enhencement amplifies total dose above that
predicted by theory for the unmodified at-
mosphere; and since it affects fission product

gammay far more significantly than it affects
nitrogen capture gammas, it also alters the
spectral shape from that predicted by the
methods previously - discussed.

In other words, for very large vield woapons
initial gamma doses are much greater than
predicted by the unmodified transport theory;
and furthermore, the dose spectrum is mueh
“softer” or less energetic due to the relatively
decreased contribution of the very “hard”
nilrogen capture gammas al this yield range.
Interestingly enough, however, an empirically
estimated enhancement factor to allow for this
hydrodynamic enhancement effect corrects the
calculated points shown in Figure 18 so that
then they do fit the field data.

The analytical method is further supported
by calculations made for the Hiroshima and
Nugasaki bombs.  As can be scen in Table I,
the calenlated points lie within a few percent

Tasre L—COMPARISON OF INITIAL GAMMA RADIATIONS CALCULATIONS FOR THE ATOMIC
BOMB IN JAPAN

“Cslculsted Dose” Re- | Dosos fur both eities | Gamma doses predieted hy the
parted in Table 3.8 of read from Fig. 7.42 of rithods of this paper (r)
Distance from exploston (yd.) Oughterson & Warren “Effects of  Atomle e ettt
17] for both cities (r) Weapons” [6] (r)
Hiroshima Nagasaki
(O 2 PR, o R P
700 750 630 630
100 105 105 98
15 15 18 17
3 4 3.5 32
0 1 0. 80 0.73

t “Maximum.”

of the doses predicted by the effects handbook
“Effects of Atomic Weapons” [6] on the basis
of compiled empirical measurements; and they
agree to within less than 10 to 20 percent error
with the essentially identical values quoted by
Oughterson and Warren in their book, “Medical
Effects of the Atomic Bomb in Japan.” {7}

FALLOUT BOMB GAMMA RADIATIONS

Since the field data on initial gamma radiation
seem generally to confirm the validity of the

transport theory approach, it is particularly
appropriate at this fallout conference to pursue
the application of the (ransport theory method
to fallout gamma dose and spectrum. The
geometry of fallout as represented by an effec-
tively infinite plane source of radiation is
amenable to theoretical treatment. Data can
be presented in a fashion analogous to that
previously utilized for the effective point source
geometry.

For example, Figure 19 shows a differential
dose spectrum calculated for a height of 3
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Hita)

0.20
ENERGY (Mev)

Froure 19.— Plane isotropic source, differentiol energy spectrum, 3 feet above the plane, Fo==0.255 Mer.

feel above a plane contaminated with a source
emitting monoeenergetic photons of 0.255 Mov.
Despite the proximity to the “ground,” much
of the radiation reaching the detector position
originates at considerable distances and is
significantly degraded by a long path through
air before reaching the detector. The abrupt
peak and discontinuity seen on this chart
reprosent the maximum cnergy loss achiovable
in s single Compton interaction: namely, the
case where the secondary photon is emitted at
180° to the path of the primary photon.

There are in Figure 20 the integral dose and

 energy spectra corresponding to the differential
. dose spectrum of Figure 19.
are calculable for other source cnergies, of

Similar spectra

course, and from these solutions interpolation
curves can be drawn up.

In order to calculate crudely dose spectra

from fallout once the source cnergies are’

known, an interpolation curve such as that of
Figure 21 can be used. Its use and interpre-
tation are the same as for the case of interpo-~
lation curves for point isotropic gamma sources.
as discussed earlier.

With a sample source spectrum similar to the
one applied before to the point source case, but
now modified to fit the plane source or fallout
case, the integral dose spectrum of Figure 22
was generated. For the ehergetic sample
source used, there is relatively little degraded
radiation received by the gamma detector.

The next step would logically appear to be
analogous to the procedure applied to the
initial gamme case: that is, normalization of
fallout source spectra to actual weapon or

THEORETICAL CALCULATIONS OF THE GAMMA RADIATION SPECTRUM, ETC. 59

target parameters. Unfortunately, however,
followt gamma sources are not constant nor
even easily predictable.

For different weapons types the very nature
of the radioactive materials available for fallout
may vary. Xor example, some devices may
produce significantly large yields of induced

0.40

activities in addition to fission products, So-
called “clean’” weapons will produce relatively
few fission products and may produce ecompara-
tively significant induced activities from soil —
and so on.

However, even for a given weapon type, soil
and meterological conditions will vastly alter

o 008 ol

F(t,B) » Integral Euergy
B(t,E) = Integral Do

.18 0.20 0.25

ENERGY (Mev)

FrGURE 20,——Plane isotropic source, integral energy and dosc spectra, 3 feel above the plane, Fo=0.255 Mey.

448029 O—58-——-3




60 THE SHORTER-FERM BIOLOGICAL HAZARDS OF A FALLOUT FIELD

4 i

Fraction of duse from source
enecgy Ly, delivared by photons
with encegy leas than E.

4
I
T

Bz

F 4 fdedd] 41 i
of dose from source -

o
£, delivered by
4’ photons .

SOURCE ENERGY & (Mev)

Fiqure 21.—Plane isotropic source, inlerpolation curves for elevation of 3 feel above the plane.

not only the intensity of fallout at a given
location, but also the fractionation and parti-
tion of fission product source activities within
the fallout.

Moreover, even for a given set of weapon,
surface, and meterological conditions—in fact,
. even after all fallout actually has been deposited

. in & given instance, the nature of the fission
product gamma source will change with time.
This will result from both the natural decay
scheme of fission produects and from leaching
and weathering processes.

Despite these uncertainties in the prediction
of fallout gamma sources, some representative
picture of fallout gamma spectra may be drawn
by applying interpolation curves for plane
source geometries to fallout sample sources
analyzed in actual field experiences, This has
been done by Sondhaus (8] for a fallout sample
obtained following the “Brave” event of
Operation CASTLE, as is seen in Figure 23.

In this figure the dashed bars represent the
original source spectrum analyzed from a
fallout sample on the fourth day after the
detonation. The histogram spectrum was then
constructed following the methods discussed
here. This dose spectrum is relatively “hard”
or energetic compared with most laboratory
sources, but it is not nearly so energetic as the
dose spectra previously presented for the initial
gamma radiations.

Although this spectrum is generally compat-
ible with dose spectra actually surveyed in
comparable fallout fields, even further support
might be given to the analytical method if
attempts were made to correlate computer~
caleulated predicted total gamma dose above
analyzed fallout fields with actual measured
data. This would be similar to the test em-
ployed in the initial gamma case, but to date
apparently it has not been attempted.
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Fieuep 23.—Distribution of inherent energies of gamma radiation from an actual mived fission product sample and .
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GAMMA SPECTRA . . Pt i i .
1. A theoretical method for describing the INRRN - mBu T 4 -

In conclusion it may be said that the theo-  Propagation of gammse rays in vyrious mgdia ‘ ! i + i N
retical calculations of initial and fellout gamma ~ bas been developed, and numgrlcal solutions : 1| ) l ] I - -
spectra and dose appear reasonably well sup-  beve been carried out to the point where total . y . 0
ported by known data. In this regard it then dose and 4x-volume spectral calculations can : a0 i
becomes of interest to review and compare be made. Further computer calculations could j - MESEEREN T R a.
representative spectra calculated for initial and ~ make available spectral information as a fune- ' i A : = =1 =

. fallout gamme radiations. tim} of anguln.r di'stributio.n, and this might be /i i _ f ; T =

Figure 24 shows again the fallout spectrum of desired for shielding studies. 1 : ‘ ] i A -
Figure 23, this time in conjunction with an a. The method has been normalized to } A1 7] T .

weapons parameters for the case of initial 005 ; L !

initial gamma spectrum at 1,500 yards from a
typicel relatively low yield weapon, which was
presented earlier in Figure 11. Noting the
different expansions of the energy scales slong
the abscissns for the two cases presented here,
it is apparent that although the fallout spec-
trum might be said to be a “hard” one, the
initial gemme spectrum is still vastly more
energetic,

bomb gamma radiation, and resultant dose- . b
versus-distance predictions generally fit in . S . !
well with observed field data. » N " 11

b. Although application to the fallout case y
is more empirical, the compatibility of the ' o T
calculations with what data are available o l O s O ] [ g . v © W -3
and the general validation of the underlying
theory and application in the initial gamma

Fraure 24.—Comparison of differential gamma dose spectra for initial and fallout radiation (Figs. 11 and 28).
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case suggest that the method is valid for

consideration of fallout gamma radiations

also.

2. Application of transport theory to the
initia]l gamma radiations shows that the ma-
jority of the air dose delivered at distances of
a thousand-or-go yards and further is deposited
by very energetic photons, ranging up to the
10.8 Mev gamms rays emitted by the nitrogen
capture component of the bomb gamma source.

' @. It further appears that for these com-
posite energetic radiations the air acts more
g8 a filter than as a scattering medium, so
that the initial borab gammaspectra “harden”
with increasing distance.

b. In the case of very large yield detona-~
tions blast wave radiation enhancement
factors may vitiate the theoretical predic-
tions and produce larger total doses with
gofter energy spectra.

¢. Nonetheless, the exceedingly herd spec-
tra present in most cases of initial bomb
gamma radiation from which biological ra-
diation damage criteria have been derived
must be taken into account before applying
these criteria directly to fallout or other
situations.

3. Calculation of fallout gamma spectra has
been less extensive. Generally fallout dose
spectra must be far less energetic than are ini-
tial gamma spectra.

a. Theoretical calculations of both dose
and 4r-gpectrum from fallout, based on either
measured or predicted gamma source data
as & function of time, and of weapon and of
environmental parameters should prove feas-
ible but apparently have not been attempted.
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GEOMETRICAL AND ENERGY FACTORS INFLUENCING THE
EFFECT OF PENETRATING RADIATIONS ON MAN'

By V. P. Boxp
Brookhaven National Laboratory

INTRODUCTION

In considering the degree of effect to be ex-
pected in man exposed to penetrating radiations
from the atomic bomb, it is necessary to examine
the extent to which the geometry of the various
possible exposure situations and the energy or
spectrum of the beam may influence the result.
These factors are known from laboratory ex-
perience to be of considerable importance, and
must be taken into account when efforts are
made to compare quantitatively the results
under different conditions of exposure.

In this paper, the patterns of dose deposition
through a man-sized phantom to be expected
theoretically are developed for a variety of
exposure conditions, and these are compared
with the experimentally determined depth dose
patterns. The degree to which biological effect
is influenced by the various patterns of dose
deposition are then considered. It is shown
that such considerations can result in a differ-
ence of a factor of 5 or more in the degree of
effect to be expected under various conditions
of exposure, for the same monitored air dose.

The laboratory situation will be considered
first for two reasons. The simpler situations
in the laboratory allow a basis for developing the
situations to be expected under the more com-
plex field conditions. In addition, the hazard
to man in the field of necessity must be eval-
uated in terms of laboratory experience with
large animals and man. In general, laboratory
biological data are far more reliable than
those obtained under trying field conditions.

! Research supported by U. 8, Atomic Energy C:

In the field situation, the immediate and fallout
gamma radiation from the atomic bomb will be
dealt with mainly. Fast neutrons will be con-
sidered briefly. Some of the present material
is presented in more detail elsewhere {1].

A rather obvious fact must be introduced
initially. Monitoring instruments measure the
free-in-air dose. However, there is no real
interest in the dose received by the ambient
air—the degree of biological effect is determined
by the radiation dose received by the tissue.
It is this dose, and its distribution in the body
that governs the degree of biological response.
This basic fact has, of course, been long recog-
nized by radiologists, and the recommendations
for many years in the reports of National and
International Committees on Radiation Units
in that dose be reported in terms of tissue dose ?
rather than the free-in-air dose [2, 3]. Thus
some of what I say has long been known by
radiologists; however, much of it has not been
brought to the attention of radiobiologists and
others concerned with hazard evaluation in
man. ’

The use of tissue dose has gone far in re-
solving apparent quantitative differences in
biological response in radiology, and in radio-
biology concerned with small animals. Both,
in general, are concerned with radiation effects
in a relatively small, circumscribed volume of

* Beerefs. 2, 4,and 5. Tissue de tothe
by the detector embedded In the material being irradlated and usually
does not indicata accurately the absorbed dose, . ¢., the energy per unit
mass deposited In the irradiated ruaterial, here tissue or unit density
material. Over much of the range of radiation cnergies usually of in-
terest fn large animal work, from 250 KVP to 1.5 Mev or higher, the
tissue dose will be equal to the absorbed dose in soft tissue, expressed as

rads (100 ergs/gram), to within 10 percent or better. Much larger dis-
ocour in bone.
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tissue. With “total body" irradiation of large
animals and man, however, the problem can-

_ nob be taken cere of this simply and new com-
plications enter.

Frequently, in practical
situations involving hazard evaluation (in the
field, and around reactors or other nuclear
machines), only the monitored air dose will be
known at the fime. In addition, with large
animals and man, the dose throughout the body
frequently is markedly inhomogeneous. With
some types of “total body” exposure, portions
of the tissues receive but a very small percent

tof that received by other tissues. Thus two

separate problems emerge, (a) for a given moni-
tored air dose, what is the tissue dose and its
distribution pattern through large animals
and man for different conditions of exposure
in the laboratory and in the field, and (b)
with large animals, to what degree does the
extent of biological effect vary with different

. patterns of dose distribution in tissue?

Terms used in this report conform to the
recommendations of national and international

. committees [2, 3]. Dose and exposure are used
- interchangeably.
" indicates the dose measured free in air in the

“Free air dose’ or “air dose”

absence of animal, phantom or exposure equip-

. ment. Unless otherwise specified, this refers
" to the dose as it has been conventionally meas-

ured at & point in space corresponding to the

. proximal skin surface (the side nearest the radia-

tion source) of the animal or phantom when it
ig later put in place for irradiation. This is
termed more explicitly the “entrance air dose”
and is expressed in roentgens. Air doses at
other points in space are easily approximated
under most circumstance by use of the inverse
squarelaw. Dose measured with the dosimeter
embedded at any position within the animal
or phantom in place for irradiation is termed

_ “tissue dose,” also expressed in roentgens.

Thus, “‘entrance tissue dose,” “midline tissue

dose,” “‘exit tissue dose.” Tissue doses are not
converted to absorbed dose [2], expressed in
“rads,” because of the uncertainty of the con-
version factor from tissue dose under some
conditions discussed, and because of the con-

siderable variation of the conversion factor
with different. tissues [4, 5}

A word should be said initially regarding the
possible application of the large amount of
dosimetry data that has been published in con-
nection with elinical radiation therapy to the
problem. Most clinical radiotherapy exposures
differ fundamentally from the “total body”
exposures considered here in that the object of
the one is to obtain localized, circumseribed
partial body irradiation of a diseased arca, while
the object of the other usually is to obtain an
equal degree of exposures to afl tissues of the
body. The one usually attempts to narrow the
beam by collimation or by the use of ports; the
other requires a beam sufficiently broad to
expose the entire irradiated object. Thus, the
numerous depth-dose figures published for
radiotherapists usually cannot be carried di-
rectly to the “total body” exposure situation,
although the curves obtained with very large
area ports apply approximately in some situa-
tions. Since the depth-dose pattern with
“total body’ irradiation is highly dependent on
the precise conditions of exposure, it is not
practical to compile complete tables of depth-
dose values for references. The patterns to be
presented here obviously apply strictly only to
the specific conditions employed.

EXPERIMENTAL

The exposure geometries considered, all
described more fully below, include unilateral,
bilateral, multiport, rotational, ring, and “4 Pi”
exposures in the laboratory, and exposure to
immediate and fallout gamma radiations in the
field. In what follows, each situation is in-
vestigated in terms of geometrical considera-
tions and the principles of interaction of electro-
magnetic radiations with matter. The ex-
pected curves are compared with experimen-
tally obtained depth-dose patterns. In the
experimental work, & cylindrical Masonite
(density of 1.1) Masonite phantom 26 cm. long
and 26 cm. in diameter, corresponding to a
32-inch waist, was exposed under each of the
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laboratory conditions listed, and depth-dose
measurentents were made.  This phantom ol-
viously does not represent exactly the essen-
tially oval configuration of man in eross seetion
in the region of the trunk, but was felt to be a
sufficiently close approxinmtion. A diagram of
the exposure conditions for a “‘point” source is
shown in Figure 1 for reference purposes. A
target to “skin’’ distance (TSD) of 100 em. was
used for all exposures unless otherwise indicated.

e N <

N JN\/ AN NV
NNV A

d=100cm Al aom ]

L«/\ o

AN~
“POIN W, VAAA A
SOURCE M/\'\’\‘v\m . VAL B

VAL

F16orE 1.~—Schematic diagram showing method of ex-
posure of @ Masonite phantom to a “point’ source of
X- or gamma radiation.

Studies showed that lengthening the exlindrical
phantom beyond the 26 cm. did not alter the
depth-dose curves detectably. The laboratory
radiation used for most of the exposures was
cobalt-60 gamma rays. As will be seen, high
voltage (250 to 2,000 KVP) would have served
as well for most exposures; however, the use
of Co® allowed more direct coruparison of the
geometry effect with some exposures not attain-
able with X-rays (ring, 4 Piand ficld exposures).
A description of the cobalt generator used for
bilateral cross fire, ring and 4 Pi exposures is
given in references 1 and 6.

For essentially all laboratory dosimetry, the
same 100 r capacity Victoreen thimble chamber
and charger-reader were employed. For a few
low dose rate exposures with the bilateral and
Ting exposures, a 10 r capacilty Vietoreen
thimble chamber, intercalibrated with the 100 r
chamber, was used. The chambers were em-
bedded in a thin, close-fitting plastic shell
which wes, in turn, inserted into closely ma-
chined holes drilled in the Masonite phantom.
Thus, the phantom was essentially solid during
exposure, The same observer took all labora-
tory measurements. The phantom measure-
ments in the field were made with thin-walled

Sievert-type ionization chambers  embedded
throughout the thickness of the phantom.  For
measurement of gamma radiation in the fallout
field, the chambers were enclosed in sufficient
copper to exelude beta radigtion,  The thimble
chamber measurements did not allow accurate
characterization of tlie depth-dose pattern at
the surface and just beneath the surface of the
phantom. Since only relative measurements
were used in the phantom measurcments,
absolute calibration of the chambers used was
not necessary.  Curves were not corrected for
inverse square fall off, since it was desired to
pregent  depth-dose patierns as actually ob-
served.

RESULTS

Unilateral  exposure~The basie  exposure
technique, unilatoral irradiation, is shown
diagramatically in Figure 1. Radiation from
the Co% “point” source traverses air and im-
pinges on the unit-density eylindrical phantom,
In Wigure 2 are shown curves describing the
rate of fall off in dose through the phantom
along a diameter parallel to the central axis of
the beam. It is useful to attempt to derive
the expected curve, since very few experi-
mental depth dose curves for various energy
gamma rays are available, The exponential
curve “a” indicates the rate of fall off under
narrow-beam or “good” geometry conditions,
in which no seattered radiation reaches the
deteetors placed in the phantom. This indi-
cates the rate of fall off of the primary beam
uncorrected for inverse square effect,  Curve
“b” indicates approximately the rate of fall off
in the phantom due to inverse square along
with & TSD of 100 em. The measured curve
¢, ean be regarded as curve a, corrected for
scattered radiation and for inverse square (only
the primary beam closely follows inverse square
from target). The amount of scattered radi-
ation, or the “build up factor,” has been calcu-
lated using the theories of Spencer and Fano
[7, 8] for the infinite medium [9] and for the
barrier problem [10}, but not for the geometry
considered here. The infinite medium build
up factors underestimate the rate of fall off




68 THE BHORTER-TERM BIOLOGICAL HAZARDS OF A FALLOUT FIELD

DEPTH IN (cm)
S I 15 20 25 30
T T T

T T

PERCENT OF AIR DOSE

(0) u=0.064

(b) 1/7d2

{C) MEASURED CURVE
TSD t00cm

10 1 1 ] ! L ] L
025 05 075 1O 125 15 L75

DEPTH IN MEAN FREE PATH LENGTHS

Fraure 2.—Depth-dose curve for coball-60 gamma radia-
tion, unilateral exposure, TSD of 100 cm.

(calculated curve higher than measured curve
by factor of 1.3 at the midline and 1.6 at the
exit). The build up factors for a water barrier
deseribe the measured curve within 10 percent,
however this appears to be fortuitous and little
" theoretical justification exists for applying
barrier build up factor to the present geometri-
cal situation. The true absorption coefficient
(0,, approximately 0.03) predicts the midline
dose within 5 percent but overestimates the
exit dose by a factor of 1.3. Thus the depth-
dose curves to be expected with gamma rays
cannot be predicted precisely from presently
available theoretical data; however a basis
does exist for approximating the curve to be
expected from a monochromatic beam (a beam
composed of several monoenergic components
can be handled by treating each component
separately and adding the results). The build

up factor varies markedly with energy and
deptly of penetration. Build up is rapid over
the first mean free path, which results in a low
energy beam appearing to he more penetrating
than it is over the first few em. of unit density
material.  X-ray beams, with their broad and
continuous speetra, cannot be handled in this
fashion. The considerations developed above
are of particular importance later in considering
bomb radiatious.

In Figure 3, the measured curves for Co%
gamma and other radiations are shown for
comparison, In all cases the total dose is
delivered in a single exposure from one side of
the phantom.® It is apparent from the figure
that marked nonuniformity of dose deposition
results even with highly energetic radiations,
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Fiaure 3.~~Unilateral-exposure depth-dose curves in a
Masonite phantom for different energy radiations;
depth-dose expressed as percent of entramce air dose.

3 The term isapplied for to the exposure to the
initial gamma radlation from the atomic bomb, even though an appreci-
able component of the total dose undoubtedly 16 recelved from the iateral
and distal aspects of the phantom.
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and that with this type of “total body” ex-
posure, the distal surface may receive only a
very small percentage of the “dose” that the
phantom or animal, by convention, is said to
have received. The marked fall off in dose
results from both absorption in the phantom
and from the inverse square effect.

Bilateral exposure—In an effort to overcome
the marked lack of uniformity of depth dose
obtained with unilateral exposure, a number of
investigators have employed the “bilateral ex-
posure” technique (see the excellent work of
Tullis, ref. 11). This procedure is identical to
the unilateral exposure, except that one-half
of the “total dose” is administered from one
side. Thus, if a total of “300 r"’ is to be given,
150 r as measured free in air at the proximal
skin surface is given from side A (fig. 1). The
remaining 150 r is then administered from side
B. The depth-dose pattern for each separate
exposure to cobalt-60 gamma rays and the
total obtained by combining the values ob-
tained with each soparate exposure are shown
in Figure 4-A.

It can be seen from the curve that the tissue
dose throughout the phantom is remarkably
uniform when contrasted with that obtained
with unilateral exposure, and that a maximum
variation of only 10 percent is obtained in ftra-
versing the phantom. Of equal importance,
however, is the fact that the tissue at no point
in the phaniom exceeds 62 percent of the en-
trance air dose, the dose that the phantom, by
conveniion, s said to have received. The reason
for this discrepancy lies mainly in the fact that
during each half-exposure, the distal side of the
phantom is receciving only a very small per-
centage of the dose received by the proximal
side, and on adding the half-exposures, the
total falls far short of the dose said to have
been given (see under “crossfire’” exposure be-
low for additional reasons).

If the midline air dose, instead of the entrance
air dose, is taken as the total exposure, the
resulting curve retsins the shape noted above,
but becomes 70 percent (instead of 55 percent}
at the midline. Thus it is seen that use of the
midline rather than the entrance air dose tends

to equalize the tissue dose and the total air dose,
but does not accomplish this fully.

Multilateral and Rotationel exposure.~In
these techniques, instead of giving one-half
the dose from cach of 2 sides, the dose is ad-
ministered one-fourth from ecach of 4 “sides,”
one-eighth from each of 8 “sides,” ete. The
limiting situation involves rotating the source
about the phantom at TSD of 100 c¢m., or
equivalent, rotating the phantom placed 100
cm. in front of the slationary sources. It is
easily shown [1] that these procedures do not
differ materially in effect from bilateral ex-
posure, and the depth dose patterns obtained
(curve d, fig. 4-A) superimpose essentially on
the bilateral curve.

Crossfire technique.—With the crossfire tech-
nique, only a single exposure using two opposing
“point” sources energized simultaneously is
used, as opposed to the bilateral technique in
which two exposures, first one side and then the
other, are made with & single source. The
resulting dose pattern is shown as curve a,
Figure 4-B. It is apparent that the shape of
the curve is negligibly different from that ob-
tained with bilateral, multilateral or rotational
techniques, and that the tissue dose is still
considerably below the air exposure dose that
the phantom is said to have received.

The reason for the low tissue dose relative to
air dose may not be immediately apparent, since
with crossfire technique the air exposure dose
throughout the exposure volume is essentially
constant. It is easily seen, however, if one
considers that as soon as the animal or phantom
is introduced, the entrance tissue dose at either
side (and throughout the phantom) immediately
drops considerably because of absorption in the
tissue or phantom. Thus, the entire curve is
well below the entrance air dose.

The crossfire curve is higher than the bilateral
curve because of what might be regarded as an
artifact of dosimetry resulting from the manner
in which air dose is measured with the two
techniques. This can be seen as follows: with
the bilateral technique, the total air “dose”
given is the sum of two entrance air doses from
the two half-exposures. With the crossfire
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Frovre 4.— Depth-close curves for cobali-60 gamma radistion in Masonite phantom material for several exposure
geomelries, depth-dose expressed as percent of entrance air dose.

" technique, the total air “dose” given is the sum
of the entrance air dose from one machine and
the exit sir dose from the opposite machine
.+ (less by inverse square). Thus the air “dose”

with crossfire is less with bilateral and the tissue
dose, in terms of percent of air “dose,” is

correspondingly greater.

It should be noted

that exposure with crossfire for one half the
total time for both half-exposures with bilateral
(two tubes on simultaneously with crossfire)
yields o tissue dose curve that supenmposes on

the bilatersl curve.

However, since as noted,
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the air dose for the same total time is Jess with
crossfire, the exposure time with erosstire for
the same total air “dose’ is longer than one-half
the total time for bilateral, and the depth dose
curve is thus above that for bilateral.

Thus, the differonce noted is sbon 1o result
from the inverse square effect. However, it is
important to note that while the crossfire
technique has taken into account to a degree
the inverse square effect, it has not, of course, in
any sense eliminated tho effect. It has aver-
aged the entranco and exit exposure doses, and
thus has raised the depth-dose curve, somewhat
as might result if inverse square were negligible.
An identical supcrimposed curve is obtaived if,
with bilateral, the average of the entrance and
exit doses is used as the “air dose,” instead of
the entrance air dose with each half-cxposure.
If the midline air doso is used with bilateral
exposure, the curve is essentially identical in
shape to the crossfire curve, but is placed a
short distance above it. Of importance later
in considering the curve for fallout radiation,
if the half-exposure curves for bilateral radiation
are cotrected for inverse square fall off before
addition, the resulting curve, while placed at
approximately the level of the crossfire curve,
is considerably flatter than the crossfire curve
(70.5 percent at the edges, 69.0 percent at the
midline).

Ring and “4 P4’ exposures.~-With ring geom-
atry, the phantom is at the center of a concentric
ring of fired sources [1]. With “4 Pi" geom-
etry, the phantom is placed in the geometric
center of & group of sources arranged in essen-
tially a spherical coufiguration [1]. The depth-
dose pattern for both exposures is shown as
curve b, Figure 4-B. They are essentially
identical and are negligibly different from those
obtained with the crossfire technique. These
types of exposure ean be considered to bear a
similar relationship to crossfire exposure, as does
multilateral or rotational exposure to the bilat-
eral technique. Inverse square is taken into
account to a degreo, but is not corrected or
eliminated.

Bomb, fallout gamma radzanon ~The geo-
metrical and other considerations noted above

are of importance in considering the curve to
be expected with fallout gemma radiation,
The fallout field in the simplest case can be
considered 8s a semi-infinite plane uniformly
contaminated with gamma emitters. The spec-
trum of course varies with time and place;
however, that given by Sondhaus [12] can be
taken as sufficiently representative for the
present purposes. 1t is scen to consist of a
gronp of monoencrgic sources, that can be
considered to be composed of energies grouped
at spproximately 100 to 200 kev (11 percent),
0.75 kev (67 percent) and 1.5 Mev (22 percent).
Scatter of radiation from paortially-buried
isotopes in the overlying ground, and secondary
seatter from the ground will be neglected since
considering only the undegraded beamn will
result in the largest possible dose to the phan-
tom. The radiation at any given poiot in air
above the plane will of course be coming from
all directions; however the primary source
can be considered as an infinite number of
concentric ring sources and can be treated as
such. As noted above, the crossfire or ring
depth-dose curve® can be constructed from
the unilateral curve, adding together two
half-exposures from each side. No corrections
for inverse square should be made in the
unilateral curve since, as shown above, the re-
sulting paltern on adding the half-curves is
thus placed in correct relation to the air dose.
Also, two separate caleulations by Drs. Robert-
son gnd Brennan have indicated that the
bulk of the radistion comes from several
meters or more which tends to flatten the curve
but not alter its relation to the air dose. The
unilateral curves for the components of the
fallout gamma spectrum were approximated in
several ways as follows: since the bulk of
the fallout radiation is approximately ©.75
kev (87 percent) and 1.5 Mev (22 percent),
2 curve closely approximating the unilateral
curve for Co® gamma would be expected.
Uncorrected for inverse square, the curve
+ The phantom i the fallous fleld is sbove the pluno of the ring souress,
a4 opposad to in the same plane In the lsboratory situation. It can be
easity shown, bowever, that this does not appreciably sffest ihe mean

path length of radistion in the phantom in reaching u glven pofat, and
thus absorption in the phantor s not significantly altered.
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would be approximately 70 percent at the
wmidline and 35 percent at the exit. This partie-
ularly, since the curves for Co® gamma (1.3
Mev) end a cesium-137 source (0.7 Mev) agree
. within 3 percent at distances corresponding to
' the midline of the phantom [13]. Infinite
- media build up factors corrected for the dis-
. erepancy noted between theoretical and meas-
ured curves for Co® gamma yielded midline
and exit doses of 71 and 40 r, respectively.
The build up factors for a water barrier [10],
applied empirically, yielded corresponding per-
centages of 68 and 40 percent. Use of o, only
results in values of 70 and 50 percent. It is
reasonable to assume, then, that the unilateral
curve for the fallout spectrum is approximately
70 percent at the midline, and 40 percent at
the exit. Construction of a curve from this
for the fallout field yields an expected depth
dose pattern in the field that is essentially flat,
with values of approximately 73 percent at
the surfaces and 70 percent at the midline.

A depth dose curve experimentally obtained
in & fallout field is shown es curve a, Figure
4~C. Doses were measured with Sievert-type
jonization chambers. The high surface doses
include beta radiation measured by the thin-
walled ionization chambers. The air dose was
determined by covering the ionization chambers
with sufficient copper (approximately 800 mg/
em?®) to exclude beta radiation. As expected,
the gamma tissue dose throughout the phantom
was essentially constant. The tissue gamma
dose was approximately equal to the air dose,
however, as opposed to the approximetely 70
percent predicted from theory. The reason for
this discrepancy probably lies in the manner in
which the air dose was measured. The thick-
ness of copper, equivalent to the wall thickness
of some ‘‘gamma’”’ monitoring instruments, un-
doubtedly excluded some gamma as well as beta
radiation.

Bomb, tnitial gamma radiation.—The curve

to be expected with the immediate bomb gamma.
radiation was approximated in two ways. The

' lineer absorption coefficient for bomb immediate
. gamma radiation observed at distance of bio-
logical interest (quoted on page 97, ref. 14) can

be converted to the mass absorption coefficient.
by correcting for the small difference in electron
density and for inverse square (no detectable
fall off through the 26 cm phantom). Applica-
tion of the ahsorption coefficient thus derived
yields a decrease in tissue dose at the exit side
to approximately 50 percent of the entrance
tissue dose. A very similar result is obtained
if the mass absorption coefficient for several
Mev gamma rays (about 0.03) is used with the
appropriate build up factor. The factors for
infinite media apply closely here, since the large
air mass constitutes an adequate scatter
medium.

A measured depth-dose curve in phantom
material exposed to the immediate gamma radi-
ation from the bomb is shown as curve ¢, Figure
3. The phantom employed was a cylinder
measuring 25 cm. in dismeter, and measure-
ments were taken approximately 3 feet above
the ground. The agreement with prediction is
good. It is apparent that while the rate of fall
off of dose in tissue is still appreciable in a
thickness of tissue approximating man, the exit
tissue dose of approximately 55 percent is well
sbove the value of approximately 20 percent
for cobalt-60 gamma radiation in the laboratory.
It is pointed out that with both initial and
fallout gamma ray exposures, the dose is essen-
tially uniform as one goes from one end of the
phantom to the other. This is in contrast to
all of the laboratory geometries described, and
is approached only with “4 Pi”’ exposure.

Bomb, fast neutron irradiation.—Since fast
neutrons are attenuated rapidly in traversing
hydrogenous material, the considerations set
forth for gamma radiations apply to fast neu-
trons from the atomic bomb as well. No
measured neutron depth dose curves for the
field situation are available; however, it is pos-
sible to estimate how the curve might look. It
can be assumed that the source spectrum for
relatively small weapons is not unlike the fission
spectrum measured in the laboratory. In trav-
ersing approximately 1,000 meters to sair to
arrive at distances of biological interest, it is
doubtful that the spectrum would change ap-
preciably. Elastic multiple scattering in air
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would result in some departure from a mono-
directional heam; however, it is probable that
the beam would be far from isotropie. There-
fore, the curves caleulated by Snyder [15] for a
plane monodirectional source would apply ap-
proximately. Tt is seen that the rate of fall off
is quite rapid in hydrogenous material such as
water. For a fission spectrum with average
energy of about 0.8 Mev, and the very large
majority of neutrons below 3 Mev, the dose
could be expected to fall to the order of 10 to
15 percent of the surface dose at the midline,
and considerably less than this at the exil sur-
face. Itis emphasized that this is only a rough
approximation, and more refined calculations or
measured curves should be obtained.

From X-ray data, however, it can be said that
such shallow curves are relatively quite ineffec-
tive in producing acufe illness or death in large
animals (consider the very large monitored
doses of beta rays required to produce acute
effects). The relative biological effectiveness
for fast neutrons, determined with essentially
uniform tissue dose distribution in mice, ap-
pears to be of the order of 2 [16}, i. e., neutrons
are twice as effective as X-rays for the same
tissue dose in small animals in which essentially
all tissues receive the same dose. Because of
the shallow depth dose pattern in large animals,
however, the neutrons may be less effective for
acute endpoints than penetrating X- or gamma
radiation by a factor several times greater than
the RBE determined in mice. It also becomes
apparent that it is not possible to add the effects
of the relatively nonpenetrating bomb neutrons
and the very penetrating bomb immediate
gamma radiation in a one-to-one ratio.

Body shielding, “local’’ g try.—Allied to
the depth-dose problems are those of partial
body shielding, and localized concentrations of
fallout material. Sonie degree of partial shield-
ing probably will be common in the fallout field.
Shielding of a relatively small region of the
body, particulerly if bone marrow is contained
in the shielded portion, will markedly reduce
the effect of 2 given radiation dose. “Hot
spots” probably will be common in a fallout
field because of drifting, buildings and local

terrain configurations. The depth dose pattern
may thus be essentially unilateral rather than
flat as observed in the semi-infinite plane. As
will be seen, the biological offects are reduced
with unilateral exposure. It is highly probable
that movement of the individual will result in
a highly complex and unpredictable depth-
dose pattern.

DISCUSSION

Comparison of depth-dose patterns.—-In the
preceding results, the marked difference in
tissue dose, obtained with different exposure
geometries for the same air dose as conven-
tionally expressed, have been atressed. The
large discrepancies possible must be kept in
mind when only the air dose is quoted or is
available. Tt is seen that no laboratory radia-
tions as they have been employed quantitatively
simulate the initial or fallout gamma, radiations
from the atomic bomb., Perhaps more striking
than the differences, however, is the marked
similarity of the depth-dose patterns for most
of the exposure situations, and their essential
wdentity if the artifact of expressing dose in
terms of that received by the sir rather than

* the tissues could be abandoned. The geome-

tries fall into two basic categories—unilateral
exposure, and a second to include all of the
other types considered. With the exception of
unilateral exposure, all those considered yield
reasonably flat or uniform depth-dose patterns
{11. 17}

The relationship of the midline tissue dose
to the entrance air dose, for any exposure
geometry, will vary considerably with beam
energy, target-to-skin distance and animal
thickness. The shape of the depth-dose curves
(essentially flat) for all geometries except
unilateral exposure is remarkably insensitive
to these factors for radiations and expesure
conditions commonly used for large animals
irradiation (200 to 2,000 KVP X-rays, cobalt-
60 gamma rays). As the beam energy becomes
low (practically at about 100 KVP, 30 kev
effective), or with animals of very large diam-
eter (as with burros), the midline tissue dose




becomes very small compared to the entrance
air or entrance tissue doses, and the depth-dose
curve is far from flat. This type of “cnergy
dependence” and the resultant biological effect
has been studied [18, 19], and is diseussed below.
1t should be noted that while fallout gumma
radiation has been termed ‘soft,” only a very

: small percentage of the primary beam is below

100 to 200 kev under most practical circum-
stances [1]. This is equivalont in penetrating
power in tissue to 8 highly filtered Xeray ma-~
chine of 250 or higher peak voltage, or KVP,
Thus the fallout gamma radiation must be
considered quité penelrating in  terms of
biological effectiveness.

Correlaiton of depth-dose patierns with biolugi-
cal gffect.—From the depth-dose considerations

"outlined above, wide variations in the dose

required for & given biological effect, expressed
a8 adr dose, would be expected with different
exposure conditions. A glance at Tables 1
and I, in which large animal mortality data
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from the literature are collected, shows this
to be true. The LDg values for dogs and
swine are given in the tables in terms of en-
teance air dose, as well ns in terms of the en-
trance, midline and exit tissue doses.

A better correlation between dose and effect,
would be expected if tissue dose is used unless
(@) an energy dependence of biological effect
is present, (h) marked differences in the shape
of the depth-dose pattern exist, or (¢) strain
differences in the degree of biological effect
exist.

“Energy dependence” of biological effect as
commonly used has included usually two
geparate phenomena to varying degrees, 1. e,
(7) & “true” or intrinsic energy dependence
in which dose deposition through the irradiated
objects compared is well known and wniform,
and quantitative differences in effect for the
same dose reflect different properties of the
radiations, related to linear ion transfer (LET),
or specific ionization; and (b) an “apparent”

Tanzt 1—LDy DOSES FOR DOGS EXPOSED UNDER DIFFERENT GEOMETRY CONDITIONS

Radiation factors LD dose
Methudof | Radlatonused | 77T N Reterenes
exposure HVL Dose rate Ep- En. [ Mid- | Exit
Fitter (nm.) | (mm.) |TSD(em)} (/min.) ms | trance | trance [ lne | tissue
alr tissue | tissue

Unilaterat 250 KVP Xaay | 14.2 Al Par- [ 2158 Cu....| 102........ 9. el 18 450 562 382 160 | Michaelson,=
{trom (Pleker). abolic 0.6 Rochester,
sbove).

Unilateral 1,000 KVP X- S8Pb .| 2% . .. 10 L. 3 450 405 360 202 [ Michaglson,*
{from . ey (G E., Rochester,
sbave), transmitied

. beam).
Unllateral......| Bomb gamma...] None ... . .| 1000 yds._| High varle- |...... 21 27 256 210 | (19).
ble.
Bilateral.......| 00 KVP Xray | 0.5 Cu....... 008Cu....| 100, .| B oL A8 280 (... B260 |..eeunns Prosser et 8l
{@. R.) Argonne (20).
Bilateral.......| W0 KVP Xy | 05Cu L0 | 100, ..... | 16, A4 281 282 2852 252 | Bond, USNRDL
' {G.E., radial [ AL 7).
‘beam}.
(Inherent) .| 2.0 pb_._.. 0. | B 3 M 23 256 250 { Bond, USNRDL
an.
6.3 Fe (In- 200, 15.. L6 2 265 266 265 | Cronkite, NMRI
ray (L B, herent). @),
radial beam),
Bhaterel........| 2,000 RVP..... 83 Fe.......| 43Pb..... 200...... NELAN - LS 318 262 262 262 | Qleiser, NMRT
22,
Bilateral.......| LOWEVP._. .|  Notgtveninreport .. .. ... | ..o b I B A28 |eweinnn Boche -+ Bishop
' Rochester (23).
* Bilatorsl, Oo% gamma........] [ R R, 384 | Shiveley » et al.

« . Michaslson, J. N, Bhiveley and J. Howland, personal commun(esation.

* Caleutated or estimated; value not given in referenes cited.
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Tarte 1T, -LDy; DOSES FOR SWINE EXPOSED UNDER DIFFERENT GEOMETRY CONDITIONS

1 Radiatlon factors LD down
Methud of | Hadiation used T Ty R Y T N T ) Reference
HoRUTe HVL Bose rate En. Fn- Mid- | Ruxit
Eulter (man.) {mn.} TRD {en.) (r/min.) ma | trunce | irsnee [ line tissue
Rlr | tissue | tisswe

Unilatersl. .. .] 2,000 KVP X- 68 FeIn- | 431 h.. 200 . 15.. L8 500 580 3 130 | Tullis, NMRI
ray (Q. B., herant, a).
radial bram).

Unilatera) Bomb gamma. . | None. . .. |. o[ 1,000 yds.| High varin- A 225 i3 145 | Tullis, NMRI

hle. .

Bitaternl..... .] 1,000 XVP X. (Inheront e e (3060 )30 L 3 Sty g 252 367 | Tullis, NMRI
ray (0. B., only). ).
radisl heamst.

Bilateral.. ... | 1,000 KVP X CInheront 20 Fb. . | 10 . . 3 423 oz 258 302 | Band, NRDL
ray (G. E., oy, {28).

- radial hearn)

Bilateral... 2000 KVE X- 63 Feiln- | 43Ph... | 20 15 [ 33 w9 42 279 | ‘T'oitis, NMRI
ray (G. B, herent). an.
endinl beam).

Multi-Souren | CoWgnmma. .. | Neno_... | 46.2.4% .| Varinble | About 086 . . a3 .. .| 3w| .. [Rostetel, Osk

Field. Ridge (26).

energy  dependence secondary to differences
in penetration. These effects are considered
below.

Low energy radiation can be considered first,
and beta radiation provides the absurd case
because it penetrates only a few mm. in
tissue. Thus ‘“total body” beta radiation
in reality results in a type of partisl body
radiation of one organ, the skin. Energy is not
deposited at depths sufficient to produce the
“total body” irradiation syndrome of pene-
trating gamma radiation. Very low energy
X or gamma radiation, e. g., 50 KVP X-rays,
result in virtually the same picture as heta
radiation when applied to the entire body sur-
face, and the acule LDy here ig of the order
of several thousand r or rep to the skin, as
opposed to a few hundred r for penetrating
reys. This would be oexpected with any
type of partial body radiation.

As the beam energy increases, the effects of
penetrating whole body radiation do appear,
and the energy level where this occurs varies
with body size and the geometry of exposure.
In mice, with essentially bilateral (uniform)
irradiation [18)], the transition occurs at some-
where between 80 and 135 KVP; at about
80 KVP the LDy, expressed as tissue dose or
air dose, begins (o rise rapidly. In the rabbit,

448029 O—b8——8

the change occurs at a higher KVP, probably
near 150 KVP. With dogs, the LDy for 100
KVP X-rays (midline tissue dose) is 1.4 times
that for 250 KVP, thus the transition occurs
somewhere belween these energies. From
Table 11, it is seen that above 250 KVP, the
LDg for dogs (bilateral X-irradiation, midline
tissue dose) is independent of energy. No such
data are available on larger animals the size
of man; however, it appears likely from depth-
dose curves thut the transition would occur
at 250 KVP or somewhat higher.

The above “encrgy dependence® thus is seen
to be in reality a pseudo energy dependence—if
the radiation dose cannot be delivered to the
vital tissues, “encrgy dependence” of effect can-
not exist. This effect has nothing to do with
relative .biological effectiveness (RBE) in the
strict use of the term, although RBE frequently
is used loosely to include it. As stated above,
many of the radiations of concern in hazard
evaluation are sufficiently energetic such that
this factor is not large. The chief exceptions
are bomb ncutrons and beta radiation. With
these radiations, however, the effect exceeds by
far in magnitude the effect resulting from
intrinsic RBE.

A possible “true’” energy dependence of bio-
logical effect on energy over the ranges of in-
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terest has been discussed [1], and can be sum-
marized briefly. The available data are con-
flicting; however, it appears that such an energy
dependence may exist in mice over the range of
250 to 2,000 KVP, and that 1,000 and 2,000
KVP X-rays may be less effective by a factor of
0.8 or 0.9 (in terms of tissue dose). There are
several pieces of evidence that Co* gamma may
be even less effective—perhaps 0.7. Part of
these differences may be dosimetric in origin;
however, they appear to be real as doses are
measured &t present. With large animals, dogs
and swine, there appears to be no such de-
pendence of effect over the range of 250 to 2,000
EVP. Undegraded gamma radiation (Co®)
eppears to be less effactive in the dog (Table I),
as with mice. It would appear that intrinsic
energy dependence over the range of energies of
interdst is at most of the order of 10 or 15 per-
cent, a factor much smaller than other sources
of uncertainty.

In considering the effect of distribution of dose
as it affects degree of response, the concern is
mainly in comparing one type of unilateral ex-
posure to another, and unilateral to bilateral
exposures, It is obvious by now that with iden-

"tical depth-dose patterns, the same degree of
effect, within a few percent, will result from the
same dose. In comparing one type of unilateral
irradiation to another, it is of course known that
the shallower the curve, the less the effect for a
given entrance or midline tissue dose. This can
be easily seen from the data of Potter [27] and
Ellinger [28), and that of Tullis in swine (Table
II). Little difference is noted for dogs irra-
diated unilaterally with 250 and 2,000 KVP
X.rays (Table I); however, the beams were
filtered such that the depth-dose patterns were
not greatly different [29]. It is thus clear that
differences do exist; however, the data are not
sufficiently good to allow quantitative treat-
ment,

As for & means of predicting effects with a
given unilateral pattern, some data obtained
with small animals indicate that the exit tissue
dose may be a normalizing quantity [27, 28].

. The data in large animals are insufficient to
evaluate this point. Integral dose or gram

roentgens has been proposed as a normalizing
quantity. Grahn and Sacher [18] have shown
that with different types of “total body” irra-
diation, integral dose is of no value in this re-
gard and the concept does not apply in pre-
dicting mortality with partial-body irradiation
[30]. Even if integral dose were the normalizing
factor, the computations involved are so com-
plex and lengthly that this parameter would
have no practical usefulness in hazard evalua-
tion.

Some additional points will be mentioned in
regard to the large animal data in Tables I
and II. Looking first at the bilateral data for
dogs and swine, it is seen that the air dose
LDs«'s vary considerably among investigators,
but that the LDy’ in terms of midline tissue
dose are remarkably constant for X-rays with
& variety of energies and experimental condi-
tions. The discrepancy between air dose and
midline dose is much larger for swine than for
dogs, which would be expected from the larger
swine. This indicates that such data, to be
quantitative for man, must be obteined on
man-sized animals. Data from dogs or
monkeys do not epply directly. It is apparent
that the usually quoted LDj, values for large
animals, in terms of air dose, are much too
bigh, and that there is no true emergy de-
pendence of effect over the range of 250 to
2,000 KVP. The LDy for dogs and swine are
approximately equal and considerably below
the LDy for mice or rats. No biological data
are available for large animals exposed to fall-
out gamma radiations; however, the LDy, in
terms of midline tissue dose wovld be expected
to equal those in the tables to a few percent.

With regard to the Co® gamma data in
Tables I and II, the higher LDy values may
reflect in part the apparent intrinsic energy
dependence that has been noted for mice.
With the swine exposed to Co® in the multi-
source field at Oak Ridge, however, additional
factors enter. It can be easily shown that
approximately 65 percent of the radiation
received at any point in air at the ‘‘center” of
any unit of 3 of the total of 19 sources comes
from a distance of approximately 1.5 meters.
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Thus inverse square fall off is appreciable,
unlike the fallout ficld. Also with large
animals placed in a standing position among
the sources, a large percentage of the radiation
traverses the long axis of the animal, rather
than & transverse (shorter) diamecter as with
animals exposed to bilateral X-irradiation or
with man upright in the fallout field. Thus
the midline dose would be expected to be
relatively quite low compared to the air dose.
With the cooperation of Col. Trum, additional
depth-dose curves were obtained in the Co®
field, which indicate that the midline dose in &
swine phantom is less than half of the entrance
dose. The LDy value (Table II) is corre-
spondingly low in terms of midline tissue dose.

From Tables I and 1I, it can be seen that in
the laboratory, more radiation dose (entrance
air or tissue dose) is required to produce a given
effect with unilateral than with bilateral expo-
sure. With “unilateral” exposure to the im-
mediate bomb gamma radiation in the field,
however, the L)y values are lower than for
unilateral irradiation in the laboratory, and
approximately-equal to bilateral irradiation in
the laboratory. This could indicate uncer-
tainties in the field data—the LDy, values were
obtained in a single determination with 10
animals per point, and the swine used were
smaller than those used in the laboratory. It
could also mean that the relatively flat curve
for bomb immediate gamma resembles in effect
bilateral, more than unilateral irradiation.

The considerations outlined must be taken
into account in hazard evaluation. The prob-
lem is analogous to the RBE problem, which
gave rise to the dose unit “rem’’ to more closely
estimate hazard than is possible with the
roentgen or rad. The dose in rem is equal to
the dose in r multiplied by an experimentally
determined RBE factor. It would appear that
another factor should be introduced, a geometry
or g factor, which must be experimentally
determined for each situation as is the RBE
factor. It is scen from the present paper, that
under many circumstances the g factor may
greatly exceed in magnitude the RBE factor.

The problem of accurate hazard evaluation

in large animals and man is seen to be particu~
larly complex. It is not possible to use a single
quantity such as “r’’ or “rem” alone to predict,
hazard under a variety of circumstances—
additional factors to describe the situation con-
sidered must be introduced. No one would
agk for the “hazard” from a given dose of any
common toxic agent such as arsenic without
describing the situation further—how the drug
is to be given, the chemical form, part of the
body receiving it, time over which it was ad-
ministered, size of individual, ote. Yet it is
frequently expected that a “dose’ of radiation
in “r’" or “rem” will describe the hazard under
all situations. And the difficulties cannot be
circumvented by changing a name—introduc-
ing, as hes been suggested, some arbitrary type
of “hazard’” unit that supposeldy will indicate
what effect can be expected in man. No one
unit can ever describe the hazard; other
quantities are necessary. Substitution of a
‘hazard"” unit represents a regression to the
“gkin erythemsa dose” days, that nullifies the
very great advance made with the introduction
of the roentgen unit. The roentgen (or rep or
rad) Is as good as any presently available single
quantity to allow a very gencral estimate of
hazard. If greater accuracy of prediction is
desired, then the situation must be recognized
and treated as a complex one. This is done in
other disciplines, and personnel are trained to
handle the problem. Quantities in addition
to the instrument reading in r or rads (where
dose is measured, type of exposure, type of
radiation (RBE), type of biological response of
interest, dose rate, body region exposed, etc.)
must be taken into account. These factors
could be incorporated into one, or a series of
nomograms; however they cannot he incor-
porated into a single “hazard” unit or into a
single instrument reading. Perhaps most dan-
gerous in attempts to devise a hazard unit is
that it will involve combinations of several
factors in unknown proportions. Thus one
trained and conversant will not he able to sort
out the important quantities that would allow
accurate evaluation of the hazard.

LDy for man.—The consideration of the
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DISCUSSION ON TOPIC 11

Gamma Energy Spectra and Geometry Factor

Dr. Cronkire. Thank you, Dr. Bond. Be-
fore throwing this open for general discussion
and comment, it was called to my attention
earlier by one of the members here that Dr.
LaRiviers in his presentation of Dr. Mather's
paper stated that 105 gamma radiation from
neptunium was not important. I don’t think
Yyou mesnt that, because work done in your own
laboratery showed it was quite important.

Dr. LaRtvisre. 1 am afraid he did say that
in his paper,

Dr. Crowgrre. Possibly you would take
back to him that there is a little difference of
opinion, predominantly from work done in the
Division of Biology and Medicine at NRDL.

The following comments were later supplied
by Dr. R. L. Mather:

Unfortunately I could not be present at the
meeting, and during the discussion exception
was taken to my statement that the 105 kev
quanta from Np™ have relatively low pene-
tration and biological effectiveness. The
statement is true to the extent that the usual
gammae radiation from radioactive sources is
of higher energy than 105 kev and will pene-
trate farther into a given material, partic-
ularly those materials with a high atomie
number which ere usually employed for
shielding purposes. The biological effective-
ness per quantum of radietion is proportional
to the average amount of jonization which it
produces in a small volume of air (roentgens)
which when computed turns out to be closely
proportional to the energy of the quantum for
energies above 100 kev. In relation to the
human body, however, a 105 kev quanta has
a 10 percent chance of passing through the

body, front to back, without experiencing any
interaction (rather good penetration).

Because of the very large proportion of 105
kev quanta in the typical fallout radiation 4
days post detonation this radiation may
account for 20 to 50 percent of the gamma ray
intensity (either energy flux or t0entgen or
biological ecffectiveness) as stated. Neither
the hazard of this 105 kev radiation nor the
fact that it can be controlled by relatively
thin layers of dense materials should be
ignored.

Dr. CronkiTE. Dr. Borg, in your presenta-
tion you were obviously discussing things that
were exclusively in a free air situation, without
buildings and so on around. I believe the in-
tent of this symposium was to eventually get
down to some practical situations of what might
happen to man. 1 would like not to get into a
dissertation on this, but for you to make some
comment on the general situation that existed
in Japan where there were large concrete build-
ings next to people. How does this influence
the dose that might be expected from prompt
radiation?

Dr. Bore. The answer is that I don't know
exactly, but the problem has been brought up
before and looked into in this regard. The
calculations which T diseussed were mado
assuming the detector to be well up in the air,
without even a ground interface nearby to
interfere. Most of the measurements with
which they were checked, however, were made
close to the ground surface. There have been
attempts made to reason through the effect the
ground might have on a measurement made
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nearby it in air: whether the ground acts more
like & sink or a reflector for radiations.

To follow your suggestion, T won't make &
dissertation of it. The sunswer is that the
surface appears to act as either one under
different circumstances, and apparently when
the incidence is close to grazing, as it is a large
distance from s not-too-high burst of a nuclear
weapon, the model holds pretty well. Build-
ings, on the other hand, if they were close by,

. would probably decrease the dose over what
had been calculated for free air. As we saw
on the interpolation curves, even from the
hardest components of the radiation a great
deal of the dose that is delivered at a large
distance from the bomb comes from scattered
radiations, and they in turn to some extent,
especially the lower energy ones, do not come
from straight ahead but from the side; and
oceasionally the lowest energy photons even
are back scattered toward the bomb again. So
some large dense volume, such as & concrete
building, that occupied a large part of the
volume of this scattering source would probably

" decrease the dose to some extent over that
predicted for free air.

Dr. Cronxkite. Are thers any questions from
the floor?

Dr. Teruzst (NRDL). I would like to make s
comment concerning this energy dependence.
The comment I want to make is concerning the
biological effectiveness of energies below the
250 KVP that was presented here, 1 am under
the impression that for very low energies you do
have a difference in biological effect, which is
much less than these higher energies. If this is
the case, what I would like to know is what
would be the effects of ghelters; for instance,
individuals will be in shelters.  Air doses will be
measured inside. Therefore, the LD-50 may
be very much different because of degradation
of energy in going through shelters. I was just
wondering whether or not you want to make
some more comments on that.

Dr. Bonp. Before I could answer that,
I would have to ask you to give me the energy

spectrum of the material after it went through
the shelter.

Dr. Terest. I doo’t know, [ think this is
something that people have neglected.

Dr. Boxp. 1 think that is a very good point.
1 know of no experimental data on it at all.
If the energy is sufficiently low, the radiation
will be less effective for the seme air dose.

Dr. Bore. There is one point in Dr. Boud's
presentation which strikes me as being very
noteworthy, indeed, and this is his comment
about neutrons and their presumptive depth
dose curve, and the resultant biological effect.
Thus near the lethal dose range, bomb neutrons
can almost be thrown awsay. Such a conclu-
sion would be a surprise to some people. On
the other hand, there are some bomb effects,
perhaps at very high doses of neutrons and
gamma rays where there is primary damage
to the cortex of the central nervous system
fairly close to the body surface. In these
instances mneutrons as well as gamme rays
might be effective. But for cases where trans-
mission of neutron effecte through the whole
body is required, it looks like the self-shielding
factor that is implied by this depth dose curve
must markedly reduce the whole-body radiation
effects due to the neutrons. There are few
bombs where the neutron rep divided by this
factor will become very important.

Dr. Boxp. I hasten to add, however, that
again the curves I showed were calculated
curves, and I have every reason to believe and
physicists have assured me that these would be
the worst case in the field. Again, we have no
measured neutron depth dose curves in the field.

Dr. CroNkiTe. There is another problem of
practicel importance not directly commented
on, Dr. Bond, and that is what proportion,in a
fallout field, of a dose is coming from close in
and what proportion from far out? How big
an area does one have to clear if you are at the
center to effectively reduce the dose by a factor
of 10 or 2 or whatever you wish?

Dr. Bonp. 1 have seen several estimates of

this, and Dr. Robertson in our laboratory
carried out a calculation along these Jines. The
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answer one gets depends to a large extent upon
the assumptions made in the caleulation. 1t
appears definitely that at least half of the
radiation comes from 10 meters away or more,
1 have seen other cstimates that most of the
radiation comes from the order of 100 meters
or more.

Dr. Bora. The method T talked about could
answer this question. The machine calcula-
tions, if carried further would be susceptible to
analysis in this regard. You could tell not only
what the 47 spectrum was at a given point, but
from what solid angle the radiation was coming.
If there is a general interest in this, some of the
people who generated the original material
might be able to carry the problem further.
A comparable solution can be made for the
initial gamma case: that is, & spectrum can he
generated as a function of angular distribution,
and for penetration through shielding this
information might also be valuable. T don't
think it has ever been done, but it certainly
could be done.

Dr. Bono. This information is of great prac-
tical value in regard to the question that was
asked, how much of an area must be cleared.
I will say again that in terms of the depth dose
pattern obtained in the individual as we saw
under these conditions we apply the curves
corrected for inverse square. So as far as the
depth dose patterns are concerned, it does not
matter from what distances the radiation
effectively originates.

Dr. Croxkire. Are there any further ques-
tions or comments on any of the papers of this
afternoon? I notice that everybody so far has
rather artfully dodged what I still think is a
rather essential part of this symposium, to
somehow or other come along with an estimate
or guestimate of really how effective is radiation
in man. I would choose not to answer this
myself, but I see Col. Maxwell, who has bad a
lot to do with fallout. After all, how can one
assess the hazard if you are not willing to com-
ment somewhat on the effectiveness in man?
I think it is self-evident that any reenalysis of

the Japanese data has (o take in a lot of practical
considerations about where the individuals were,
how far they were away from the bomb, how
close they were to large conerete buildings, and
so on. It may be a completely impossible
question to answer, but 1 am sure that someone
here is net so shy, other than Dr. Borg, that
they ave not willing to comment on the subject.

Dr. Boxa, Utilizing data concerning weapon
type, yield, burst height, and atmospheric
density, 1 caleulated gamma-distance curves
for the Nagasaki bomb. Casualties have been

. reported in some detail for the Fuechi school in

Nagasaki (Oughtsozon, A. W., and Warren, 8.,
“Medical Effects of the Atomic Bomb in
Japan,” New York, McGraw-Hill, 1956, p. 68).
There were some wooden sheds in that building
where apparently, as Dr. Bond and I looked it
over the other day, approximately 50 percent of
the inhabitants of the wooden buildings—-about
30 in number-—died of radiation disease, and
were presumably exposed fully to bomb nuclear
radiations only. At this distance the free air
caleulation that T made was 600 roentgens.
This is & weapon, whether we choose in general
to discount neutrons or not, which did not have
a large neutron contribution. 1If the remaining
concrete structure of the school nearby served
to decrease that dose even further, and if the
tiles and roofing, even if they didn't account for
a great deal of shielding, had any effect, T
would say about 100 or 150 roentgens less than
600 roentgens would be the I.D-50 for man for
initial gamma radiation. 'The mortality figures
are not a good statistical series, I will admit.

Dr. Cronkrre. [ cannot refrain from com-
menting somewhat further that I see people
here sitting who are responsible for writing
handbooks and whe put these numbers in them.
I would not want to go so far as to call them
by name, but possibly they would like to com-
ment.

Mr. Linpwarm (Chemical Warfare Labora-
tories). Obviously the sort. of question that
Dr. Cronkite is pushing for is one, is there
such a thing that can be drawn up at the pres-
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ent time, & so-called teble of effects other than
LD-50’'s. In other words, gamma dose versus
biological effects for considerations other than
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LD-50's.  This kind of information commanders
in the field would like to know from casualty
assessmeont points of view,
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REPAIR ASSOCIATED WITH THE EROSIVE EFFECTS OF
FALLOUT DAMAGE IN INDIVIDUALS AND POPULATION

GROUPS

By Pavr 8. Hensaaw

7. 8. Atomie Energy Commission, Waskington, I). (7.

This symposium is devoted to damage caused
in living systems by radiation from fallout.
Yesterday, atlention wag given to the physical
aspects of problems involved. Today, we are
turning to the biological aspects— particilarly
repair. Because fallout is pervasive and effec-
tive through time, its action is more subtle.
This action is clarified, however, by considering
certain features of both acute and protracted
irradiation exposures.

The ideas 1 have to present deal with the
problems of recovery sassociated with three

ACUTE
EXPOSURE

BLOOD AND 1
GENERATIV

1ypes of erosive effects caused by radiation: (1)
Those that oceur following irradiation sick-
ness; (2) those connected in o way with life
shortening; and (3) those involved with reduced
fitness in population groups. The comments I
shall make will be mnore In terms of interprota-
tion than in mathematical treatments such as
have been used frequently during the past
several months.

Figure 1 gives orientation with respect to
phases of the injury response in human beings
following acute irradiation exposure-—phases
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Fiaure 1.— Pattern of trradiation jury.
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which probably would be typical for most or
all mpmmalien forms. The figure gives orien-
tation also with respect to the integrated effects
of key reactions, such as the blood dyscrasias,
epithelial sloughing in the gustroint.estipal
tract, hemorrhage, blood clotting failure, epila-
tion, sterility, cataract, ete. It is of practical,
and also some scientific, significance to deal
with the niet effects of radiation in individuals
and in population groups, as a means of gaining
impressions of what individuals and groupings
of people can do following irradiation.
Implieations of Figure 1 are: (1) That the
necrosis in growing tissues (bone marrow,
lymph nodes, spleen, gastrointestinal epithe-
lium, germinal epithelium of the testis, and
skin) is precipitous following near lethal irradi-
ation exposures; (2) that if the necrosis is
excessive, death will result; (3) that if it is not
too extreme, repair by means of mitosis and
tissue replenishment will teke place, reaching
the normal range in a matter of weeks or

WORK CAPACITY

A Srserrdhmlomiimaberdiash A

months; and (4) that the acute reaction of
degeneration and repair (Phase I} is followed
by a long period of apparent normality (Phase
11) and, in turn, by a terminal period (Phase
111)~-which, aside from infections and acci-
dents, involves degencrative diseases and neo-
plasia mainly, Tnherent, but not made evident
by the figure, is the fact that the Intermediate
Phase is foreshortened by exposure to radiation,
and that the Terminal Phase involves the same
kinds of features as are present irrespective of
radiation.

Dealing with short duration exposures (min-
utes, seconds, or less), Figure 2 pictures per-
formance ability during the Acute Phase—
the phase of tissue necrosis and replenishment
(especially in the gastrointestinal trect and
hemopoietic organs). The scale for performance
ability—work capacity as it is labeled—is some-
what arbitrary, but, as will be seen, is never-
theless useful. It was developed in the follow-
ing manner. Descriptive terms or expressions

10% SURVIVING.
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Fraure 2,—Work capacity—Acute exposure.
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were chosen to represent different levels of
work capacity or illness as follows:

a. Reserve energy-—ability to do a 10-mile
march.

b. Normal work—-ability to perform a regular
day’s work.

¢. Lassitude and easy fatigue.

d. Mlness (sickness, discomfort, anxiety) but
capable of self care.

e. Illness, but with need of nursing care,

f. Death.

These terms or expressions were then ar-
ranged on a scale in order from § downward,
respectively, as shown in the figure, and, on
the basis of clinical, hematological and histo-
pathological information, choices were made
as to the level at which the majority of people
exposed would be expected to exist at different
times after different acute exposures. This
gave the curves as shown. Since some inter-
polation was necessary to obtain smooth
curves and since the descriptive terms did not
have precisely uniform quantitative significance,
the values on the scale cannot be said to repre-
sent the descriptive terms concretely or vice
verse. The development as a whole, however,
gives a consistent picture, and one that has
meaning.

In terms of integrated effects of near lethal
dose of radiation of short duration on the body
as a whole, the following can be said: (1) That
there js an immediate condition of sickness or
shock; (2) that the degree of illness varies
directly with dose; (3) that the iliness may be
less during the second to fourth or fifth days;
(4) that during tho second and third weeks
there is a precipitous fall in fitness which coin-
cides with the cascade of tissue necrosis; and
(5) that during the fourth week, recovery sets
in (in survivors), which then for certain organs

_(gastrointestinal and hemopoietic which in

particular are of vital importance) reaches the
normal range in 2 to 4 months.

Turning to protracted or intermittent ex-
posures, Figure 3 shows performance ability
at different times in connection with daily
treatments of different amounts, using the same

plan as employed in connection with Figure 2.
Here a shock response is totally absent due to
any dramatic cffects at the beginning, but
work capacity falls with accumulation of the
integrated effects. Tmplications of the curves
are: (1) That for doses of 20 r per day, work
capacity becomes noticeably reduced in 2 to 3
weeks with death occurring as an end result
at about 2 months; (2) that for doses of 5 r
per day, reduction in work capacity is barely
noticeable in 3 months but that it does fall
gradually with death occurring in 3 to 4 years;
and (3) that for doses of 1 r per day there is no
noticeable reduction in work capacity in 3
years time.

Of importance in connection with protracted
radiation is the fact that damage and repair—
more particularly, cell destruction and replace-
ment—go along together in the growing tissues,
and also the fact that defects in the organism
begin to show only when the rate of destruction
exceeds the rate of repair. From Figure 3,
there is indication that the threshold of injury
to the organism, so far as work capacity is con-
cerned, is about 1 r per day, and from this it
follows that the resiliency of the growing tissues
in general-~that is, their meximum capacity to
regenerate—must be offset or counteracted
effectively by radiation doses in the neighbor-
hood of 1 r per day.

How great the resiliency of tissues may be
and how much reserve capacity exists in at
least some of the organs, are indicated by the
following facts (developed from animal experi-
ments mainly): Three-fourths of a liver can be
removed by surgery and a whole liver will re-
generate; one and a half kidueys can be extir-
pated without reducing normal excretory effi-
ciency; and a full body content of blood can be
drawn off every two and a half weeks (. o.,
blood being removed at intervals during such
periods) without distortion or reduction of the
peripheral blood picture. On the basis of such
information, it would seera that the subthresh-
old or subliminal effects of protracted irradia-
tion may be quite large in terms of cell destruc-
tion and replacement—that is, beyond that
which takes place during the normal course of
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life. -This we identify as the ﬁr:ct type of
erosive effect we have in mind. ‘l‘l\n conse-
quence is & racing of the regme‘mtwe motor, 80
to speak—actually, a consumption of a portion
of the regencralive reserve whm_h is drawn
upon in the ease of body emergencies. .
The second erosive effect to be 1-.o_nsu1§red is
very different in character. That it exists as
a reality there is no longer any dt_)ul:)b, but as
vet, the experimental proof for it is som.cwlmt
vsket&‘-hy. It can be identified most casily by
reference to the Intermediate Phase as set off
in Figure 1. If damage from acule exposure
has not been too great, the post 1rmd1§1twn
sickness phase is one of apparent ‘nor‘mahty -
yet the length of this phase varies inversely
with the size of dose udminis\.cred. even before
the sickness developed. Bearing in mind that,
tissue replacement appears to a;_)pl_-oa('!x nor-
mal, attention is drawn by .ellmma,tlon lo
residual quality of the growing tissue as & basis
for understanding the life shortening process.
It is known that cells are killed or modlﬁred
as a result of irradiation by induction of bio-
chemical changes andfor mutations (a very

specific kind of biochemical cl_mnge)‘ It is to
be presumed that life shortening must be pro-
duced by the same means masr_mwh as the
induction of biochemical and mul,ntwm.ﬂ changes
appear to be the main means by :Nhl(‘v]} mdll)o-
biologic changes are iudu?ed. ) Choosing be-
{ween these two possibilities, it appears un-
likely that biochemical ci}m\ges, which a,r:l
produced so very precisely in accordance W i
Jose at the time of exposure, should persist
with the same precisencss through the com-
paratively guite long Acute and _Imermedmt;e
Phases to cut off life premmturel'y in the Termi-
nal Phase. This leaves mutational change as
the most likely radiobiologic change that pro-
vides a link between irradiation’ and premature
denth which oceurs months or vears h‘xt.o.r. A.s
will be seen, it also provides a pla}mhle basis
for explaining radiation life shquenmg, nnd,'as
the same time, what is identified as a thir
vpe of erosive action. .
R g;nce it is known that radiation ]\rodyceg
mutations in proliferating cells, that certaiil of
the induced types are sublethal ‘a‘nd therefore
able to continue with proliferation, and that
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most of the mulations that persist are of the
deleterious  (ype involving reduced cellular
efficieney and leading to reduced organ snd
organism efficiency, there exis(s a means not
only for the persistence of rradistion cffects
throughout life, but also for degenerative
changes that lead to earlicr times of death. As
a consequence of irradiation, defeetive mutant
cells lie scattered at random throughout the
growing tissue elements, These are in competi-
tion with nonmutated cells in the same local-
ities and it is necessary to assume thai at Jeast
part of these are successful in starting strains
of cells that develop inlo scattered islands of
cells, some widely separated and others over-
lapping and even diffusing into cach other.
The net cffect over time is a gradual tissue
transformation, involving at the same time
reduced organ efficiency. Death is the natural
consequence when tissue transformation reaches
a point of organ failure in a vital part.

The erosive effect in this case is secondary to
the initial irradiation effect and involves
strictly biologic action-—the multiplication and
spread of less efficient mutant cells. With con-
tinued power to proliferate, but with reduced
power (o perform specialized functions as re-
quired by the host organism, the organism is
jeopardized increasingly so far as its sbility to
cope with the rigors of life is concerned. For
this type of erosive effect—to the extent that
is exists—recovery consists of competition be-
tween the normal and mutated cells or tissues,
and insofar as growth of normal tissues domi-
nates growth of the abpormal, it can be said
that repair takes place. But, of significance is
the fact that there is a systematic_correlation
between size of dose (acute) and amount of
life-shortening. This means that repair, if any
takes place, is also systematic and hears a close
relationship to the amount of effect produced.

The third type of erosive effect to be con-
sidered is still different in character. It involves
effects on populations rather than effects on
individuals alone. Of significance here, radia-
tion appears to act on population groups in
much the same way that it acts on individuals
but with certain important differences.

448020 0-—B8—1

Mutations are produced in germ-line cells of
the reproductive system the same as in other
proliferating tissues. The mutations induced
in hoth cases consist. of three types: The lethal,
which culminate in early cell death and thus
drop out of the picture very quickly; the del-
eferious, which are responsible for reduced
efliciency in cells so far as well-being of the
organism is concerned, but not for preventing
proliferation; and the comparatively very rare
beneficial type. Deleterious mutations, as a
consequence of milosia of affected cells and of
breeding, become spread in the aggregate germ
plasm of the population-——sometimes called the
gene pool-—in much the same way that they are
spread in individuals hy proliferation alone.
Deleterious mutant cells, both in the germ line
and in the soma, multiply and tend to exert in-
creasingly  depressive offects on vigor and
gtamina~—vigor and stamina of the population
group in one case, and of individusls in the
other. An important difference, however, is
that in populations there is opportunity for
gelection of the type that, in connection with
mating, favors the more able and discriminates
against the less—a type of process for which
there is no counterpart in individuals. Favor-
able selection is henefited additionally by
retention of any beneficial mutations that oceur.
The fact that selection can occur at the popu-
Jation level and that such does not oceur in
connection with mutations in individuals,
furnishes some explanation of why species have
the opportunity of living on indefinitely whereas
organisms must ipevitably die.

The erosive effects involved here are similar
to those of the first type described, in that con-
t{inuous irradiation tends to use up or consume a
reserve, and that recovery consists of counter-
acting this influence in such a way as to main-
tain a suitable margin of safety. In obtaining
the bencfits of variation that stem from the
induction of mutations ai random, by irradi-
ation or otherwise, and from the selection which
goes along sutomatically, it is obvious that a
certain load of deleterious mutations is carried
more or less continuously. It is obvious also.
that population groups can carry a given load
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of deleterious mutations and at the same time
survive with reasonable vigor. The level of the
load carried—genetic quality—varies naturally
with the rate at which deleterious mutations are
added to and removed from the gene pool. If,
thery, it can be said that a stock has been weak-
ened by an excess of deleterious mutations, the
obvious steps for achieving recovery, or reduc-
tion of the load, would be decreasing the rate of
mutogenésis and increasing the rate of removal.
This means lowering exposure to mutogens
like radiation on the one hand, and lessening
the factors conducive to maintenance of the
less fit on the other.

In summary, the attempt in this brief paper
has been to consider some of the effects induced
in living systems by radiation from pervasive
sources such as fallout and the kinds of repair
that accompany them. Three types of erosive
effect. have been identified: (1) That resulting
from necrosis of growing tissues in individuals
and leading to various forms of cytopenia,
eventual organ failure and death; (2) that
resulting from generalized degenerative change
in growing tissues and culminating in earlier
time of death; and (3) that resulting from
mutational changes in the germ plasm of popu-
lation groups and leading to loss of group vigor
and stamina. It was pointed out that recovery

in connection with the first consists of tissue-

replenishment—a  biological factor; that re-
covery in connection with the second had no
meaning with respect to mutational changes
but did have in terms of competition between
normal and mutated tissue materials; and that
recovery in connection with the third consisted
of lowering the rate of inducing mutations and
also increasing the rate at which mutations are
removed from the gene pool.

DISCUSSION

Paul S. Henshaw

Dr. Bonp (Brookhaven). 1 would like to
make a comment on the steepness of the slope
that Dr. Henshaw presented that presumably
applies to human beings. 1 cannot certainly
argue with this slope, becanse I know of no
definitive data on human beings that would
allow us to define this. However, I would like
to sayv that the slope for most mammals that
have been studied is considerably steeper than
the slope indieated by Dr. Henshaw. The
factor that would apply in his case in his curve
in going from LD-zero to LD-50 would be
about two. In most mammals this factor is
about 1.2,

Dr. Berun., Thank you, Dr. Bond. Is
there any other discussion? Dr. Henshaw?

Dr. Hensuaw, My main experience has
been with laboratory animals also. When I
began to consider this question, I, too, had in
mind that the time intervals involved, and
indeed the slope of the curves presented, would
be somewhat different from this picture as
presented. But in asking these questions in
relation to human beings and taking the frag-
ments of information as we are able to get them
from those who have had experience in con-
nection with the Japanese damage, the few
radiation accidents, and some other kinds of
considerations, the indications are that the time
intervals involved are longer in the case of
human beings than in the usual laboratory
animals, like rats and mice.

So I eoncur completely with the implications
of the question that was raised.

RATE OF REPAIR OF RADIATION DAMAGE IN MICE

By Jou~x B. Storer

Los Alamos Scientific Laboratory, Universify of € ‘alifornia, Los Alamos, New Merico

In the following study the repair rates of
tissues exposed to ionizing radiation were not
measured directly. Rather, the rate of repair
of damage contributing to the death of mice by
two different mechanisms was determined.
The end-points used were median lethal dose
for death in the first 30 days following exposure
(LD5-30 days) and the median lethal dose for
death in the first 100 hours after exposure
(LDg-100 hours). In the case of X-radiation
exposure, deaths occurring in the first 100 hours
are generally due to radiation damage to the
gastrointestinal tract (in the dose range below
10,000 r). The later deaths associated with
the LDy-30 days are believed due primarily to
hematopoietic damage. Thus, it was possible
to measure indirectly the rate of repair of two
radiosensitive organ systems.

The split-dose technique as described by a
number of authors was used. Large group; of
mice were exposed to an initial sublethal dose
of X.rays and at various time intervals there-
after they were divided into subgroups and
given graded doses of X-rays in order to deter-
mine the LDg-30 days or LDg-100 hours. The
extent to which the LD was lower than the
value for the control group then gave a measure
of the amount of the damage remaining from
the first exposure. This residual was neces-
sarily measured in roentgens but since the dam-
age is proportional to dose, this system of
measure is probably sound. The residual was
then converted to pereent of initial damage by
dividing “residual roentgens” by “initial
roentgens’ and multiplying. by 100.

Thus:

LDy —LD

“‘D—‘——“f’-‘xmo

who.rf: Re=percent of initial damage (or dose)
remaining at time ¢

D =initial dose in r
LDy,==1.Dy, dose at time ¢
LDygoc=1.Dyy dose for controls

Female CF-—1 mice, 2-3 months of age, were
used throughout these studies. X-rays were
delivered from s G. E. Maxitron operated at 250
EVP and 30 Ma. A Thoraeus II filter was
added. HVL of the filtered beam was 2.6 mm
Cu. Mice were exposed 15 at a time in a shallow
Lucite cage curved on a radius of 50 em. The
TSD was 50 cm.

In the study utilizing 30-day lethality as the
biological end-point, groups of mice were ex-
posed to an initial dose of 100, 200 or 400 r. At
intervals of 4, 8, 18, 32, 72, 144, 264, 504, 1,920,
or 3,000 hours, the LDy-30 days was deter-
mined in groups of these mice and (at similar in-
tervals) in control mice from the same initial
population. The results are shown in Table I.
A plot of these data showed that the best em-
pirical fit to a regression line was obtained when
percent residual was plotted as a function of log
time. The least squares ecalculation gave an
equation

¥Y=106.03~26.79 log X

where ¥ is percent residual and X is time in
hours, This line and the experimentally deter-
mined points are shown in Figure 1.

It is apparent from this line that, over the
range of doses tested, the percent residual injury
was independent of dose. Since this type of
exponential is difficult to integrate into a bio-
logical model for the repair process, the data
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Task L—RESIDUAL INJURY AT VARIOUS
TIMES AFTER RADIATION EXPOSURE AS
MEASURED BY DEPRESSION OF THE LDgw-

30 DAYS
Restdual
Initin) Time to serond dose (hrs) LI%e-30 | from first
Aosa (£} days L{r) |dose? (per-
cont)
. 100 520 79
' 100 562 37
- . 100 | 144 (6 days)- 516 83
[ 100 | 504 (21 days)- 548 53
' 100 597 -6
200 445 77
200 477 61
; 200 491 55
200 524 34
400 236 91
400 261 85
400 315 71
400 318 70
400 366 58
400 562 9
400 565 7
400 | 3,100 (125 days)......_. 509 3
None | 4-264 hr control.._.__.. 599 ...
Nome | 504 hr control... 601
None { 1,820 hr control_ 501
Nome { 3,100 hr control__.____. 519

: f;% g{‘ ‘&:ltgeﬂﬁlm 6t time of delivery of second dose.
were replotted as log percent residual vs. time.

. (This resulted in e curved regression line that
could be adequately described by the sum of

" two exponential lines. These lines were tenta-
tively identified as representing a slow com-

. ponent and a fast component of the repair proc-
e ess. The experimentally determined values at
' each time interval were averaged and those for
" time intervals of 32 hours or more were plotted
as o function of time. These values represent
the slow component in repair. They are plotted
with their calculated regression line in Figure 2.
It can be seen from this figure that the half-time
for repair for the slow component was about 33
days. By subtracting the contribution of the
slow component from the total residual, it was
possible to determine the half-time for repair of
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the fast. component. These points and the re-
gression line are shown in Figure 3. The half-
time for repair of this component was about,
9-10 hours.

Tu summary, when 30-day lethality was used
us a biological end-point, there appeared to be
two exponential components to the repair proe-
ess, a slow component repairing with a half-
time of about 30 days and a fast component
repairing with a half-time of 9-10 hours. The
size of the initial dose did not appear to influence
the repair process. There was no evidence of a
nonrepairing residual injury.

Tante JL—RESIDUAL INJURY AT VARIOUS
TIMES AFTER RADIATION EXPOSURE AS
MEASURED BY DEPRESSION OF THE LD~
100 HOURS

Thueto | LDs100 Controt Residual from
Initisl dose second hrst LDy 100 hes | first doge ¥
(&) dose 5] (] (porcent)
{hrs)
2 770 1025 64
4 872 1025 38
4 894 1038 36
400. .. . .- 8 784 1025 60
24 8834 1025 36
72 931 1025 24
240 944 1021 19
336 979 1052 18
0.5 508 1038 88
1 640 1038 66
2 684 1038 69
4 872 1038 61
4 660 1085 68
8 848 1038 65
600....._.. 8 730 1065 56
24 780 1038 43
24 7685 1085 50
48 780 1038 43
48 900 1065 28
72 810 1038 38
72 830 1065 39
2 336 1025 86
800.. ... 4 304 1025 79
4 4683 1038 72
24 534 1038 63

1 LDs2-100 hours for the second doso.
1 Percent of {nitlal dose remalning at time of delivery of second dose.
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In the second series of studies, mice were
exposed to 400, 600 or 800 r and at time in-
tervals of 2, 4, 8, 24, 72, 240, or 336 hours a
second dose was delivered to determine the
LDy-100 hours. In this case, we were dealing
primarily with injury to the gastrointestinal
tract, since it is injury to this system that
results in survival times of this magnitude.
Residual damage was caleulated as hefore.
Table 1] summarizes the results of these studies.
As in the case of the T.Dy-30 day studies, the
best. empirical regression line relating percent
residual to time was of the type

R==a+-blogi
where R==percent residual and
t =time between doses.

These data are plotted in Figure 4. The

percent of residual injury at all times appeared
to be related to the size of the initial dose.
The higher the dose, the higher the percent
residual injury measured at any time. This
finding contrasts with the LDy-30 day results
which indicated no differences in percent resid-
unl with initial dose. The data were replotted
as before as log percent residual vs. time. A
curved regression line resulted which could be
described as the sum of two exponentials, These
were again identified as a fast and a slow com-
ponent to the repair process. The points
obtained at 24 or more hours after the initial
dose were plotted and regression lines of the
type

log Rx=q4-bt
were calculated. The slope constants for

various sized initial doses did not differ sig-
nificantly. They were averaged by weighting
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Fioore 2.—Slow compenent in repair of damage con-
tributing to S0-day lethality.

by the inverse of the variance and the com-
mon slope obtained. These data are plotted
in Figure 5. It is thought that this plot repre-
sents the slow component of repair. The half-
time was approximately 15 days as opposed to
the half-time of 33 days obtained when the
LDy-30 days was used as the end-point. By
subtracting the contribution of the slow com-
ponent from the total effect, it was possible to
obtain values for the fast component. These
data are shown in Figure 6. The regression
lines shown were arbitrarily forced through the
zero time point since this point is based on 100
percent total residual at time 0 and probably
has more validity than the other points. The
8-hour values fell badly out of line and ac-
cordingly were not used in this figure. The

half-times for repair of the fast component were
1.2, 2.0, and 2.4 hours, respectively, for initial
doses of 400, 600, and 800 r.

On the basis of the preceding results, the
following tentative conclusions were reached:

1. The damage leading to death in the
first 100 hours repairs at a faster rate
than the damage responsible for 30-day
lethality.

2. Repair in both cases appears to consist
of two components, one component hav-
ing & short half-time and the other a
long half time.

3. Neither the extent of percent residual
damage nor the repair half-time is af-
fected by the size of the initial dose in
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Froure 3.—Fasl component in repoir of damage con-
tributing to 30-day lethalsty.
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FIGURE 4.~ Percent residual d ge as

the case of 30-day lethality. Both the
extent of percent residual and the repair
rate of the fast component are propor-
tional to dose in the case of 100-hour
death.

4. No evidence of a permanent level of
residual damage was obtained in either
study.

5. Since repair of damage leading to death
by two different mechanisms shows dif-
ferent characteristics, it is likely that
death from other mechanisms (such as
premature aging)} will also differ from
the two mechanisms studied.

d by depression of the LDp-100 hours as a function of log time.

6. The residual injury leading to life short-
ening is probably not relaled to the
residual injury measured in the present
studies, since it is reasonably certain
that a permanent residual injury causes
life shortening. No permanent residual
was detected in these studies.

7. Both tho LDy-30 days and the LDy~

100 hours should be dose rate dependent.
with the LIDg-100 hours being much
more rate dependent because of the
very short half-time for repair of the
fast component. Preliminary studies
have supported this view.
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APPENDUM

After the presentation of this paper, Drs. E.
P. Cronkite and D. Borg, in a private conversa-
tion with the author, suggested that all the
individual mice might repair their damage by a
process showing a single characteristic half-
time but that the half-times for the population
might vary greatly and show a Gaussian dis-
tribution, This distribution might then ex-
plain the empirical fit of a line of the type

R=a+blogt.

This suggestion seems plausible. Further cal-
culations are in progress to determine whether
the required ranges in half-times are reasonable.

TIME BETWEEN DOSES (HOURS)

F1oURE 6.—Fast component in repair of damage con-
tributing to 100-kour lethality.

DISCUSSION
J. B. Storer

Dr. Cronkire. I just want to make the com-
ment that following the study of the Marshal-
lese where the changes in the blood were some-
what diffcrent than we had anticipated we
wondered whether there might be a dose rate
phenomenon, and simulated the exponentially
decaying fleld with the 4 pi cobalt radiator at
the Naval Medical Research Institute by suc-
cessively withdrawing slugs. We did not do an
LD-50 study, but just studying the changes in
the peripheral blood of the dog exposed expo-
nentially compazed to dogs exposed at 15 r per
minute there is practically no detectable differ-
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ence in the paitern in the peripheral blood.
All of our previous experience in dogs would
indicate that we could judge the effective dose
biologically very well by the changes in the
peripheral blood.

Dr. Sacrer. John Storer presented some very
intereating data. We have a little bit of data
done by a different method. I am nol going
to report on it, so I thought I might mention
it now. The method is to use as a second test
condition not a single dose LD-50, but the
accumulated dose to death, giving daily dosages
of about 100 r a day, such that the animals will
survive approximately 30 days, accumulating 2
or 3 odd thousand roentgens.

Under these conditions, going out to about 4
months we find a persisient residue of damage
on the order of about 10 percent. In other
words, the groups that received the conditioning
dose, usually sublethal or sometimes correc-
tionally lethal, always could tolerate only 90

percent as mich as the controls for this kind of
run which was about 4 months, T think that
this represents no inconsistency, but a response
to a different lest situation which stresses the
organisms in a different way.

Dr. Srorer. I would like to ask Dr. Cronkite
over what period of time was this radiation dose
delivered?

Dr. Cronxrre. Tt was given over identically
the same period of time that the Marshallese
were exposed, and starting at the same dose rate
as the individuals were receiving as measured by
the monitoring instruments. Actually s 48-
hour period.

Dr. Srorer. This would be fairly early.
They were exposed to the fallout field fairly
carly so that the dose rates initially were quite
high.

Dr. Cronxrre. The initial dose rate as I re-
call was approximately 3.5 r per hour.




APPROACHES TO THE QUANTITATIVE ESTIMATION OF
RADIATION INJURY AND LETHALITY*

By Grorar A. SAcCHER

Divigion of Biological and Medical Research, Argonne National Laboratory, Lemont, llinois

INTRODUCTION

There are serious difficulties in the way of a
satisfactory quantitative theory of the lethal
action of ionizing radiations. Since only the
occurrence of an all-or-none end-point is
observed, the yield of information from exper-
iments is small. The nature of the end-point
is ill-defined, because several kinds of injury
contribute and the relationships among them
that determine the boundary between viable
and inviable states are not yet known. More-
over, several kinds of physiologic injury that
have been studied are known to have non-linear
dependence on dose and on time, especially
when the injury approaches lethal levels.
There is also the limitation on the predictability
of response imposed by the differences between
individuals and by the fluctuation of individual
performance from time to time.

These questions must be answered in order
to provide the foundation on which to build
an adequate general theory in which lethality
becomes an understandable consequence of the
failure of adjustment of organisms to their
environment. The most significant research
contributions in the present period are those
which throw light on one or another specific
aspect of the total problem. The recovery
process is being intensively studied, especially
by the paired-dose technique [1-4]. The sensi-
tivity of specific organ-systems or body regions
is under active investigation [5,6]. Theoretical
and experimental approaches to the dynamics

of turning-over cell populations have begun
[7,8]. The age-dependence of radiosensitivity
is under investigation [9-11). Strain and species
differences in lethal responses are being explored
{12-14], but differences with respect to specific
physiologic responses are not yet under sys-
termatic study. The nature of the statistical
relation of mortality to injury is being examined
[15].

The above are a few examples of research
under way on some topics that are of immediate
relevance to the overall problem of radiation
lethality. Many others have not been men-
tioned. Some problems have not yet been put
under investigation. Foremost among these is
the question of the way in which injury in
several independent systems interacts to in-
fluence Jethality. The outline of an integrated
theory embracing all these aspects can be con-
ceived, but & realization in any meaningful and
useful sense is not yet within reach.

The mathematical treatment of radiation
lethality presented below is to be regarded as
an approach which is specifically devised to
establish some properties of the lethal response
to radiations. The characteristics of radiation
lethality revealed by this type of analysis are,
like the other physiologic characteristics enum-
erated above, part of the total response to be
accounted for by an adequate theory. In
short, the application of a mode of mathematical
analysis to lethality does not constitute ipso
Secto a theory of that subject.

*Work performed under the auspices of the U, 8. Atomle Energy Commission.
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A GENERAL LINEAR MODEL OF RADIA.
FION LETHALITY

‘When several increments of exposure are
given sufficiently close together, the physiologic
response is some function of all the dose
increments and of the time intervals between
them. We know that a single dose produccs
an injury response with a characteristic ampli-
tude and time-course. The simplest hypothesis
about, the combined effect of a sequence of
dosages is the additive hypothesis which states
that the effect produced at a given time is the
sum at that time of the effects of the dosages
given separately in their proper positions in
the sequence. This implies that every incre-
ment of dose produces an effect that is inde-
pendent of the effects of the other increments.

An example of an experimental test of the additivity
hypothesis is given in Figures 1 and 2. Figure 1 shows
the weight effect in groups of male Sprague-Dawley rats
given 4,8, or 16 r 6 days per woek beginning at 53 days
of age [16]. Weight effect, F(f), is defined as E() =log
Oty —log R{) ~log Cotlog By where logarithms are
to hase 10, C{f) iz control weight ab time ¢ R{) is
weight of irradiated animals at time £, and Cy and Ro
are mesn weights over the pretreatment peried. In
Figure 28, the same measure of effect iz applied to the
weight response of male rats given a single dose of 200 r
at 53 days of age. Figure 2A gives the result of a
graphical differentiation of the F(f) curve in Figure 1

o1
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for rais given 16 r daily. The daily dose weight curve
ean be ageonnted for on the busis that ench daily dose
produces by itsell a weighl response as in Figure 2A.
If the enrves in Figure 2A and 2B agren, the additivity
hypothesis is upheld.  There s agreement in overall
amplitude of the first peak, and in the presence of two
peaks of cffect sepurated by a minimum al about 14
days. There s disagreement wilth respect to the
depth of the minimum and also with respeet to the
stable value reached after 60 duys postirradiation.
This comparison is not quantitutive, because of the
difficulty in obtaining reproducibility of weight re-
sponses after siugle doses of 200 r or less, However,
the comparizon of hematologic respouses to single and
dally dores yields results of a similar natuce. It is
coneluded {17] that the responses to snall doses may
be additive, but the departure from additivity inerenses
with the size of the dose,

The properties of the lincar model may be
expressed in the following set of postulates
{14, 17, 18].5

1. Radiation in general produces injury
in several physiologic systems, and the
degree of lethal injury is a sum of these.

2. Injury from other causes, and in par-
ticular accumulated injury due to ageing
processes, also contributes additively
to the lethal injury

t These are postulaled properides of the medel system, They are Ay-
potheses nbout the properties of reel hiological systems, Their value as
hypotheses Is limited, as is disenssod batow.

WEIGHT EFFECT £(1)

PI3T r/day

885 r/day

b
3
| ——
b

100 m 20 10 W 150

TIME - DAYS

F1oURe L.—Effect of daily X-ray exposure on weight of growing rats, expressed as the difference of logarithme of

experimental and control weights.

Upward displacement signifies weight loss in treated groups.
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3. Death ensucs when the lethal injury ex-
ceeds a critical level, the lethal bound.
These postulates are formally equivalent to
the set used by Blair [19,20], but in the sub-
sequent development, the writer and Blair
. follow different paths. Blair introduces quan-
_ titative assumptions for the injury and re-
covery processes and for the ageing process, to
derive an explicit equation for the dependence
of survival on exposure The alternative
course followed here is to solve for an empirical
lethality function using survival date for a
given species. This lethality function would
be a description of the course of lethal injury
in the given species if that species conformed fo
the postulates above.
In previous presentations [14, 18], the integral
equation of injury was obtained in the form

X(O= fo Kt rYp(r)dr Bt @

where I(t—+) is the intensity of exposure at
© time f—r, ¢(r)dr is the increment of injury
appearing at time = after instantaneous expo-
sure to unit dose, Pt is the accumulation of
injury due to the natural ageing process.
Equation 1 introduced the assumptions that
the accumulation of injury due to ageing is &
linear function of age, and that the effectiveness
of each increment of dose Idr is proportional
to . We have since obtained evidence that
these two assumptions may be incorrect {10, 15].
The integral equation of injury will therefore
be written in the more general form

x@ = Blt-rpmirtdn @

where A(f) is the ageing function and E(J,i—7)
is the effectivencss of the dose increment
It—r)dr.

The effectiveness function, in a form that
takes account of effects that depend on the
second power of the dose, is

Bt~ )=t —n)+
‘l‘!’
= f It~ {t—r—e=n0=r-0dr  (3)
0]

When {f— r)==conslant=-7, Equation 3 becomes
Ly
E(Ij—ry=I4ml? f et by
0
2
:[.1.".7;’ (l—e—u(l—f‘l) (4)

The time constant 1/u is the mean time that
damage can persist and be potentially able to
combine with later damage to produce second-
power injury. 'The value of 1/u is probably in
the range from hours to a few days. In this
case the torm (1—e~**") in Equation 4 is
negligibly different from unity over the time
period of interest here. The effectiveness func-
tion then becomes, to a sufficient approximation

E(I)=I+m“1—2 )

This same approximation may be used when [
is time~dependent, if the change of I with time
is small over a time period on the order of 1/pu.
When E(I) is approximated by Equation 5,
Equation 3 reduces to

X@=E() j;’¢(t—r)(1f+A(t) ®)

Death occurs when X(¢) reaches a critical value,
the lethal bound, which can be set equal to
unity. Equation 6 becomes,

1=E(I) J;”cb(t—'r)dr«!-A(t“) M

where t* is now a definite mean survival time
corresponding to an exposure at constant daily
dose I. The lethality function for constant ex-
posure, called the cumulant lethality function,
(, is immediately found to be

= str=girs [1-ae]  ®

The ageing function is very imperfectly known,
but can provisionally be specified, in view of
available data (10), as

t*+b4-g(i*-b)*

A= 5 gt by

)]
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where & is the age at the beginning of exposure,
and ¢ is the control survival. The ageing
funetion becomes equal to the lethal bound,
and therefore to unity, when t*s=f,.

PROPERTIES OF THE LETHALITY FUNC-
TIONS AND SOME IMPLICATIONS FOR
PREDICTION

Let us first summarize the previous develop-
ments. If samples from a homogeneous popu-
lation are exposed to different constant inten-
sities J, we can deduce from data on daily
duration-of-life exposures a lethality function
of the form

=gy [1=4e] (10)

When explicit expressions are assigned for E(I)
and A(#), then, with a set of known values of T
and ¢* we obtain & numerical estimate of a
lant lethality function that describes the
course injury would follow in a model system
conforming to the postulates stated above.

The most extensive lethality data over a
wide range of daily dosages are those for ABC
mele mice given X-ray dosages ranging from
20 to 1,000 r/day [18). The daily dosages and
survival times are given in Table 1. The cor-
responding values of the cumulant lethality
are also given in Table 1. The cumulant is
computed on the assumptions that

Aty =t*t (11)

where #, is the mean survival time of controls,
and

ED=1 (12)

These expressions for E(I) and A(t*) are not
realistic, as noted above, but the discussion
below will center on some properties of the
lethality function that are not qualitatiely
affected by any bias introduced by these
approximations. '

The cumulant values for the ABC mice are
plotted in Figure 3. The function obtained is
not & simple curve. There is a sharp flexion

Tanre 1.—~TABULATION OF THE SURVIVAL OF
ABC MALE MICE GIVEN DATLY X-RAY EX.
POSURE FOR THE DURATION OF LIFE, AND
OF THE CUMULANT LETHATITY VALUES
DETERMINED

Mean aftor- | Cumulaut
Mean dally dose = (r) |survival (days)| lethality b
(rfdayy~
538 el
213 0. 0366
788 . 0256
36. 8 . 0224
39.2 . 0185
29.9 . 0142
20.6 . 0109
15.2 . 0094
1.8 . 0056
80 . 0036
7.0 . 0029
5.2 - 0020
3.8 . 0010

» Exposures glven & days ner week, "
s Using Equation 10 with E(N==Fand A(*) -%‘.
N

at about 15 days and another near 40 days.
The flattening of the curve as drawn between
80 and 220 days is not arbitrary, but is based
on certain properties of the survival of ABC
mice in this time period (18], and on the be-
havior of other strains and species, as will be
shown below (Figure 5). This plateau period
implies the existence of a ‘silent period”
between the acute and chronic phases of in-
jury. Evidence for such a silent period is also
found in the recovery studies of Storer {1} and
others.

The impulse function obtained from these
data by numerical differentiation is plotted
in Figure 4. This is an estimate of the course
of injury after a gingle exposure. The existence
of two major peaks of injury, at 15 and 40
days, is indicated. The minimum at about
120 days again represents the “silent period”
noted above,

Cumulant values were computed for all
available data on experimental animals given
uniform duration-of-life exposvre [14] and are
presented graphically in Figure 5. The cumu-
lant values are here plotted on a log-log scale.
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Frovne 3.—Cumulant lethality function, for ABC male mice exposed to daily dosages ranging from 20 lo 1000 r/day.

It ig evident that the lethality cumulant is
species-characteristic, for each spocies has a
consistent pattern of behavior, and the cumu-
. lants for different species differ in form.

What are the implications of these obser-
vations for the mathematical theory? First,
the lethality functions cannot be adequately
represented by simple mathematical expres-
sions, Thus, the impulse lethality function
(fig. 4) for the ABC mouse does not agree well
with the formuls of the type offered by Blair
{19, 20) to describe this function

Xe=Ce "+, (13)

where ¢, (3 and k are constants. This ex-
pression would put the peak of injury at time
zero. Blair acknowledges the existence of a

delay in the appearance of recoverable injury
[19] but does not take account of it in his mathe-
matical developments. A simple way of in-
troducing the delayed appearance of injury in
an explicit formula is to assume that injury
becomes manifest as an exponentially decreas-
ing function of the time after exposure [21),?

70 =£ st (14)

where V(t) is the amount of injury that appears
at time ¢ after exposure to unit dose. If this
is combined with the assumptions that (e)
recovery is linear, and (§) there is a non-re-
covering component, we obtain an expression

2 A modificetion of Blalr's theory based on this consideration has been
developed by Dr. ID. (personal .

DERIVED SINGLE DOSE LETHALITY FUNCTION (r~1)
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F1aURE 4.-—Impulse lethality function, obtained by graphical differentiation of the curve in Figure 8.

for the impulse function which is of the caten-
ary form

X=C'|(e""'—e'”‘)+02 15)

where 8 is the recovery rate.

This expression would perhaps give a fair
description of an individual injury process, but
an adequate description of the empirically
determined impulse function during the first
100 days (fig. 4) would require at least two
catenary terms. Even this more elaborate
expression would fail to describe events accu-
rately between 50 and 200 days, in view of
evidence that the non-recovering lethal effect
has a mean latent time of about 200 days for
the mouse and rat, and a greater magnitude
for the dog and guinea pig [14]. This accounts
for the extended plateau region in the cumulant
functions of the various species shown in
Figure 5. This latency property of the non-

448020 O—58——8

recovering injury is mot present in the Blair
formulation. Since the nonrecovering injury
is manifested in neoplasia and degenerative
disease, the delay in its appearance, as seen in
Figures 3, 4, and 5, is the expected behavior.

Qur actual problem is to estimate the le-
thality functions for man. This does not mean
that we necd to trace a complicated curve. In
fact the important parameters necded can be
reduced to a st such as the following.

1. The sensitivity of the recoverable injury,
as measured by the plateau level of the
cumulant function.

2. The sensitivity of the nonrecoversble
injury, as measured by the constants of
of the final rising branch of the cumulant
function.

3. The mean latent time of the recoversble
injury.

4. The mean latent time of the nonrecov-
crable injury.
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The contribution of the empirical analysis
presented thus far is to suggest that these
parameters are independent and must be deter-
mined separately. According to present evi-
“dence, the LDy is a poor predicter of the later
phase of the recovering injury, and there is as

yet no evidence that it has predictive value
for the true chronic injury, which is expressed
in neoplasia and degenerative disease.

There would appear to be only one method-
ologically sound approach to the problem of
predicting lethality, that of pursuing the con-
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sequences of the fundamental postulate that
radiation lethality is a consequence of physi-
ologic injury. Therefore a correet description
of lethality can only follow from correct con-
ceptions of the nature of physiclogic injury
and recovery. Despite the complexities that
have been pointed out (and others that have
not been considered) the prediction of lethal
effects in man is possible if we can identify the
physiologic corrclates of the various compo-
nents of the lethality function.

DETERMINATION OF TIE CUMULANT
LETHALITY FUNCTION FROM DATA
ON TIME.DEPENDENT EXPOSURES

In the previous section, lethalily functions
for several species were obtained from data on
duration-of-life exposure at a constant rate.
It was possible to determine thereby some
general properties of the injury process. How-
ever, the validity of the basic postulates of the
linear model was not tested thereby. The
postulate of linearity of mechanism can be
tested by using data from a number of different
exposure patterns,

In this section it is shown that the cumulant
lethality function may be deduced from data on
time-dependent exposures. The comparison of
the derived cumulant function with one deter-
mined directly permits a test of the consistency
of the model.

To simplify the derivation, the integral
equation for injury will be solved for time-
dependent expostre on the assumption of linear
effectiveness (Equation 12).

The exposure intensity function, f(£), will be
written as a sum of exponentials

JO=3 At (16)
with
é::,A,:l an
T nt representation i for he

o
from retained isotopes. Other classes 0f exposure patterns (lnesr rise or
fall, square wave, power function, étc.) can also be solved.

We define the new variable

7 [1~A(t*):| (18)

Equation 2 then becomes, with Y(#) =1,

Z

Z=‘[:;(T)2,A{ oxp [—a.(t*- f)] dr (19)

.
=5 Ao f Coreds (20)

There is no need for the general solution becausoe
the limitations of the empirical date preclude
the use of more than two exponential terms in

ft). The case that /() has Lwo exponentials is

now considered.
Let us define the new variable

Pm A L " sy dsr @1

The derivative of P, with respect to t* may be
written

DPy=a,die™" f e e dr+A?) (22
0

——altAp @3
where
_d
D=L 4)
$=o(t") (25)

With n=2, Equation 20 becomes
Z=P+P, (26)
We also obtain readily
DZ=~—oPy—aP+¢ (27)
D*Z=aP+afPy— (e A+ anda)p+Dé  (28)

We can eliminate P, and P; between these to
obtain

(D2+ (o + o) D+ o) Z = (I)‘f“az«’il +ady)d (29)
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In this differential equation, the «, and A, are
known constants of the expdsure function. In
application to experimental data, Z is & known
numericel function of the dosages, survival
times and the ageing function. We therefore
have a first-order linear differentinl equation in
the unknown impulse lethality function, é().
Now let.

3
f Z(Odt=Y (30)
o
and integrate term by tetm, remembering that

| L Byit=C5(0) ®
We find

DZ4 (ot o) 24y ¥ = (D+-ap Ay + ) C)
31)

This is solved for O as
Cpmmea® f " PDZ+ () ZtanP A (32)
o

where B equals o4, 4 a4,

_The integral may be evaluated numerically,
using numerical data to specify X (), or it may
be evaluated analytically by first fitting Z(t)
with s graduation formula.

In the event that the model is validated for
application in a given range of conditions, and
given also that an acceptable estimate of C
exists, then Equation 32 becomes a formula for
estimating the expected relation of dose and
survival time for a given time-pattern of ex-
posure.

We *have evaluated (), from some data obtained
by the late Mr. Howard Walton [22] on the
toxicity of Ru'® for CF-1 mice. Equation 32
was evaluated numerically, using the data given
in Table 2. Figure 6 represents the numerical
estimates of (7, based on the ruthenium data,
and also an estimate of (’, obtained from data
on CF-1 mice given constant daily dosages.
In both cases A(t) and E(I) were assumed to
be given by Equations 11 and 12 respectively.
‘The scaling factor for best adjustment of the

. *The assistance of Mr. Robert Schweisthal is grate-
‘fully acknowledged.

Tapre 2.--CUMULANT LETHALITY VALUES
FOR CARWORTH FEMALE MICE (A) EX-
POSKED TO CONSTANT DALY DOSE OF X-
RAYS FOR THI: DURATION OF LIFE AND (B)
INJECTED WITH Ru® V74 TAIL VREIN

A, Daily X-ray B. Ru® injectlone

Moun nfter-[ Cumulant | Mean | Medfan | Cumalant
Moon dafly | survival | lethality * | injected | nftor- | lethality »
dove o 4r) ! (chlyi-1 | d eyt

03 survival
(uri) | (dsys)

0. ....| 425 R 500 (... .
33,3 63.1 ) 0.0256 | 1.42 140 2. 047

- 36. 4 .0182 | 321 37 . 704
66.7. ... - 21.9 1 .0142 | 4. 96 18 . 418
108 ... 16.4 { . 0003 | 8 94 12 . 151

3.4 L0058 .. ) .....feooaoLoo

xposures glven § days per week. .
» Uslng Equatlon 10 with FE(T)a=1 and Af*) -:—.
>
© The biologie decay of Rui™ was found by Walton (22] to be
1t} .38 T8N 4 G2g- 2001
This was used to deseribe the time-eourss of exposure.
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Froure 6.—Cumulant lethality functions for Carworth
Jemale mice. Solid line—directly delermined from
dafa on survival ol constant daily X-ray dosages.
Dashed line—caleulated from date on the survival
Jollowing dosages of Ru', by use of Equalion 32.
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Ru'® cumulant to the daily X-ray cumulant
was found to be

1 wc/g equivalent to 38.5 rep/day

The tissue dose received from retained Ru'® was
estimated by Walton to be

1 pe/g==41.6 vep/day

The esl:imateﬁ RBE of Ru' with respect to 200
kvp X-rays is therefore

RBE=0.925

The two estimates of the cumulant function also
agree in shape, elthough the Cf, value from Ru'®*
at 140 days is perhaps somewhat high.

It would appear from these results that the
linear model, despite its shoricomings, is useful
in predicting the lethal effects of an unknown
exposure pattern from the effects of & known
pattern, if the patterns do not differ too greatly
in form. This comparison is of some interest,
because Ru'™ has s fairly uniform distribution
in the body. However, experiments with time-
dependent exposures to external radiations are
needed.

Fractionated exposure patterns are particvlar
cases of time-dependent exposure, to which the
methods described here can equslly well be
applied. Towever, the argument [23] that
only fractionated exposure patterns should be
used in lethelity studies, in order to avoid the
“wasted radiation” received in the last days of
life, has no basis. The lethality functions ex-
hibited sbove are estimates of the actual
amount of injury present as a function of time
after exposure. Hence, the injury arising
from exposures received shortly before death
makes its properly weighted contribution to
the lethal injury. Inspection of Figure 4 will
show also that this contribution in the first few
days ie actually comparatively small. Frac-
tionated exposure, like time-dependent expo-
sures in general, have an important role in the
development of the theory of lethality, but this
contribution will come from considerations
quite unrelated to the wasted radiation concept.

CONCLUSION

The present status of the theory of radiation
lethality was discussed briefly. The formal
theory of lethality developed here was pre-
sented as an approach devised for the purpose
of obtaining information about lethality, re-
garded as a physiologic process. It was shown
that the lethality process is polyphasie, and
that the several species studied appear to show
considerable independent variation in  the
amplitudes of the different phases. The con-
struction of an adequate lethality function for
man requires knowledge of several independent
parameters. The estimation of these param-
eters by nondestructive methods will be possible
when they can be given a correct physiologic
interpretation. The linear model may have
utility for prediction of the effects of time-
dependent exposure patterns, but its range of
validity must first be determined by experi-
ments with such patterns.
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RECOVERY FROM LATENT RADIATION INJURY IN RELA.
TION TO PERMISSIBLE HUMAN EXPOSURE'®

By . A. Bramr

Department of Radiation Biology, University of Ruchester School of Medicine and Dentistry

It is well established that following whole
body exposure to jonizing radiation recovery
from the consequent latent injury frequently
occurs nearly exponentially with a half-time in
the range from 3 to more than 20 days in the
species which have heen studied. Tle eriterion
used to measure recovery directly is the increase
in size of a second dose sufficient to produce
lethality as this dose is applied at greater
intervals after a first subletbal dose. The
injury so measured is called latent because it
precedes the clinical syndrome of radiation
injury and is measurable at present only in
terms of radiation dose.

That recovery does not go to completion but
leaves an irreparable residual is evidenced in
either of two ways, by a permanent decrease of
the lethal dose, or, by a shortening of life-span
[1].

According *to all indications recovery takes
place similarly during, as well as following,
exposure. For this reason it is a determining
factor in how often successive doses may be
given, or a protracted dose such as a fallout field
may he sustained, without exceeding a given
level of injury such as that caused by a single
brief dose of selected magnitude.  Application
of this type of calculation to human populations
requires a knowledge of recovery rate in man;
but. this is not known and no direct nonlethal
method has vet been devised 1o obtain it.
Presumably recovery in man resembles that in
some of the other species but there is no way

! This paper s based on work performed under eontract with the United
Statos Atomle Energy Commission at The University of Rochester
Atomic Energy Project, Rochester, New York.

yet known Lo hecome assured on this point and
there is a further complication in that measure-
ments on animals present difficultios of inter-
pretation which will be discussed now,

Until recently it was assumed that an animal
subjected to whole body irradiation would
recover in all parts, except the skin, at the
same rate. However, Carsten and Noonan
bave shown in the rat that exposure of the
abdomen and lower levels only, leads to recovery
with half-time just over 1 day [2], while exposure
of the remainder of the body only, leads to
recovery with half-time of 3 to 4 days [3].
Hagen and Simmons, (4] showed that the wholly
exposed rat recovers with half-time about
7 days. These data suggest that recovery
rate is possibly a function of volume irradiated.
Data by Storer [5] in which the whole body of
the mouse is exposed, but in which the dose
is adjusted to give so-called intestinal death
in about 4 days, also show a fast phase of
recovery presumably associated with the ab-
dominal region. Similar observations have
been made by others. These data, contrary to
those cited above, indicate the possibility that
segments of the body recover, or tend to recover,
at their own rates independently of whether
or not other segments are irradiated.

Non-homogeneous recovery raises problems
of measurement and interpretation which are
illustrated in Figure 1. Assuming for sim-
plicity that there are but two segments of the
animal with different recovery rates it will be
seen that the recovery curve for the whole
animel as defined by test doses will fall rapidly,
initially, because of the fast segment A and
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Fravee 3 ~Following an indtinl whole body dose, about
one-half LIy in this case, recovery of the fastest
regment i represented by curve A and of the slowest
by curve B, Test doses adjusted to produce LIy twill
define @ reconery curve somewhere befween A and B
strongly inflvenced hy A inilially and lafer tending o
run parallel to B. There are implicalions in these
statemenis with respect lo the summalion of radiation
effects produced in different segments of the body. This
problem haa been discussed (11).

will later run parallel to, but below, B. The
effect will be to make recovery appear too
fast in the carly stages and too complete in
Jater stages. The first will indicate too short
a half-time and the second will tend to obscure
the residual injury. U curves A and B are
simply exponential the experimental curve will
not be.

There is suggested, perhaps, some peculiarity
of abdominal radiation which alters its relative
importance in some sirains or species or under
certain conditions since some observers find a
fest early, presumably abdominal, component
of recovery from whole body irradiation while
pthers do not. Possibly recovery of segments
is less independent in some species or under
certain conditions, one of which may be dose
gize. In the gastro-intestional tract, for ex-
ample, latent injury, as defined here, may have
no meaning with respect to those doses which
are sufficiently great to kill cells which are
normally undergoing rapid replacement. Res-
toration of normal cell division and prolif-
', eration is presumably a process qguite different
from those involved in recovery of persisting

colls. In any case, at this time, it is safe to
assume only that recovery as determined
experimentally by paired doses may be faster
than that of the slowest recovering tissue and
that the use of this recovery to prediet the levels
of injury for prolonged or intermittend exposures
muy underestimate them considerably.  For
this reason in clioosing & tentative value for
man probably it is advisable, in the absence
of other information, to select a recovery half-
time somewhat in excess of the longest known
in mammals, which, at present, is that of the
guinea pig-—--some 20 days,

There is another problem raised by Mole [6],
who asserts that recovery rate per unit of
jnjury is not a constant, as required by an
exponential recovery hypothesis, but is a func-
tion of the level of injury and is slower with
high initial dores, a result perhaps contrary to
that of Storer discussed above.  Mole’s analysis
of his data is not definitive but if his conclusion
should be correct much more investigation of
recovery from different dose levels would be
required before the results could bo applied to
unknown situations. The bulk of the present
ovidence indicates that recovery is not a fune-
tion of initial dose for doses less than about
one-half LI,

Since this paper was presented verbally
Davidson [7] has issued a report in which he
shows a linear relation between whole body
recovery rates in various mammalz and the
time course, following irradiation, of changes
in white cells of the blood. Because blood data
are available in man this relation permits a
prediction of recovery half-time in man to be
about. one month.  Although there is no known
biological besis for Davidson's correlation it
may be & sound one and also it may give a
lead for search of similar empirical relation-
ships. In any case the half-recovery time of
28 days chosen by Davidson appears to be a
fairly conservative choice for man, even in the
light of the problems raised above.

The objective for which the recovery half-
time is used for human exposure calculations
is that of avoiding a level of acute injury which
will be dangerous or lethal, If recovery went
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to completion this factor alone would be wholly
determining and it would be reasonable, when
necessary, to permit exposures to levels as high
as passible without incapacitation.

The peartial irreversibility of radiation injury
precludes adoption of this simple point of view
and also raises the question whether it is more
practical to adopt a total dose as a permissible
level independently of the time, for at least a
month or two, over which it is sustained.

It is reasonable in comparison to other species
and is indicated by the Rongelap incident (8]
that 200 roentgens of whole body gamma radia-
tion is sublethal for young adult men and
probably for most of the very young and for
the moderately old. In the young adult man
this dose is not seriously incapacitating even
when received promptly. 1t appears worth-
while then to consider the probable effects of
200 roentgens as a permissible dose in single
episodes Jasting for durations of minutes up to
a month or more.

Observations on rodents (1] indicate that life
is shortened about 7 percent per LDy, or about.
1 percent per 100 roentgens for accumulated
doses whose daily components do not exceed
120 roentgens. The effect with doses admin-~
istered in less than a few hours is about 3 per-
cent per 100 roentgens in the 200 to 500 roentgen
range and is greater with larger doses.

This difference is not attributable to dose
rate per ge but to total dose within a given
time. For example, using the same dose rate,
Hursh et al (9] showed that 600 r shortened the
life of the rat some 20 percent when admin-
istered in one day but gave a much smaller
effect when administered in 10 daily doses of
60 r. These relationships require much addi-
tional study but in the rodents, at least, it
appears safe to assume that doses less than
100 r per day give the smaller effect on life
span and that doses of 200 r per day or more
give the larger effect.

The only evidence that man may suffer
fractional shortening of life spen similar to
that of rodents is that presented by Warren
[10] whose dete show an average loss of 5.2
years in longevity of American radiologists in

comparison to unexposed physicians. The av-
erage ages of death are 60.5 and 65.7 years,
respectively. I these radiologists dying in the
period 1930 to 1954 sustained on the averags
the equivalent of about 800 roentgens of whole
body radiation in divided doses their loss of
life span would be similar to that in the rodent.
Because this dose is in the range to be expected
it is unlikely that man and rodent can differ
by more than a small factor such as 2 or 3.

The effect on life-span of large prompt doses
in man is not known but presumably it will be
greater than that of distributed doses as in the
rodents.

Assuming man and rodent to be alike 200
roentgens will shorten life about 2 percent when
delivered at rates not exceeding about 100 r
per day and shorten it as much as 6 or 7 percent
when delivered promptly.

Existing data indicate that the after effects
of successive exposures are additive. There-
fore, two exposures of 200 r widely separated
would shorten life twice as much as one. How-
ever, 400 r in a single prompt dose, if this is
very near LDy, for man, would be expected to
shorten life as much as 30 or 40 percent because
life-shortening in rodents increases rapidly with
the magnitude of the single prompt dose as the
dose approeches the lethal range.

CONCLUSIONS

It appears that a limit of 200 roentgens for
emergency exposures for any period up to 30
days will not entail acute lethality or significant
incapacity. Consequent life-shortening would
be as much as 6 percent, about 4 years, if man
is like the rodent and if the dose is received over
a short period. 1f the dose is less than a given
amount, possibly about 100 r on any one day,
life shortening will be about 2 percent. How-
ever, there are no definitive data for any species
on how small the daily level must be to cause
the lesser effect.

The suggested use of recovery with half-time
of 28 days by Davidson to determine “effective
dose”” appears to be a conservative practice.
It is not clear at present, however, what effec-
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tive dose should be permitted in man because
the concepts employed are based on lethelity.
Tt is not clear, for example, whether an effective
dose of 200 r remaining from a greater total dose
would at all times lead to the same degree of
incaparity, even though it would presumably
entail the same danger of lethality, as 200 r

. received promptly. Evidence on this point
might be obtainable on the dog or some other
species in which post-radiation blood changes
may persist for months. At present it would
probably be safer to limit the effective dose for
prolonged exposures to a level somewhat less
than 200 r or such other level as is permitted
for short exposure.

For adequate control of prolonged or multiple
exposures at substantial levels it is necessary to
employ considerations of recovery rather than
of total dose and the parameters and methods

developed by Davidson appear to be the best
available at this time.

The lethal dose for partial body exposure is
higher than for whole body {11} and recovery is
faster . according to present indications [2].

‘onsequently safe estimates for whole body
exposure will be even more conservative for
partial body exposure.

- Depending on facilities for radiation measure-
ment and other factors it may be advisable to
set permissible emergency limits for both total
dose and effective dose and to use the one most
feasible at the time. .
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DISCUSSION
H. A. Blair

Capt. O'DonocHur (Bureau of Medicine and
Surgery). 1have often looked at figures like the
last slide and instance of leukemia in radiolo-
gists and physicians, and thought it was very
interesting, but we did not do anything about
the dose sustained by the people. I have been
very curious how Dr. Blair arrived at his
thousand roentgen figure,

Dr. Beruin. I think that is an interesting
question, Dr. Blair. Would you like to answer
that?

Dr. Bramr. I don't have s good answer. 1
have talked with a number of radiologists who
were fairly well agreed that it didn’t likely differ
from 1,000 by a factor of more than two or so.
If the daily dose rate got very high over long
periods, there might have been more elinical
meanifestation of injury. Radiologists have
not complained much about anything except
burns of one kind or another. There have been
instances of anemia, but they are not very
comman,

Dr. Crovkire. The rapidity of recovery of
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the peripheral blood of many spicies has been
studied and vartes considerally, It is also
known to a great extent 1 man from the
Marshallese studies.

1 would like to ask, Dr. Hluir, has the half
time for recovery of the various species been
correlated with the rapidity of the recovery of
the blood picture in the various species?

Dr. Brair. 1 suppose the two extremes we
know now are either guinea pigs or burro versus
mouse. They have the shortest and longest
recovery half times, I think, of the animals we
know. Tt woukd be interesting to see if there
was a relation botween recovery rate and clini-
cal manifestations in these species.

Dr. RoserTson (Brookhaven). I would just
like to make a point that has been mentioned by
Dr. Berlin in a recent publication, which 1
think deserves more emphasis. That is, that
Dr. Blair and Dr. Sacher, too, in considering
the shortening of life span use the average for a
group, whereas if mortality rates are plotted on
2 Gompert’s type function, the displacement of
the lines for an irradiated group from the normal
group is a little greater. I take this as meaning
that using the average does not take into ac-
count the automatic increase in death rate that
is occurring with age, and therefore the average
is not truly applicable to the individual, that is,
the effect on the individual is a little greater
than is deduced from the average.

Perhaps Dr. Blair’s theory is flexible enough
to make & bit of correction for this, and I
wonder if he has thought about it in these
terms.

Dr. Brair. 1 don't think this has anything
to do with theory. Animals being currently
irradiated are storing up irreversible injury,
but on top of that they have acute injury from
the doses gotten recently. The kind of data I
wes talking about here are the after effects of
exposure. The radiation is stopped long before
death so any scute injury that may have
occurred has been healed. You have to be
careful about this, because there are not very
many data in the literature for which chronie

radiation has slopped short of death. At a high
level, such as 5 or 10 roentgens per day, the
animal may die half from acute injury and half
from residual injury. Allowanee must be made
for this in caleulating shortening of life span
per roentgen as an after-effect of radiation.

Dr. Sacurr (Argonne). In regard to Dr.
Robertson's question, T believe that you, Dr.
Berlin, could probably discuss this to good
advantage, because you have already, I believe,
looked at relations between the average survival
time estimates and the Gomperts thing.

Dr. Beruin.  The Chair will not enter into
a discussion at this time,

Dr. Sacrrr. 1 am afraid the burden falls
on me. I helieve that the Gorapert’s analysis
is the most unbiased analysis that we can
bring to lethality dala, because it considers
the lethality as a process that is going on
continuously in an irradiated population. How-
ever, in looking at data today in terms of mean
survival times, 1 did this out of sheer necessity,
beeause in the daily dose studies we are usually
dealing with very small populations of animals.
T have not actually given serious consideration
to correcting for bins in the mean survival time
estimates, because I have not used them for
the estimation of parameters. However, T
showed two curves; one the estimate of cumu-
lative lethality function and the derivative,
two sets of curves, The first was based on
mean survival times and the second based on
an snalysis using the Gompert's function. 1
think if you recall these vou will recall that they
were of the same form and my problem cssen-
tially is to find a scaling factor for them. Dr.
Blair has mentioned the point that causes
serious concern in the application of these
theories to lethality under conditions when the
radiation is being received up to the time of
death, and that is the accumulation of injury
due to the latest inerements of dose received.
T should say that when you use the deduced
empirical function approach that I have used,
you note that the injury curve takes on the
order of 10 or 20 days to build to a maximum.
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Therefore, when this is applied to the data,
the dose s received in the last 10 or 20 days
hefore death is given its proper weight in the
contribution 1o the lethality. This leaves
unresolved the question of whether the acute

injury and the irrecoverable ehronic injury
combine and simply add to the death. I am
quite convinced that they do not do so precisely.
However, to think so and to know what to do
about it are two entirely different things.
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Biological Repair Factor

Dyr. Beruin, To start off the general dis-
cussion, I would like to ask Dr. Jones if he would
initiate this discussion for us. We have
heard from Dr. Blair and Dr. Sacher, and T
think we should hear what Dr. Jones has to
say on this field. T think we are fortunate in
having all three in the suditorium at the same
time. Perhaps we can arrive at some syn-
thesis of mutual thought with them present.

Dr. Jones (University of California, Berke-
ley). T think it is a remarkable thing that all of
us who have talked either here or recently
elsewhere who are expressing opinions on
radiation effects and particularly radiation effect.
upon the life span have an essentially coherent
viewpoint about the thing, and are in essential
agreement with regard to all major factors thai,
I understand. Where we differ are differences
in fine points of interpretation which are very
important to our current work, but it is per-
haps as useful to us to survey at this time some
of the overall aspects of the radiation effect
problem from the standpoint of what things fit
together and what things perhaps do not.

Let me try to do this in about a 2-minute
thumbnail sketch. In the first place, histori-
cally in radiation effects, I think everyone was
first impressed by the gross aspects of radiation
injuries. Things that had to do with burn,
ulcer, tissue necrosis and the like. These
things have enormous threshold effects. There
are doses of radiation below which you do not
see these effects at all. Between the range of
out and out toial killing of cells from which
there may be no recovery because the cells
don’t exist any more to cxhibit recovery and
the threshold effect, you get regions where there
gre great reparative processes. So as John
Storer expressed it, if you wait long enough

below the level where you get frank burn, the
reparative processes will give you & lissue that
looks like a tissue that was not irradiated.

If you look at the problem from the stand-
point of the genetic effect or the long-term
effects of radiation, you have apparently another
coherent viewpoint which secins to be at the
opposite end of the seale. T wonder if these
two viewpoints can't be brought together by
the counsideration of a radiation effect on a
cellular basis.

In the first place, I think our concepts of
threshold effeets and reversible effects of radia-
tion are largely the effects of radiation upon
complex organisms such as mammals, where
many cells are involved, and you have the
potentiality of replacement of injured cells by
cells which are not so much injured. You can
divide and very rapidly, and take the place of
injured tissue. As we get to the cellular level,
1 think the classical example is that cells do
show a recovery effect such as Dr. Henshaw’s
early papers on the subject. Even at the same
time and subsequent time since effects of radia-
tion at the cellular level turn to be more
quantum effect of radiation so we have the
hit theory, and the like.

Below the cellular level at the chemical level
and structural level of tissues, one finds over-
whelming evidence for gquantum interaction
between radiation and matter and radiation
effects that are largely irreversible in nature.

Now, let us look for & moment at the radia-
tion effect in mammalian tissue. If we take a
fairly uniform set of tissues such as the marrow,
Iymphatic tissue, and so on, there exists from
the laboratories of quite & number of different
observers, quantitative effects of radistion
upon these tissues, either in terms of estimating
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the tolal cellular mass that. is left with respect
to time after dose, perhaps the concentration
of these vellular elements in the blood, or per-
. haps direct measures of mytosis or turnover of
these cells in a measuring system.

If you take all these together with respeet to
dose you have a range of dose that extends
from shout 2,000 r at the upper end, down to
about 15 r at the lower end, where you can get
significant results. You find that over this
whole range, even though you are dealing with
different species, for these three tissucs, the
effects between the mouse, rat, and rabbit and
men are that per roentgen on a log scale of
surviving tissue as a function of dose, you have
a linear effeet of about 0.3 percent per roentgen,
" if you put it on a per roentgen basis. This, as

I say, is over en enormous range of radiation
expostire.

‘Now, this means, then, if you transform a
little further that approximately in terms of
the hit theory you have about 2 to 3 cells

* injured per' 1,000 cells per 1 r of radiation
exposure. If you test this out a little bit
furthier in terms of what we know about the
genetic effects of radiation, the genetic effects of
radiation in terms of mammalian system, gives
you at the level of 50 roentgens & mutation
induced in about 1 cell out of 10 germinal cells.
Then you multiply these two together, and you
find per roentgen this means about 1 mutation
in 500 cells or per 1,000 cells this is an induction
of 1 new mutation of 2 cells out of every 1,000
cells exposed at the level of 1 roentgen. So
that you see in terms of a system that we
know that leads to immediate radiation damage
in terms of the killing of cells associated with
radiation effect, that both the genetic effect and
the killing effect of cells per roentgen are the
same order of magnitude, and thus we can very
eagily sée & unifying bridge between these two
systems of information that we can study.

In one case the manifestations per surviving
cell are rather gubtle in character, and in

- another effect with relatively lerge number of

cells killed as you would have about the 50

percent lethal dose of radiation exposure which

extends from. about 200 to about 500 roentgens,

depending upon the species, & very large number
of cells killed, wmnl of course quite a great
physiologic gencration of symptoms involved in
such effert,

In terie of the recovery potentiality of these
particulss lissues, the lymphatie eells, the
marrow, sou have a great enpacity of these
cells to regenerate and replace the damaged ones
that wre killed.  As a matter of fact, the daily
replacement of such tissues anyway is of the
order of 10 percent replacement per day. So
even at the levels of one r, 10 r or 100 r, the
radiation induced damage is not an enormous
burden compared with the ordinary replace-
ments of such cells in such tissues. So if this
were the level that we could view radiation
effect, 1 think we could be quite comfortably
assured by the fact that the tissue potentiality
of replacement is one that would lead us into a
threshold effect of radiation and a very com-
fortable one, because we ought to be able to
replace these cells. The trouble in the problem
as far as radiation effect at subtle levels is
concerned, that the cells that do survive very
likely will carry with them the same quantita-
tive transformation of the nucleic protein
structure as the germinal cells in terms of
mutation.

This would then be per roentgen at the gen-
eration of 1 or 2 new mutations per 1,000 cells.
So that the surviving cells that fill and replace
the cells that are damaged supposedly survive
with this kind of a transformation of their
inherent vitality. I think that this is where the
genetic effects of radiation have a great deal in
common. Ag far as we know, in critically
testing these systems, we can be uncertain as
to whether the life subtracting effect of radiation
is entirely linear in terms of whether & divided
dose or a single dose give the same effect.

Dr. Blair has just shown you some results on
this. There is an entirely allowable viewpoint
that a single dose may have 2 or 3 or 4 times
the effect of a smaller rate of dose. But the
statistics that all of us have to work with are so
limited in their character that it would still
permit a more unifying viewpoint that it does

_nat rake any difference for the life subtraction
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effect as to whether the effect is given all in one
dose or is fractionated.

This, of course, isx the viewpoint that one
largely takes for the tota] mass formation of the
total genetic offects from radiation where the
total transformation of the genetie information
is per roenlgen and does not depend upon
dosage rate.

How we finally interpret the life subtracting
effects of radiation, 1 do not know. It would
be very, very tempting at this time to place
the whole aging phenormenon in terms of acqui-
sition of transformations of the cellular infor-
mation on & mutational hasis so that we conld
explain it on the basis of somatic cell mutation,
accumulating with age. Tt is such a tempting
system, indced, because almost all the data that
we have to work with fit. Ilowever, there is
still another thing that we can work with from
the standpoint of change with age on irreversible

8

effect, and that is the absolute numbers of cells
that may be involved. The amounts may be a
qualitative difference in the kinds of cells that
are left on the average after radiation exposure,
and are left on the average after the aging effect
proceeds.

There may be a change in the absolute num-
ber of cells that survive within a given indi-
vidual cither as a function of age or radiation
exposure. The best information we have along
this line is the information that Nathan Schott
of Baltimore has collected for man, which
strongly suggests that for such tissues as the
kidney, and perhaps the body as a whole, that
there is a decrease in active cell numbers
amounting to about a 6 percent decline per
decade for human tissues. This follows quite
linearly over the whole of the measurable life
span. So a combination of this perhaps with
the change in the vigor of cells would certainly
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account for what we know about the life span
and permit us to have a unifying attitude.

Dr. Bertan.  Colonel Trum is up here from
Qak Ridge, and informs me he has some ma-
terial which is pertinent at this time. I will
now call on him. )

Col. Trom (Division of Biology and l\l(‘:dl»'
cine, AEC). Before T can make up my mind
that there is a single common denominator to all
of this, I must at least note that individual
animals and individual tissues of animals, as
well as specific species differences suggest &
series of unrelated damages. Everyone Wh‘o
has spoken on this has put their finger on this

at one time or another in some offhand state-

-ment.

Because I happen to have available, and 1
know from conversation that at least Bond,
Sacher, and Storer are interested, I would like to
present a few slides. o

The doses shown on the slide are “free in air
doses.” They are so stated beeause at tl}e
time the experiment started we believed _thxs
to better represent the conditions found in &
true “fallont field.” We were unaware that
there may be a flat depth dose existing during
the critical high intensity period, as dBmO{l-
strated by Vic Bond yesterday. We are still
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looking for more information of this type.
However, if you use these dose data it must be
kept in mind that they are “free in air doses.”

On Figure 1 you will note that the decrease
in number of erythrocytes has reached nermal
levels in survivors of LD-50 studies at the end
of several weeks.

However, 2s may be seen on Figure 2, in (he
same group of animals the lymphocytes had
returned only to 50 percent normel at the same
time, and as we can see in the following slide,
the lymphocyte count did not approach normal
for 2 years post ircadiation.

These happen to be the results of work on 20
burros and yet this is true of all survivors, We
know of no similar data on groups of animals
with such a long life expectaney.

00

Now, note that two animals, survivors of
LD-50/30 studics, and apparently on the road
to recovery, suffered reverses. Although one
had received 300 r and the other 530 1, both
were in rediation groups of 10 in which no
acute radiation deaths oceurred—in other
words, nonlethal doses. These animals died
of radiation sickness 2% and 3 years after ex-
posure {fig. 3). At this time it was predicated
from the post irradiation history that another
animal that received 350 r at increments of
25 r/wk would probably die within the next year,
Col. Rust informs me that this animal died
about 4 years postirradiation.

The results of an experiment in which swine
were given 600 r (air dose) of gamma radiation
is illustrated in Figure 4. They were allowed

(Y

&0

L)

YEARS AFTER EXPOSURE

Froure 3. Hemalology of burros— Years after exposure.
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i WEEKS SURVIVAL

Froure 4.~ Death paitern of swine following irradiation.

100 days recovery and reexposed at 50 r a day
until death. There are several interesting
things here: The previous dose has an eflect
at least on early deaths; the previous dose
affected the spacing of deaths, bunching those
with the higher previous dose; spacing those
with the least previous dose; one animal was
able to accumulate nearly 18,000 r 50 riday
before death.

There is no question of the swine’s radiore-
sistance, for both the Navy Group and UT-
AECQ group have found that the swine responds
to acute radiation exposures similar to all other
comparable animals.

In summary, can all of these variables be
lumped and statistically treated as a single
factor ealled “life shortening”?

Topic IV

External Beta Radiation




MATHEMATICAL AIDS IN THE UNDERSTANDING OF THE
BIOLOGICAL HAZARDS OF RESIDUAL RADIATION

By Lt. Col. James T. Brennan, MC
Waiter Reed Army Medical Center

In attempting to cope with radiation hazard
problems, many a biologist has, like the writer,
found that a meager working knowledge of
mathematics places a frustrating upper limit on
one’s insight into many important situations.
The mathematical treatment of the idealized
contaminated plane surface is an example of
this difficulty. A reference which is commonly
cited in this connection is “Effccts of Atomic
Weapons,” page 432 ff. The treatment given
therein is by and for mathematicians, and as
such is beyond most biologists and nearly all
physicians. In 1951 C. §. Maupin (1] developed
an expanded version of the analysis which ap-
pears useful in that it might significantly
increase the number of biologists who can
follow the derivation. This expanded version
has not heretofore been published and is shown
below (see fig. 1).

Consider a point P at & height A above a
uniformly contaminated circular disk of radius
a. Let the concentration of radioactivity be
such that there are k photons, each of m (Mev)
energy emitted (equally in all directions) per
em? of surface. Then the number of Mev
emitted from the infinitesimal area rdrde is
kmrdrde. The number of Mev reaching point
P per unit time from this small ares will be

kmre VW dndy
4n(r2+hY)

where y is the total narrow beam absorption
coefficient in air for photons of energy m.
From this point on, no attempt is made to
follow the fate of scattered photons. Ultimately
this causes the estimate of dose at point P to be
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low (30 percent low when A=6 meters, 10 per-
cent low when A=1 meter). But to return to
the analysis, the energy flow reaching P from
the entire disk will be

_km (e e 7ER
1= [ e

Integrating with respect to 8,

! ...km “
I-~§~ ,

Conversion to dose in roenigens at point P
may be made at any time by meens of simple
assumptions such as that onec roentgen s de-
livered by a flux of 10° photonsfem?®,

127
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The problem remaining then is to evaluate
the geometric factor:

8 gy A-FIE
fren\/iﬂdr
0

Lot uyrFE=Z. Then u*r*4p?h?=2* and

2pirdr=2ZdZ, or rdr=Z:i,Z .

This change in variable requires a change in

© limits ss follows:

When 7==0, z==ph
When r==a, z=p/a’+h?
When r=o, z=w,

¢ re'"\/md NI oty
J; TR r""f.-» i
2/ o
=f“‘/"’+"’ e
o, z

From the theory of limits
fz’f(z)dz=I j(z)dz——f f(2)Mdz.
7 2 7
The two integrals on the right are of the form
[ & de——Ei—2)
2y 7

which has been evaluated by Jahnke and Emde.
Therefore:

W TR s ® g-® = et
J;h -—z— (lz=f‘m —z—(lz-—lv“/m p dz
= Bi(— p @) — Ei(—ph).

- The physical meaning of the limits is that ﬂ.le
area of the disk in question is the difference in
areas between r=0 to =, and r=¢ to «. .
A specific applieation of this analysis is given in
Figure 2. )
A useful conclusion to be drawn from Figure 2 is
that 50 percent of the total dose at P comes
from an area of radius 8 meters, This is
rather less area than one might guess (:onsidel"-
ing that the mean free path of the photons in air
is ~ 100 meters.

% of Totale Ei (-uh)
100 El (- p /TR ;

Solid wave calculated (Moupin} /
Polnts read from EAW Fig.D26 /

(both neglecting bulld-up factor) //
e

101 e
including build.-up foctor

as in Ref. 3)-—.—._/,,’ .

-

Meters

1) 50 100
% of Dose s

F1auRE 2.-— Percent of total dose as a function of r (h==1

meler).

The figure of 8 meters is more plausible if one
considers the case of two narrow rings of width
Ar as in Figure 3.

Pg in the plane
of the rings

Fiaure 3.—P, in the plane of the rings.

The ratio of the ares of the two rings is:

Ay (i HAr)—rd_ 2nArtAr®
Ay (- An —r? 2mAr+Ar?

. 7
and lim =1
Ars0 T2
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Thus the area of & thin ring is proportional to its
radius, but the contribution (o dose at P, is

Thus, dose-wise, the relative importance of a
ring is inversely proportional to its radius.
The effect of air absorption is to further depress
the importance of distant rings. This latter
depression is only partially compensated for by
scattered rays going through P,. This may
help to make the figure of 8 meters seem more
reasonable.

The similar case of two thin spherical shell
sources is of interest. If the shell volumes are
V) and Vs,

Vi 4f3x{(r+Ar)i—r]

Vi 4/3w((ret Ar)y—77]

_3n%-3rAr+-Ar? s
=T 3narF A ond im =2

Contribution to dose at. the center of the sphere

l Viry?

is o ordi=1,
Vary?

Thus, spherical shells of equal thickness make
equal contributions to dose at the center of a
sphere, regardless of how large » may be. This
conclusion is geometrical only, of course, and
neglects scattering and absorption. Hence in
the case of internally deposited gamma emitters,
scatter is much more important than it is with
the plane source.

In the case of a one-dimensional, or line
source, the relative contribution by any incre-
ment of line is inversely proportional to the
square of its distance from the point of measure-
ment.

To those schooled in the exact seiences this
sort of explanation may amount to belaboring
the obvious. It is hoped that biologists who
find such exposition illuminating will be for-
given.

In April 1949 Condit, Dyson, and Lamb [2]
made the first calculation of the ratio of beta

dose to gamma dose near a plane contaminated
with fission products. The approach was very
simple and-amounts to saying that if two betas
are emitted per gamma photon, and if the
energy loss per unit path length for the beta
particle is about 75 times that for the gamma,
then the cnergy absorbed per unit volume
(o< dose) will be about 23X 75==150.

Slightly modified the derivation was as
follows:

E,=Eqe~* for both betas and gammas

where E,=Energy flux at a distance z from

the source
Ey==Energy flux at the source
+=Energy absorption coefficient
z=distance from source

Dose is closely related to the space rate of
energy loss:
dE, >

T =B

For betas, ris replaced by the energy absorp-
tion coefficient u, which is obtained from
empirical formulag

ta_ 22
4 (B ™

where d==density of absorber in gms/em®.
For gammas, 7 is replaced by ¢,=3.5%
10~-% em2,

Then the desired ratio of doses is:

%—:=%z 130 near the ground.

This result was not widely known until
about the time of Operation Greenhouse in
1951, In general, it was known from the early
radium and radon days that gamma dose near
a beta-gamma emitter is apt to be relatively
negligible by comparison with beta dose.

Using the same geometrical analysis outlined
in reference 1 above, reference 2 continued on
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showing that at about 6 feet above a con-
taminated field

%’ dropped off to about 130 13.
i

This result was the cause of a great deal of
uneasiness within the Radiological Safety group
during Operation Greenhouse beeaunse the
instruments were, as ususl, mesasuring and
recording gamma dose only. It was suggested
that if reference 2 had included the offect of
Compton  srattering of gamma rays in air,
perhaps the beta/gamma dose ratio would be
less alarming. For this reason, in reference 4
an attempt to include buildup or multiple
scattering factors was made during Operation

are not possible if buildup factors are to be
considered. The approach used in reference 3
was a laborious numerical integration using
certain empirical measurements of a buildup
factor (4) that had become available. An
example of how gamma dose at point P was
obtained is given in Table J.

The contaminated ground was divided into
unequsl ring increments as in column 1.

¢ in column (2) is the net geometrical atten-
nation faetor.

Column {4) is the good geometry, narrow
beam absorption factor.

Column (5) was obtained from White [4].
In that work White used a Co® source and a
water absorber, but the results were used in [3]

Greenhouse.  Simple analytical treatments  without modification.
TARLE L—~GAMMA DOSE h:=6 meters
&) ® ® w ® ) ® ®
ot | g |t | e | e | mepeet)
din em. terement. meter of radius
0. 09 602 0. 94 1.0 0. 08
.25 608 .94 1.0 .24
.37 618 .94 Lo .35
.45 832 .94 1.0 .42
.50 650 .04 L0 .47
.52 671 .04 1.0 .49
1.03 922 .91 1O .94
i 1081 . 90 11 .96
.37 16186 . 86 L1 3. 50
.24 2571 Byl 1.2 2.28
18 3551 .71 13 166
14 4540 .65 14 1.27
2.09 6059 . 58 15 176
1. 87 8022 .47 L7 1.25
1. 80 10479 .37 20 1.33
1. 42 13514 .28 2.3 . 80
114 16511 .2 2.8 .62
a7 10509 .16 30 .47
1.09 24007 .10 3.5 .38
114 27500 .07 40 .32
.97 32500 .05 4.8 .23
.84 37500 .08 5.4 14
.68 42500 .02 5.7 .08
. 66 47500 0L 6.4 .04
b T R E R F e B )

A shoilar tahle is nocessary for ench hoight destred.

Comparison of column (5) with column (8) indinates that scatter secounts for about 30 pereent of the totaj dose at P,
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Column (7) takes into account the fact that
the increments chosen are not of equal width.

In column (7) note that for a height of 6
meters, maximum dose delivering efficiency
occurs &t about the 6-meier radivs.

In column (8) about half of the dose comes
from inside the circle =30 meters. For h=1
meter 50 percent comes from inside 12 meters
(zee fig. 2). Thus the net result of [3] was to
show that inclusion of multiple scattering makes
a militarily significant change in the total
gamma dose but does not radically change the
conclusions of Condit, Dyson, and Lamb re-
garding the beta/gamme dose ratio.

Comparigon of columns (4) and (5) shows
how buildup only partially compensates for
abgorption.

Bets dose in reference 4 was calculated using
the method of Parker [5]. This is again a
numerical integration method using, this time,
equal ring increments. Distances greater than
6 meters were not considered significant. The
distance for each ring is taken as d,, the dis-
tance to the midpoint (see fig. 4).

P

ho { meter

an

{
Rigno. 0 @ @ & & ©

Beta dose at point P

Fraure 4. Bela dose at point P,

Caleulating beta dose in this manner, and
gamma dose as in Table I, gave heta/gamma
ratios which were not significantly different
from those in reference 2.

Operation Greenhouse marked the end of
what might be called the primitive era, since
immediately afterward the AFSWP staff in
Washington began to expend greater effort on
the mathematics of fallout radiation.

For some years prior to 1952, the National
Bureau of Standards group (Fano, Spencer,
et al) had been developing a mathematical
theory concerning the penetration of X-rays
through thick barriers. At the request of, and
in cooperation with, the AFSWP mathemati-
cians, the NBS theory of multiple scattering
has been applied to the calculation of gamma
fluxes in air at points above a plane, in a foxhole,
and so forth. This work continues even now,
and the writer has the impression that the
theories used are fundamentally powerful
enough to give satisfactory mathematical solu-
tions for any foresecable military medical
problems due to fallout hazard.

In 1955 the multiple scattering theory was
applied to beta particles [6] and another theo-
retical treatment of the same subject appeared
[7}.

These later, and professionally competent
mathematical approaches yield results which
agree with the physical measurements that have
been made to date. So far as comparison is
possible the results are not in disagreement with
the conclusions reached in the crude attempts
previously discussed.

British and Canadian documents have be-
come available In recent years which show that
their theoretical conclusions and field measure-
ments are essentially the same as ours. There is
a wide spectrum of opinion regarding the opera-
tional implications of these conclusions.

The mathematical methods evolved by the
NBS group include the use of an electronic com-
puter and, on the whole, appear to be beyond
the ken of any biologist or physician now avail-
able to work on fallout hazard. In this situa-
tion, any progress on medical problems will
require that:

A. The biologists concerned will have to
accept on faith mathematical conclusions
which they do not really understand.

B. The mathematician and the radiological
physicist will have to be patient and endure
diffuse and frustrating discussions of what
really needs to ba calculated and measured in
order to develop an adequate medical policy.
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With regard to (A) above, aceeptance “on
faith” has many precedents and is not, per se,
undesirable. The difficulty is that a lack of
understanding of dosimetry often has a curi-
ously ennervating effect on the biologist doing
radiation hazard work. He begins to feel that
all he does is feed the mice and count the num-
ber dead at the end of 30 days. Someone else
does the brainwork. Consequently, he drifts
off into some other field of endeavor. Carcer-
wise this is probably a sound instinet as far as
the biologist is concerned; but if the proper
solution of the fallout problem is, potentially, a
condition of national survival (as some say),
then the necessary minimum of capable biol-
ogists and physicians must be kept in the effort.
One positive step that any biologist can take is
to meke & renewed attempt to understand the
mathématics involved. Even the “crude”
methods discussed earlier provide a degree of
understanding that can be had in no easier way.

With regard to (B) above, it is offered as one
opinion that, in order to arrive at a complete
medical policy regarding a fallout hazard, it will
ultimately be necessary not only to calculate
and measure total beta and gamma fluxes, but
also to:

(1) Caleulate and measure the polar dis-
tribution (i. e., direction) of those fluxes in air.

(2) Calculate and measure beta and gamma
depth dose in human sized animals in a fallout
field.

If this seems to be esking a great deal, then
it should be recalled that the problem is impor-

“tant enough to warrant the use of whatever
_scientific resources are necessary to solve it
completely.
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DISCUSSTON

James T. Brennan

Col. Brennan. I should like to stop here and
give the people in the audience who have
knowledge of other mathematical offorts that
are relevant a chance to please stand up and
mention them, and indicate what application
and significance they have to the hazard
problem.

1 know of several. I know Naval Radiologi-
cal Defense Laboratory has direction measure-
ments on it. They arc trying to get the theory
to go with it. I know Mr. Joseph Lindwarm
has mathematicians hitting that direction. 1
today have been informed that the National
Bureau of Standards, who have by far the
greatest resources in this matter have under
consideration a general treatment of beta ray
penetration. They will come out with a gen-
eral theory. Whether or not this includes
direction, I don’t know. I wonder if I could
ask the gentleman from the Bureau of Stand-
ards, Dr. Wyckoff, to say s word about that.

Dr. Wycgorr. I relayed the few notes I had
from Dr. Spencer, but T am afraid I don’t have
anything to add other than the fact that they
have coded up some of the beta penetration
problems for the Standards Eastern Automatic
Computer and apparently are able to put in the
spectra of beta particles going into a shielding
situation, and will be able to obtain both the
dose distribution in the shielding and the flux
coming out. I don’t know if that includes the
angular distribution that you are interested in.

Col. Brennan. The theory for gamma rays
on the other hand I do know does permit caleu-
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lations of polar distribution. Tt would perhaps
be an enormous job and extended effort in
applied mathematics to reduce this to tables
that could be used for a simple situation by
simple people for such things as a foxhole.
This is a goal worth striving for, and T think
one well worth financing. A good mathe-
matical theory climinates a lot of bad experi-
ments, and makes it certain that money will
never be wasted. Mathematics is about the
cheapest type of research you can do, ] believe,
in return for dollar expended.

This is about all the ground I wanted to
cover with respect to how mathematics has
been applied and might be applied to the resid-
ual problem. Are there any further questions
or commments? Particularly, does anyone know
of mathematical efforts that are relevant?

Capt. ZeLimer (School of Aviation Medi-
cine). 1 believe there are efforts being directed
to measure the angular distribution of gamma
and neutrons, at least, in the forthcoming field
test, using columnators with solid angles
trying to obiain the angular distribution in the
hemisphere.

Jol. BrewNaN. Is this prompt radiation or
residual?

Capt. ZELLMER. Prompt. I imagine there
will be some delayed and scattered radiation
also, and some immediate fallout, because they
won't be able to get to the columnators for at
least two hours.

Col. BrexNaN.  We might have a word from
NRDIL. 1 know they have a definite interest
in this activity.

Dr. Terest (NRDL). We wrote about two
or three technical memoranda on this particular
subject of the beta o gamme ratios, both the
beta particles to gamma photons, and the beta

radiation dose in terms of rep to the roentgen.
I might say that we discussed there this mathe-
matical treatment for the gamma and also
pointed out the fact that you do have variation
in the dose due to the variation in energy with
time, 1 don’t think Dr. Brennan pointed this
out. However, I think it is obvious when you
try to go from the equation to the determina-
tion of dose rate that you would need the actual
gamma cnergy there to determine this. That
does change with time.

We discussed this particular thing in these
papers that we wrote up, and also the fact that
your beta to gamma—that is beta perticle to
gamma photon—ratio will change with time.
As a matter of fact, if you calculate the beta to
gamma ratio for time about 2 to 3 years you
will find that there will be about 8 beta particles
to a gamma photon. This is approximate.
Therefore, going back te the simplest relation-
ship, 2 times 75, that would be 8 times 75.
So that for very long times after detonation,
you will get or should get tremendous ratios of
beta rep to gamma roentgen.

1 think that is about all I would like to discuss
al the present time.

Col. Brennan. Thank you very much, Dr.
Teresi.

The British have emphasized this. 1 omitted
to say that these calculations do not apply ex-
cept at times between the beta-gamma ratio is
two particles per photon. There are two
British articles. Have you seen them?

Dr. Terest. Yes,

Col. Brennan. They emphasize the fact
that after one year the beta goed up by a
factor of about four. They had & report in
which they had measurements which support
this.




THE EFFECTS OF FALLOUT RADIATION ON THE SKIN

By Roperr A, Coxarp, M. D.

Brookhaven National Laboratory

Fallout may be classified as the “worldwide”
or the “close-in”’ type

Worldwide fallout results from the dissemina-
tion of minute particles of radioactive material
from nuclear detonations which slowly settle out.
from the stratosphere and troposphere over the
world. Due to the great dilution of this type
of fallout and to the loss of activity with time
evolved it does not impose a hazard to the skin
but may result in a long-term hazard from
internal deposition and possible genetic effects
from low level irradiation.

Close-in fallowt is most likely to result from
large atomic detonations in which the fireball
comes in contact with the ground, causing
large amounts of material to be drawn up into
the cloud where the radioactive products adhere
to the ground particles. Due to the relatively
large size of these particles they may then be
deposited within several hundred miles of the
detonation. With this type of fallout there is
a real hazard not only to the skin, but also from
whole body penetrating radiation and from
internal absorption of radioactive materials.
The nearer the site of detonation that fallout

occurs the grester is the hazard. The nearer

fallout takes place earlier and is therefore more
active due to having undergone less radioactive
decay and it is more concentrated since larger
amounts (particularly larger particles) tend to
fall out first.

The accidental exposure of some 240 Mar-
shallese, 28 Americans snd 23 Japanese fisher-
men during Operation Castle, March 1954,
affords our most extensive experience with fall-
out effects on the human skin and in this talk
frequent references will be made to data ob-
tained on these people [1, 2}. Several other

cases of human exposure to fission products or
bete emitting material either acecidentally or
experimentally have heen reported {3-8].  Skin
lesions in cattle and horses have also occurred
from fallout following experimental detonations
at Alamogordo and in Nevada {9, 10]. Rather
numerous experiments on the effects of beta
radiation on the skin of animals have been re-
ported and these data will be referred to, also
[11-15].

First, some of the physieal and hiological
factors related to skin damage from fallout will
be discussed. The chemical and physical make-
up of fallout will vary according to the type of
terrain or soil over which the detonation occurs.
All fallout is particulate in nature, but the size
of the particles will depend to some extent on
the physical and chemical characteristics of the
soil.  The fallout associated with the Castle
detonation, March 1, 1954, was a white, pow-
dery material largely composed of incinerated
coral.  Aside fram the radieactive component
the calcium oxide of the material was in itself
irritating to the skin due (o ils canstic nature,
Moreover it was probably partly dissolved in
the perspiration on the skin thus increasing its
irritating action. (Incidentally, this may have
enhanced the radiation to the skin by bringing
the radioactive materials in closer contact with
the skin.) Fallout produced from other types
of soil, other than predominantly coral, might
vary considerably in chemical and physical
makeup and irritation to the skin. Clolor and
particle size would also vary. For instance
siliceous type soils would probably ferm much
less irritating fallout.

It goes without saying that for fallout to
result in gross skin damage it would have to be
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qufficiently concentrated. It seems likely that
the occurrence of fallout would have to be visible
to result in such damage. For example, in the
Marshall Island exporience, the extent and se-
verity of the skin lesions were directly related
to the amount of visible fallout and on Utirik,
the least contaminated island of the inhabited
group no fallout was visible and no bets lesions
of the skin developed.

The particulate nature of the material pro-
duces spotty distribution on the body. The
Marshallese claimed that the material adhered
closely to the skin and was difficult to brush
off. This was borne out by the difficultics of
complete decontamination. Areas of the body
where perspiration is greater such as the neck

" folds, axillae, antecubital fossae ete. caused

the materigl to stick and lesions were more
predominant in these areas. The hair tended
to colleet the material also, particularly in
view of the cocoanut oil hair dressing used by
these people, which made decontamination
extremely difficult. Clothing, even a single

. layer of cotton material, afforded almost com-

plete protoction as evidenced by the fact that
almost all of the skin lesions developed on
exposed parts of the body. The loose clothing
warn would not have accounted for more than
about a 25 percent attenuation of the radiation
s0 that the protection must have been due in
part to the fact that the loosely fitted clothing
tended to hold the radicactive material away
from the skin. It is also possible that the

" material did not stick to the clothing as well

as to the skin.

There are certain biological factors known to
influence the sensitivity of the skin to radiation.
In addition to species differences, it is known
that the skin of certain parts of the body is
more sensitive than that of others. In general
the thinner-skinned flexor surfaces of the body

_are moré sensitive than the thicker-skinned

extensor surfaces [16]. This was found to be
true in the Marshallese since lesions were more
prevalent on the front and sides of the neck,
axille and antecubital fossae. Another factor
is associated with pigmentation of the skin,

Darker-skinned people, brunettes, are known
to be less sensitive to radiation than blends or
people with ruddy complexions [17]. A factor
which was pointed out earlier is that areas of
the body where perspiration is more profuse
cause_the fallout {o collect resulting in greater
skin effects.

Sources of radiation to the skin.- -Damage to
the skin results largely from the beta com-
ponent of the fallout in view of the fact that
the beta-gamma ratio is quite high, All of the
energy of the beta parlicles entering the skin
is absorbed in the skin. Soft gamma rays
accounts for some of the radiation dose to the
skin, and the harder gamma rays contribute
least since they are more penetrating. The
skin dose results from two sources of heta
radiation, the fallout material in direct contact
with the skin and the material on the ground.

1. Contact source.—The spotty distribu-
tion and particulate nature of the fallout in
eontact with skin results in muiltiple point
sources on the skin. By far the greatest
part of the skin dose comes from this source.
Radiation is largely from the skin surface.
However, the possibility must be considered
that & certain amount of percutaneous ab-
sorption may take place and some penetra-
tion into the dermal region via the hair
shafts, sebaceous and sweat glands may
occur. The Castle fallout contained about
10 percent water soluble fission products, some
of which might conceivebly have been ab-
sorbed percutaneously. Whitten et al. [18]
have shown that thorium-x applied to the
skin results in some percutaneous absorption
and entry into the hair shafts and glands.
We intend to investigate this problem with
fission products on the skin by means
of autoradiography. :

2. Ground source.—A certain amount of
the skin dose may result from beta radiation
from the fallout material on the ground.
This contribution is likely to be far less than
that from the contact source. The lower
parts of the body will receive the greater
part of this radiation since the beta particles
are completely stopped in 2 meters of air.

" Snider and Raper.
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Estimation of beta doses to the skin from
fallout is an exceedingly complicated problem
and I will leave the main discussion of the sub-
ject to other speakers. The degree of skin
reaction and damage is more dependent on the
depth dose than on the surface dose of beta
radiation and the depth dose is dependent on
the energies of the heta particles of the com-
ponent isotopes. Thus soft radiation confined
largely to the dead horny layer and upper
epidermis would be relatively ineffective in
producing a reaction in the skin; more energetic
radiation, penetrating through the epidermis,
could result in iransepidermal necrosis; and
deeper penetration into the dermis could result
in more severe ulcerating lesions. Rach radio-
isotope has ils own characteristic spectrum of
cnergies with & maximum energy, but since
relatively few particles are of this energy, the
average energy, which is roughly one-third of
the maximum encrgy and the 50 percent atten-
uation in tissue are more meaningful in esti-
mating gkin effects.

Figure 1 shows roughly the 50 percent atten-
uation in skin of several isotopes. With the
same surface dose the more cnergetic beta
emmiting isotopes will naturally result in
greater damage to the skin.

Table 1 is made up of data from animal
studies from several investigators and shows
the energy dependence of betas from various
isotopes in producing recognizable skin reac-
tions. Note that the surface doses for thresh-
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Fiaur® 1.-—8&0 percent attenuation in skin (microns),

old reaction (erythema, epidermal atrophy) are
fairly dependent on the energy of the beta
particles of the various isotopes. Thus it takes
20,000-30,000 rep from 8% (average energy 0.1
Mev.) to produce a reaction while it only takes
1500-2000 rep of Sr™¥Y® or Y" (average
energy 0.5-0.6 Mev.)) to produce the same
reaction. It is of interest that Moritz and
Henriques found that the dose at 0.08 mm.
depth of the pigskin (estimatled to be the
epidermal thickness) was constant within
several hundred rep to produce transepidermal
injury [15]. Wilhelmy has also noted that it
takes roughly the same dose of electrons and
soft X-rays at the level of the subpapillary
layer to produce ervthema [18].  On this basis

Tasre 1L.—8URFACE DOSE REQUIRED TO PRODUCE RECOGNIZABLE EPIDERMAL INJURY

Investigator

Averngnen- | Surfiace doso (rep)

Henshaw, et ol ... ... ... ...__.._... ....

Raper and Barnes... ... ._.
Luskbavgh. ... . _...... . ...
Moritz and Henriques

Animsl Tsotope
ergy (Mov.)
piz 0.5 1, 500-4, 000
Pa .5 2, 500
Paa -5 5, 000
g0 .3 2, 500-5, 000
2 .05 | 20, 000-30, 000
Co% | 4, 000-5, 000
Cgt? .2 2, 000--3, 000
8rie .3 1, 500-2, 000
bl .5 1, 500-2, 000
ye .7 1, 500-2, 000
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Parker has advocated the use of beta detecting
instruments with chamber walls corresponding
in milligrams per square centimeter to the
thickness of the relatively inert epidermal

“layer {20]. Thus in expressing skin dosage it
_ is probably more informative to use the depth

dose at the depth of the epidermal layer of the
skin.

The above table also indicates the species
difference in skin sensitivity to beta radiation.
Raubbits and sheep reguired larger doses than
miice to produce the same effect with roughly
the same energy beta. Porcine skin, which is

" reputedly more like human skin than other

animals, apparently is more sensitive than the
rabbit or sheep skin. Some of these differ-

. ences, aside from species differences, may be
-~ due to variation in thickness of the skin of

different species and differences in techniques
used. :

Table 2 shows bete dosage data from some
human experiments and accidenis found to
produce various effeets on the skin. These
data must be interpreted with great caution
due to differences in experimental techniques
and dosimetry. The severity of the skin

"reactions is represented by degrees. A first

degree reaction implies erythema andjor dry
desquamation; a second degree, transepidermal
necrosts with ulceration; and third degree,
further breakdown of the skin with the develop-
ment of chronic radiation dermatitis. It can
be seen that there is a considerable variation in
dose reported to produce the various reactions.

In the Marshallese the skin dose could not be
estimated with any degree of aceuracy due to
the complicated smear of beta spectra varying
with time and the uneven distribution of the
material on the skin.

The beta component of the fallout was found
to have two major peaks of energy, one at 100
kev which accounted for 50-80 percent of the
activity and one at 600 kev which accounted
for 20-50 percent of the activity [1]. Fifty
percent, attenuation of the 100 kev component.
occurs at about 80 microns, about the depth of
the epidermis.  Fifty percent attenuation of the
600 kev component oceurs at about 800 microns,
fairly deep in the dermis; deep enough to
irradiate many of the hair follicles. The
relatively soft nature'of the radiation was borne
out by the superficial nature of most of the
lesions that developed.

A very rough biological estimate of the dose
to the scalp of the Rongelap people might be
made by using the index of epilation. It is
known that with 200 kvp X-ray a dose of about
400 r is necessary to produce epilation, and
doses above about 700 r produce permanent
epilation. Since regrowth of hair took place
in the epilated Marshallese the dose to the
hair follicles must have been in the above range.
This dose must have been largely from the 600
kev component. Therefore the surface dose
from this component must have been 4 to 5
times higher or in the range of 1,600--3,500 rep.
The surface dose from the more abundant 100
kev component must have been much higher, by

Tasie 2~HUMAN EXPOSURE TO BETA RADIATION

Investigatar Rodiatlon

Eat. dose (rep) Reaction

Robbing ef al. ... .
Knowlton et ol ..

635 | 1st degree (threshold).
1,180 | 2nd degree (threshold).
R *143 | ist degree {threshold).

7,000-17, 000 { 2nd degree,

1, 000- 2,000 | 3rd degree.
3, 000~ 4,000 | 2nd degree,
5, 00010, 000 | 3rd degree.
.} 5, 000~10, 000 | 3rd degree.
8, 00018, 000 | 3rd degree.

*Esttmated dose in 151 mm. layer.
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a factor of 5, 10 or more, bul with very Lttle
penetration.

Estimations of the dose of skin irradiation
from ground source heta has been made by
Sondhaus [1].

If no shielding occurred and exposure is
congidered continuous the dose at the level of
the dorsum of the feet was calculated to be
about 2,000 rep, at hip level 600 rep and at
head level 300 rep. This source of radiation
was apparently insufficient, alone, to produce
any lesions, though it probably contributed
significantly to the severity of the foot lesions
observed. With larger amounts of fallout, radi-
ation from the ground source conld be sufficient
in itself to produce skin lesions.

Acute effects of beta radiation on the skin. - In
generel beta radiation effcets on the skin are
similar 1o effects produced by more pene-
trating radiation such as gamma or X-radiation.
However, the less penetrating beta radiation
produces more superficial lesions with less
damage to the dermis. Consequently they are
usually less painful and heal more rapidly.

The time sequence of development of bete
lesions from fallout varies considerably with
the dose to the skin. A primary ervthema may
or may not be observed beginning a few hours
after exposure. This was not seen in the
Marshallese, perhaps due to the dark color of
their skin. During the first day or so itching,
burning, or tingling of the affected skin may be
experienced. As was pointed out these symp-
toms might in part be due to the chemical
nature of the fallout. These early signs and
symptoms are usually followed by an asympto-
matic latent period before full-blown lesions
develop. The length of the latent period may
vary from a few days to several weeks which is
usually related to the dose to the skin; the
higher the dose the shorter the latent period.
In the Marshallese the more heavily exposed
group developed skin lesions about a week
before less heavily exposed groups. Due to the
particulete nature and uneven distribution of
the fallout on the skin the developing lesions
are likely to be spotty. A secondary wave of
erythema may be seen along with gross changes

$48020 05810

in the skin,  These changes may be in the form
of simple tanning, pigmentation, and mild
desquamation with low doses. This reaction
might be classed as o first degree reaction.
With higher doses vesiculation, complete epi-
dermolysis and ulecration may occur. This
geverity of reaction might be classed as a
second degree reaction. Spotty epilation may
occur along with lesions of the scalp. Re-
growth of hair is likely with a sccond degree
legion. Healing is usually accomplished within
a week or two with repigmentation of the skin
in milder lesions. Deeper lesions may heal
with some scarring and lack of repigmentation.

Chronic radiation effects.--With larger doses of
radiation chronic radiation dermatitis may de-
velop.  These lesions do not heal well and on
healing may break down and ulcerate again.
Badly scarred skin with telangiectatic vessels
may result. These severe reactions might be
classed as third degree reactions. Repeated re-
pair and breakdown may oceur due to instability
and poor vascularity of the dermis. 1t is in
skin of type that malignant change may later
take place.

Malignant changes in the skin has been ob-
served in animals as a late effect of beta
irradiation of the skin and presumably could
also occur in the human skin. Though malig-
nancy usually develops at the site of chronic
radiation dermadtitis, 8s a result of repested ex-
posure to radiation it has been reported to
oceur in animals following a single exposure to
beta radiation with little or no chronie change
in the skin.

Treatment of acute beta lesions is mainly
symptomatic. Withmildlesions, daily cleansing,
application of bland antipruitic ointments and
lotions may be all that is necessary. For more
severe uleerating lesions, cleaning with daily
dressings, splinting and use of antibiotic oint-
ments or antibiotics parenterally in case of
secondary infections may be indicated. The
use of Aloe Vera plant applications is claimed
by some to enhance healing of radiation burns
[21]. Lesions of chronic radiation dermaltitis
may be quite painful and the only effective
therapy in such cases is early skin grafting (22].
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\
J‘ o Figures 2, 3, 4, and 5 illustrate typical lesions
[FE in the Marshallese people.
In conclusion I would like o summarize a few
things we have learned about the effects of
- falloul on the skin, largely as & result of our
Marshallese experience:
1. The best prophylactic measure, of
course, is avoiding getting the fallout on the

Figurr 2.—~Bete radiation lesions of the feel af 4 weeks
after exposure.

exposure.
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Frouse 4.—Epilation in 7-year old girl at 28 days.
Case No. 72.

skin by taking shelter or covering as much of
the body as possible with clothing. Prompt
decontamination of the skin by thorough
scrubbing with soap or detergent and water is
of extremeimportance. If the hairis seriously
contaminated and difficulty is encountered in
decontamination, shaving of the head is
indicated.

Tn the Marshallese certain factors afforded
protection against the development of lesions:
(1) Shelter, (2) Bathing, swimming, wading,
(3) Clothing. Certain factors also favored
the development of lesions: (1) As pointed
out areas where perspiration is more profuse,
(2) Delay in decontamination, and (3)
Difficulties in decontamination.

2. Moderately severe beta lesions of the
skin and epilation may result from fallout
situations in which the whole body penetra-
ting dose of radiation is sublethal. With
such doses the skin lesions do not appear to
complicate the radiation syndrome.
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FicUre B.—~Same case as in Figure 4 stz months after
exposure showing complete regrowth of normal hair.

3. However, in situations where skin
lesions are associated with larger whole body
doses of radiation i. e. in the lethal range or
above, with greater hematopoetic depression,
the lesions would become more easily infected,
possibly affording portals of entry, leading to
bacteremia or septicemia.

4. Severe skin irradiation with minimal
whole body irradiation might result in situa-
tions where promp evacuation from the con-
taminated area occurred, but skin decontam-
ination was delayed. - ,

5. Early skin and eve symptoms might be
mildly disabling during the first day or two
after exposure to fallout and later symptoms
associated with full blown lesions might be
quité disabling. Late effects on the skin in
the form of chronic radiation dermatitis and
malignancy are possible complications.
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DISCUSSION ON TOPIC IV

External Beta Radiation

Dr. Henspaw. A few years ago when at Oak
Ridge, we were studying the effects of beta
rays on rats and mice, and we saw lesions so
very much like this which were followed by
different kinds of neoplasias of the skin. The
interesting thing was that we saw these abnor-
malities and deformities of the skin of a variety
of types much as deseribed here, and then the
lesions after recovery and repair of the skin
had taken place there were points whera tumors
began to form. These tumors were different
in type. They represented every conceivable
level of maturation of skin tissue. That com-
bined with the fact that there were these other
abnormalities of the skin directed our attention
to the matter of the guiding forces in the skin
that tend to make it behave in one way or
another,

We had called to our attention rather force-
fully this morning the possibility of the effects
on the nucleus as being an explanation, first,
of tissue degeneration when there are extreme
mutations in the nucleus, and then in lesser
mutations the kinds of persistent effects. We
could see in these lesions this afternoon evidence
of a behavior of tissues which will certainly
differ from that of the usual traumatic kind of
lesions, such as a cut with & knife or a burn.
It was as though the guiding forces of the cells
worked differently and here were some that were
trying to do one type of thing, and others that
were attempting to do other kinds of things.

If we should think of somatic mutations as
being & partial explanation of what is happen-
ing and then think what would be the situation
if the radiation were distributed throughout
the body, perhaps we begin to get some basis
of an explanation of what the aging processes
are, and in relation to this, perhaps within the

same structure of explanation, some basis of
an explanation of the changes that led toward
malignancy. That mutations take place there
is no guestion. But the dynamics of those
changes—the dynamics of the tissue behavior
changes---with the modification in physiologic
gradients are things which may be very strong
and Important forces for us to take into ac-
count in attempting to explain these various
kinds of processes that wo are seeing.

Col. Bren~av. Thank you very much, Dr.
Henshaw. As T recall, you have examples of
turmors from all different layers of the skin.

Dr. Hensgaw. Yes.

Col. Brennan. Every layer gave its own
type of tumor.

Dr. Hensnaw, Yes. Not only that, lut
there were hair folicle tumors, gland tumors,
and other kinds of tissue expressions. There
were & few comnective tissue tumors. When
we used more penetrating radiations those were
more frequent. Then the related observations
that when you have bone seckers you get the
bone tumors, so it is largely a matter of distribu-
tion of the radiation as to the kinds of malig-
nancies that oceur.

Col. BRenNaN, Thank you. Certainly ma-
lignancy is the big question to be watched here.
Perhaps when Dr. Conrad makes his 27th
semiannual visit to the Marshallese, we will
have the answer. (Laughter.)

Mr. Joseph Lindwarm of the Chemical Corps
has some remarks which are pertinent to the
general subject of beta, particularly with regard
to what the consequences would be to take
steps to avoid this sort of thing. Would you
please give us the benefits of your remarks.

Mr. Linpwary  (Army Chemical Center).
My comments on the beta hazard are being

143
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made not from the point of view of a biologist
. or physicist, but someone who has been exposed
Lo Army operationsl requirements concepts, and
thinking over the past few years in the field of
radiological defense in general.

My ‘feeling is that many of the practical
problems of radiological defense of which beta
is oné can be resolved most successfully by a
‘joint attack on the problem by research people
and the operational people with the research
people providing the basic information. Where
the operational people provide their capabilities
and limitations, which serve in many cases as a
framework in which part of the research and
development effort at least should be directed
to provide solutions to these very simple
problems. This is no more apparent than in the
case of beta hazard. I think if we assume for
the moment that as a result of the studies that
Col. Brennan recommended as to the beta
hazard, let us assume that they proceed to the
point where they indicate that in & fair number

- of tactical or practical situstions in the field,

there will be a beta hazard relative to the
gamma hazard.

The very real operational problem then comes
to the fore is, do you have to assess this hazard
in the field, and i you do, how do you go about
doing it? There are two schools of thought on
this particular problem. One says that youm
have to have beta detection capability or
measuring capability in the field, and the other
school says the way to approach this thing is to
do some research and development based on
simplified geometry situations, and by means
of gamma measurements plus factors based on
field geometry, you can come up with a fairly
decent estimate of what the beta hazard will be
in these various situations.

The question as to which approach should
be taken appears to be dictated at the present
moment by operational limitations, rather than
technical limitations, If you can assume for
+ the momernt that you do have radiological
- equipment which can give you information by
" meatis of & beta window reading, or what have
vou, it still brings up the point of how many of
* these instruments will be required to give you a

meaningful reading. The Armny can only sup-
port so many of these instruments, and so many
different types to do a given survey job.

At the present time their concept is that two
gamma measuring instruments per company
will give them an indication of the contours in
the company area. 1 wonder how many in-
struments it would take of a beta detecting
ability to do the same thing in view of the fact
that you have such marked variations. In the
beta hazard part of this thing, there is so much
variation of the beta dose within a given area,

if you are going to get a meaningful survey, it

seems to me you would have to take an awful
lot of instrumentation to do it. If you were
going to use beta detection for the other type
of beta hazard, the point contact which results
from persounel contamination, again the ques-
tion comes if you take a simple company with
250 men distributed in a forward area, how do
you go about monitoring every individual,
finding out whether he is contaminated, and
to what level?

There are other practical limitations, and
that is the availability of personnel to do the
monitoring. The present concept in the Army
is that monitoring will be taught as part of the
basic soldierly skill. It will be taught to en-
listed men in basic training. It is not simple
now-a-deys to get enlisted men to do ordinary
simple gamma measuring in the field. The
question of getting meaningful beta readings 1
think is recognized even among people who
know what they are doing as a quite difficult
thing. Just how to interpret an instrument
reading with the window closed and open takes
quite a bit of interpreting.

Then the last consideration as far as the prac-
tical limitation is concerned is that we know that
the instrument can do rugged work. We know
even in the hands of technical people these
windows have & habit of being punctured. If
vou distribute these types of instruments to
personnel in the field, you stand a very good
chance of winding up with no beta detection
capability but without any gemme instru-

" mentation as well.

I think certain operational capabilities and
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limitations must be thrown into the pieture
fairly early in the game so it indicates the di-
rection in which the research and development,
effort might be more profitably directed.

Col. BrenxaN. Thank you. That was very
illuminating. Certrinly no one can say in view
of the Marshallese and the other data are avail-
able that there is no such thing s a beta hazard
as we used to think. The answers to the prob-
lems that Mr. Lindwarm poses certainly T don’t
know. T suspect from an efficiency point of
view, the Army and the Armed Forces and the
Civil Defense people should emphasize prophy-
laxis with regard to beta rays. The Mar-
shallese tend to maximize this information for
us by wearing fow clothing, living out of doors,
a hot climate where they perspire and so forth.
One can look at this and realize the undesira-
bility and seriousness of it, and perhaps take
care of it by enforcing simple measures, keep
your sleeves down, your helmet on, don’t go
in contaminated areas, and so forth.

The point contact can largely he avoided for
at least military personnel by simply battlefield
hygiene measures. The external beta com-
ponent, whether this has to be allowed for or
routinely measured or measured once in a
while, T think it is impossible to say at the
present time without more experimental data,
and a good deal more development of doctrine
and philosophy. I think the beta problem is
going to be with us militarily and civilianwise
for quite some time. .

There are many, many industrial hazard
situations in which the beta hazard has likewise
been sort of shoved in the background, and not
solved, because it was hard to approach.
There are many instances in which you have
insoluble particles in the air, many industrial
hazards that are regarded as gaseous and
liquid, which are really not. If the truth were
known they are particulate and give the point
contact for a beta hazard if they are inhaled.

Does anyone have any further comment?

Mr. Greexe (FCDA). For some time we
have felt that there was a need for making beta
measurements, especially for certain types of
civil defense operations. The most obvious

that I can think of would be rescue workers
who are working in debris and who would have
their faces and hands close to the sources of
radiation. Tt would certainly be important
for them to know whether they are working in
an area that actually has the contamination
in the debris where they are working or whether
the main source of radiation is from the outside,

From that standpoint we have felt that
there is a requirenient for the measurement—
and 1 use the term rather loosely—of beta
radiation and we have incorporated that into
our specifications.  We actnally have an instru-
ment that is now beginning to come off the
production line which measures beta. The
problem of fragility is certainly a serious one,
We therefore have not attempted to have a
beta window as thin as the 7 milligrams per
square centimeter that one might ideally want.
What we have doae is used a thicker window,
and from work in Nevada, and work with Dr.
Failla, we believe we can get a portion of the
beta radiation which is relatively constant with
time and from that portion with calibration
curve get some idea of the total beta radiation
dose.

Mr. Linpwarm. This fight has been going
on for so many years that it is funny. I
question the requirement. why you have to
know you are operating in a contaminaled area.
You have a gamma reading to tell you that.
You mean if vou find beta, you will take gloves
off or if there is none, you will take them off.

Mr. Greene. You are working with the
Chemical Corps. You ought to know more
about it than anybody clse. I was talking
about your face and hands. Tf you are working
in rubble, you are close to the debris and your
face is close to it.

Mr. Lanpwarym. I doubt that there would
be any requirement at any time if you are
doing emergency rescue work to go in with a
gas mask for the simple purpose of protecting
vour face. As soon as you got out you would
wash your hands and face.

Col. BRENNAN. Is the gas mask to protect:
from inhalation?

Mr. Greene. 1 was thinking of a mask to
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protect against the radiation. Mavbe it would
not be a gas mask. This illustrates our difficulty
of working with your face covered.

Mr. Lanpwars. 1 wonder about the payoff
of this thing., There are lots of things yvou can
do about it. The question in my mind is just
what the payofl is when you go to the trouble
of putting in something like that that might
wind up giving you something useless in the
long run.

Mr. Greexe. Let me mention that if one
does use an jounization chamber at atmospherie
pressure, and it is not punctured, yvou can still
use it. [ think we better fight this out some
other way.

Yol Brewnan, This is & very interesting
angle and the whole point of looking at this.
Does anybody have any other comments?

Br. Morgax (ORNL). 1 didn’t want to get,
into this argument, but 1 recall away back in
the Bikini days that they threatened to throw
me overboard unless 1 kept my mouth shut and
quit complaining about the beta-gamma ratio.
Finally they gave me a crew of men and we
went out and made measurements and as I
indicated before on the topside of MFT ships,
we found values as high as several hundred. In
one case it was as high as 700. 1In such a situ-

ation it was common practice for the fellows
to sleep topside with little or no clothing on,
and if they relied completely on the reading of
the gamma instruments, say 1 v per hour, and
slept there through the night with 700 1 per
hour, they would have had quite a nice ery-
thems and would have ended up with uleers
and other difficultics. %o 1 began then the
argument that under certain situations it is
quite vital that we do measure the beta-
gamma ratio or measure the beta dose even
though it iz » difficult job. We do it in the
laboratory under all types of conditions. It
can be done. T know that there are some prob-
lems but just because s job is hard to do, 1
think is no reason why vou should run the risk
of macrificing the lives of people.

Col. Brexwan. 1 certainly would agree with
that. TIn general, then, the responsive action
would be to either protect against it in terms
of clothing or time or geometry, and be very
sure you have good protection or if you can’t
do that, you are pretty much committed to
measure it. At least measure it often enough
1o control the hazard, however difficult that
may be. That is at least the direction one
ought to go.

Topic V
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INTERNAL DOSE FROM SITORT-LIVED
RADIONUCLIDES

The National Committee on Radiation Pro-
tection (NCRP) and the International Comnyis-
sion on Radiological Protection (ICRP) set
the nationzl and international standards for
radiation protection. One of the important
assignments of these organizations has heen
the establishment of the maximum permissible
body burden, g, and the maximum permissible
concentrations, MPC, of the radionuclides in
air, water, and food. To the present time only
q and MPC values for continuous exposure o
the radionuclides have been published in the
NCRP' and the ICRP? Handbooks. Values
for single exposure are heing considered but it
will probably be several years before final
agreement. is reached on a set of values.

The ICRP Handbook, which was published
about two years after the NCRP Handbook 52,
differs in some respects from the earlier pub-
lication. Perhaps the most important change
was the incorporation of MPC values based
on the G.I. tract as the critical body organ.
The importance of this is emphasized by the
fact that of the 355 MPC values listed in the
ICRP Handbook, 71 percent for ingestion and
41 percent for inhalation refer to the G.I. tract
as the critical body organ. The bone is the
second most inportant body organ and is the
critical body organ for 11 percent of the MPC
values for ingestion and 28 percent of the MPC

t Handbook 52, “Maxlmumn Permlxible Amounts of Radioisntopes
In the Human Body ond Permissible C ions fn Alr

values for inhalation. The G.1. tract was not
included as a critical body organ in Handbook
52 because at the time of the publication of
Handbook 52 radiation damage per roentgen
to the G.I. tract was considered less significant
than that to the other body organs and because
insufficient data were available to estimate
the absorbed dose and corresponding hazard
to various portions of the G.I. tract. When
Dr. E. E. Pochin? furnished to the ICRP
Committee data on the mass and time distribu-
tion of material in the G.I. tract, it became
evident that the G.I. tract receives the greatest
absorbed dose from many of the radionuclides.
The lower large intestine is the critical portion
of the G.1. tract for all radionuclides considered
in the ICRP Handbook with the exception of
Mn* and F? in which cases the upper large
intestine and stomach are the critical portions
of the G.I. tract, respectively. The lower
large intestine is usually the critical portion
of the G.I. tract for three ressons:

1. Only radionuclides with & radioactive
half-life greater than 1 hour were considered
in the preparation of the ICRP Handbook.

2. The contaminatedd material remains in
the lower large intestine 18 of the 31 hours
that it ig in the G.I. tract,

3. The mass of material in which the radio-
nuclide is diluted and to which the radiation
dose is delivered is relatively small, i. e,
150 g in the lower large intestine, 250 g in
the stomach, 1100 g in the small intestine,
and 135 g in the upper large intestine,

and Water,” by National Cormmittec on Radiation Protection, National
Bureau of Standards, Washington, 1), C. (1953),

2 TCRP Handbook, “Recommendations of the International Com-
mission on Radiologieal Protection,” 8r. Jr. of Radiotogy, Supplement 6,
British Institute of Radiclogy, London (1855).

3 Private Communication from E. B, I'achin, Director, Depariment
uf Clinfeal Research, University College Hoxpital, Medieal School,
Unlyersity Street, London, W, C. 1., Great Rritain, to K. Z. Morgan,
fated Octnber 9, 1853,
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Therefore, most of the absorbed dose (in ergs/g
or rad units) is delivered to the lower large
intestine in the case of the radionuclides with
relatively long half-lives which are listed in the
ICRP Handbook. The material spends 1
hour in the stomach, 4 hours in the small in-
testine, 8 hours in the upper large intestine, and
18 hours in the lower large intestine. Jf
radionuclides of shorter half-life are considered
in future publications and if MPC values are
given for single exposure, we may expect other
portions of the G.I. tract to become the critica!
hody tissue. In the present ICRP Handbook
the assumption is made that the fraction, fj,
of the radionuclide passes through the small
intestine into the blood so that only (1—f;)
reaches the upper and lower large intestine.
Therefore, if vadionuclides are cousidered in
which f=¢1, the critical organs are unlikely
to be the large intestines.

Although no official MPC or q values for a
short period of single exposure have been
agreed upon, unofficial single exposure values
have been adopted by some of the laboratories
working with eertain of the radionuclides in
order to aid in assessing the hazards associated
with aceidents or “spills.”” Previous attempts
have been made to prepare tables of MPC
values for single exposure. Tables of MPC

_ values of some 80 radionuclides were given for

two cases: 1. The radionuclide is taken into
the body by inhalation or ingestion over a
24-hour period,t and 2. The radionuclide is
taken into the body by inhalation or ingestion
over an 8hour period, or by way of g con-
taminated wound® None of these single ex-
posure values has official status.

1t is to be expected that single exposure values
will be included in the Internal Dose Hand-
hooks in the near future. Table I is & sum-
mary of the single exposure data given at the
Conference on Peaceful Uses of Atomic Energy
in 1955 at Geneva® Single exposure values

t Morgan, K. Z. snd M. R Ford, “Developments in Tnternal Dase
Detorminations,” Nueltonics, Vol. 12, No 4, §2 (June 19541,

s Morgan, K, 2., W. R, Snyder, and M. R. Ford, “Masbmum Per-
wissibly Comcentration of Radlonuclides in Air and Water for Short
Period Exposure,™ Internatfonsl Conferener nn the Peaesful Uses of
Atomie Enagy, Geneva, Switeerland (1055).
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were given for 5 different sets of assmnptions:
1. Soluble radioactive material is inhaled;
2. A wound is contaminaled with soluble radio-
active material; 3. A wound is contaminated
with insoluble radioactive material; 4. Insolu-
ble radioactive material is inhaled with the lung
as the eritical body organ; and 5. Insoluble
radioactive material is inhaled with various
portions of the G.I. tract as the critical body
organ. The caleulations were made for three
criteria relative to permissible exposure and
only the lowest maximum permissible values
are listed in Table I, The three assumed per-
missible exposures were 0.3 rem/wk, 15.7
remfyr or 150 vem/70 yesrs following the
exposure, We should note that in Tables I
and JI the 0.3 remjwk is the limiting case-—
gives the smallest maximum permissible
values —with the exception of 5 bone-seeking
radionuclides (Sr%+4Y%®, Sm®™', Ra®® natural
thorium, and Pu®) in the soluble form. In
these cases, 150 rem/70 years is the limiting
case. In the ease of a wound contaminated
with insoluble radioactive material it was
assumed that all the contemination remained
in 1 mg of tissue at the wound site. In the
cases of inhalation of radioactive material, the
uc values given in Tables 1 and II correspond
to the amount of the radionuclides initially
present in the air—for example, as the result of
an accident—which if inhaled over a period of
8 hours would deliver the indicated dose. The
radioactive material decays with a half-life T,
in this period, 1. e., both before and after inhala-
tion, and is eliminated with a biological half-
life T, while in the body. In the case of a
wound all the radioactive contamination enters
the wound at time zero. Values were not given
in the Geneva paper for ingestion because
experience had indicated that in cases of single
exposure, inhalation in general presents a much
greater hazard than ingestion. However, in
some accident eases one may be coneerned with
the ingestion problem and so Table II is added
{o give the we that are considered permissible
to ingest in an 8-hour period. Tables T and 1T
list values of ue present initislly at the time of
an aceident, e. g., spill, explosion, failure of a
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8 - {03 8 012 0.3, 8 LEXI0- {0.8) 0.2 €0.3) 6.4X10- (0.3, LLI)
& Atpdr.. . ©.3,T) 53107 (0.3, TY 18X10- (0.3) 31 ©.3) 2.4 0.3, 8)
88 Roie4.559%, dr. 0.32 {150, B) oar (150, B) 5.3X10-0 (0.3) 2.8X10-7 (0.3) 5.1X10-2 (0.3, LLI)
8 Aopdr. 4.7X107 (0.3, BY 1.2X10-2 (0.3, B) 2.8X10~¢ (0.3) 2.1X102 (0.3) 1 (0.3, LLI)
“ 2.6X10- (150, B) 6.710-( (150, B) 2.3X10-* (0.3) LeX10-7 (0.8) 0.03 (0.3, LLY)
0 77 (0.3, B} 19 ©8. B) 1.1X107¢ (0.3} 8.3X10*(0.3) 44 ©.3, LLD
1Y 37X102 (0.4, K) 8.7%107 (0.3, K} 2.1X10-% (0.3) 7.3XK1072 (0.3) 0.4 0.3, LLI)
o 0.43 .3, B) 7.1X107 (0.3, B} LIXI10-4 (0.8) o ©.3 7.6X10-1 (0.3, LLD)
B 20X10-2 (180, B) 5.2X10% (150, B) 1ax10- (0.3) 043 03) 7.1X10-2 (0.8, LLY)
8 .33 ©3,B) 8.4Xx10-1 (0.3, B) LEXI01 (0.8) 012 0.3} 6.7X10-1 (0.3, LLI)
9 .| 0.28 .3, B) 7.6X104 (0.3, B) LeX10-+ (0.8) 0.1 0.3 6.0x10 (0.3, LLD

1 The values pe inhaled (as given in columns 8, 6, snd 7} can be converted to MPC in gofee of alr by multiplying by 107,

£ TH-total hody, B—bone, Ffat, sk—skin, M—muscle,
ULI-upper large intestine, 8~stomach, 87~ small Intestine.

se—-gpleen, L-lver, K —-kidney, Bl--blood, T--thyrold, LLI--lawer large [ntestine,
The letters plven in parentheses indicate the eritical body organ.

#The s in column 2 indicates dsughder products that are isomers in an excited state,
NorE.—The 0.3 or 150 in paretitheses refers to the limiting doso rate of 0.3 rem/wk or 150 rem/70 yrs—whichever gives the smaller maximum per-

missible value.

chemical hood, ete., which if inhaled (Table I)
or ingested (Table 1) for an &hour period
wordd result in the indicated dose. The values
in Table I, columns 3, 6, and 7, can be con-
verted to MPC in pefee of air by multiplying
them by 1077, The values in Table IT, columns
3 and 4, were converted to MPC in pefec of
water hy dividing them by 1,100 cc. These
values of uc/ee of water are entered for con-
venience in columns 5 and 6 of Table IT.

It is to he noted that maximum permissible
values for wounds contaminated with insoluble
radioactive material are several orders of
magnitude smaller than the values for the
other c¢ases. This should serve to cmphasize
that perhaps contaminated wounds are the
greatest radiation hazard in the laboratory.
However, when applying this information to
the problem of fallout material from the testing
of nuclear weapons, it is probably safe to
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Tanrg IL~MAXIMUM PERMIRSSIBLE OCCUPATIONAL EXPOSURE

Single Exposure Values for Ingz’stinn of Radionuclides

2 Isotope

m e

Ingestiom of solubke
radionetlve  mate-

ral  (ue  inltially
available to be in-

oording 8 hret
(2]

gosted dlmng sue-

Ingestion of insoluble
JLH netive  mate-
Gue  Indtially
:w:]ﬂal\l(* {0 be in-
gested dming sue-
ceeding & hrsh

[

Ingestlon of solulile
rll(ilml.{‘ti ve  Tnate-
in) lpuLC i witer
Ingestes) in & hrsy

()

1 (T0 or I19,0)..

21 | Sewo ...

1IX100 (03, TB)
L7XM0" (0.3, B)

)
.| 22102 (8.3, TB)

53 03, B)

-] 4.3%102 €0 3,560
-| 28x102 0.3, TBY
o] 2512 (0.3, M)
NEn 0.3, By
{Lﬁxw‘ 0.3, 5

LIXIN (0.3, L)
{a.sxu)‘ 03,5

“|lraxion ©3, 1)

33104 (0.3, 5}

"TH3.0X10 (03, L)

14X10¢ 03, B)
SIXINM (03, K)
{&sxwl 03, K)
L4X10¢ (0.3, 1)

-{ 8.8x10t (0.3, B)

(03 By

.| 6.5X10% (0.3, L)
oo ©.3, 1)
3 12xI0% (0.3, L)
-1 35X (0.3, B)

5.5X104 (0.3, B)

- 23X (0.3, K

3810 (03, K)
LIXIO (0.3, M)

{88 w©am

44 (W, B)

| 7.6%102 (0.3, B)
- 641 (0.3, B)

16108 (0.3, B)
0.3X104 (0.3, B)

.| 47x102 0.3, K
Jwe ek
] 283 0.3, K
.| 28x102 (0.3, X0
| 4.0X106 0.3, L)
d1e 03,1

LEXI0¢ (0.8, L)
2.7X10¢ (0.3, B}

| 1Bx100 (03, K»
.| 82107 0.3, %)
Jos 031

1.1X102 (0.3, M)
25 {03, B)
7.0X10¢ (0.3, B)

o 47200 (03, B)
.| 48X102 (03, By

BOKIM (03, BY
431X105 (150, B)
2.6X10¢ (03, B)
9IXI0¢ (03, B}
9.5XI0 (0.3, B)

See footnotes at end of table.

8IXIM (0.3, By

7HEXI0! (0.3, LLD
2 (X107 (0.3, LL1)
BRX102 (1.3, LII)
LLXIB (0,3, &

36 (0.3, 81

12 (0.3, LLIY
100 1.3, LI
LAXI0? (03 LLD
61 )

2.8X108 (l‘l , LI

}5,8 (0.3, LLI)

}13 ©.3, LLD

}6.7 ©.38, LI

44 (03 LLD
21X (0.3, LLI)

} 50 0.3, ULD

1s><1m(oa LLD
0.3, LLD
m 03, LLD
5% (03 LLD
& (08, LLD
31 @3, LL)
66 (03, LLD
24X104 (0.3, LLT)
a4 (@3, LLD
81 0.3, LLI)
u ®3,LLD
1B {03 LLD
41 03 LLD
10 (03 LLD
% (0.3, LLD
45 0.3, LLY)
15 03, LLD
L7 ©3,LLD
4 (0.3, L1D
T 0.3, LLI
59 {03, LLD
69 (03 LLI)
81 0.3, LLI)
28 ©.3, LL1)
1 (0.3, LLI)
38 (0.3, LLL
18X102 (0.3, 8T}

8.1 .3, LLI}
35 0.3, 1LY
12X (0.3, LLI)
6.9 0.3, LLD
63 0.3, LLI)
7.5 0.3, LLI)

.18 (0.3, LLD)

w 0.3, TH
LEXI (03, B)
0.31 ©.3, F)
&4 ©.3, B
g (3, TB)
L3t 0.3, B)
039 03,k
.25 ngTH)
0l WM
49X (0 3, B

{ 1 @.3,9)

15 0.3, L)
{c.z ©.3,5)

A 0.3, 1)
30 0.3,8)

27 ®3, Ly
13 ©3, B
52 0.3, Xy
{0.(1 .3, K)
13 ©.3, 1)

089 (0.3, BU
02 03 BD

05 (031>
91 (0.3, 1)
L (0.3, 1)
3.2 03, B
5 (.3, B)
21X @3, K
35 03 K)
010 (3, M)

8410~ (1.3, B)
40X10-1 {150, B)
68 ©3, B)

58 3, B
ALY ©.3, Bl
85 ©3. B
043 03, K
1 03, K)

0% 08, K
025 W3 K

36 03, L
9 ©3, L)
17 {0.3, L}
2% 034, B)

14 3, K)
047 (03, K)
18104 (0.3, T)

vl 03 M)
2.3%16+2 (0.3, B)
64 @3, B)
43 0.3, B)
4.2 03, B)
82 .3, B)
3.7x107 (150, B)
2% ©3,B)
3 .8, By
5.6 (0.3, B)
[ (0.3, BY

Ingestion of insolunle
radloactive -
Hal (uofee - water
Ingested during &
W75} !

68 ©.3, LLY
.24 0.3, LLD
0K (0.8, LLN
10 0.3, 8}
3.8X10-1 103, 8T)
111072 (0.3, LLI)
B1X10-2 (03, LLY)
0.16 .3, LL1)
5.5X10-2(0.3, 8)
0.25 0.3, LED

}5.3><|n-’ (0.3, LLD
}mxw-: (0.3, LLI)

}5 2X1074 (0.3, LL)

4.0%10-3 (0.3, LLI)
1128 @3, LLE

4.5 102 (0.3, ULI

17 02,100
3910~ (0.3, LLD
6310~ (0.3, LLD)
5.4X10-% (0.3, LLY)
63X10-2 (0.3, LLI)
28X10 (0, a. LLD

31107 0.3, LLD)
7.4X10-2 (@3, LLD
0 (03, LLD
12101 (0.8, LLD)
47X 0.3, LLID
.3X103 (0.3, LLD
28%10- 0 3, LLL)
41%10-2 (0 3, LLI)
14X10-1 (0.3, LLI)
1.5X10-3 (0 3, LLI}
1.3X10-? (0.3, LLI)
6.8X10-2 (0.3, LLI1
5.4%10- (0.3, LLI)
63X (@3, LLD
7410 (0.3, LLD
2.5%10~ (U3, LLL
10t 0.3, LLI)
BAXUIFS (0.3, LLD
016 {©3, 8T}

013 0.3, 811

4.0%10- (0.3, LLE
8.7%X1073 (0.3, LLI)
1.6X10+ (0.3, LLI)
7.4X107 (0.3, LLD
3.2X10- {0.3, LLX)
0.11 0.3, LL)
8.3x10-# (0.3, LLI)
BIX10- (0.3, LLY)
6,810~ (0.3, LLE}

1.6x10~ (0.3, LLD
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TapLe [L-MAXIMUM PERMISSIBLE OCCUPATIONATL EXPOSURE-—Continued to™!
. T
Single Exposure Values for Ingestion of Radionuclides [ ! ! I i f
e e s e e - — LLI ]
Ingestlon of soluble | Ingestion of nsolubls . _/_ e i i
radloactive  tnote- dicictive  mate- | Ingestion  of soluble | Ingestion of insoluble - e e o T J
% Isotops l (e ioltlally | rlal  (ue Initially | rsdimactive  soate | eadiackive - omate =
available to bo in- | avaflalie to be - | sl (ueiee in water | alal (ol In water | -
zested during suee | gesiod during sue- | ingested InKhons)t | fugested  durlog 8 ; t T
ercding 8 hrg) ¢ eerding B hrs)l Tieey I 1
w @5 &) “@ s I | : b
e I : - 1
B 18X100 (0.8, L) s 031D |18 ©.3.1) 683107 (1.3, LLT) ? 4
k23 28X (03, BI 10 0.3, LLD 25 .3, By ALXI0- (1.3, LLI} '
LAXI0! (0.3, T) 13 4T y .
[ 73%105 (0.3, sk) !.’n 0.3, LLI) 06 %8k }2.8)(10 2 (1.3, LLID : L—’ .
4.0X10t (0.3, K) {u-m ©.3, K) } .
AT . S ok was }m o310 |07 o 4.610-2 0.3, LLI) g
58 ©3 K) 4 810-2 (0.3, K) P -
L [ ST T RS | roy W ol {r.ﬂ .3, LLD {OM Py }n.sxm-« ©.3, LD -
7 | pewi_. e ©s, K n 03, 1L |01 08 K) 0t M3, LLD o
% | pom 13X10 (08, K) 13 03, LLL 012 ©3,K) 12510 03, LLD) w 10—
L0 (08, 1) \ 3 081 —
WAL e R 0, B a2 R0 % N POV A }zsxm—x ©3, LLD : z -
81Xt (0.3, L) 0,78 @3, L) y i
70| Auw - . -[i6a P 88 {03, LLD {5 a0 0 1 }a.nxw + 0.3, LLD © -
19100 (0.3, L) L7 @3, 1) b 2 —
» Lt (g, Ko 2 03, LD {n,us o3 5 }z.sxw: 03, LLD) | z
3 400 (03, M) 1 ©3,LLD 040 08,30 17X107 (0.3, LLD) i p— J
LY LIX10Y (0.3, M) L4X10? (0.3, LLI) 14 0.3, M) 013 0.3, LLI) ™
u TAXI0 (0.3, M) 7 ©3,LLL o @3 M 6810 0 3, LLD) 2 |
8t 52X10F (03, M) 17 ©03,LL) o @3 L5X101 (0.8, TLI). w
52| P, 26x10 (03, B) % OILLD |24 03B 26X10-4 (0.8, LLD ©
52 | Pbtgdr 0.42 2% 03, LLD | 88x104 03, B) 2.2X101 0.3, LLD 1 E
8 | Pon... 40 s 40X 03, LLD | 36X1-3 93, 5) 865101 (0.3, LLD) -
85 | Atstifdr T.1X10-2 (0.3, T) 15 « {03, 8 6.5X107F (0.3, T 14X10-* (0.3, §) ( @
85 | Roomy550% o Cest amm JIXW2 0.3, LD | 4910 (150, B) 28X30°8 (0.3, LLD o 90 90
w0 | Aemar f 0z 0.69 03, LLD | 35X10 03, B) 63X10~ (0.3, 1.LD € Sro+Y
% | Thenat. Ldia 5 LOXI0° (0.3, LLD | L2X10°8 (150, B) LIX10-5 (0.3, LLD ©
w0 | Thaepy 39XI0 (0.3, B) 28 O3 LLD |35  (03,B) 26X108 0.8, LLD « Ro284 Ac®2® .o
w 1% ©3, Ki LKA LLD | 14X107 (03, K) 27X105 (0.3, LLD =
@ 22X10 (0.3, B) A% 03 LLD |0 03, B) 4310 (0.3, LL1) £ 144
" 36 50, B) 44X107 (0.3, LLD | 38X107 (150, BY 40510 (0.8, LLD w Pr R R
o 2100 03, B) L2x10 03, LLD) [0 (A B 38X10°1 (0.3, LLD 17
% w03, B ARXIEO3, LLD | 016 ©3,B) 3.5X104 (0.3, LLD | g (S) Stomach
1T Be~total hody. B-- bone, F~fat, sk-- skin, M- muscle, s- -spleen, L- tiver, K -kidney, Bl—hlood, T--thyroid, 8—stomach, SI--small tntestine, ] (s} Small Intestine 1
U LI—-upper large intestine, LLI-lower large intestine. o {UL1) Upper Lorge intestine 4
5 Tha s in column 2 indicates daughter products that are 1S0mers in an excited state. (3
Nore.-~The 0.8 6r 150 In parentheses refers to the llmiting dose rates of 0.3 rem/wk or 150 rern/70 yrs—whichever glves the smaller maximutn permis- Q (LL') L.ower Lorqe {ntestine
sible value. The letiors given in perentheses Indiente the erftical body organ. ¢ ‘8 1
L g
sssiume that the risk of damage from con-  swallowed (62 percent for inhalation and 100 | i
taminated wounds is relatively unimportant.  percent for ingestion) and that it irradiates i
Ip most. cases the inhalation of insoluble radio-  various portions of the G.I. tract in direct l
active material gives lower maximum permissi-  proportion to the time spent in each section. ! H
ble values than inhalation of soluble radio-  Some of the radioactive material passes through .
active material. Usually the lower large intes-  the wall of the small intestine determining a C
tine is the most critical portion of the G.1. tract  biological half-life. In case daughter products ' : | | | | | l
except where radiopuclides of very short radio-  are produced, their contribution to the absorbed 10 o p ry 12 m 35 34 28
" active half-life are considered or where fiz21. dose is included. ’
In the cases where the G.1. tract is the critical Figure 1 indicates the absorbed dose distri- | TIME IN THE GI TRACT (Hours)
organ (eolumn 7 of Table I and columns 4 an_d bution in the G.1. tract for three eases, S Y":é , Fraure 1.—~Time in the GI tract (hours).
6 of Table I1), it is assumed the material is Ra™4 Ac® and Pr'*t. 1n the case of Sr®+4Y / .

448020 O—B8—~ 11
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the absorbed dose delivered to the stomach in
1 hour is small. The absorbed dose in the top
portion of the small intestine is the same as
that to the stomach, but decreases during the
4 hours there due to the 60 percent uptake into
the bloodstream. The absorbed dose to the
Jarge intestine is much greater than that to the
small intestine because the radioactive material
spends 8 hours in the upper and 18 hours in
the lower large intestine compared with only
4 hours in the small intestine. Also, the mass
of material in the upper or lower large intestine
is about one-eighth of (liat in the small intestine
(Mp=150 g, Myu=I[(35 g, mg=1100 g,
Myeomen==250g).  Tu the case of Ra* the 6-hour
daughter, Ac®, makes a large contribution to
the dose. The rise in the dose in the small in-
testing is accentuated by the fact that the
effective energy of Ac?® is 80 times that of the
parent, Ra?® and there is only 20 percent
absorption from the small intestine into the
blood. The slow rise in the ahsorbed dose in
the upper and lower large intestines in the case
of Si®4+-Y% and Ra®-4Ac®™ is the result
of the growth of the 61-hour Y¥, and 6-hour
Ac?® respectively. In the case of the 17.5-
minute Pr44 the absorbed dose is delivered
mostly to the stomach. The dose to the large
intestine is negligible because Pr'* passes
through 17 radioactive half-lives in the stomach
and small intestine.

The foregoing tables of MPC values may be
useful in dealing with hazards associated with
the fallout material from the testing of nuclear
weapons as well as the contamination resulting
from a laboratory spill or accident. However,
many of the radionuclides of great interest that
comprise fallout during the early periods follow-
ing the detonation of an atomic weapon were
not included in these tables. There are many
factors that determine the type of fallout
material from the detonation of a nuclear
weapoen, e. g., height of burst, distance from
ground zero, type of weapon, weapon yield,
meteorologicel conditions, ete. Likewise it has
been found that there may be factors (physical,
chemical, and biological) which tend to frac-
tionate and concentrate certain of the radio-

nuclides.  For example, at the first Bikini
underwater test I made a number of surveys on
the target ships and nearby islands of the 8fy
dose rate ratio and found it to range from 1 to
several hundred.  This high 8/y dose rate ratio
was, in part, a consequence of the fact that on
the. average there are about twice as many
beta particles as gamma rays emitted per
disintegration of the U-fission mixture, and
most of the beta particles have a range of less
than a meter in air whereas a large fraction of
the gamma photons have a range in air of
many meters, i. e., the fraction of photons with
an absorption coefficient X that travel a distance
greater than x is given approximately by the
equation (1—e>). In addition, many com-
mon materials such as tar, resin, rust, paint,
metals, ote., seemned to retain selectively certain
of the beta-emitting radionuclides. Under cer-
tain circumstances this fractionation may be of
considerable importance because overexposure
to beta radiation can lead (o serious erythema,
burns, ulcers, and even death. Yet the most
commonly used ficld survey equipment is
designed to measure the absorbed dose from
relatively hard gamma radiation and may give
little or no response to beta radiation. Follow-
ing the test of a thermonuclear weapon by the
United States in the South Pacific in 1954, the
more serious cases of radiation damage among
the natives and operating personnel from the
United States resulting from contact with the
fallout materials were the consequence of
exposure to beta radiations. It is sometimes
stated that beta exposure is of little importance
compared to the gamma dose from fallout
material and that one would have to be partly
naked or lie prone on the ground before the
beta exposure should be a matter of concern.®
T do not agree with this point of view and dare
say some among the Marshallese, the Japanese
fishermen, and the Americans who received
painful and disfiguring bets burns as a conse-
quence of exposure to fallout material in the

“Bouth Pacific would not be inclined to under-

estimate the seriousness of exposure to beta

*The reader is referted 1o the final summary of this Conference by Dr.
E. P. Cronkite.
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radiation. In any case, the record should
speak for itself- mamely, the damage to man
and animals (cattle, horses, deer, etc) that
has been observed from the fallout material
from nuclear tests to date has resulted not from
exposure to hard gamma radiation but from
axposure to beta radiation. In assessing the
hazard from fallout, therefore, one must be
cautious not to overlook the seriousness of
exposure to beta radiation, and one should not.
rely on a theoretical estimate of the isotopic
distribution or one should not reach final
conclusions regarding the radiation hazard

unless measurements have been made of the
absorbed dose from 8 and soft v radiation.
Having called attention to the many factors
which may change the isotopic distribution, I
have risked setting up Table III which lists
the more important U-fission radionuelides that.
would be present as a function of time following
the detonation of a weapon if there were no
fractionation. The radionuclides are listed in
order of decreasing availability (assuming no
sclective deposition or separation of the radio-
elements) for 5 time intervals—1 hour to 1 day,
1 day to 1 week, 1 week to 1 month, 1 month to

Tagee I ~-AVAILABILITY OF U-FISSION RADIONUCLIDES

(Listed in order of decreasing yicld)

t week to | month

1 month to 1 yeur 1 year to 70 years

Yield Redionuellde Yield Radionuelide Yield

T hour to ! doy 1day to 1 weck
Radionuctde Yiekd Yield

559 | Mo™....._.. 360 { Lo ___
519 | Ce® 360 | Bawe |
458 | Nb¥ .| 250 | Prie __
454 | [ Z| 241 | Cert_ ..
451 ) I - 237 | I
444 oo 228 | Naw_o ...
427 | Tew | 228 | Zr%. .
423 | Bavo_. | 160 | Yo _
414 | Lave.. J 128 | Srfe__
387 j pa_ .. -] 122 | Mo,
376 | Pri®. . -{ 111 ] Ru®.
368 | Y™ o] 1i0 ) Rhe_
351 | 8. - 96 | I8z |
314 | P . 92 | Tewz__ __
294§ Ndw.__ 77 | Cbes,
250 | Rhts_ - 70 | Ce .
233 | I - 48 | Pr_
222 | Cewt. - 40 | Cexd_
206 | Zx*t.. - 39 | Pmw_
164 1 Y9 - 37
163 | vor 37
161 | Br*. . e 35
126 | Ru® .. .| 32

72| R . 31

TU| P, 17

70

67

61

37

34

2

wwn] 887 | Nb% | 585 8. . .} 430
298 | Zrs_. 433 | Yoo 430
284 | Y91 374 | Cst7. 406
J|o216 | Spfe 311 | Bawi_ 406
ceeeo| 160 | Cew .| 284 Pm®™._._ .. 215
128 | Cews. .. .| 271 214
127 | Prws 271 214
122 | Ru® | 197 4
109 | Rhio__ 189 31
102 | Prie__ 154 . 27
96 | Lave___ 150 { Rhtos_ 27
93 | Bawo | 135 | Zre. . 14
87 | Pm¥7 . ... ;2 Yo | B o
. 79 | Ndw.___.. O | B L 4
R 41 | Qe L. 34
28 | Rulee, 22
28 | Rhios_ 22
14§ Sre 13
o] 120 Ye_ 13
Ceb7_ 3 10
Bat______ . 10




THE SHORTER-TERM BIOLOGICAL HAZARDS OF A FALLOUT FIELD

Critical
organ

:

1 week to 1 month

Radio- |
nuclide

tract

Lungsi GI

organ

Tasre IV—RELATIVE HAZARD AFTER DETONATION*+
Critieal

1day to 1 week

Radlio-

tract | nuclide

Critieal | Lungs| GI

1 hour to 1 day
organ §

*In these cases the values of the relative hazard are based on the assurnption that the parent radionuclide is taken into the hody and the d

In the critical body organ contributing its proportionate share of the dose during the indicated time intervals,
**The many volds in this Table indicate where essentlal data are missing and impress on one the desirabilit!

& Critical organ as listed in colamn 3 of table I.

looked.
Summarizing the data available in Table IV,
the radionuclides presenting the major hazard
in each interval may be listed in order of
decreasing hazard as follows:
1 hour to 1 day - (insufficient data}
1 day to 1 week -1 Bal ].a™ Mo®
1 week to 1 month —IB3! Bald Lalo Ppis,
Y, Zr%, S, Qe

1 month to 1 year—Ce®¢, Zr®%, Y9, 191 Nb9,
Bako, 5%

1 year to 70 years Sr%, Cle!, (g7 Ry'™®

DISCUSSION
Karl Z. Morgan

Dr. Laxenay. | would like to give just a
little opportunity for questious to IDr. Morgan,
primarily hecause I have been at two of his
presentations recently, and every time I found
that there were questions to e asked, that we

sHuntzs, H F, aml N. F. Bagtor, “Simultaneous Slow Nentron
Fission of Uz» Atoms. 1. tndividual snd Total Rates of Deeay of the
Fission Products,” Roport A DC-65, April 11, 1949,

*The relative huzardx listed in Table TV do not take mleaccount the

of ceriatn in the food cycle, e, g. the oon-

centeation of Jodine and stronttum in milk, Such factors may increase
the relative hazard from coetain radionnclides.
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5
SE g 2 " a8 = Bol g ¥ yoar, and | year to 70 years. These values  never did really get to him. I would like to
) T T e T T e e g ’ were obtained by summing the integration of  start the questioning by asking, Dr. Morgan,
. § § H } the rate of radioactive decay of each radio-  what do you really feel is the practical signifi-
i i Er T ) ;5‘; X nuclide over each of the 5 time intervalz. Data  cance that you intend to place on these maxi-
‘ w | ER CE , of Hunter and Ballou® were used in making  mwn permissible values caleulated on  the
B - - -l E ! these calculations. bagis of the gastrointestinal tract? Do you
%% :E Table 1V lists the relative hazards* in the really feel these numbers which, as 1 undersiand
=2 3 ) 5 time intervals. The relative hazards were  it, will Jower air in water maximum permissible
. ez % % obtained by dividing values of availability  velues, will he pushed as being the sccepted
©E : £ g i given in Table IIT by the single exposure MPC value over those caleulated from other critical
. I | % values given in Tables 1 and II,. Many voids  organs?

=3 = appear in Table TV, especially in the case of I?r. Moraan. Dr. Langham, 1 should he
g B g 1 the 1 hour to 1 day interval because the MT1PC asking you or Dr. H(mshfn.w or one of the rest
B | EF g f values are not available for many short-lived  of this group this question, rather than you
- E radionuclides. The transuranic nuclides or  asking me. The British on the International

) £ . - . . . .
L] 3 the induced radioisotopes are not included in Commission from the start T think felt rather
HE 3 these tables of relative availability or relative  strongly that we should not make any distine-
53 5 hazard beeause their availability depends upon tion between the permissible dose to the gastro-
°F the type and efficiency of the weapon and the  intestinal tract and to other body organs. This
§ Qes 2 nams e clevation of the weapon at the time of detona-  matter was discussed somewhat in our com-
R e tion. However, their contribution to the  mittee in the carly part of the week, and 1
possible hazards of fallout must not he over-  gathered from the discussion there that the

consensus of opinion is again thal we should
not make any distinetion with one exception.
In the case of alpha emitters, I believe the
National Clommittee feels rather strongly that
the alphas would not reach the mytotic layer
in the lower large intestine, and therefore would
not. constitute a hazard. So with that one
exception, it is very likely in the revised hand-
book 52 that the gastrointestinal tract will
appear as one of the critical organs in many
cases, with the exeeption of the alpha emitters.

As to whether or not this is n safe assumption,
I would rather for yvou or Dr. Henshaw or some-
one else to answer.

Dr. Lanaran. Thank vou. Do we have any
other questions on this subjeet?

Dr. Houtaxp (AECY). T ‘would like to ask
whether there is any plan te incorporate in
these values the variation in radiosensitivity of
the various organs and tissues, that is, to set
up maximum permissible doses on a sort of an
organ by organ basis.

Dr. Moraan, That has been considered. At
present we make a distinetion in the case of
one organ only, that is for the thyroid. We
permit 600 rems per week, rather than 300
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rems per week. The External Dose Committee
makes several exceptions, especially in the case
of the skin. There are many other variations
perhaps that are even more important. For
example, we should have values for the
various chemical forms of the radionuclides.
So there is a lot of work yet to be done and we
will be happy when we finish the present set of
values for about 150 new radionuclides that
wa are including in the revised handbook.

The answer is “No,” in the forthcoming revi-
sion of the Handbook we do not plan to make
any distinction between the various organs with
the exception of the thyroid. MPC values are
hased on two principal criteria: 1), 0.3 rems
per week to the organ, or 2) in the case of
bone seckers, an amount that will give a dose
corresponding to that received from 0.1 micro-
gram of radinm deposited in the bone.

Dr. Laneuam. 1 think it is pretty obvious
that part of the difficulty on this particular
subject centers around the fact that the ex-
perimental biologist and his experiments can
not keep up with Dr. Morgan and his pencil.
One more question.

" C'apt. Benvnerr (BuShips Navy). We are
currently considering adapting our meters to
measure the external hazard to a considerable
extent by not & beta-gamma ratio, but & ratio
of shallow dosage to deep dosage which will
be based on a mean depth of the mytotic layer
of the skin. T would like to ask Dr. Morgan
whether such & meter would be properly used

for contamination hazard determination in
view of varying depths of the dangerous areas
in the internal organ?

Dr. Morean. I think that some compromises
have to be reached in designing instruments to
measure the damage from beta  emitters.
I think the answer to your question is yes, that
such an instrument would be very valuable.
We are doing essentinlly the same thing in the
revision of our film badge, so that we will have
one very thin window that will give us readings
that will correspond very closely to the dose
delivered at a depth of about 10 mg/fem? tissue
equivalent. I think in any monitoring system
one should have a device that will indicate
the exposure from the heta radiation. I don’t
believe this has much dircet relationship to the
beta dose.

1 was not quite sure of the implication here
relative to the internal emitters. Along with
the external monitoring system, one has to
monitor the urine and try to determine what
the internal dose is. 1 am not sure that I got
your question.

Capt. Benwerr. We consider the contami-
nation meter as the device which measures
the probable hazard from internal dossge, and
we wondered whether the standards that we are
setting for, the external meter would be equally
applicable for a contamination meter.

Dr. Moroan. 1 want to look into the de-
tailed standards before I could answer that
question. Perhaps we could get together.

UPTAKE OF TODINE-131 IN HUMAN AND BOVINE THYROIDS
FOLLOWING DETONATION -OF NUCLEAR WEAPONS

By Marcarer R. Waire and Hanoin B, Jones

Unirversity of Californie. Radiation Laboratory, Berkeley, California

Beginning with the finding of measurable up-
take of radioactive iodine (I'™) in thyroid tissue
in the periods following nuclear explosions
{Van Middlesworth 1, 2}, Donner Laboratory
has maintained a routine assay of ' content
of beef thyroids obtained from local slanghier
houses and more recently of human thyroids
which could be obtained on autopsy in the San
Francisco area. The I'"" concentrations of beef
thyroids were reported for 1955 Northern Cali-
fornia and Western cattle (U. C, R. L. Report
3355, March 1956). This report confirmed
the Ven Middlesworth observation and estab-
lished the maximum uptake between March
and September 1955 as 6.4 millimicrocuries of
I'™ per gram of beef thyroid and a total inte-
grated maximum dose to the thyroid of cattle
of about 1 rep for the Spring and Summer of
1955. This activity apparently was the result
of the several detonations at the Nevada testing
site. After the last test in mid-May 1955, the
maximum activity in beef thyroids declined fol-
lowing closely the natural half-life of 1'. Upon
this evidence and the additional evidence of a
prompt rise in thyroid activity following nuclear
explosion, it may be concluded thet beef thy-
roids are in rapid equilibrium with icdine fall-
out. Van Middlesworth has recently shown
that human thyroid ['* concentration roughly
parallels bovine thyroid in radioiodine content,
and that the human thyroid concentration is
less than approximately 1/250th of the cattle
thyroid eoncentration. The times of maximum

iodine concentration in human or cattle thy-
roids enincided.

This report includes 151 human thyroids and
1,000 beef thyroids assayed for I content Oc-
tober 1955 to October 1956, Two periods of
slight T content are recorded in December
1955 and January 1956 respectively, and two
periods of concentration of I'* approaching or
exceeding 1 millimicrocurie per gram of beef
thyroid which appeared in March and May
1956. The activity which appeared in March
died away in detectable concentration in newly
obtained beef thyroids with a half-decline period
of 8 days. The radioactivity which began in
May 1956 maintained a value of 1 to 2,6 milli-
microcuries per gram of beef thyroid during the
entire period, June o October 1956 in spite of
isolopic decay. Presumedly this reflected mul-
tiple additions te the atmospheric level of T,
At all times of increased I’ levels, some cattle
appeared to have low concentrations of I™.
These cattle were usually described as feed-lot-
fed (see Table below). Range-fed cattle during
all periods of collection of samples had the
greatest concentration of 1. Range-fed and
feed-lot-fed cattle differ by a factor of 50 1o 100
in usual concentration. Some feed-lot animals
appear lo have appreciable concentrations of
thyroid 1, but the simplest agsumption to ex-
plain this inconsistent uptake is the lack of re-
liability of information on feeding procedures
preceding marketing of beef.  Additionally
there is the problem of difficult evaluation of

161
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"""'” ""“""“_r“]""ﬁ "M”'T e T“T”"""" S :; &8 lapse of time between last range feeding and June to Qctober 1956
f B oS 3 W 3 rariance 1
| i P p § $T ¢ 3 E slaughter. ;Ims, much (?f .(‘ha variane o.‘ in Bowine thyroids—
; [ EE R Sefs B3 range-fed animals may be iodine decay during ! N )
[ s 3283 F3 the pre-slaughter holding in stockyards. The Thyroids - having more than 1 muefgm:
! 1 £ E kS 3 -is ; cf;t,tle thyroid irradiation for the Hussian explo- P }:{;::Z’ﬁ"
£ETS %2 | sion March 1956 was an accumulated exposure Numher poiind AU w1 TR
y EYEE EJ ! of 0.2 rep (March to May 1856). a8 .. .. 32 L5l 43em 2gm
Togz3 i :5 b An intogral dose for the Bikini tests is esti- 1 (highest 6235 267 43gm ... .
.2 E 8% 3 £ mated as including time from May to October measured
., Yesg = £ 1 1956. During this period the maximum activ- concentration).
Y ; £ § T s% i ities corresponded to 0.010 to 0.028 rep per Median leve] of thyroid 1'% content In range-fed animals
§ g E-E f'?% : day. The average radiation to all rangefed 132 ... ... 1181 0.400 43 gm 27 gm
i ‘?E’g ‘S £ cattle is close to 0.01 rep per day for this entire Median level of thyruid 191 content in feed lot-fod animals
R ORI % period. Thus the maximum exposure of bovine 52 ... . . ... 289 0008 43gm 27gm
3 i% % s s £ thyroid was (June 6, 1956 to October 11, 1956)
L s§%2 FS approximately 1.3 r. Human thyroids—
.. 3 ~§ ﬁé b Human thyroids at all times of collection Avorage onerage
LI % H were in the range of 1/1000th the level of range- Namber Aologeriints et ool
% §,~:§ 2 ; fed beef thyroid I content. During times 68 initimlcount .. . 6.21:+0.83 43gm 16gm
I 3 g §.§ ;.;5 when I'™! content was not detectable in either 68 recount ... 5.183:0. 76
wé §'§ § g §"- humans or cattle, the tl}yroid Aglalnd tissue from difforence. ;6‘;; I-l; (différence ot
s28§ £3% beef or human contained similar levels f’f rignificant)
i 8 m‘_§ RS g g natural radioactivity. Additional beef thyroid
4+ 3485 53 radioactivity was identified as 1" by following Samples were counted an avernge of 3.8 dnys
§ E g-s £ o2 the decay of radioactivity which uniformly  after death, thercfore if human thyroids had
. ES & § =5 gave an S-day half-life to the radioactivity  1.03 counts of I per sample the average I'™
5 %% §‘§ §§ above the natural background. burden of human thyroids would be 0.0006
i S8T< % Human and beef thyroid were measured for  millimicrocuries per gram.
‘ 8 'i _§ % E §§ radioactivity both initially and after 4 or more Radiciodine levels in human thyroids either
. g S¥3 5 ) halflives of radioiodine (lapse of at least 28 individually or as a group-measure were ‘not,
. 3% ° §§ days). Even though any one of the human  significantly establiched in the same time
- 8 3 § & §% thyroids contained too little 1'! to be detected,  period when cattle ! content in thyreid tissue
ER é g{ E E ; it was possible to make a finer estimate of the r:mgefl up to 2.7 millimicrocuries per gram
. B .Sy 3% I I content in human thyroids, by ct_)mbining ther{d,‘ )
A L7 1i SEEE £ all the human measurements according to 2 It is interesting to note that one human
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: - N g8 2 £ E E I (January 1956 to March 4, 1956) and the other  with beef thyroid. It measured 0.025 milli-
‘ iaen (v ‘. % §§’ § £ f% i of the period (June to October) when range  microcuries per gram, which is about 1/20th
' L7 ek ¥ §§ '?g: "'é '3'§§ | cattle thyroids were measurable as having 2to 3 of the bovine I™ concentmtion,. durirfg t}lis
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' 15HE [N .8 E 2 §§ g s sample. By counting the human thyroid  through the attending physician, was found to
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¢ 2 .E ¢S 5% 1 less than 1/1000th the maximum level observed  this length of decay of I
T e s S #ESe 3 1 in thyroids from range-fed cattle. It is possible that human thyroids do not




take up I from fallout even in the order of
magnitude direcily measured which is 1/1000th
of the level measured in bovine thyroids for
the same period. However, statistical con-
fidence is cstablished at two defendable limits
of possible I uptake by human thyroid tissue,
Thus:

(a) The median value of range-fed cattle
corrected lo estimated day the cattle left
the range is 0.8 millimicrocuries per gram
thyroid.

(6) The observed mean human thyroid
I content as of day of death is 0.0008
millimicrocuries per gram thyroid.

(¢) Human I'" levels in thyroid eould
have been established at 0.0021 millimi-
crocuries per gram thyroid with a certainty
of P=0.01.

{@) There is only 1 chance in 1,000 that

- human values could have exceeded 0.0026
millimicrocuries per gram thyroid during the
observation period.

Thus it is probable that human thyroid contains

less than 0.43 percent or 1/230th of the 1™
‘burden in cattle thyroid following atomic

detonation,

Therefore, we can accept that irradiation of

thyroid from 1' content in man in the high
I fallout period of June to October 1956 is
" less than

1.3 rep (mwedian thyroid irradiation, range

cattle June—Oet. 195G)

23D (confidence value for ratio of cattle to
uman)

0.0056/rep

However, the probable value is estimated as

103
1.3 rerTfs—l—O.O(ll rep

. for accumulated irradiation exposure of human
thyroid tissue by contained I'*! fallout.

ADDENDUM

Data collected in 1957, when continental U7, S.
tests were being conducted, shows that during
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the period from May 20 to July 31 statistically
significant amounts of radioactivity were found
in humen thyroids. During this period the
average value for 41 human thyroids obtained
in the San Francisco area was 0.0014 milli-
microcuries per gram of wet tissue while that
for 87 range cattle thyroids was 0.63 milli-
microcuries per gram of wet tissue. Therefore
the ratio of human thyroid radioactivity to
cattle thyroid radioactivity was 1/460 as com-
pared o a ratio of less than 1/1000 during the
Bikini tests of 1956. This indicates different
relative uptakes of I between humans and
caitle in the two periods. The highest human
value was 0.0056 millimicrocuries per gram
while the highest cattle value was 4.0 milli-
microcuries per gram, a value approximately
twice the maximum observed in cattle during
the period reported above. The present con-
centration of I"*! in human thyroids would still
be significantly clevated at one-half the ob-
served counting rate.
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DISCUSSION

Hardin B. Jones

Dr. Linosere (UCLA). Were those cattle
from the bay ares also?

Dr. Jongs. These cattle were from northern
California,

Dr. Linperrc. But from the west.

Dr. Jongs. Yes.

Dr. Linpsera. We are going to present
some data this afternoon regarding the occur-
rence of jodine near the test site or more
specifically, near the fallout pattern, which
would suggest the values presented are very
conservative in a short period of time anyway.

T

THE EXCRETION OF RADIOACTIVE FISSION FRAGMENTS BY
MAN DURING CONTINENTAL AND OVERSEAS WEAPONS

TESTS

By Amzey G. Scaroor, James B. Harrerring and Kent T. Woonpwarp

Walter Reed Army Institute of Research, Washington, ID. (1.

The excretion of jodine-131 and strontium-90
has been measured, during Operation Teapot,
in human urine specimens collected on a routine
basis at selected stations throughout the
United States and in foreign countries. A
complete account of the work referred to herein
is given in “Recovery of Radioactive lodine
and Strontium from Human Urine—Operation
Teapot”, Walter Reed Army Institute of
Research Document 00-55 (AFSWP-893) by
J. B. Hartgering, Ariel G. Schrodt et al.

The excretion of several of the principal
fission products is being measured during
Operation Redwing. Data will be available
in a forthcoming report.

Details of the chemical separation procedures
and the low-level counting techniques used
may be found in the AFSWP-893 Document.

The program wss set up to obtain 24-hour
urine specimens from 10 individuals at each of
a number of stations throughout the United
States and oversens. The selected continental
stations (Table I) arc shown on the map (fig. 1).

The data from the widely scattered over-
seas stations will not be presented here, but
are available in AFSWP-893.

In Figure 2, the average activity of iodine-131
per group of 24-hour urine specimens is plotted
versus the collection time. Along the lower
abscissa are indicated the dates which cor-
respond with the collection week numbers of
the upper graph.

The x's scattered below the upper graph in
Figure 2 indicate the passage of clouds at the

altitude shown in relation to the shot times.
No outstanding correlation is seen.

Taste L—CONTINENTAL COLLECTION
STATIONS

A. Letterman Army Hospital, San Francisco, Calif.
B. Fitzritnmons Army Hospital, Denver, Colo.

1. Brooke Army Hospital, San Antonio, Tex.

D. Walter Reed Army Hospital, Washington, ). (.
K. Fairchild Air Force Base, Spokane, Wagh.

H. March Air Force Base, Riverside, C'alif.

J. Nellis Air Force Base, Lus Vegas, Nev,
K. Luke Air Foree Base, Phoenix, Ariz
L. Lockbourne Ajr Force Base, Columbus, Ohio
M. Tinker Air Force Base, Oklahoma City, Okla.
N. Hill Air Force Base, Ogden, Utah
Q. Scott Air Force Base, Bellville, Il
P. Selfridge Air Foree Base, Mount Clemens, Mich.
8. Donaldson Air Force Base, Greenville, 8. C.
. T. MacDill Air Force Base, Tampa, Fla.
W. Westover Air Force Base, Chicopee Falls, Mass.

X. Camp Mercury Air Force Base, Nev,

The lower graph in Figure 2 shows the
gummed paper data supplied by Eiscnblei's
group. There is not the good correlation
between the biological data and the physical
determinations that we had hoped might
obtain.

Camp Mercury, Nevada (fig. 3) is of especial
interest because of its proximity to the test
site. The figure is self-explanatory.

Figure 4 presents the data from Oklahoma
Jity.  Unfortunately our collection program
ceased just at the time the jodine-131 excretion
reached its highest point, so we were unable
to record any subsequent data.
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Froure 1. -

The data presented in the upper graph of
Figure 5 is from Ogden, Utah, while the lower
graph is from the nearest gummed paper
station, Salt: Lake City. There appears to be
rather good correlation in this instanee between
the passage of clouds and the exeroted iodine-
131 activity.

The data obtained from the Denver samples
(fig. 6) are particularly interesting [rom the
third through the seventh week. The diminish-
ing level of excreted activity follows closely the
physical decay curve of iodine-131 over that
period, There was no precipitation and no
additional cloud passage over {hat area during
the 5-weck period. Individuals varied greatly,
but the average of 10 specimens yields the
smooth decay curve.

‘Table [I shows the average values obtained
for 24-hour specimens at seversl locations for
the entire test period, February 22 to May 24,

-Mayp of U. 8. callection stations,

1955.  From this data one could roughly esti-
mate the thyroid burden.

Tarcg . —-AVERAGE IODINE-131 ACTIVITY IN
24-HOUR URINE SPECIMENS COLLECTED
FEBRUARY 22 TO MAY 24, 1955

Ogden, Utah

Camp Mereury, Nev.
Belleville, 111.
Denver, Colo . ..
Oklahoma City, Okla.
Washington, D. €
Chicopes Falls, Mass
Ran Franeisco, Calif. .

134 dpm/24 b spec
498 dpm/24 hr spec
74 dpm/24 hr spee
649 dpm/24 hr spec
52 dpra/24 br spec
20 dpm/24 hr spec
12 dpm/24 hr spec
11 dpm/24 hr spec

Some thyroid autopsy specimens were as-
sayed during the test period, hut most of these
were 80 long removed from the biosphere that
no significant activity was observed.

The maximum amount of iodine found in any
individual 24-hour specimen was 774 dis-
integrations per minute. We found iodine-133
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with its 22-hour half-life it some of the samples,
This suggests that an appreciable amount of
the radioiodine enters the body through inhala-
tion rather than proceeding through the food
cycle.

In looking for strontium-90 in these samples,
we found a maximum value for any one sample
of 23 disintegrations per minute. However,
the average value of strontivm-90 in the speci-
mens collected prior to the test period was 0.09
disintegrations per minute per 24-hour urine
specimen.

Figure 7 shows an attempt to correlate the
iodine-131 with the strontium-90 activity in
the samples.  The jodine activity here was cor-
rected to shot time rather than to collection
time as is the case for the other graphs.

The strontinm data could only he obtained by
pooling mauy individual specimens.  The
yitrium-90 daughter separation and counting
procedures used were identical with those of the
Chicago Sunshine Laboratory.

In conclusion we can report that strontium-90
activity measurably increased during the inter-
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val between Operations Teapot and Redwing.
This increase is in part due to foreign weapon
tests. In the United States, the average level
of iodine-131 excretion during Operation Red-

wing is not markedly different from the level
observed during Teapot. Specific data from
the Redwing period will he available in a forth-
coming report.
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EXCRETION OF RAPIOACTIVE FISSION
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METABOLIC STUDIES WITH STRONTIUM-90 IN THE
RHESUS MONKEY

(Preliminary Report)

By P. W. Dursin, M. W. Parrorr, M. . Wiurams, M. E. Jonnsron, (1. W, AsLing,
and J. G, Hamivron, with the technical assistance of N. Jeuna and 5. A, Cone

University of California Radiation Laboratory, Berkeley, California.

ABSTRACT

Adult rhesus monkeys eliminated 56 percent
of administered 51, compared with 28 percent
of Ca%, in the urine during the first 10 days after
intravenous administration.

The Sr® concentration in the vertebrae was
found to be reasonably representative of the
skeleton as a whole in two animals whose skele-
tal distribution of Sr* was studied. Buccessive
amputation of caudal vertebrae is therefore
recommended as the simplest and safest method
of acquiring information on long-term skeletal
retention of Sr*® in valuable animals with long
life spans.

Average half times for skeletal retention of
Sr* were calculated for an adult male, 470 days,
and for an adult female that had experienced 3
closely spaced pregnancies, 315 days.

" Half times for skeletal retention of Sr® of
155 and 195 days were calculated for the first
10 months of life of two offspring born to an
injected mother.

One infant monkey retained an average of 18
percent of Sr* administered daily by mouth for
13 weeks, whercas 6 adolescents retained on the
average less than 5 percent of a daily dose dur-
ing the same period of time.

A measurable amount of S, 235 dpm/g
bone ash, was found in the skeleton of an unin-
jected control animal.

Placental transfor from a mother with a
fairly well-fixed skeletal burden of Sr* amounted

to about 3 percent of the Sr% content of the
mother’s skeleton at term.

The Sr* coucentration in mitk samples from
an injected female taken shortly after the birth
of her second offspring (402 days postinjection)
was 3 to 4 times the Sr* level of a plasma sample
taken a few days later.

INTRODUCTION

It is generally agreed that St is potentially
the most dangerous of the fission products. Tt
is produced in relatively high yield in the fission
process, and has a long physical half-life
Many of its compounds are quite soluble and
are readily absorbed by both plants and
animals, Once absorbed by an animal, Sr® is
retained for long periods in the skeleton [1].

Dudley [2] has compiled a survey of the
literature on Sr*® in mammals to mid-1954;
this survey is in the form of tables setting forth
the animals employed and their age, the dose
administered, the length of the study, and the
effects observed. Numerous investigations
have been made or are under way of the absorp-
tion, distaibution, and elimination of strontium
isotopes under varying conditions in laboratory
rodents, [1-7] dogs, 18] and domestic livestock
I9, 10}.

The most important animal from the stand-
point of human society is necessarily man
himself. Data currently being applied to
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human heings have been derived chiefly from
three sourees: (a) Extrapolation from experience
with laboratory animals, undependable at
best; (b) studies of the hehavior of stable
strontium in normal man; [11--13) and (¢) tracer
oxperiments with shorter-lived radioisotopes of
strontium in patients with advanced diseases,
usually neoplastic (14, 15]. For obvious rea-
sons data on Sr® in normal human beings can
be obtained only from accidental contamina-
tion such as that reported by Cowan ef al.
{16]and the exposure of the Marshallese during
Operation Castle {17-10].

Tt was helieved that another primate, the
rhesus monkey, might provide valuable clues
to the behavior and effects of Sr* in man despite
the differences in life span—20 years vs. 65
yegrs~and diet—herbivorous vs. omnivorous.
Edington e al. [20] reported that 0.5 mC/kilo
of 51" wag lethal to monkeys in 35 to 60 days.
Using mnicroradiographic and autoradiegraphic
techniques, Jowsey et al. [21] found that in the
tibiae of monkeys Sr® was laid down quite
unevenly, and apparently only in areas of bone
growth.

This report is & summary of the data obtained
during the past 2% years in the course of a
series of investigations with 5r® in the rhesus
monkey (Macace mulatta).

METHODS
General Care-of the Animals

The animals used in these studies were adult,
adolescent, and infant rhesus monkeys of both
sexes,  Adults and adolescents were maintained
on the diet shown in Appendix I unless other-
wise specified. They were fed early each
morning; the entire daily ration was offered at
that time, " Upon receipt, each animal was
tested for tuberculosis and X-rays were taken
for age determination.’! The TB tests were
repeated at least snnually. Al animals in the
colony were weighed once a month, Complete
blood counts were also taken monthly. Peri-
odically the colony was checked for intestinal

1 Tabulation of the bone growth dats is sifll incomplete.

parasites—chiefly  worms.  When  necessary,
“erystoid” tablets (0.1 g, Sharp and Dohime)
and/or gentiny violet capsules (%, gr, Lillv)
were administered until very few worm cggs
could be found in three consecutive daily stool
samples.  Miscellancous problems in eare were
handled with the help of & veteringrian and a
dentist, Prior to use in an experiment, all
animals were maintained in the colony for a
conditioning period of 3 ta 6 mounths.

Intravenous Studies

Three adults, Stupe (2 norroal healthy male),
Tony (an older male with an “artbritislike’”
condition of the lower extremities), and Rosy
{a 3-months-pregnant female ?) were each given
35uC of carrier-free Sr® as the equilibrium
mixture of Sr¥-Y% and 135uC of high-specifie-
activity Ca* intravenously in isotonic sodium
citrate? One adolescent, Pat, received only
Sr®, 3 months after being placed on a low-
caleium diet (the standard diet without the
milk and vitamin supplements).

After injection of the radioisotopes all
animals were placed in metabolism cages, and
dadly collections of urine and feces were made
for 10 days. After the initial 10-day collection
period the animals were returned to their
regular cages. Fecal samples were obtained
periodically without transfer of the animals
from their regular cages.

Stupe and Rosy were kept for breeding and
long-term study. Pat was sacrificed 94 days
after injection, and Tony, 242 days after
injection, both with overdoses of nembutal.
Muscle was dissected from the various parts of
the skeleton, which were ashed individually for
radioactive assay. Muscle and soft-tissue bal-
ance were also prepared for assay. Bone biopsy
samples were obtained from the two remaining
adults and one uninjected adolescent female by
amputation of two caudal vertebrae. The
operations were performed under aseptic con-
ditions and were followed by a course of
antibiotics.

2 Gestation period for this species 3s 6 months.
® Both Is0topes were obtained fram Oak Itidge National Latwratory
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Breeding Experiments

To date Rosy has been wiccessfully mated
with Stupe and has borne three apparently
normal offspring. The first, Willic, was born
98 days after the mother reccived her Spse
injection, Betty was born 402 days postinjec-
tion, and Henry was born 840 days postinjec-
tion. Daily milk ssmples of 1.2 to 8.3 ml were
obtained from the mother with & breast pump
from the third to the sixth day after the birth
of the second infant, Betty. The Sr® levels of
the red blood cells and plasma of the mother
were obtained 30 days later. All three infants
were removed from the mother at birth and
have been raised on formula by members of the
staff. The formula and dietary supplements
are shown in Appendix II. A careful record
has been kept of the food intake, body weight,
and blood counts of the infants.

The Sr*® burdens of the first two infants were
checked when they were 3 months old by in
vino counting of the Bremsstrablung produced
by the Y* bete particles with two 2-inch sodium
jodide scintillation counters. Bone biopsies
(vaudal vertebrae) were obtained from Willie
and Betty at 20 and 10 months of age respec-
tively. Fecal samples were obtained period-
ically from each animal for S1® assay.

The youngest, Henry, was checked for Sr%
content 8 days after birth by the above-men-
tioned in vivo method. This animal has worn
plastic pents and a diaper (fig. 1) since he was
a few days old so as to facilitate collection of
excreta. Pooled excreta were collected daily
from birth until age 36 days to establish the
rate of elimination of the Sr™ acquired in utere.
When 36 days old he was put on a long-term
low-level {eeding program. For the past 5
months he has received daily in his first bottle
0.0043 uC of S as the equilibrium mixture
except on weekends and holidays.  Since the
initiation of the feeding program, pooled daily
excreta have been collected, ashed, and assayed
for St®¢ Retention has been measured by (a)
caleulation from excretion data, (8) periodic in
vive counting, and (¢) eaudal vertebral hiopsy.

JSET——
4 Uniortunately, urine and feces are not readily separable,

Fraurg 1.— Infant monkey rwith plastic pants and diaper.

Absorption and Retention in Adolescents

Sjx adolescent monkeys,® two males and four
females, have received daily 0.0066 #C of S
as the equilibrium mixture except on week-
ends aud holidays since June 26, 1956. A
round slab of banana is scored with a knife,
and 0.1 ml of a dilute saline solution of Sr*
is spread over the scored portion. The “gpiked"
banana is offered to cach animal at least 10
minutes before the rest of the day's ration is
presented.- So far, there have been few diffi-
culties in (his feeding procedure because the
animals are hungry, and banana is their favorite
food. At the beginning of the feeding period
the animals were housed in metabolism cages
for collection of excreta. The scparation of
urine and feces is not complete because of the
semiliquid nature of the stools, particularly
after treatment for worms. Hxcreta are col-
lected every other day and pooled on a weekly
basis for assay. Twelve wecks after the
initiation of the feeding program three of the

s Estlmated age at fnitlatton of feeding program: 2 yenrs.
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animals were placed on a low-calcium diet ®
consisting of fruit and vegetables; a milk
substitute of butter, sugar, hydrolyzed cascin
and water (in the same proportions as are
present in whole milk); and the usual supple-
mentof vitamins and iron,

Radioactive Assay Procedures

Samples with very low levels of activity,
such as blood and milk from injected animals
and bones and excreta from infants, were sent
to Nuclear Science and Engineering Cor-
poration, Pitishurgh, Pennsylvania, for assay.
Bones and excreta from injected animals and
those on the feeding program were assayed
according to the following procedure: After
dry ashing, the samples were digested with
concentrated HNO; or agqua regie until solution
was nearly complete and then evaporated to
dryness. Dilute HNO; was added so that 10
ml of the final solution represented approxi-
mately 0.5 g of ash. Small aliquots were
taken from samples containing both Ca® and
8r%, transferred to weighed gold plates, and
treated according to a procedure described
previously [22). All samples were stored for
at least 30 days to allow for attainment of
radicactive equilibrium. The Ca* and Sr%*
beta-particle activities were measured with a
thin-end-window G-M counter by differential
filtration. Aliquots of samples containing only
Sr® were placed in weighed porcelain ashing
capsules, evaporated to dryness, and counted
with a G-M counter. In each case the appro-
priate corrections were made for self-absorp-
tion, and corrected counts were compared with
an aliquot of the administered dose.

RESULTS

Distribution and Excretion of Intravenously.
" administered Sr*®

The decline in urinary excretion rate of
intravenously administered Sr® is shown in
Figure 2 for four adult rhesus monkeys. Be-

¢ The regular dlet contalns 1,395 mg of caleium per day and the low.
talelum diot, 696 mg calelum por day.

URINARY EXCRETION OF INTRAVENOUSLY
ADMINISTERED SR-90 BY ADULT MONKEYS
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F1GURE 2.-— Urinary excretion rate of Sr® by adult rehesus
monkeys.

cause of the wide variations in the curve shapes
for the individual animals, a scatter diagram
with an average curve (broken line) is shown.
The average urinary excretion curve (broken)
has two components with half times of 0.8
and 4.2 days.

A comparison of the cumulative urinary ex-
cretion of Ca* and Sr* is shown in Figure 3 for
two of the adults. In contrast to the wide
varigtion in the individual rate curves, the
cumulative curves are quite similar for these
two animals. Renal excretion of Sr® was
apparently more efficient than that of Ca®,
Similar results have been obtained for other
species (15, 23, 24]. Figure 4 shows the fecal
exeretion rate of Sr® in the two surviving adults
to 900 days postinjection. The slope of the
slowest component, which appears at about
200 days, was similar for the two animals despite
the fact that the female had experienced three
closely spaced pregnancies. It is quite un-

i
!
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URINARY EXCRETION OF CA-45 AND SR-20
BY THE ADULT RHESUS MONKEY
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Ficure 3.—Cumulative wrtnary ercretion of Ca* and
819 by adult rhesus monkeys.
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Fi1GURE 4.~—Fecal excretion rafe of Sr™ by adulf rhesus
monkeys.

likely that the urinary excretion-rate curve has
a different shape, inasmuch as the Sr™ elimi-
nated by either route is derived from the same
source, namely, the circulating blood. Experi-
ments are under way to test this point,

Table I shows the distribution of $r® in the
various parts of the skeletons of an adult and
an adolescent monkey. The ratios Sr®:Ca
for the skeletal parts are shown for the adull,
As might be expected on the basis of age,
differences in diet, and postinjection interval,
the Sr® level was generally higher in the bones
of the adolescent. These differences were
more striking in flat bones than in the long
bones. The Sr® content of the vertebrae
seems 1o be reasonably representaiive of the
skeleton as a whole. It was for this reason, as
well as the simplicity of the operative procedure,
that caudal vertebrae were selected for bone
biopsy.

With the exception of scapulae, paw bones,
and ribs, the Sr*:Ca® ratios were quite similar
for the various bones.  The mean Sr:Ca ratio
for the entire .skeleton of this animal was 0.52.

The body burdens of Sr* in the two surviving
adults, estimated from bone biopsy, are shown
in Table TI.  Avcrage half times for Sr® were
caleulated for the male and female, based on
retention 10 days after injection (57.7 percent
and 36.3 percent of ihe administered dose
respectively), and on the estimated body
burdens at approximately 600 days. For the
male the average half time was 470 days, and
for the female, 315 days. The successive
pregnancies of the female (but without lacta-
tion) appeared to hasten the elimination of Sr*.

A measurable amount of $r*, 1.540.5 dpm,”
was found in a 63.8-mg sample of vertebral
ash obtained in August 1955 from Alice, an
animal that had not been given Sr®.  This Sr®
does not seem to be due to contamination,
because a great deal of care was exercised to
avoid contamination during the operative and
ashing procedures.

7 Martell reports that. the error In measurement of 8r® by tha *'Cliicage
Sunshine Method™ used hy Nuclear fScience Enginesring Corporation
16 loss than 10 pevernt 251, The actlvity of this sample was well within
their limits of sensitivity,
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Tasre 1

Thg distribution of earrier-froe 819 in the rhesus monkey after intravenous administration.  Each animul received

35 uC Sr#; Tor

also reeeived

135 pC Cass

Tt el ® [ oms -6yl ke 242 s psin-
S - ara T
%, doso Yig ash T alose /g ash e Srw
Skull. 7.

AR TR TP, 700 0. 206 2. 96 0. 068 0. 50
;\Itmdlble. 2.76 . 204 1.31 - 113 . 57
f c,sq?!xlae- 177 - 204 1.28 . 138 .62
glancles. .29 . 200 .31 <185 .87
uR(:ebrnum‘,. .25 . 205 .35 125 .49
pl n_b - 200 . 278 .90 . 106 . 63
ﬂa.vt ones 253 141 2.05 <116 .60
Ulumer]. 2,08 . 207 2.39 . 136 - 52
T‘[l,"ae ______ 1.47 . 217 114 . 134 .48
Fl 1ae. . 2. 88 . 202 1. 67 L 148 . 85

emnora. - ... . 4. 37 197 1. 56 -1 3¢

Radii and fibuls. 1.82 - 1491 1.20 122 i 4é
Pm‘vl_lae. . . .18 L 277 .35 . 175 . 50
Cervical and thoracic vertebrae. . ... - 2. 56 . 224 2. R0 135 ) 54
Lumbar and eaudal vertebrae . ....__.____ . 448 . 258 874 : 1;8 . 52
’?elws. - 4. 50 . 203 &) *) *) a
\;:::};le - .06 . 106 .27 . 016 .49
M le... - .10 - 007 . 0f .
Boft tissue balanee - .08 . ()()!‘) (I)? ggg : g?

® Arthritle (1. e, petvis and lumbar and caud l—i—p;:’}:— Sy calelfi

® Included with lumbar and caudal w~rmh‘;m: Terielraa hesyily catelfed and fused).

Tasre IT

&% gonient of biopsy samples of eaudal vertobrae from in
two offspring of an injected female, and one control female

jected adult male and female rhesus monkeys, the firat
e, Injected animals received 35 uC 89 intravenously

Estimated age Bt ) " Thod “’W - at] dpm o ¢ | Fovimared Sro ot
Anjnal sampling Days postinjection Rource B(?:‘r‘n’p‘]‘x:x::‘ t 'L':To?':u':i;x“ E”!i::-?l‘:: f’[:jg;,dy
xxxxx tke) vertehre
Rosy.._.._|56yr .. __|638...... . __..._ Hooper Fdn .. . 4. 85 2.95 x 10¢ 3.2
Stupe. -] BB yro .| 623 ... ~ ..do .. o1t 5.95 x 10¢ 8.2
3.5 yr... .| 94 - .| Commereiunl. .. __ 335 1.53 x 108 119
20mo.. .. .. (98 for mother). .. Rory and Stupe . _ 295 5.5 x 102 3.6 x 10~
10 mo... ... .| (402 for mother)_ . | .. .do. ... - 199 £3x 12 3.7x 107
3-35yr. . None-control .. ... .| Commercial. . 3.84 2.35 x 100 2x 107

© 1 pC =222 x 100 dpm; body burden based on estimute from Table 1 that 89 concentrntion In cattdal vertohrae 18 representative of total skeletal Bpe:

average ash content of monkey bone (plius marrow) taken as 27.8%; pereent by
adult malos,
* Actoal measured body hurden 15 uC error of estimate of this sort Is thu

ody welght of hone estimated at 185 for infants and fumales and 109 for

8 [n the range of 15%.
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Samples of milk were obtained from Rosy for
four successive days shortly after the birth of
her second infant. ‘'able III shows the Sr%
level in the milk, the daily fecal exeretion rate at
that time, and the Sr% content of plasma 1
month later. Exeept for the first sample taken
3 days posipartum, the milk concentration was
from three to four times that in the plasma.

The blood-count data have proved to he of
little value beeause of the introduction into the
colony late in 1954 of a blood parasite similar to
Bartonella. The original infected animals were
destroyed, but Rosy and Stupe apparently still
remain carriers, and the parasite is now endemic
in the colony.

S$r* in Infant Monkeys

Table IV gives the 1™ content of the first two
infant monkeys 3 months after birth, and & days
after birth of the third as determined by in vivo
scintillation counting. The last two lines in
Table IT show the Sr* burdens calculated from
bone biopsy samples for the two older monkeys,
Willie and Betly, at 20 and 10 months of age,
respectively.

The Sr* burdens of these animals apparently
had no ill effect upon their growth rate, as
shown in Figure 5. The growth rates of the
three siblings were very close to that reported hy
Pickering et al. {26] for infant monkeys of this
species raised under similar conditions, During

GROWTH OF THREE RHESUS MONKEYS
BORN TO SR-90 BEARING MOTHER

& B0 00
DAYS OF AGE

Fraure 5.—Growth of three rhesus monkeys born w
8790 bearing mother.

the first 6 months to a year the blood counts of
all three infants were within normal limits.®
Samples of pooled urine and feces from Betty
at 14 and 140 days of age contained 260 dpm/
day and 38.6 dpmy/day, indicating that the S
acquired by placental transfer was climinated
fairly rapidly. Neatly a year after birth (305
days), Willie, the oldest, was still exereting Sr%
in the feces ut a relatively high level: 205 dpm/
day. More recent exeretion samples from these
two animals have not yet been analyzed.
On the basis of the data in Table IV, and the
caleulated body burdens shown in Table I,
approximate half times for elimination of §r%
during the first 10 months of life were caleulated
for the two older infants: 195 days for Willie,
and 155 days for Betty. Extrapolation back to
the time of birth of these two infants provides
a rough estimate of the placental transfer of Sr*,
In the first-horn, Willie, placental transfer
accounted for about 0.3 uC Sr¥%, or 3 percent of
the mother’s retained dose; the retention by the
mother was caleulated from her half-time value
of 315 days. Rosy received her Sr® injection
halfway through the second trimester of her
first pregnancy. The exirapolated Sr® content
for the second offspring, Betly, was slightly
more than 0.15 uC, 2.9 percent. of the mother's
retained dose 402 days postinjection. When
Henry, the third offspring, was 8 days old, an
in vivo connt was on the border line of the sensi-
tivity of the counting method, and the Si®
burden was estimated at something less than
0.1 #C, or slightly more than the 3 percent cal-
culated for the other two. Although the num-
ber of individuals was small, and the measure-
ments subject to errors of about 15 pereent,
placental transfer of a graduslly declining
burden of Sr* can b estinated at something
close to 3 percent of that in the mother shortly
before the birth of the infant.

8 At age [4 mo Betty's red hlood cell connt dropped to less than one
mitlion. A few days later she succumbed, spparently as the result of in-
fection with the blood barasite mentioned above. Her skeleton 1 cur-
rently heing processed for assay  Willle was infectod st the sama time
but responded Lo r lierajc oolrse of treatment with “Aralen,” chloroquin

y lde (WEntlirop-Stey , and massive bnj of liver, fron,
and folicneid. His red cell count has remalned at from 4.1 to 4.5 milllon
for the past 3 months, and he has continued to galn welght at an
apparently normal rate.
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Taere IIT

The blood level, fecal excretion rate, and mitk concen-~
tration of Sr# in an adult female rhesus monkey,
Rosy, 3 to 40 days after the delivery of her scecond
offspring on the 402nd day after recciving 35 uC of
8r % intravenously

Sy i
Sample Days postinjection ¥ r%zg/emmlsahon
Plasma. ... . ... 449 3.7 X 108

Red blood cells. 449 1.6 X 10~¢

{Second affspring
born 402 days

Milk: postingection

3 days post partum. 405 2.6 X 10~
4 days post partum. 406 6.5 X 10-°
5 days post partum. 407 9.1 X 10-¢
6 days post partum_ 408 1.7 X 10~

Fecal excretion rate. 397 t0 407 1.1 X 10~ %/day

TapLe 1V

Placental transfer of 5" in the rhesus monkey esti-
mated by in vivo scintillation count of the infants

Vital statistics Counting

| Doy Lo

Animst Birth date | mother Date nﬁ.‘i-e.«) '%?5%’"
Injected content «

wC)

Willie. ... T/7/54 98 | 10/20/54 | 104 | 0.22
Betty. ... 5/7/55 | 402 8/12;55 | 97 .10
Henry. ... 5/20/66 | 840 5/28/56 8| <. 10

< Low counting rate mokes for probable error of at last 25%.

Table V shows the retention by the infant
monkey, Henry, of orally administercd Sr® for
the first 13 weeks of the feeding program. The
daily excretion pattern is not tabulated, but is
of some interest because it is so consistent.
Values for a typical week were as follows:
Monday, 36.5 cps; Tuesday, 39.4 cps; Wednes-
day, 42.3 cps; Thursday, 43.4 cps; Friday, 49.8

* cps; Saturday, 6.0 cps; and Sunday, 5.1 cps.

The dose averages 62 cps/day Monday through
Friday. The mean weekly retention during
this 13-week period was 18.2 percent of the
administered Sr®, or 0.048 «C. Although the
level of activity in the snimal is still too low
for accurate in vive counting, a Sr* measure-
ment was made by this method after 12 weeks of
Sr® that agreed fairly well with the retention

HAZARDS OF A FALLOUT FIELD

calculated by difference in administered and
excreted Sr, ’

The data on retention by the adolescent
monkeys of oral Sr® are being analyzed at the
present. time, and accurate values eannot be
given as yet. Based on the initial caleulations,
an upper limit of soraething less than 5 percent,
can he set for the retention of oral Sr® by 2- to
2.5-year-old monkeys. ’

TasLe V

Retention of 0.0043 pC S fed daily a8 the cquilibriug
mixture of Sr®-Y® in milk to an infant monkey
(Henry).  Feeding was started at age 36 days

Weeks Srof fed Retention
dpm x 104
dpmjweek x 108 | 9, weekly dose

4.42 6. 63 15

3. 67 8. 15 22.2
4. 65 5.25 1.3
4.77 9. 16 19.2
4.72 13. 92 20.5
475 6. 74 14.2
4.75 10. 83 22.8
4.75 6. 32 13.3
4. 65 3.63 7.8
4.70 10. 81 23.0
3.78 10. 05 26. 6
4.75 6.94 14.6
4.%5 9.02 19.0

DISCUSSION

Most of the results described above were
obtained from measurements on only a few
individuals; nevertheless, some tentative con-
clusions may be drawn. The metabolism of
5r* in the monkey followed qualitatively the
pattern described for other species [1-10].
Early elimination was chiefly urinary; later,
excretion occurred in urine, feces, and milk.

Retention was prolonged, and in the adults
the half time was on the order of 400 days. The
most widely quoted half time for skeletal
retention of $1® (>200 days) is that devived
by Hamilton (1] from experiments with adult
rats. This figure was rechecked recently in
this laboratory in a double Jabeling experiment

METABOLIC 8TUDIES

with Ca* and Sr® in rats, and the half time
obtained was on the order of 350 days or about
one-half of the animal’s remaining life expect-
ancy [27]. The biological half life for Sr* in
man currently acceepted by the International
Commission on Radiological Protection {28] is
11.2 years and is based on the original work
by Hamilton {1} and by Sullivan ¢t ef. [29]
with rats. With corrections for the difference in
life expectancy—20 to 25 years for the rhesus
monkey and 65 to 70 vears for man 2 biological
half time based on the monkey data presented
in this report would be in the neighborhood of
3 years, or about one-fourth of (he currently
accepted value.

The turnover of Sr® was much more rapid
in the infant monkeys; the half time can be
set tentatively at about 6 months.

Placental transfer from a mother with a
relatively firmly fixed 8% burden was roughly
3 percent of the Sr™ retained by the mother
at term. The concentration of Sr® in the milk
of the breeding female was 2 to 4 times the
plasma level, indicating that for this species a
significant amount of Sr® would he transferred
to the nursing young. Secretion of S5r® in milk
and its subsequent accumulation in the bones
of the young has been demonstrated for rats
and mice [4, 30] and for cows {31].

In the infant monkey with a rapidly develop-
ing skeleton, 18 percent of orally administered
Sr*® was retained, compared with less than
5 percent for adolescent monkeys with pre-
sumably nearly complete skeletal growth. Tt
should be noted that the diet of these latter
animals was much richer in caleium, phos-
phorus, and protein (designed to resemble the
diet of Western Man) than what would be
available to them in their natural habitat.

ACKNOWLEDGMENTS

The authors wish to thank Dr. John H.
Lawrence and the staff of the Donner Labora-
tory for the use of the in vivo counting appa-
ratus; Dr. Charles Riggs, University of Cali-
fornia Radiation Iaboratory veterinarian, for
help and advice in the care and maintenance of

WITH STRONTIUM-90 181

the monkey colony; Dr. Gordon Fitzgerald,
D. D. S, University of California Medical
Center, for assistance with the dental problems
of the colony, and Mrs. Grace Walpole for the
preparation of the manuseript.,

This work was done under the auspices of the
U. S. Atomic Energy Commission.

REFERENCES

1. J. G. Hamnron, ‘' Metabolism of the Fission Prod-
uets and the Heaviest Flements,” Radiology 48,
326-343 [1947].

2. R. A. DupLry, “Biologicul Hazard of Radioaclive
Strontium,” Second Annual Conference on
Plutonium, Radium and Mesothorium, Univ. of
Utah, College of Medicine, June 17-19, 1954,

3. C. PEcuer, “Biological Investigations with Radio-
active Caleium and Strontium,”” Pree. Soc. Expil.
Biol. Med. 48, 86-91 (1941).

. C. Peener and J. Pecugr, ‘“Radio-Caleium and
Radio-Strontium Metabolism in Pregnant Mice,”
ibid 91-94.

Gross, Tavror, Leg, and Warson, “The Avail-
ability of Radio-Strontium to Mammals by way
of the Food Chain,” UCLA-259, June 1953.

. Jowsey, Ravner, Turr, and Vaveuan, “The
Deposition of 59 in Rabbit Bones Following
Intravenous Injection,” Brit. J. Expil. Path, 84,
384-391 (1953).

Kioman, Turr, and VaveHAx, “The Retention and
Excretion of Rudioactive Strontium and Yittriwn
in the Healthy Rabbit,” J. Path. Bact. 62,
209-227 (1950).

. W. E. Kisizreskl, “The Distribution and Exere-
tion of Sr-Y in the Dog,” ANY1-5247, April 1954,
p. 68.

. Comar, Lorz, and Bovo, ‘“Autoradiographic
Studies of Calcium, Phosphorus and Strontium
Distribution in the Bones of the Growing Pig,"”
Am. J. Anat. 90, 113~129 (1952).

10. 8. L. Hanvsagp, “Conference on the Use of Isotopes
in Plant and Animal Research,” U. 8. Atomie
Energy Commission, Repert No. TID-5008,
April 1953, p. 88-98.

1L R. A. McCance and E. M. Winppowron, “The Fate
of Strontium after Intravenous Administration
to Normal Persons,” Biochem. J. 33, 1822-1825
(1939).

Honars, MacDoNaLp, NUrBAUM, STEARNR, EMIR-
1Ay, Seary, snd McAwruor, “The Strontium
Content of Human Bones,”’ J. Biol. Chem. 185,
519-524 {1950).

13. Harmson, Ravmonp, and TretHEWwsy, ““The

Metaholism of Strontium in Man,”” A. E. R, E.
{Great Britain), SPAR/2, 1955.

bl

=3

-

]

©

»




182 THE SHORTER-TERM BIOLOGICAL HAZARDS OF A FALLOUT FIELD

14. R. 8. 8rong and J. G. Hamrnrow, Private Commu-
nigation [data tubulated by Dudiey?].

15. SerncEr, BrorHERs, Bercer, Harr, and Laszno,
“Strontium® Metabolinm in Man and Effeet of

- Caleiure on Strontium Excretion,” Proe, Soc.
Expll. Biol. Med. 91, 155~157 (1956).

16. Cowaxn, Faraver, and Love, ‘“Health Physics
and Medical Aspects of a Strontium® Inhala-
tion Incident,” Awm. J. Roenigenol. Rodium
Therapy Nuclear Med. 67, 805-891 (1952).

17. Comn, RiNeuarT, Roserrsow, Gong, MIune,
Caarman, and Boxp, “Nature and Extent of
Internal Radioactive Contamination of Human
Beings, Plants and Avimals Exposed to Fallout,”
Operation Cnstle, WT -836, 1955.

18. Corw, Rinesmamrt, Rorertson, Gowa, MIiuNg,
Crapman, and Bonp, “Tnternal Radioactive
Contamination of Human Beings Accidentally
Exposed to Radioactive Fallout Materials,”
USNRDL-TR-86, May 1956,

19. Bowp, Conarp, Rosuorrson, and Wsbepy, Jr.,
“Medical Examination of Rongelap People Six
Months after Exposure to Fallout,” Operation
Castle, WT-937, 1955.

20. Eoineron, Juop, and Warp, “Toxicity of Radio-
Strontivm in Monkeys,” Nature 172, 122-123
(1953),

21, JowsEy, Owen, and Vavanan, “Microradiographs
and Autoradiographs of Cortical Bone from
Monkeys Injected with Strontium®,” Brit. J.
Exptl. Pathol. 34, 661-667 (1953).

22. G. Barr, “A Method for Uniform Mounting of
Samples Emitting Soft Radiations,” in Medical
and Health Physics Quarterly Progress Report,
UCRI-2881, Feb, 1955, p. 15.

23. P. B. CreN, Jr, and W, F. Ngusan, “Renal Re-
absorption of Caleium Through Its Inhibition
by Various Chemical Agents,”' Awm. J. Physiol.
180, 632-636 (1955),

24. Comar, Wasssraan, and Nowun, “Strontium-Cal-
eium Diserimination Factors in the Rat,”
Proc. Soc. Exptl. Biol. Med. 92, 859-863 (1956).

25, E. A. MarreLL, “The Chicago Sunshine Method,"
Univ. of Chieago, AFICU-3262, May 1956,

26. PickeRrinG, SMmyTH, Van Waaenen, and Figaze,
“Growth and Metabolism in Normal and
Thyroid-ablated Infant Rbesus Monkeys (Ma-
caca Mulatta) 1L, Am. J. Diseases Children 86,
1-10 (1953).

27, Dymern, Haminron, Winniams, Jrone, and Geg,
“Tracer Studies with Calcium and Strontium,”
in Medieal and Health Physics Quarterly Prog-
ress Report, UCRI~2881, Feb, 1955, 10--14.

28. International C on Radiological Protec-

© tion Recomrmendations, Brit. J. Radiol., Supp.
No. 6, 1955,

29. Suvrrrvan, Dourt, and DuBors, “Metabolism and
Toxicity of Radioactive Materials. YII. Stron-
tium-89, Tantalum-182 and Yttrium-91," Uni-
versity of Chicago Toxicity Lab Quarterly Prog,
Report TID 365, Jan. 1950,

30. M. P. Fixken, “The Transmission of Radiostron-
tium and Pletoninm from Mother to Offspring
in Laboratory Animals,” Physiol. Zool. 20,
406-421 (1947).

31. L. Err and (. Prcnen, “Secretion of Radiostron-
tium in Mitk of Two Cows Following Intravenous
Administration,” Proc. Soc. Exptl. Itol. Med.
46, T62-764 (1940).

Appendix I.- Standard monkey diet

Htem Sovree
Fruit and vegetubles:

Daily ration »

Apple. .. . Local. .
Orange -
Banana. -
Carrot.. .. .
Peanute_ .. ... _
Chim Biseuite—2 oz.. ..  Kennel Food 2
Supply Co.,
Fairfield,
Conn.
Whole  milk, reconsti- Golden State 1pt
tuted powderad. Co.

Dietary supplements add-
ed to milk:

Y Meritene' —protein Dietene Co,, 134 thsp b
supplement Minneapolis,
Minn,
“Vi-mix Drops”-—Vit. Lilly_.._..._.. 05¢cce

A, B complex, D
“Zymatinic Drops™-—

Vit. B complex, iron,
liver .

* Average smounts for 2 to 5-kg monkey, adjusted upward for larger

animals,
& One-halt human pdult daily protein
¢+ Anproximately equal to human [nfant minimum daily requiresment.

Upjohn....... 0.5¢c®

Appendix IL-—Infant monkey diet

Hem Souree Daily ration
Formula:
Whole eow's milk (16 02), Local...__. 8toYoz*
suerose (3 thsp)
Fresh fruit (orange, apple, .._.do.... 20g
banana)
Dictary supplements:
“Vi-daylin” (Multivitamin Abbott_.._ 1ect®
mixture)
“Feosal” (Fe,800) ...... Squibb__.. 1lceck

» Formula constitution given for infants 2 months of age and oldar-
A more dilute formuls Is useil for the first 2 months,
& Approximately one-balf human infant minimum daily requirement.
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DISCUSSION
Patricia W. Durbin

Dr. Lanaiay, 1 would like to ask, did I
understand that you were or were not satisfied
with whole hody counting of Bremsstrablung
as & means of measuring strontium 90 in these
animals?

Dr. Dureiw, 1 think whole body Brems-
strahlung counting is a splendid idea, and T am
sure that we would be much more satisfied with
it if the equipment that we had to work with
were a little bit more accurate and certainly
a good deal more sensitive. At the present

time our lower limit is a tenth of a microcurie
in an animal that weighs about a pound and a
half. I am sure with & liquid scintillator or
larger crystals we could do a great deal better
than that.

Dr. Laxoram. With the larger crystal you
could. With the liguid scintillator, you could
not get anything probably to amount to mueh,
because it has about a 300-kilovolt cutoff in
energy sensitivity,  The bigger erystal might.
The reason 1 was asking this, is that this is
heing proposed as & means of determining the
strontium burden in the chronic dog experiments
being planned iu Davis, Calif.




PLUTONIUM CONTAMINATION FOUND OFF-SITE FOLLOWING
ONE-POINT DETONATIONS

By M. W. Carrer and 0. R. Pracax
1. 8. Public Health Service, Las Vegas, Nevada

A series of four experiments were conducted
during the winter of 1955 to determine if acci-
dental detonation could occur and, if so, the
potential spread of contamination resulting
from accidental detonation of devices.

The off-site arca includes all territory within
an approximate 100-mile radius, but excluding
the actunl detonation area. A comprehensive
report of these activities has been prepared and
is available in the files of the Las Vegas Branch,
Test Division, Albuquerque Operations Office,
U. 8. Atomic Encrgy Commission.

Estimation of alpla contamination over
many square miles of desert is not an estab-
lished routine undertaking. The following
methods were used for monitoring purposes:

(1) Surface monitoring with portable pro-
portional alpha survev instruments (Pee
Wee).

(2) Fallout trays (80 square-inch sampling
aren) smeared with a relatively nondrving
adhesive alkyd resin. These were placed in
rings around the detonation area to distances
of approximately 30 miles.

(3) Staplex air samplers using glass fibre
filter papers and an effective filtering area of
63 square inches. Filter runs of 24 or 48
hours were accomplished without appreciable
loss of flow rate. Air samplers were located
in 11 populated communities surrounding
the Nevada Test Site and at 12 locations
on the site The maximum distance of air
sampler location was 95 miles.

(4) A mobile air sampler consisting of a
Staplex sampler shock mounted on a trailer
unit towed by a Jeep was used to simulate

work-party conditions in areas where ground

contamination existed.

Pec Wee survey instruments are very useful
in the field for locating contamination and for
determining the order of magnitude of such
contamination, Survey instrument readings
should be considered as indicative of the mini-
mum amount of alpha contamination present
at a particular spot and not as a represeatative
value for an extended area of desert. Results
of alpha survey instrument monitoring indicate
the extreme variability to be expected over a
relatively small area on the same type of
surface. For example, on a limited area of
concrete pad, Pee Wee readings varied from 500
counts per minute to 1,400 counts per minute,
There eppears to be no strict correlation
between Pee Wee ground surface readings and
laboratory counts on fallout trays located at
the same spot. In order to have strict correla-
tion it would be necessary to have uniform
distribution over the entire tray area in addition
to the same amount of dust overlay acting to
shield each uniformly distributed particle.

Fallout trays proved to be a simple con-
venient means of monitoring plutonium con-
tamination. They are easy to monitor in the
field and are easy to collect and transport to a
central laboratory for more detailed analysis.
They also serve to differentiate new fatlout from
residual alpha "contamination which may be
present in the same general area. Maximum
contamination found on a fallout tray was
100,000 disintegrations per minute per square
foot at a distance of approximately 5 miles.
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Detectable contamination was noted on fallout
irays located at distances of 50 miles

Al air sampling stations, at some period
during the tests, have indicated plutonium
concentrations in (he air. The highest single
daily exposure within the Nevada Test Site
occurred at Gate 385 and amounted to 154
disintegrations per minute per cubic meter.
The highest single exposure beyond the confines
of the Nevada Test Site limits ocourred at
Indian Springs, Nevada, and amounted to 5.3
disintegrations per minute per cubic meter.
Detectable plutonium was found on air sample
filters at distances of 100 miles and these
results were confirmed by chemical analysis.

The pattern of contamination was the same
for all air samples at all locations. Depending
on the distance from the point of detonation,
there was a sharp rise in alpha counts on air
filters on shot day or the day following. This
persisted for 3 to 4 days with decreasing in-
tensity, with a return to background levels on
the fourth or fifth day.

After an area has been contaminated, surface
monitoring readings are inadequate to measure
the hazard to work parties in this area. A
mabile trailer mounted air sampler which could
collect. the dust stirred up by the towing
vehicle was used to simulate working condi-
tions. There is little correlation between
these two types of readings. For example,
the same air concentration of about 200 dis-
integrations per minute per cubic meter was
oblained in areas where the Pee Wee readings
were 1,000 counts per minute, 14 counts per
winute and 7 counts per minute. The dis-
crepancy between the two types of measure-
ment increases with time. This is under-
standable when one considers that weathering

 due to rain and wind erosion tends to cover

up the alpha contamination and to render it
undetectable by survey instrument monitoring.
There is continuous redeposition of plutonium
due to wind action, but this appears to represent.
relatively minor concentrations, that is less
than one disintegration per minute per cubic
meter on air filters.

A workable method for decontamination of

a rvelatively large area of the Nevada Test
Site consisted of removal of topsoil in the areas
of Thighest contamination and harrowing,
wetting, compacting and stabilizing the balance
of the arca involved.

DISCUSSION
M. W. Carter and 0. R. Placak

Dr. Lancuam. Thank you Mr. Placak.
This, of course, is a problem that has been
rather dear to our hearts for some time now
with regard to the possibilities of contamination
from such detonations. Certainly the process
of harrowing a piece of land and thereby
mixing the plutonium with a greater amount of
inert material is very comparable to the old,
old trick of painting & laboratory surface with
a coat of paint in order to remove plutonium
contamination from the zone where it could
become a potential health hazard. So these
to me seem to be very sound practices with
regard to the decontamination of the area
All one has to do is to mix the plutonium at
the surface with one centimeter of the upper
earth’s surface to produce a dilution factor of
13X 108,

Do we have any other comments on this
particular topic?

Dr. Wyckorr (Bureau of Standards). May
I suggest that this seems to be a test situation
which offers a unique opportunity for making
measurements of the fine structure of fallout
patterns? Some measurements which were
inquired about during the first day of this
symposium and which it was indicated had
never been made before.  If there are particular
buildings or structures in the area contaminated
by plutonium, it would seem quite straight-
forward to make detailed measurements around
these structures to indicate some measure of
the variations in intensity of the fallout in
close to large buildings, the snow fence effects,
and things of this sort. '

1 wonder if any measurements of this type
have been made by the health monitoring
people?
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Mr. Pracax. Ohviously we did not intend
to put anything on the proving ground. It was
supposed to go the other way. What did go
into the proving ground went into an area that
has only one real building, and that is the old
1953 civil defense house. We didn't make the
measurements that you iudicate. However, it
may be very difficult to monitor significantly
and determine the type of information you arc
asking for, because practically the only meoni-
toring instruments we have are Peewees, or
something similar. We found during this survey
that if you take on the same surface an arca
of concrete about the size of that platform
which was in the fallout pattern and presum-
ably should have been uniformly contami-
nated—if we monitor that very carefully --we
will find a wide range of monitoring results.
They will go all the way from 500 counts per
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minutes to 1,500 counts per o nute, depending,
I suppose, on small nonuniformities in the sur-
face, how much dustis on the top of the material
or various other factors,

It is really difficult to monitor for this stuff.
Unless we do it as we attempted to do it by
establishing an artificial surface, o fallout tray
covered with an alkyl resin, and then make &
very desirable monitoring surface, 1 don't know
how you can do it.

Have I answered your question at all?

Dr. Lanceam. I think what this amounts
to is that the short range of the alpha makes it
so unusually difficult to detect that the methods
that are easy for making such measurements are
not sufficiently sensitive to give the detail you
would like to have., This is the principal
objection to it, I think.



RETENTION OF SUB-MICRON AEROSOLS IN THE HUMAN
RESPIRATORY TRACT'

By J. N. Srannvarn and P. E. Morrow
University of Rochester, Rochester, New York

Since the 1930’s there has been a steady
growth in our appreciation of the parameters
which govern the deposition of dust in the
respiratory tract of man and laboratory ani-
mals. Particle size, shape, density, and the
anatomical and physiological characteristics of
the respiratory system all play & part. Of
cardinal importance in these is particle size.

A summary of our knowledge of the role of
the particle size, or was until recently, virtually
a summary of our knowledge of the deposition
process. In Figure 1 is a graphic summary of
some key studies on this subject. This Is
reproduced from a very timely and informative
survey by Hultgvist [1].

As indicated in the legend, curves 1-5 are
derived from theoretical considerations. They
relate to ideal particles in model lungs, in
postulated gravitational and centrifugal fields.
Curves 6-12 are based on experimental data.
Differences between the experimental curves
are due in part to differences in the respiratory
characteristics and methodology in the various
experiments.

Note that the graphs refer to total retention
in the respiratory tract, i. e., retention in the
upper respiratory tract -as well as the alveoli.
If the percentage lower respiratory tract reten-

CThis paper wae not originally intended as more than a 10-15 minute
suntmary of some current experlmental work heing done by one of us
(P. E. Morrow), However, in view of the rathor extenslve reviews pre-
sented on other phases of the fatlout problem at this sympesiom, the
prper wus expanded somewhat to it a more peneral consideration of
Tossible nhalation lazards in a fallout feld. The experimental work
appeated as on abstract in the Amerlean Journal of Physiology, 787 618,
1856, and in a Unlversity of Rochester Atomic Energy Project report
(UR-504). The caruplele manuseript has been ncoepted for publication
10 the A, M. A. Archlves of Indusirial Heslth, This betng the casa, the

manuseript was revised somewhat In proof to omit experimental details
which ean now be found elsewhere.
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tion were plotted the relationship would be
similar except a distinet maximum would appear
at about 1-2 x diameter. This occurs because
particles above 5 x seldom reach the lower
respiratory tract.

The results show considerable variation in
detail, but agree in showing two things:

(1) less percentage deposition at sizes be-
tween 2 poand 0.2 4 than at either larger or
smaller sizes. (This does not supply a mini-
mum in total mass deposition.)

(2) almost complete lack of experimental
information and no notable unanimity of
theoretical opinion in the submicroscopic size
range (i. e., <{0.1 i) where particles are rela-
tively unaffected by gravity or the usual
inertial forces.

From the standpoint of the hazard from in-
haled fallout material, other things being equal,
it will make a great deal of difference whether
the radioactivity is:

(¢) Predominantly on particles so large
they will not be respired.

(3) Predominantly on particles in the size
range which will deposit in the upper respira-
tory tract.

(¢) Predominantly on small particles which
will be retained largely in the deeper portions
of the respiratory (ree.

Data on the particle size distribution as re-
lated to the activity distribution are not gen-
erally available for fallout activi

Obviously at early times the activity distribu-
tion will presumably involve a wide range of
particle sizes. Later as settling or aggregation,
ete., occur the bulk of airborne activity may be
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Figure 1.*

THEORETICAL DATA

Curee No. £: Findeisen (21 Postulatod flow rate, 200 cm¥sec; 14 eycles
per min.,

Curse No, 2: Landahl (3] and Landahl e af, [€): Flow rate, 300 cm¥/sec;
15 eyeles per min; tidal air volume, 450 em3.

Curve No. 8: ——— Flow rate, 300 em¥sec; 736 cycles Der mln; tdal air
¥olums, 900 emt.
Curee No. 4: ——— Flow rate, 300 cmfsec; § cyeles per min; tidsl air

voluits, 1350 em.
Curve No, &: Landahl [3]: Flow rate 1000 em¥sec; 15 eycles per min;
tidaf alr volume, 1500 crns.

EXPERIMENTAL DATA

Curze No, 62 Wilson and La Mer [8]: 58 cycles per min,

Curte No. 7: ——— 2 eycles per min.

Cyroe No, 8: Landahl ¢ al. [4]: 15 eyeles per min; tidel afr volume, €50
ctn?,

Curee No, 82 ~-—— 714 cycles per wuin; tida! air volume, 900 cme,

Currve No. 10; =~ cycles per min; tidal sir volume, 1350 em?.

Curoe No. {1: Brown # al., (8): Each point represents the mean of many
values.

Curve No. 12: Van Wik and Patterson {7}: 19 cyclkes por min,

*Taken directly from reference 1.
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on smaller particle sizes.  In fact an interesting
estimation of what it might be is found in the
data of Wilkening (8] for distribution of natural
vadioactivity. A summary of his {indings is
presented in Table 1.

Tane 1—DISTRIBUTION OF NATURAL
RADIOACTIVITY (WILKENING, 8) *

Pereent of

Particle diemeter radioactiotty

>0.005.. - ... - N - 5
0.005-0.015.. . . 25
0.015-0.025. . 50
0.025-0.085- ... ... .. B . 10
0088 e 10

“Wilkening used an vlectrostatic separator of special design, and as
deseribed by Mercer (9] 1he seprarntion of sizes may not be very depend-
ghle. However, this does not, negate thia fact that most of the sctivity
appears on small particles.

Thus virtuelly @/l activity appears to be on
perticles too small for detection in ordinary light
microscopes.

In the light of these considerations experi-
mental determination of the retention of sub-
micron aerosols in the human respiratory tract
has been of intense interest in our laboratory.
A few results seemed worthy of presentation
here since they represent one of the first exten-
sions of experimental data into the ““‘theoretical
zone" seen in Figure 1.

The aerosol was composed of sodium chloride
crystals, 99 percent of whose particles were less
than 0.4 x in diameter. Retention was meas-
ured by difference between the inhsaled and
exhaled concenlrations.

The retention apparatus consists of two units:
(1) an exposure unit, composed of an aerosol
generator, mixing chamber, aerosol samplers
and a cooperative respiratory valve (the latter
item is a high-speed slide valve, controlled by
minute pressure changes in the face-piece of the
subject, which accomplishes the separation of
inspired and expired air) and (2) a control
system composed of the respiratory slide valve
eontrol unit, an electronic integrator for auto-
matic tidal volume measurement, and a pneu-
motachograph. The apparatus and methods
are described in detail in references 12, 13, and
14,

Thus, information obtained in an experiment

includes percent mass deposition, particle size
distribution of the inhaled air, and the various
dynamic and volumetric characteristics of the
respiratory pliysiology of the subject.

Particle size measurements were made by
electron microscopy. A typical particle size
distribution for the acrosol used is shown in
Figure 2, where both the mass and the count
diameters are plotted on a probit scale. The
median diameter on a mass basis (MMD) is
0.43 g, the median dismeter by count (CMD)
is 0.056 y, with standard deviation ¢ g==2.3
in each case.

STYLIZED DISTRIBUTION DATA
$SODIUM CHLORIDE AEROSOLS FOR HUMAN STUDY
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PERCENT LESS THAN STATED SIZE

Fioume 2.

The results of the 17 experiments done
on 9 human subjects while breathing sponta-
neously provide several points of interest.
First, on a mass basis the amount of the aerosol
deposited in the respiratory tract was found
to be somewhat greater than that predictable
from commonly accepted particle size-depo-
sition relations. The difference is not large
but is significant statistically. Second, there
appear to be several physiologic factors which
affect the extent of mass deposition.

With regard to the first point, 63.4 percent of
the inhaled nerosol mass was the mean deposi-
tion value. The 95 percent confidence limit is
57-69 percent for the mean. Generally ac-
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cepted relations prediet a percent mass deposi-
tion value for this particular aerosol distribu-
tion of not more than 55 percent. The hygro-
scopic nature of this acrosol is undoubtedly
responsible for some of this increased value,
but estimates of this contribution do not ac-
count. for the difference scei.

The relation of deposition to respiratory
characieristics is shown in Figures 3 and 4.
In Figure 3 is seen a plot of the percent of the
aerosol mass depogited as & function of the mean
regpivatory frequencies and the mean tidal
volume from the 17 experiments. Each exper-
iment provides a single point, and those on the
sameindividual are interconnected. The heavy
arrow is to denole the general trend, which is
toward ¢nereased deposition with lower respir-
atory frequencies and/or higher tidal volumes.

This inverse relationship may be due to an
interdependence of these two variables. In
other words, the deposition may be a function
of tidal volumo and since an increased tidal
volume is generally associated with a decreased
respiratory frequency, such o relation would be
expected. However, unlike previous reports (at
larger particle sizes) wherein these were in-

100

variably related in an inverse manner, only in
60 percent of the experiments did the mean
tidal volume increase as the mean respiratory
frequency deereagsed. (It should be pointed
out that these cxperiments were frequently
weeks or months apart.)  Consequently, it ap-
pears that the tidal volume is as relevant a
factor as is the respiratory frequency. It is
rexsonable to explain this on the basis that as
the tidal volume inereases, the number of parti-
cles inhaled increases, and that a deeper, fuller
respiratory tidal volume provides for a more
intimate contact of aerpsol particles with the
vagt. mucosal surfaces of the lung. Both of
these conditions tend to promote Brownian
motion deposition. (Remember particle den-
sity is of no importance at these sizes.)

In Figure 4 is another set of parameters which
appear interesting; the mean respiratory air
flow rates a¢ plotted against percent mass de-
position. As seen in the figure, in the case of
inspiration, an incresse in the mean air flow
generally resulted in an increased deposition
whereas in the case of expiration, a decrease in
the mean air flow rate was associated with an
incre1sed deposition. Again, there is a prob-
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able interdependence; one which may involve
the tidal volume or respiratory frequency. For
instance, it was found that as the respiratory
frequency decreased, it was generally associated
with an increase in the expiratory phase dura-
tion, more so than with the inspiratory phase
duration; thereby tending to produce an in-
creased mean inspiratory air flow rate parti-
cularly if the tidal volume incressed. One may
hypothesize that the deposition of the larger
particles would be increased by higher inspira-
tory velocities by impaction and possibly the
impaction process might be so efficient during
inspiration that it would be relatively unim-
portant during the expiration. Even more pos-
sible is the idea that particle deposition would
be improved by the increased turbulence in-
duced by high air flows.

DISCUSSION

Some points in this experimental study relate
to the fallout problem. Onc is best seen by
returning to Figure 2. Observe the mass dis-
tribution of this aerosol: 99 percent of the

particles are less than 0.4 » diameter but only
50 percent of the aerosol mass is presumably
due to these particles. In other words, & mass
deposition value of 50 percent could be hased
on the nasal-pharyngeal deposition of a few
thousand particles greater than 0.4 u diameter
or it could be due to millions of small particles
depositing in the lung parenchyma. This point
gerves to illustrate, first, the need for particle
size deposition data instead of, or along with,
mass deposition data. It demonstrates that
masg deposition measurements are based on
the recognition of a relatively few particles
which are generally belicved to only rarely
penetrate beyond the anatomical dead space.
Such measurements ignore the contribution of
the greater percentage of the particles which
can prcsumably penetrate into the lung paren-
chyma.?

Thus, to return to the original considerations,

4 There 18 incressing evidence that radloactive nuciel sdsorb onto
avallable dost as & function of thetr {otal diameter rather than total cross-
section (Smoluchowskt, 10). In our cnse, equivalent total diameters
oocltr at ahout 0.09 4 slee so 1hat the firat (smaller) 65 percent of the
particles provide 50 pereent of the total diameter but only & few percont
of the mass (<3%).
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the work of Wilkening and others have indi-
cated that in nature, one does encounter a pre-
ponderance of radioactivity (>909%) on parti-
cles under 1,000 & (0.1 ») diameter. On the
other hand, assay of fallout concentrations by
sedimentation (with possibly a small amount of
impaction and Brownian motion deposition) of
airborne radicactivity onto adhesive surfaces
is commonly employed. Presumably, this tech-
nigue is about 63 percent “efficient” {11]. This
implies that particles under 1,000 A are primar-
ily involved with the 37 percent remainder.
The possibility that “fallout,” as studied in the
U. 8. A, is in large measure tropospheric may
be & basis for the apparent preponderance of
radioactivity on “larger” particles. So one
must presume that the persistent atmospheric
radiation is in a colloidal state and that, pro-
vided not more than 10°-10* of these particles
occurf/ml of air, they are likely to remain aloft
subject only to radio decay and washout due
to precipitation.

Animal experiments (particularly on rat,
mouse, ete.) will probably underestimate the
risk of these smaller particles due to the extraor-
dinary surface to volume ratio of their nasal-
pharynx. On the other hand, man’s anatomy
and physiology appear to predispose him to
the depesition of these particles in amounte
uniquely higher than in most experimental
animals (with a few exceptions).

The above discussion should make it clear
that while the role of particle size has been
examined and discussed more than any other
factor, many studies, including the present one,
point out that the physiology of respiration can
influence dust deposition as profoundly as par-
ticle size.

Direct application of the above experimental
data to quantitative prediction of how the
retention of fallout particles in the human
lung will be related to particle size is obviously
not possible nor intended. However, it is
hoped that it will serve to emphasize some
points not usually appreciated and aid in the
planning of future field experiments.

CONCLUSIONS

(1) Particle size is n cardinal parameter
in respiratory tract. deposition.

(2) The distribution of radieactivity in a
fallout field may or may not be the same as the
distribution of particle sizes. More informa-
tion on this point is needed from field tests.
(Particularly number distribution vs. mnss
distribution.) However, there is a real possi-
bility that much of the activity at later times
may be resident on smaller particles, and rela-
tively little experimental information is avail-
able on the retention of the smaller size particles
by the human,

(3) Ramples collected by settling techniques
may or may not show the activity of greatest
importance as an inhalation hazard.

(4) Preliminary experiments in humans with
a sub-micron size sodinm chloride aerosol show
depogition (retention) to be somewhat higher
than predicted by theory, and to be related to
the breathing pattern of the individual. The
former is important since much of the radio-
activity may be on relatively small particle
sizes. The latter indicates that, though the
primary physiologic factors have not been
isolated, there can be little doubt that the
manmer in which an individual respires may
influence the deposition process quite signifi-
cantly.

(5) While not immediately pertinent to the
short-term effects of a fallout field because of the
over-riding importance of external radiation
hazards, and the relative radioresistance of
the lung in an acute sense, these considerations
can be of importance in the assay of the possible
damage from particles which' may be present
in such a field-—and possibly inhaled under
conditions where the external hazard would
be minimized. Obviously, they are pertinent
to evaluation of the longer-term hazards.

ADDENDUM

Since the date of the fallout meeting, two reports
pertinent to the distribution of radicactivity as a
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funetion of particla size have appeared.  Thesc ure by
Williamson (USNRDL TR 152, 1957) and by Farlow
and Schell (USNRDL-TR 170, 1957),  Also other
indications that deposition of particles smaller than
0.1 # may be higher thun predicted by theory was
publisbed by Dautrebande, et al. (A. M. A, Arch. Ind.
Health 18, 179, 1957) and an indication of the same
tendency war found in a paper by Verzdr, ef al. (Arch.
ges. Physiol. 261, 219, 1955).
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DISCUSSION
J. N. Stannard and P. E. Morrow

Dr. Lavcaam. Thank you, Dr. Stannard.
Because of the time we are not going to be able
to discuss this. However, I would like very
much, purely because the particle problem in
this whole business has been that which is
always thrown at you when you are trying to
assess the hazards associated with inhalation of
radiosctive materials. Every time yvou make
a statexnent there is always some fellow who
brings up the ides that this all depends on
particle size. When he says that it is supposed
to stop you cold just like a doctor is supposed
to stop you when he says you have a virus
infection. So I think anything that can be
done to get this particle size problem on a basis
of where you ean say what specifically does
this mean to our problem, then I think we are
getting somewhere.
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THE SHORT TERM BIOLOGICAL FATE AND PERSISTENCE OF

RADIOACTIVE FALLOUT

AS MEASURED AT

VARIOUS

LOCATIONS WITUIN FALLOUT PATTERNS

By R. G lawvperrae and K. H. Larson

Radio-Feology Division, Atomic Energy Project, University of California at Loy Angeles

The problem of assessing the biological
hazards of radicactive fallout may be arbi-
trarily divided into two parts; one, the acute or
immediate hazard arising primarily from ex-
ternal radiation and sccondurily from the
metabolism of certain fission products; and
two, the chronic or long term hazards arising
primarily from the metabolized fission products,
and seconderily from external radiation. The
division of the problem is real. The exact
duration of each phase is not.

The Alamagordo Seetion and the succeeding
Radio-Ecology Division at the Atomic Energy
Project, University of California at Los Angeles,
has been engaged in part in studying the fate
and persistence of radioactive fallout in areas
adjacent to continental test sites since 1947,
A reasonably continuous record is available of
the fate of plutonium contamination near the
New Mexico Test Site from 1947 to the present,
A record of the fate of repeated fission product
contamination in several areas adjacent to the
Nevada Test Site from 1951 to the present is
also available. Lest we stray from the “short
term’* objectives of the symposium, the data
presented below will emphasize data collected
during weapons testing programs and up lo
one vear following fallout contamination of an
environment.

During the course of these studies many
kinds of environments have been sampled
varying from the semiarid desert valleys, to
juniper and pifiilon pine covered slopes, to
relatively rich agricultural areas. By and large
the sampling has emphasized the study of

natural environments relatively unaffected by
human exploitations. In these native, stable
communities the occurrence of figsion products
originating from fallout have been docunented
as they oceur in the various compoenents of the
environment. The  particular  components
studied during weapons testing programs have
been air, soil, plants, native rodents, and fallout,
From these data, collected serially over a period
of time, the cycling of bomb debris may be
{ollowed as the contamination passes from one
conmponent of the environment to another.
The kangaroo rat, genus Iipodomys, and the
jack rabbit, genus Lepus, have been used as
indicators of the biological availability of radio-
active fallout to other mammals. These
apimals are abundant in most aress and arce
casily collected by trapping or shooting. The

" kangaroo rat is of particular interest because of

its sedentary nature. In other words, the body
burden of fission products in suy particular rel
is the result of that animal living its entire life
within one or two hundred feet of the point of
collection. Therefore, knowledge of the condi-
tions of contamination within this area provides
us with parameters for estimating the biological
significance of any particular fallout condition.

The plant species and plant parts which go to
make up the primary forage of the kangaroo rat
and jack rabbit in any particular area are the
ones chosen for documenting the occurrence of
fallout materials in or on plants.

Experience has shown that radioactive fallout
originating from continental weapons tests tends
to remain in the surface inch or two of soil in
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undisturbed arcas for a peried of years, ai. least
within the distances studied thus far.
assessment of fallout on natural aress, therefore,
is expressed in terms of activity per unit area,
Fallout contamination of soil is determined
from sumples taken from cither one square foot
or one quarter square foot aress depending
upon the objectives of the experiment.
B data may seem out of place in a symposium on
biological material. However, it will be shown
that the biological fate of radioactive fallout is
dependent to a large extent not upon total
fallout deposited im an arez but upon some
fraction of the total. Soil sampling provides us
with a method of characterizing the total fallout
' against which data we ean compare the biologi-
’ cally significant fraction of homb debris.
‘ R This latter point is exemplified in Figure 1
o ' which compares the amount of fallout from a
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Frourn 1.~ The relative degree of radisactive fallout con-
tamination on soils and plants resulting from a single
detonation expressed as a function of the distance of the
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single delonation on soil as compared to the
amount of fallout on plant material as a function
of the distanee of the sampling site from Ground
Zero one day following contamination. 1t will
he noted that activity per unit weight of dried
plant material compares quile favorably with
the activity contained in the less than 44-micron

particle size fraction of soil as opposed to total .

soil contamination. Note also that the degree
of plant contamination in this particular case
appears to inerease, or, conservatively, to stay
the same over the major portion of the 80 miles
distance studied. The sigoificance of these
observations are two-fold. First, animals
grazing in these fallout sreas and feeding upon
these forage plants will not be ingesting gross
fallout but rather a specific fraction (the less
than 44-micron size group) which has been
trapped by the plant acting as a selective fallout
collector.  Second, since the degree of plant
contamination tends to remain the same over a
very great distance the internal dose to animals
grazing these areas will also be similar and the
potential hazard similar over a great portion of
the fallout pattern.

Figure 2 shows & special preparation de-
veloped for the stndy of the characteristics of
fallout material contaminating plants. In the
field, plant leaves are carefully placed on
gummed paper and backed with blotter material
and dried. In the laboratory, an autoradiogram
is made which serves as a map for the location
of specific particles on the plant leaves. De-
tailed analysis of many of these preparations
support the conclusion that the less than 44-
micron diameter fallout particles are the prin-
cipal source of radioactivity in forage material
samples within a period of weeks following fall-
out contamination. It has not been possible to
distinguish between external contamination and
metabolized fission produets in range plants.
Experiments in which soil flats have been ex-
posed to fallout and subsequently cultivated in
the greenhouse do show that fission products
(particularly Sr¥) are biologically available
from fallout and will be accumulated in the
plant parts [2].

Figure 3 is a photograph of the dried pelt of a
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Froure 2.— A preparation for the siudy of fallout
autoradiogram resulting from ez,

kangaroo rat sampled from a fallout area and of
the autoradiogram resulting from a one-]‘m}f
hour exposure of the pelt to X-ray film. 'l_hls
animal was collected approximately 12 miles
from Ground Zero about 24 hours nfle_r fa!lou!,,
Although the degree of fallout contamination is
startling, it is interesting to note that we have
found no indication of radiation burns or dam-
age in the plants or rodents collected from t.he;se,
or more distant, arcas. Beta bumt';‘resuhxmg
from fajlout particles have been ?'enho}i, 'ho?.v-
ever, on livestock and decr grazing within 20
miles of Ground Zero. N
In regard to metabolized fission products, it is
indeed fortunate that, in terms of t,h.v physiolo-
gical requirements of plants and nm_ma,ls,' ro!a‘-
tively few isotopes are of real l)inl.oglm'l signifi-
cance. However. whether the blol(?g.wn‘l_ haz-
ards are interpreted in terms of radioiodine or
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particle retention by leaves she
posure of the preparation to X-ray fitm 1.

|
.

wing the leaf preparation and the

radiostrontium or some other spcciﬁ(.: isotope,
the fact remains that many other fiss\on prod-
ucts are apparently present in tissues fo.r a
limited period as a result of fallout contamina~
tion. As long as the fundamum‘a‘] ru.lo oi_ radya,-
lion biology remains “that radiation is primarily
a destructive force in living syslvems"’, then we
are committed to learning more of this matergl
that we must “learn to live with,” whatever its
Jf-life. .
ha}lf‘llm rolationship between the biological fute
and persistence of radjoactive fallou\_. to time,
the loeation of the biological ma.terml Wlt'hlll
the fallout pattern, and the \:mhnvmr ?f the iso-
topic precursors of the particular ﬁssnon. prod-
uets under copeern are parameters which re-
quire special consideration and defy anything
but an arbitrary division of the fallout phenome-
non into short term and long term effects.
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Frovne 3.—A dried peli taken from a kangaroo rat exposed lo fallout 16 miles from Ground Zero and the resulting
auloradiogram showing the occurrence of radioactive fallout particles (3],

Figure 4 summarizes the persisience of fission

~ products in various tissues serially sampled from
a natural population of kangaroo rats over a

period of 90 days following a single fallout con-

tamindtion in the spring of 1953. The decrease

in tissue burden does not deviate markedly from

the theoretical decay of mixed fission products

besed upon the t-1% decay constant. This sug-

gesats that the tissue burdens are made up of

"mixed fission products in equilibriuin with the
concentration of fission products in the environ-

ment. During this time period there appears to

be little evidence of biological concentration of

fission products in terms of gross beta gamma

activity. Figure b, however, shows the gradual

buildup of radioiodine in the thyroid of kan-

garoo rats and jack rabbits serially sampled

from @ fallout arca located 12 miles from

Ground Zero during the spring of 1955. Sam-

pling was discontinued 15 days after fallout

with the concentration of radiolodine still rising.

It can be anticipated, however, that the ac-

" cumulation of iodine was nesring its peak. This

buildup of thyroid activity corresponds to simi-
lar phenomena described at Hanford Works and
is considered to reflect the time necessary for the
jodine in the thyroid and in the food supply to
reach equilibrium. The problem is further com-
plexed by the identification of 1" ag the primary
contributor to thyroid activity during the first
day or two following fallout following which
time 1" becomes dominant,

Figure 6 shows the influence of the location
of the sampling site within the fallout pattern
to the biological accumulation of fission prod-
ucts. In this case the accumulation of fission
products is plotted againgt the distance of the
sampling site from Ground Zero along the
midline of fallout. As might be expected the
tissue burdens generally appear to drop off
with distance but not as sharply as does the
total fallout. Note the striking deviation of
the femur snd kidney data from the other
tissues. Figure 7 presents similar data from
two separate events showing the increase in
radioactive content of the thyroid as a function
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F1oune 4.~ The occurrence of fission preducts in tissues
sampled from a natural population of kangaroo rels
living 19 milea from Ground Zero in a Jalloul con-
taminated environmenl expressed as a function of lime
after fallout {3},

of distance from the sampling site with a peak
concentration at 60 miles from Ground Zero.
Note that this distance is the same for botu
fallout patterns even though the conditions of
detonation were very different. These data
just presented sre all from samples collected
within 24 to 48 hours following fallout,

Figure 8 shows the interaction of time, and
the position of the sampling site on the bio-
logical fate of fallout. Following the 1955
test series, two residual fallout patterns were
defined and samples taken along the midline of
contamination. The results from one pattern
are shown in Figure 8 since these data are more
complete and representative of both residual
fallout patterns. The environmental contami-
nation, a measure of gross residual fallout
contamination, decreased sharply with distance.
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F1oURE 5. The occurrence of radioiodine tn the thyroid
of native animals serially sampled from o fallout con~
laminaled area 12 miles from Ground Zero and on the
approzimale midline of fallout {1].

The gross beta gamma activity in jack rabbit
bones sampled along the midline of residual
fallout inereased out to 130 miles and then
decreased slightly and leveled off. The radia-
tion levels above normal that occurred in the
bone ash was accounted for by the presence of
radiostrontium. The peaking of activity at
130 miles appeared more specifically to be
attributable to the relatively heavy concentra-
tion of Sr%,

This was not the first timne that this phenome-
non had been observed. In May 1954, one year
following the 1953 Test Series, another residusal
fallout pattern was studied to a distance of 130
miles from Ground Zero, with the results that
are summarized in Figure 9. Once again soil
contamination was shown to fall off sharply
while the burden of radiostrontium in jack
rabbit bones increased to a maximum at 130
mileg from Ground Zero.

Remember that with respect to the iodine
data the maximum value occurred at 60 miles.
The maximum in the strontium dats occurs ab
130 miles. Another parameter can be assumed
as the time necessary for the parent fission
products to decay into the daughter products
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Froure 6.~ Fission product distribution in lissues from
kangaroo rats sampled after two nighls grazing (I,

D+1), in a fallout area, expressed ax a function of the
distance of the sampling site from Ground Zero (1).

which are measured in our samples.  The radio-
active life of the precursor and its chemical
characteristics will determine how the daughter
product is finally distributed as fallout material.
The question as to the fate of other specific
fission products such as cerium, cesium, ruthe-
nium, and zirconium are under study.

In summary we can describe the biological
availability of radioactive fallout as follows:
First, it was found during participation in the
weapons testing program that the predominant
size of fallout particles greater than 100 microns
in diameter decreased with distance from
Ground Zero while the less than 100 micron
material did not decresse but remained the
same or increased with distance up to 200 miles

from  Ground Zevo [6]. Furthermore, the
stnaller size material tended to be nore soluble,
and, therefore, potentially more available (o
the biological cyele [7]. Second, the majority
of particles retained by follage were helow 44
microns in diameter having an average size
of approximately 20 microns.
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Fraure 7.-—The relationship of distance to the occurrence
of radioiodine in the thyroids of kangaroo rals con-
taminated by radioactive fallout, and to the occurrence of
radioiodine in the thyroids of jackrahbils contaminated
by a different fallout {1].

A feasible explanation then is that the accu-
mulation of radiostrontium, for instance, is
related to particle size and that because the
plant acts as a selective collector of very small
fallout particles, the intake of radioactive debris
by animals during grazing tends to be similar
over a great distance and appears to be inde-
peudent of the total fallout. The amount of
any specific isotope present is dependent upon
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FIGURE 9.—The occurrence of radiostrontium in the
bones of jackreblits sampled in spring 1954 from the
midline of residual fallout contamination as com-
pared to the distance of the sampling site from NTS,
and the degree of residual soil contamination [5).

the physical and chemical behavior of its iso-
topic precursor during fallout particle forma-
tion. Therefore, the amount of any specific
isotope at any particular location within the
fallout pattern will be highly variable, and the
occurrence of areas in which the biological
accumulation of that isotope is high are to be
anticipated.
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DISCUSSION
R. G. Lindberg and XK. I1. Larson

Dr. StanNaRD (University of Rochester).
One very simple question. Were these figures
for particle size on a mass basis average or
number basis?

Dr. Laxppere. The technigque has been to

THE SHORTER-TERM BIOLOGICAL HAZARDS OF A FALLOUT FIELD

take a soil sample from a known aren, and using
standard soil methods bresk it down to the
particle size in the soil. - So the total activity is
an expression of the activity in s partieular
size fraction and docs not refleet the total
number of particles involved nor any character-
isties of that purticle except size. The soil
acts as a carrier for the separation, -~

RESIDUAL CONTAMINATION OF PLANTS, ANIMALS, SOIL,
AND WATER OF THE MARSHALL ISLANDS TWO YEARS
FOLLOWING OPERATION CASTLE FALLOUT

Presented by H. V. Weiss

U. 8. Nazal Radiologicel Defense Laboratory, San Francisco, California

The object of this study was to determine the
persistence and fate of radioactive material in
the biological systems and in the physical
environment of those Marshall Islands con-
taminated by fallout from the 1 Mareh 19054
nuclear detonation. For this purpose a re-
survey of the islands was conducted in Febru-
ary 1956 by a group of scientists from the Naval
Radiological Defonse Laboratory. Specimens
of animals (Jand and marine) and birds, and
samples of plants, soil and water were collected
for analysis. Radio assays for gross beta and
gamma sctivity were condueted and in addi-
tion radiochemical determination of individual
fission products and induced activities were
made.

A few weeks after the 1954 incident a survey
was made of the contaminated atolls, [1] and
soil, water, and biological specimens were
collected from Rongelap and Utirik. These
samples were analyzed and the results were
given in the Operation CASTLE, Project 4.1
report {2]. Soil and water samples contained
microcurie amounts of activity; barely de-
tectable quantities were found in plants.
Approximately 1 year following the nuclear det-
onation, a survey of the islands indicated that
the activity was present in metabolic systems
and was still in the environment at lower but
significant levels {3]. The present study, con-
ducted 2 years post-detonation, provides further
date on tho persistence and distribution of the
fallout activity. From these data an evalua-
tion can be made of the potential hazard from
the ingestion of contaminated materials.

448028 05815

The gross betd activity of the plant specimens
analyzed is recorded in Table 1 accord-
ing to the island from which the sample
was recovered, The data were corrected for
the counting efficiency of Sr® and presented as
corrected counts perininute per kilogram of wet
sample. Empirical corrections for self-absorp-
tion were not applied because the activity of
most. samples was so low as to prevent such
evaluation with expediency. Furthermore since
the nuclide composition varied among plants
and even within different sections of the same
plant, a blanket correction was impossible.

Portulaca was many times more active than
other plant specimens recovered from the same
island. Leaves of plants were generally more
active than their fruit counterpart. The fact
that surfaces of leaves were not decontaminated
prior to analysis may account at least in part
for this difference.

Three stages of coconuts-—green, ripe, and
sprouting nut—woere analyzed. Both green and
ripe pandanus kevs were examined. No dis-
tinct differences between the stage of growth
and activity were discernible.

Where possible the meat, milk, shell, and
husk of coconuts were analyzed separately.
Within the limits of the analysis, the activity
appeared equally distributed among these
fractions.

The order of plant activities relative to the
island from which they were recovered was:
Gejen > Eniwetak, Eniactok > Rongelap >
Sifo, Utirik > Likiep. These results agree well
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TasLe 1—~GROSS BETA ACTIVITY IN PLANT, WATER AND SOIL SAMPLESe
Plant Pan PLAN _'l‘s s (e/mfkep x 10~ B
Gejen Eniwetak | Entaetnk | Rongelap Bifo Utirfk | Likiep
Portulact.....ooeo..| Wholeplant__ ... ____.__ 87. 4 19. 2 3.05 1. 26
; Stems, leaves 110 4.5 .32 .25
ALrOWTOOt. oo oo {Tub«-rs_ 232 57| 60| .55
Air root 2. 87 L17 1.05 .32
Leaves__.. 2. 64 1.02 5. 26 . 3R
Pandanus.. . ... Green keys. 1.27 .37 Ait) .22
ipekeys_ - oo oo .17
Ripe_.._. .12
.............. (L I, .25
.09
_____________ . 54

Tor0---mnoo. T {Tuber, roots with soil

4 All counts were corrected for the counting efficiency of Sre. Y%,
5 Gross beta activity of plant samples was determined in April 1956 and that of soil and water in May 1956.

with the activities of the respective
shown in Table 2.

The gross beta activity of well, cistern,
ocean, and lagoon water is shown in Table 2.
The activities were either imperceptible or of
a low order of magnitude.

To describe the downward movement of the
activity, profile soil samples were obtained in
increments to a depth of 56 inches. As shown
in Table 2, the greater part of the beta activity
appesred fixed to the upper surface of the soil;
the remaining part diminished sharply and pro-

solls as

gressively at decper levels. The bulk of the
activity appeared to be firmly absorbed to the
soil since it resisted the downward migration of
the heavy reins to which these islands are
subject.

‘Table 3 lists the gamma dose rates found on
the island survey; levels observed 1 year before
are included. The gamma activity was reduced-
over the 12-month period by 7448 percent.
Calculations based on the Hunter-Ballou curves
for beta decay of mixed fission products [4]
predict that 80 percent of the gamma activity
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Tapes 2.-~GROSS BETA ACTIVITY IN PLANT, WATER AND SOIL SAMPLES *
-—-:;;\]-{:ll | Enlwetak t Enlnetak l Rongatap . Sifo ] Utirik l Liklep

WATER ? (c/m/liter x 10°%)

ROURCE

» ANl counts were corrected for the counting efficiency of Sro-yeo, . )
b Gross beta activity of plant samples was determined in April 1956 and that of soil and water in May 1956.

& NDA indicates no detectable activity.

Tapup 3.—AVERAGE GAMMA DOSE RATES
FROM PREVIOUS AND CURRENT SURVEYS

1t months | 23 months | Remaining

Island {(mr/hr) @nrfhr) | activity (pee-
eent)

6.04 | <0.05 -
.14 . 05 35
.7 .18 23
.7 .09 13
2.4 .28 12
4.2 . 96 23
5.4 1.5 28
- 26

is lost by radioactive decay over this interval.
This decay was obviously the significant factor
in reduction of the gamma field rather than the

leaching of nuclides to deeper layers and their
eroding into the adjacent waters. .

The long-lived isotopes of mixed fission
products, which present the greatest internal
radiation Lazard to human inhabitants of a
contaminated arca, were analyzed in plant,
soil, and water samples. These isotopes were
the total rare earths, Sr®, Cs¥, and Ru®
and comprised the total detectable fission prod-
uch activity remaining 2 years after the
nuelear detonation.

In Table 4 the relative contribution of the
nuclides recovered from plant, soil and water
are recorded. The primary contaminating iso-
tope in coconuts, papaya fruit, pimdanut.a keys
and arrowroot tubers was Cg¢'®. Significant
quantities of the rare carth components (18 to
18 percent) were recovered from papays and
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Tasik 4-—-AVERAGE RELATIVE COMPOSITION OF NUCLIDES IN PLANT!

SOIL, AND WATER

Relative composition (percent)
Number of o e e e e e e o e o ——
Hourco samples i T
Byeraged st Total rare Rrit [
earths
Plant: Fert Plants
Portulaca - Whole___ 1 48 9 39.2
Papoya._ . 1 70. 8 17. 8
3 98. 2 1.1
2 989 .05
JOCODUE . Ll 2 9. 5 4
1 99. 6 .2
2 83 86. 5
. 2 92. 6 2.2
weonyLeaves 2 72.97 13.3
Airroot... 2 88.9 10.3
. Tuber.. _ . 1 76. 4 16.8
AIOW 1008 oo {Leavns__‘_ 1 7 83.9
Soit
Depth, 01 . oo .34 83.8 56 10.0
Bource: Weater
2 64. 4
2 100
2 94.5
2 100

arrowroot tubers and only a small fraction from
coconutg and pendanus keys. The Sr® con-
centration in these specimens was uniformly
low.

The nuclide composition of the leafy struc-
tures in the coconut palm and the arrowroot
plant differed markedly from the respective
nut and tuber. These structures accumulated
the rare earth isotopes in exceedingly greater
concentration than Cs'¥7,

Table 4 shows further that plant leaves con-
tained varying percentages of Ru'® and that
the concentration of this isotope represented
only a small fraction of the total aclivity,

In portulaca, a widely distributed plant, the
nuclide composition was 49, 39 and 12 pereent
Cs'¥, rare earths, and 5%, respectively.

‘Despite the inaclivity of the water samples,

_ rare esrth and Sr* determinations were per-
" formed since self-absorption as well as the size
of aliguot used may have obscured the activity.

Cs® and Ru'® were not determined because
self-absorption does not play an important role
in the detection of these pamma-cmitters. The
results of these analyses are shown in Table 4.
With the exception of a sample of cistern water
which had a significant quantity of Sr%, the
observed activity was attributable to the rare
earths.

With regard to soil, the average of two com-
plete assays gave 84 percent rare earths, 10 per-
cent Ru'™, 5 percent Sr* and less than 1 per-
cent Cs'¥,

Where comparisons were available, the
relationships among nuclides in the current
survey in general agreed with those previously
reported {3]. The only sharp difference was the
higher percentage of Cs'™ in the one papaya
analyzed in the present study.

The sunshine units are recorded in Table 5
for the plant, water and soil samples analyzed.
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Of the plant samples examined, portulaca had
the highest sunshine units; vulues were 6,140
and 25,000 for the two specimens analyzed. In
coconuds the activity of wrat, shell and milk
was not statistically significant, whereas the
value for husks ranged from 1,200 to 4,000,
Pandanus keys and pandanus air root values
also fell within this range. Arrowroot leaves,
stalks and tubers were significantly lower,
ranging from &6 to 780 sunshine units.

The sunshine units in the 0 to 1 inch layer of

TasLe §—SUNSHINE UNITS OF PLANT, WATER AND 8SCI1 SAMPLES

soil on A islands were 17 to 92; the excoption,
Gejen, had o value of 7,000,

Strontium-90 was not detectable in most
water samples; however 4 samples showed some
activity with sunshine units between 150 to 200,
A saniple of cistern water from Rongelap, the
notable exception, had a value of 10,000,

Noteworthy i the fact that the activity in
portulaca, coconut husks, pandanus keys and
air roots, as well 23 a sample of potable water,
exceeded the maximun tolerance level of Sr%,

aors
Samp etad @3S e o
fample o Caleirm in ki of Sré & afm Sre
Soll {g) (dfmfkg)
Rongelap._. 316 33x 100413 x 1P 4742
Gejen__ 341 526 x 1064 5.2 x 100 7% 108470
B 352 20 % 100422 x 100 2843
Depth @-1in)e cocmmnneee 350 13 x 100 1.0 x 108 71
360 58 % 104423 x 1¥ 7343
268 48 x 101130 x 108 9246
WATER
Caleium in Liter 8r#v (d/m/liter)
()
. Rongelap. 48 11804-10 1.1 x 108230
Clstern. - oo {Ut.irik . 61 20414 1474 104
Utirik 88 39:£10 201 454
Welln oo e Utirik. . 30 NDA 0
Eniactok. ... 2300 NDA 0
Rongelap. ... 352 NDA 0
Ocean. .o oo vo e Utirik... - 408 NDA 0
Eniwetak - 402 NDA 0
Rongelap. - 456 190168 188:1:68
Lagoon .o Eniwetak - 137 NDA 0
Utirik 441 204 + 150 208 -+ 150

NDA indicates no detectable activity.
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Tamp 5. —SUNSHINE UNITS OF PLANT, WATER AND SOIL BAMPLES - Continued

PLANTS
: 4 o " A: . o & it
e - Sty | St | s oo | e,
Eniactok . 28| 178 2.58 x llf(;ﬁ:g
Portulaes. ..o oovnoeoeoe {Gejen._ - B o8 10 140 12
20| 33 40 & 24
PAPYE woocoomemeemme e ﬁ‘&:lﬁfiii? 200 162 3404 28 ];)(;g f 120
niartok. % 58 150+24 200 1¢
Cocomt Husk-oc- -voemoeee- lgns.::tok_ 363 o 420124 40604 240
Romgelap .. 450 28 110+ 60 133(1) 1223
k.o - 2 200+ 3!
Coeonut Meat.. oo {Elliant.()k . :gg :;?) ;g : ;‘; e
Frietok. 90 16 221 ;zA 706 =
Coconut Shell -, . om0 Eniaetok . 120 8 1:’ =N
Gejen... 85 23 L 0554 500
filk *Gejes 140 20 41421 9
Coconut Milk. i 35 pS 19737 130025250
Coconut Leaves {L‘ ik 36 163 - 112); o0 528
Sej 170|195 7
Coronuy Whole- g:;ﬁ?tok ) 3051 1140 250+26 103310
280 | 383 73+ 16 8621
Arramroot Tuber. - --o----- 103 114 196 £35 780+ ;go
3 ; 385 200 + 44 340+
Arrowroot Leaves and Stalks_ 1;?) p B 5680* fi}g
1400 + 15!
Pandanus Keys -- 215 134 420 £ 44
o 10 5 46041 32001303
danus Leaves_ ..o .. 32 43 NDA
pende® 46 23 20433 300+ 653
Pandanus Afr Root. -.-..-- 30 14 10527 3360-£84
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DISCUSSION
. V. Weiss

(Please see discussion on pages 217 to 218.)

PERSISTENCE OF RADIOACTIVE

CONTAMINATION IN

ANIMALS OF MARSHALL ISLANDS TWO YEARS AFTER

OPERATION CASTLE

By S. H. Conn

U. 8. Naval Radiological Defense Laboratory, San Francisco, California

An unique opportunity for study of the
internal radiation hazard associated with the
contamination of a large land mass was afforded
when several of the Marshall Tslands were con-
taminated by fallout from the nuelear detona-
tion of March 1, 1954. Within a month of the
accident, numerous land animals, birds and
marine specimens, as well as samples of plants,
soil and water were collected for analysis of
the concentration and distribution of radio-
active material. On the hasis of these findings
the initial. hazard to human heings from ex-
posure to internal radiation resulling from the
ingestion and inhalation of radionctive fallout
was estimated.

In order to ascertain the degree of hazard
associated with the residual contamination,
and thus to assess the habitabilily of the con-
taminated arcas, resurveys of the Islands wete
conducted at 1 and 2 years. Data on the
physical availability of the contaminant in the
environment and the biological availability in
plant foods has been presented by Dr. Weiss.
In addition, however, knowledge of the biologi-
cal transport of these radionuclides, especially
Sr®, through the food chain is required. Tt is
readily) apparent that one cannot deduce, from
data on the physical environment alone, what
will be the ultimate deposition in the skeleton
of animals living iu this area.

Readily detectable levels of radioactivity in
land and marine animals of the Marshall
Islands contaminated by the 1954 nuclear
detonation were measured in February 1956,

A summary of the residual radioactive con-
tamination at 2 years in the tissucs of 85 fish
and marine invertebrates from the various
island lagoons, expressed in terms of gross beta
and gamma saciivity is presented in Table 1.

Considerable variation was observed in the
concentration of activity per unit weight of
individual fish and marine invertebrates from
the same area as well as from different geo-
graphic Jocations. Part of this variation may
be due to differences in feeding habits, but no
correlation between the level of radioactivity
and the eating habiis of the fish (carnivorous,
herbivorous, omnivorous) could be ascertained.
Other factors such as currents and localized
concentrations of radionuclides may also play
a role in determining concentrations of residual
activity in the lagoon fish.

Fish and marine invertehrates caught in the
northern section of the Rongelap Lagoon had
the same level of beta activity but twice the
‘gamma activity of fish from the southern sec-
tion of the lagoon. This ratio of activity in
marine invertcbrates between the north and
south ends of the lagoon was considerably
lower than that observed 1 year following the
detonation. This finding suggests & redistri-
bution of activity from the higher concentration
originally existing in the northern end of the
lagoon. The pattern of the 1954 fallout was
such that the activity on the northernmost
islands was tenfold higher then on Rongelap
Island, at the southern end of the atoll.

The internally deposited activity in the
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PERSISTENCE OF RADIOACTIVE CONTAMINATION IN ANIMALS

Tapre 1—~SUMMARY OF BETA AND GAMMA ACTIVITY IN FISH AND MARINE INVERTEBRATES el { IS ZIE |22 S. TEF UL omg
i YA ' N g g2 <3 Td n 1
—_— S g
Fish Crabs Clams ] »'L'—— s e - : - -
FR—— O Y - I . A D e Z bt 8 N
Tsland Adivity (@ Aetlvity (4 Artiotty ! "”I"’" @ ol ] Tk T
slan Number rk; x!{o")/ml Namber k; x})’"(j‘{m/ Numher \v)t((;ﬁ"(:l’hn/ Numhor }(m/ 1 S I 4 . h -
n e e e —memsme et ] e e v H - o e - o - ® b3S
somples P N samiHes . . samples | s N sampleg B ., E 9 - ‘(l : o |& : - : - ; -N ‘:3 3 ';, -
- - R e el T RN EES P A - w e - - :
RONGELAP AT0LL: . = @ i ! e mnw E S ee es
North:  Gefen .. - Rl 5| me 2| = [ 2 T 3 . B i
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Central: Enlactak 6 owal et 1 el §5) B e e | e, ! @ - g e RE T e
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! & t
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TARIEE ATOLL, ’ E 5 % ! A ; [

Likiep... : AL I womeee| e ! R e fmm wow|en wm Ew -

4 2 = @ W e M| g -] L >
B RN e e .
‘ : . ) o Q| welon woelms aw Ro £
lagoon fish was only very roughly proportional  skin and gills. The internal distribution of i - | B r W T idx Z-g |98 OF 3
to the external rediation dose over the adjoining  anrtivity, particularly the muscle activity con- ' = E -t ] s . g -
island, centration, was very similar to that found in E = b "8 s eo = |

Crabs and clams were found to have aresidual ~ the fish collected and rnalyzed at one year ' <] - L . i

concentration of beta-emitting radionuclides of  post detonation. a ~ 23 "5 e
. . . >l 2
about the same level as fish from the corre- The results of the radiochemical analyses for L G ’ -3 [ .
sponding locality. This is in contrast to the  specific radionuclides are presented in Table 3. ! "l G P
larger differences noted between crabs snd clama  The most important finding is the very high ! = - S S . .
as compsred to fish at 1 ycar post delonation.  percentage of the total activity in fish which is A ] - es|e e = 8 oo

- . . . . 3 . . . %

Snails from Gejen had considerably higher  contributed by Zn%. The manner in which g | 3 =" sg_ﬁg §7 3_ §,
concentrations of activity than fish from the  this induced aetivity is concentrated has not = & mo | e R
same locality, as was noted in the l-year  beendetermined. The Zn® in fish is distributed © i = £93 |58 “g g "8
resurvey. The higher level of activity of the  fairly evenly among the various tissues, The & - i oY Logi FEEER

. . . . . N = = < H - H
snails may be related to their habit of feeding  Zn% was not found in clams, crabs, or snails, i = : ; ;
on the bottom of the lagoon where higher con-  with the exception of one helmet snail from 1 E ! ; o
centrations of radionuclides were found. Kabelle Island. =3 Pl o

The internal distribution of radioactivity in The rare earth group of fission products 1 E ! . g : Pog oo
the tissues of fish (primarily carnivores) col-  constituted a small percentage of the total g g B g'g, Biogiog 00 R

N ; o e ; ; : ; - ;
lected in the various lagoons indicated thal an  beta activity in clams and fish. 'The rare = ¥ % g§E i g8 5, CEOE
average of 20 percent of the total heta and  earth clements as a group do not appear to be | ce Poaws [ S B
gamma activity was found in the skeleton  selectively localized. The rare earth activity o £ g iF g 1 2

. . = % 2 - -
(Table 2). The head contained an average of  of the crabs was high, an average of 20 pereent 2 ! G EE] g 8 1§ % %
30 percent of the total beta and 21 percent of  of the total beta activity.  Spails concentrated I I §5 E: Ig ‘2 8 E
the gamma activity. Muscle contained approx-  the largest amounts of rare earth clements. i ‘gg = S4isg iz T is
imately 14 percent of the total beta and gamma. The St® concentration was very low, con- EERRE Y C5E i3z FEREE R
activity, The activity of the viscera and con-  tributing generally a fraction of 1 percent of | =22 Es Euig EE £g FEE

. . . . i B : P k- ]
tents varied considerably, but contained on the  the total beta activiiy. The St content is of ] %%‘ fd 82 §E & £
average about 33 percent of the total bete activ-  particular importanee, since it is the radio- éﬁ & g4 g® EBL 24

. ity and 16 percent of the total gamma activity.
The remainder of the activity was found on the

puclide of greatest potential hazard. The
Sr* hazard derives principally frem its long
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RADIOCHEMICAL ANALYSIS OF BIOLOGICAL SPECIMENS FROM RONGELAP ATOLI,
Wet Bela aetlvity Qammu Nuzedlele Terrent
Hample Sanxple Tissoo wl. Ca | (dim sample pettvity Nuetitle ity of tutal | Qunshine
No, @ | (mg) - (Aym sumplo (dim sample | aetivity §unlts (ay
X1074) X33
RONGELAP I8LAND
¥502C..... | Goat Fish. . ... . . | Bone.. - 2 86O 1.5 o -
73 587490
&9 -
Viscorn ... . 0w 36 4.9 4 .
¢ 0
RO.3 -
shin ... L. 28| 88T .2 125 |- P
1.7 4634
%38 | -
Muscle . & 11 LI
A4 180:4:313
we | ...
1509......... | Killer Clam... . Soft Tissue . .. | 1800 | T3 20 o P
12 14642
" % B IR
RKiller Clam. . . ... | Soft Tissue. . ..| 8K2 | 1565 3t 25 {... -
27 243631
89 - -
1620A.. ....| Langousta Crah. ....[ Soft Tissue . @ 30 3 20. .
¢
1520C... ....| Hed Eye Crab. . Roft, Tissue . 51| 2343 5 44 -
15200} Red Bpotted Crab....| Soft Tissue .. .| 73 | 2900 .78 )
15208, .. Coconut Crab...... ..} Soft Tissus _.. .| 11¢| . ... 3.4
KARELLE I6LAND
38 Snapper Fisk......... Musele. ..........| 281 85 0.96 06| R.E .. 1. - 42 |
. o 0
- 84.2
Skin.... ... - | B8 967 1 41 R.E .24 2.4
EILN 0.53::0.76 . &
Znss. 180 . ... .| o7

= Bunghine Unlt=0.001 pc Scot/kg Ca.
* R, E.=Rare Earth Group
¢ NDAmNo Detectable Actlvity.

radioactive half-life (28 yr.) and also from its
high fission yield and its availability to bio-
logical organisms. Sr% levels. and S¥/Ca
(sunshine units) are reported for a number of
samples in Table 3.

The skeletons of fish concentrated and
retained the largest amounts of Sr®, as would
be expected from the similarity of strontium
metabolism to caleium metabolism.  The skel-
eton of a fish from Rongelap had 587 sunshine

-, units, the highest observed in any fish. The

highest number of sunshine units in any of the

samples analyzed appeared in a clam from
Rongelap (2.43 x 10° units).

In general, snails had a high number of
sunshine units (276 to 502). A relatively
high level of Ru'® (19.2 percent of heta activity)
was also found in a snail from Gejen. A high
level of Cs™ (with a 37-year halflife) was
found in a coconut crab. In the analyses from
previous island resurveys, Cs' was the major
radionuclide found in land food plants and
also in the tissues of land animals. The
coconuts, which had high levels of Cs™, were
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undoubtedly the source of (he Cs® aetivity
found in the coconut crab.

The presence of Co® in two samples of clams
was noted for the first time in the 2-year
peried  sinee  the  detonation.  The Co®
aceounted for the major fraction of the total
activity in these samples. The Co*® was
detected by gamma spectral analysis, and
confirmed by chemical separation and absorp-
tion measurements. The ability of clams (o
concentrate Co™ selectively was verified in
laboratory experiments using clams obtained
locally.

Comparison of the fish and marine specimens
collected immediately after detonation and 1
year later with those studied in the present
report (2 yoars after detonation) indicate &
drop in activity. The fish from the Rougelap
fagoon had approximately oue-fourth the
activity of those analyzed 1 year postdetonation.

A rooster caught on Rongelap Island had a
beta activity of 6.1 x 10° d/m and a gamma
activity of 1.2 x 10° d/m (Table 4), The
level of beta activity of this rooster was 40

215

pereent. of that of a rooster from the same
Iocality analyzed at 1 year postdetonation,
About 86 percent of the total activity in the
body was concentrated in the skelaton.

The pattern of distribution of residual
activity within the skeloton is shown in the
autoradiograph of the rooster tibia (fig. 1).
The activity is diffusely spread throughout the
diaphysis. The concentration of activity in
the diaphysis and its absence in the ends of the
boue indicates that the primary deposition
occurred soon after the detonation while the
chickens were young and growing. Theradiation
dose to the skeleton from internal emitters is
ohviously considerably higher at this time than
that to any other tissue. The muscle con-
tained 8 percent of the beta activity, and the
liver, 4 percent. The gastrointestinal tract
had 1.3 percent of the beta activity, and
sbout one-fourth of this was found in the
respiratory tract.

The average activity for individual tissnes of
4 rats collected on Rongelap are also presented
in Table 4, The rats had a beta activity of

Tasre 4—SUMMARY OF GROSS BETA AND GAMMA ACTIVITY IN RONGELAP ISLAND ANIMALS

Radionctivity
Number of | Aversge
Sample samples | welght (g) Beta Gamma
(d/mfsample x i0~0 | (d/m/kg x 10~ { (@/m/sample x 10~) | {d/m/kg x 1074
RoosTER.
8keleton 52 93 101 181
Muscle__. -| 1050 5.1 4.9 6.9 6.6
(Gastrointestinal tract. _ 185 .8 1.3 L6 8.7
Liver. oo . 192 2.4 12. 5 9.4 49.0
Respiratory tract.. 32 .2 87 .4 17. 4
Total activity. oo o fea | aas 605 |oocoieeao oo 1IB e
BATS. - e i 4 62.9
Skeleton_ ... 4.1 73 179 .15 35.5
Head .. - 5. 4 .15 36 o 18
Muscte. . N .03 7.5 .04 10. 2
Gastrointestinal tract. R 10 32 32.0 .27 27
Liver. . oo o R 3.6 .08 217 .06 15. 6
Respiratory tract. .5 03 62. 0 02 36.0
Total activity. ..cvvomnon]meaai]aanaaoa
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Fiaury 1. —Auloradiograph of tibia of Rongelap rooster.

0.095 ue/kg body weight which was approxi-
mately the level of activity in the rooster,
0.12 ue/kg body weight. The distribution of
residual activity in the rat skeleton is illustrated
in the autoradiopraph of the femurs of the 4
rats, Figure 2. The activity is diffuscly spread
throughout the bone which suggests that these
animals were born after the detonation. This
diffuse activity represents the incorporation of
low levels of activity over a long period of time.
The one exception is rat No. 4, which shows a
heavy line in the epiphyseal region suggesting
" that the animal was a young adult at the time
of exposure.
As these rats lived for a period of years on
Rongelap they serve as an indicator of the in-
" ternal radiation hezard in human beings in-
habiting this area, The Sr®%/Ca ratios for the
tissue of these rats are presented in Table 5.

FALLOUT FIELD

The carcass contained 470 to 545 sunshine units
while 2 bones of the rooster analyzed contained
105 snd 272 sunshine unis.

For comparison, an mitograph of a tibia of a
kitten that was exposed to the initial fallout.
and collected R days nfter the detonation is
shown in Figure 3. ‘This animal died from
natural causes at 1 year following exposure.
The pattern of deposition of the fission products
was similar to that observed in the rooster with
dense concentration in the shaft of the bone.
The light regions at the ends of the bone re-
flect, the rogion of growth after the animal had
been removed from the contamminated area.
There was less transloeation of deposited ac-
tivity than seen in the rooster. Detectible
amounis of activity, however, are seen in the
ends of the hone,

In general, the internal radiation hazard
from fallout depends on iwo parameters—
availability of the various fission products and
the hiological effects produced when these
fission produets are deposited internally.

Evaluation of the biological effects produced
by internally deposited fallout can be expressed
in terms of limiting pathological processes.

o
a3

Fraure 2. —Auloradiograph of femurs of Rongelap rats.

|
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Tarie 5

STRONTIUM ® LEVELS IN ANIMALS LIVING ON RONGELAP ISLAND

Wet wt, dfm Sritsample | Cafsamipile gmi U

Rats:
1505, R P R Carcass 2. _ 4.7 642 + 23 0. 533 540419
L 123 U { G A, e do. 62. 5 315 L 62 f L4t 163 1 90
L1 ~-do___. 32.3 367 121 L3653 470427
Rooster:
(871 (T Femur, ! 326. 0 1216139 5. 19 14543
810 ... ... . ... .. _... . Tihia 410 ! H7024 114 €. 50 27245
1§, = 22 dm B

gm Ca.
2 Does not include head, femurs, tibiae sud viscera.
3 Dry weight of 2 femuar halves,

Frovee 3. --Autoradiograph of tibia of kitien collected

on Rongelap, Merch 9, 1954. The kitten died of
naturel causes af 1 year post defonation,

4

At relatively high dose Ievels these are damage
to hone marrow, hone and to the G.1. tract.
At very low levels as observed in this study,
the limiting process is probably carcinogenie.

The long term effecels can be deseribed in
terms of relatively few radiounclides. By the
end of the 2nd year after detonation, the hazard
may be characterized in terms of the levels of
Sr®. This is the critical element responsible
for practically all the long term effects and in
terms of which the habitubility of & contani-
nated area may he assessed.

The relationship between  environmental
availability of the contaminant and the hie-
logical retention has not as yet beco clearly
delineated.  Further laborntory and field stud-
ies are required to provide data on this relation-
ship to allow for an estimation of internal
radiation hazard to human beings from the
physical availability data alone.

DISCUSSION
H. V. Weiss and 5. H. Cohn

Dr. Coapwrer (PS8} 1 dida’t happen to
see on Dr. Weiss’ figures anything about the
breadfruit, and 1 was wondering, did you have
any figures on breadfruit or not? T know in
reading the ealeium levels for breadfruit, it
seemed that they ran higher than those for
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cocosnuts. I was thinking that possibly stron-
tium might follow that. Do you have figures?

Dr. Waiss. Just one sample of breadfruit
was recovered, and it was not sufficiently active
to warrant complete analysis.

Dr. Cuapwick. I did sort of a limited
dietary survey on some of the natives out there
and found that breadfruit was one of the
principal articles of their diet, and a very
important one. To reassure Dr. Cohn, about.
the clams as nesrly as 1 could understand it,
the onlv seafood the natives ate to any extent
at all was the fish, They didn't seem o ecat
the clams or crabs or langousta, the type of
lobster they have out there.

Dr. Corarn (BNL). It might be of interest
that last May the one death that we had in
the Rongelap people, & man 45 years old, who
died of hypertensive heart disease, we obtained
an sutopsy and the bone specimens were
examined at the New York Operations Office.
The levels were very, very low in activity.
There was s slight amount of strontium, at
the same level we find in the autopsies on the

. American bones.

The urine of the Rongelap people at 2
years post exposure showed very low levels of ac-
tivity. T think certum, praseodymium about 6
disintegrations in 24 hours, and a slight amount
of strontium 90; and & very small amount of
cesium.

1 would also like to add that these people
during the first 2 days lived under extremely
bad environmental contamination. I think it
is of interest that after 2 years they have such
low levels of body burden.

Dr. Linpnenre (UCLA). As you gather, we
are pretty well convineed that this distance
factor is protty real in regard to the distribu-
tion of the fission product. One is fempted
to experiment with the fallout patierns with
those in the Pacific as compared to those in
the continental States. These are much more
extensive. The figures T have seon seom to
suggest that the islands that are being sampled
in the Pacific would correspond to areas very
close to ground zero on the continent.

Do you have any experiences in the Pacific
that would let you comment whether the stron-
tjum or jodine samples might be much higher
if you could sample effectively 1,000 or 500
miles out. | don’t care to direct this question
to anyone in particular. It is just pure specu-
lation.

Dr. Coun. No, we don’t have any specific
information on that. A number of islands
were studied. They varied by distances of
several hundred miles. Again the concentra-
tions were roughly proportional to the dis-
tance and depend on the fallout pattern and so
forth. Does this answer your question?

Dr. LinpBERG. Yes,

PUBLIC HEALTH IMPLICATIONS OF SHORT TERM HAZARDS

By J. G. Terrivy, Jr.
U. S. Public Iealth Service, Washington, I3. (.

Dr. Terrivn, Mr. Chajrman and members of
the symposium, it gives me a greal deal of
pleasure to be able to talk to you and to ex-
change views with you at a muceting of this
type. It is a real opportunity for the Public
Health Service and T think we should all thank
you for inviting us to this meeting, and for
giving us an opportunity to learn of your
research and investigations in these various
fields.

If we trace back in history a bit, we find that
this pattern of cooperation between the Public
Health Service and the militery departments
and the AEC has quite & historical background.
Some very specific things were done during the
Spanish Americean War, World War I, and
World War II. The Public Health Service had
a few officers assigned to the Manhattan Engi-
neer District. The Department of Defense
has helped in our training activities. Other
more recent ecxamples are our cooperative
projects with the Atomic Energy Commission
in Nevada and with Joint Task Force Seven in
the Pacific.

In addition to thesc specifies, of course, there
is & constant interchange of information through
various scientific meetings.

From the public health viewpoint, one of the
principles that we must bear in mind is the
concept of total dose. From our standpoint it
really matters little whether the population as
a whole reccives their limiting dose in a series
of acule exposures or in very small amounts on
a more continuous basis. At least that is what
all of the authorities in this field generally scem
to agree upon, even though they might not all
agree on the specific limits.

In arriving at the standards that we talk

about in technical meetings, and ihat are pub-
lished in the newspapers, we feel that there is a
great lack of human data, and that all of the
standards leave much to be desired from the
standpoint of explaining differences of opinion
to the public in terms of human data rather than
animal data, extrapolations and caleulations.
This is something that we all have to live with,
but we have to recognize it as o real need. We
hope that with the aid of such groups, as are
represented here, and by other means, to obtain
better information in this arca..

Now, in terms of weapons tests, which are
with us all the time, or more or less all the time,
as contrasted with actual nuclear warfare, which
we hope will never be with us, there are a seriés
of public health phases that I would like to out-
line, and explain to you, with reference to the
prevention of radiation exposure.

The first phases are actually in the hands of
the AEC and the Department of Defense. This
is clear to many of you, but all of you may not
realize what an important public health job the
plarming groups in AEC and in the Department
of Defense do in this regard.

One of the things they do is to seleet weapons
or devices to minimize fallout. Others are the
selection of the method of detonation, timing,
place, and overall weather conditions in such a
way that the total radistion load on the popula-
tion is reduced. Tn these areas the first steps of
preventive work rest with people who are
represented al this meeting.

The next phase also is largely a matter for the
teat organizations to carry out. It is a matter of
operational measurement. Scientifically these
are hased on research and special projects that
you carry on at the test sites. However, they
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are also related to clinical observation and eval-
uation. A consensus of this information and
available instrumentation determines the opera-
tional techniques. Operational plans are then
based upon techniques, objectives, and location.
The summarized data are then available for
emergency action, future detonation planning,
and public health cvaluation.

Another activity that test organizations pro-
vide for and which is very beneficial in reducing
the total radiation load of the population is the
matter of providing emergency measures in case
the unexpected takes place. This has been done,
1 know, both in Nevada and in the Pacific, and T
think it is an important public health service.

As we move from that point, we find that the
responsibility and work load begins fo become
more diffuse. It is necessary to think about
public relations and psendo as well as real in-
juries to people, 1t is expected that most of the
complsints and most of the reported injuries in
the area around the test site in Nevada and in
the Pacific will not be actually due to radiation.
However, in this country those who can best
help you explain what has actuelly occurred in a
community or in individual cases are those
agencies which we refer to as the local medical
service sgencies and the public health agencies.
Thus the public heelth services enter the weap-
ons test picture.

- As a test period terminates, the radiation
persists. Other factors affecting the test or-
ganizations and the detonations persist with
the radiation. Some of these are manifesta-
tions of radicactivity that have both a public
health and economic import.

Typical are questions related to mitk supplies.
People are concerned about the radioactivity
in their milk. They are particularly concerned
about the strontium in their milk. The photo-
graphic industry is concerned about particles
on photographic paper. They are not so much
concerned about total activity associated with
particles,

_ Another affected group is the nuclear in-
dustry. Generally it must meet maximum
permissible concentration standards for dis-

charge of radioactivity into the environment.
As the aclivity from our weapons tests and from
foreign tests continues to increase, the radio-
logical latitude which they have diminishes.

Another broad arca of importance is the
question of Jong term effects of radioactivity.
Here we enter an area which is not elearly
defined.  We know qualitatively that radiation
can increase the eancer rates under certain
conditions.  We know that it may cause genetic
effects and we know it could change our aging
pattern, and might, change such things as thy-
roid funeiion. -However, as efforts are made
to assess these quantitatively in population
groups, normality must first be determined.
This is difficult. Ts the cancer incidence in
any form actually increasing? If it is, what is
the cause? Is radiation the cause? Is hypo-
thyroidism increasing or isn't it, and how would
we expect this to manifest itsell in terms of
population groups? If it does, what are the
normal levels for these particular clinical
manifestations that seem to affect our
population?

If we have determined in a given situation
that radiation has caused some increase in an
observable way, then the sources become more
important. However, their determination for
a specifie injury or group of injuries may be
difficult. These are some of the things that
make the problem of radiological public health
particularly difficult. It is not as simple as
making measurements and having data in a
physical sense. It is & matter of being able
to assess these data in terms of effects on people.

1f a person is injured due to some radiation
exposure complex involving the concept of
total dose, who is actually responsible, and
what systems are available for that person (o
seek help or to receive some financial reimburse-
ment for his difficulties?

1 will name some of these, and I think you
will see that the problem is complex, and no
one group or no one individual bears this total
responsibility. In most cases, an injured
person first. looks to his own resources. He
tries to determine whether this is o relatively
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small matter to be handled between himself
and his physician, or whether it is beyond the
scope of his personal resources. In a few
instances where only one acule exposure has
occurred and weapons tests are a factor, he
might seek some Lype of compensation directly
from the Atomic Energy Commission. If le
is an officer or employce of the Department of
Defense, he has available a relatively complete
system of hospital and medical care services
both before and after discharge. Survivors’
benefits for active duty officer personnel are
also available. However, the person not asso-
cigted with the AEC or the military organiza-
tions is in a4 much weaker position to take care
of himself in case of an unfortunate incident.
He has his individual resources, and he has
public hospitalization. He has such organiza-
tions as the Social Seccurity Administration
which provides benefits for him and his family
in many instances. In other cases, the State
compensation laws are applicable. But in
the broad picture, the individual has no one
place to go and no specific resource to fall back
on. He falls back on the health and welfare
resources of the communities as they exist
today.

Thus there is & very broad area of potential
responsibility in case these acute effects that
you folks have discussed here today, create
directly or synergistically public health effects
of & measureable type.

Since my time is up, I should like to remind
some of you, and tell others who are not
familiar with the activities of the Public Health
Service, that in addition to following through
these administrative relationships which are
very important to all of us, the Service does
carry on a broad system of training, research,
and support of public health organizations and
medical care facilities which can help solve
many public health problems which may be
created either through military operations or

through the increased exposure to radiation of
an occupational or medical type in the future.

DISCUSSION
J. G. Terrill

Dr. Hensnaw. Some of the health problems
are international in character. Waste disposal
into the sea is just one. I would like to ask
whether any developments are under way for
cooperation at the international level, say at
the World Health Organization?

Dr. Terrinr. Yes, there are developments
under way within the Public Health Service
and within the World Health Organization. I
would have mentioned those except for the
nature of this meeting. But briefly T will out-
line these for your information.

The Public Health Service is the WHO rep-
resentative for the United States. About a
year and a half ago after conference with
Dr. Dunhem of the AEC and Lauriston Taylor
of the International Committee on Radiation
Protection, it was decided to make every
effort to integrate the international activities
that Dr. Taylor had undertaken over the past
years into the WHO organization, 1 should
say organization system. This has been un-
dertaken, and I understand it has been approved
by both groups. This group in turn has set up
a committee that has studied the matter of
waste disposal among other things, and also
another major concern has been the matter of
training. Our Division of Tnternational Health
in the Public Health Service is cooperating
with both WHO and Lo some degree with the
International Division of AEC and the Division
of Biology and Medicine, in an effort to acquaint
people throughout the world with our knowl-
edge in waste disposal areas in particular, and
in a broad training sense generally. Does that
answer your question?




DISCUSSION ON TOPIC V

Internal Emitters

Col. Trum. 1 have material similar to that
presented by Dr. Lindberg. 1 would like to
show a slide on which the results of an 1-131
survey on caitle and humans are summarized.

The data contained in Figures 1 and 2 were
taken from values of I-131 measured since 1954
to present. The survey began shortly after
Van Middlesworth made his initial report.
The cattle sanples were collected by veterin-
ariens of the Armed Forces throughout the
world. They are averaged in presentation,
This survey was done in conjunction with
Comar’s group at the Osk Ridge Institute of
Nuclear Studies, where the survey of human
thyroidal I-131 was made from samples sub-
mitted from various points in the United States.

In July 1955, a limited symposium on this
subject was held at the Medical Division, Oak
Ridge Institute of Nuclear Studies. It was

pointed out at that time that there was a .

signifieant difference observed in the 1-131 con-
tent of thyroids from pastured and stabled
cattle. However, for the purpose of these data,
only beef fed on the range or grown on the range
and stabled for a short time furnished the
samples.

Dots, which are indistinguishable to me from
this distance, represent nuclear detonations. If
we were able to make the distinction you would
note that some are labeled Russian, English,
and United States shots. Contrary (o the
British, who have told me they can see s USA
flag in every radionuclide they find, we find
little difference. There is a peaking following
cach test. There is a delay in peaking which
we would not expect with a short-lived nuclide
such as I-131.

I wish Dr. Comar were here to cxplain this
more definitively. However, in my estimation,

448029 O -58 - 16

if radioiodine is Lo be critical in fallout, it will
not be in this type of pickup but in a type which
T had hoped would be discussed at this sym-
posium, and that is the pickup of the shorter-
lived isotopes. In my experience these may
change the picture somewhat. I had hoped
that there would be a program some place in
which attention had been centered on these
nuclides, where I think the relation between
ingestion and inhalation or other factors may
give us more variation.

T should like to point out, unless Col. Rust
who is present would like to speak on this, that
it does not take a lethal dose of irradiation to
vary iodine pickup in the animal thyroid.

Col. Rust. You go ahead.

Col. Trum. The first of the Col. Rust's
slides is a micropathology section of the normal
animal (Figure 3). TFigure 4 is the thyroid
of the acutely irradiated animal. Note the
microfollicular changes that distinguish the
normal from the irradiated thyroid. Figure 5
shows the results of iodine pickup in irradiated
animals. The scatter of values reflects the
physiological changes demonstrated in the histo-
pathology of the previous figures. Although
dose dependent, the variations are great.
These variations are not due to techniques, but
are reflections of the physiological condition
of the animals. This phenomenon has been
verified at the Radiobiology Division of the
Army Medical Research Laboratory at Fort
Knox. 'They have stated that under 900 r of
whole body irradiation this phenomenon is a
fairly good indication of dose.

1 point out these things because we happen
to have these data. If anybody has more of
such material we would like to know of it.
Thank you.
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and especially man.

ss BRIISH I would like to put on the board the hasic (MOP) ,=- 3.5X107%qf,
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Dr. Lancaam. To summarize the status of T would like to more or less summarize the —. 15 - in body
the problem of internal emitters in one short  status of internal emitters by rf:ully pointing LIERBE)N IE(RBE) N =weighted energy absorption term
sentened,. it is quite a mess. The problem is, out where our Iafzk of information m}ght lie 100mW given by equation Cs
in hopes that it will stimulate the experimental q= TR 16X 1% (MPC)=maximum permissible concentra-
6.05X10°,ZE (RBE)N tion in air (ue/je.c.)

as always, lack of adequate data, and especially
does this apply (o human data.

radiobiologists, primarily, to increase their
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F1acRre 4. -Thyroid of burre post irradiation.

¥raure 3.~Normal thyroid burro.
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| Burro_Number

T [332]313(339/308/334]314 (333|319 |344/328

Qjro|tojro|lo|rolrolrojtojrello

100 L3 1.3 1.6 13 13

1000 1.0 1.0 [ Lo 0.8

T 1800 (T3 100 5.7 8.5 9.1

2000 0.7 00| [os 03 0.2

© Fraurg Ho-~"Thyroid upinke of 1-181 as influenced by
' trradiation.

. (MPQ) == maximum permissible concentra-
o tion in water (uc/c.c.)
r==effective half-lifo (days)
fo=Traction inhaled that arrives in
critical body organ
fa=f1action ingested that arrives in
) critical body organ
t==period of exposure (days)

The basis of our present calculations for the
maximum permissible burden of internal emit-
ters goes back to either of two concepts that are
themselves based on human experience. We
have had enough experience with X-rays and
gamms rays to feel that 0.3 roentgen per week

will not do appreciable damage to a person if
taken throughout & working lifetime.
 On the basis of 0.3 roentgen per week, then,
the Subcommittiees on Internal Tolerance or
Internal Maximum Permissible Levels have
- chosen to relate the dose of the internal emitter
to that amount of the internal emitter which
will deliver the equivalent of 0.3 of a roentgen
per week to a eritical organ, usually the organ
which ghows the highest concentration of
the material. We find that q, the maximum
_periissible amount in microcuries, is equal
to a constant times the mass of the eritical
" organtimes the 0.3 rem per week. The
biologist cannot even tell Dr. Morgan with
certainty what the mass of the critical organ is.

Obvigusly this is the fault of biological varia-

-bility end not. the biologists. This factor is
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divided by the fraction of the material in the
total body that concentrates in the critical
organ, that is, f;, Dr. Morgan gets these f
values from any animal experimentation that
he can or enywhere he can find them.

Many of us do only service to him hy calling
an oceasional number to his attention.  But for
that matter, no one is really certain in cvery
case of every isotope what the fraction of that
in the total body is concentrated in the critical
organ. Especially is this trie of humans.
This then is multiplied by the sum of all the
energies - this of course can be gotten from
physical data—weighted for some or all the
energies for each disintegration, weighted for
the relative hiological effectiveness of each.

Now we really have him in the land of
uncertainty. RBE is supposedly that effect of
the radiation when compared to a similar
effeet of X-ray on an energy to energy basis.
In other words, it is surprising to find that we
do nol agree to this day whether or not 100
ergs of energy delivered from an alpha particle
is 1 or 20 times as effective as 100 ergs of
energy delivered from X- or gamma ray. So
obviously, RBE is an area of uncertainiy, and
one which will probably remsin uncertain for
a great length of time, because it scems now
that RBE may De specific or may be different
for every biological effect and every biological
system that one wishes to test.

Then the factor N, which is the distribution
factor, and in some cases is called the ignorance
factor. It is into N that we can lump all of
those uncertainties, including the uncertainty
as regards (he homogeneous distribution of the
material in the critical organ. There, then, we
can see that there is plenty of room for improve-
ment in the various numbers that go into the
basic formula of caleulating maximum permis-
sible levels.

Taking advaniage of another human experi-
ence, it is customary to relate the maximum per-
missible level of internal emitters of bone seek-
ers to 0.1 microcurie of radium, and the first
formula 1" gave previously expresses this rela-
tion. In other words,  now the microcuries of
the unknown substance which is the bone seeker

DISCUBSION

is cqual to 16 divided again by the {,, the frac-
tion of that in the total body which is concen-
trated in the eritieal organ, times the suinma-
tion of the cnergies of all the disintogrations,
vach one weighted for its RBE and for its distui-
bution and energy deposition in the critical
organ. We can see for that matter that there is
absolutely an area of uncertainty in whether or
not & tenth of & microgram of radium is a true
base line in humans on which to base these data.
But until better data are available, this then is
the best we can do.  When we caleulate maxi-
mum permissible concentrations of air and
water we find that the MPC equal to a constant
times q, the q whicli was derived in some man-
ner as specified earlier, times the fraction of the
material in the total body that is in the eritical
organ, divided by another biological uncer-
tainty, and that is the fraction of that which is
inhaled which ends up in the critical organ,
times the effective half time, and the effective
half time in this case is the radiologieal half titne
times the biological hall time divided by the
sum of the twe, all of that times one minus e
raised to the 0.693 power times t, the time of
exposure that we intend to let the individual
receive in order (o come to equilibrium, divided
again by the effective hall time.

We see here, then, many places where the
data could be improved by experimental data
on humans or primates or for that matter even
better animal data. For example, the biologi-
cal half time of many of these substances has
never been determined in animals. The frac-
tion of that whieh is inhaled, which goes to the
critical tissue, is very closely tied in with the
problem Dr. Stannard was discussing this
morning.  Obviously this depends on particle
size. Particle size is only 1 of 17 different fac-
tors reported in the literature, which are sup-
posed to affect lung retention.

After we get the particle problem taken care
of we still have 16 others to go. We can then
see & great degree of uncertainty that may
exist where more information or more nuclides
in humans especially, and primates, are sorely
needed, even such a simple thing as a biological
turnover time. In regard to that particular
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factor, I would like to mention our own work
which involves whole body human counting
in which by means of the whole human body
techniques (the Kquid sejutilfator at our place,
and the crystal spectrometer at the Argonne),
we find it is possible to give as little as 1/100th
of the rem maximum permissible burden to a
human and get biclogical turnover times by
merely counting the individual at intervals.
We have started through the periodic table
usging every good gamma emitter to try to cor-
relute biological turnover time in mice, rats,
dogs, monkeys and man. Here we injeet the
material into the animal and merely count him
in the whole body counter periodically to get
the retention curves,

Going through the periodie (able is a slow
process. In fact, as I said at the Health Physies
Society mecting, if we report on one sub-family
each year, then we are assured of getting to
atlend the meeting for the next 18 years, We
find that we are not qyuite keeping up with the
schedule. You carmot get through one sub-
family of the periodie table in that length
of time.

Such interesting relationships ure already
starting to come out as rying to corrdate the
weight of the animal with the biological turn-
over time. We find that for sodium and potas-
gium, if one plots the log of the weight of the
animal species versus the biological half time
one gels a nice straight line.  When one gelis
to rubidium and cesium. up through the dog
and monkey, one seoms to get a straight line,
When one gets 1o man, man no longer fits on
the curve, The biological half time determined
by whole body counting of cesium is of the
order of 110 days in man; for rubidium it is
of the order of 85 davs. We hope by going
through the periodic table and picking gamma
emitters and giving them to human volunteers
we can eventually get more data on hiological
retention times,

Another point 1 would like to mention, of
course, is this very idea of retention of partic-
ulate matier in the hing. I one looks in the
International Clommission handbook, and 1 am
sure in (he new version of the National hand-
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book, one will find a very arbitrary decision
made on the disposition of radioactive particles
in the lung, made primarily to enable us to go
ahead and calculate the maximum permissible
wir concentrations based on lung retention. One
will find that we arbitrarily ray that 25 percent
of that which is inhaled or of those particles
which are inhaled come right back out without
setling down on the mucous linings of the
respiratory tract. We say 50 percent deposit
in the upper bronchial tree. Twenty-five
pereent of these particles get on down into the
alveolar sacs. This might be true for a specifie
particle size distribution. To think it would
be true for all 17 of these conditions that 1
mentioned on which lung retention is dependent
is asking for quite a bit. But anyway, in order
to have u basis for calculation, we must assume
this 25 pereent turns around and comes right
back out, 50 pereent deposits in the upper
bronchial tree, 25 percent gets in the alveolar
saes.,  Of that which deposits in the upper
bronchial trec we say it is all essentially removed
with a biological half time that is strictly a
guess. We say of that which goes into the
alveolar sacs, if the particle is insoluble, twelve
and one-half percent of it turns around and
comes up in the bronchial tree, and eventually
ends up in the gut.

1 think Dr. Morgan said this morning that
61 percent ends up in the gut. I hope he meant
62.5 percent, because his pencil can pick up
those differences. The biologists cannot tell
the difference plus or minus a factor of 10

Of that 124 percent which remains in the
alveolar spaces, all is assumed to be eventually
absorbed and contributed to the hody burden.
That is 8 mode] on which our present concepts
are based. To test this model in animals of
various Lypes and especially in the human is
certainly one of the great needs and 1 think
one of those things for which the biologists will
éventually collect the data if they live long
enough, and receive enough support from the
various agencies,

Lastly, something that has dominated this
meeting entirely is this concern for the fallout
problem. Even though this meeting was sup-

posed to be on immediate fallout, it was obvious
the thinking was on long-term chronie fallout,
such as may be involved in worldwide contami-
nation., Here our ignorance becomes even
greater, though reading as much of the informa-
tion from Operation Sunshine that one ean, T
can’t feel that we are in any serious trouble. 1
think it is true that we in all probability may
have the strontium content in children by
1970 up to maybe 1/100th or maybe 2/100ths
of the maximum permissible body burden for
large populations, that being set at 0.1 micro-
curie for sirontium.  As far as I can see all of
the excitement. that we have just had over this
problem, is hardly justified. There is hardly
any doubt that we are dropping radieactivity
on people, and we have, in keeping with the
urgency of the Public Health Service, been
pursuing this as a problem in order that we will
know what the status of it is, and what to do
with it hefore it ever becomes a problem, we
hope. Let us merely question this 0.1 micro-
curie for worldwide populations.

Long term chronic studics are needed to
really determine whether 0.1 microcurie of
strontium is & maximum permissible level in the
human subject, one that we can live with and
fecl confident of. Twould say that it is probably
a conservative one. 1f one calculates the radia-
tion delivered to the bone from natural sources
over & 70 year period under normal radium con-
tent soils and building materials, he comes up
with the idea that the bone may receive about.
8.5 rem per 70-year lifetime. In high radium
arcas, it may be as much as 3 times that, or 4
times, which would be up to around 30 or 36
rem. per 70-year lifetime.  If one takes one-tenth
microcurie of strontium and assumes that this
remains in the bone throughout a 70-year life-
time one comes up with ahout 18.5 rem per 70-
year lifetime. i

This is taking the pessimistic view, because
we know that & major part of this strontium is
laid down by age 20, and that in all probability
maybe equilibrivm will be maintained by ex-
change. Maybe it won't. If one considers a
factor of decay from age 20 on, then one would
say that a tenth of a microgram of strontium
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deposited up to age 20 and maintained at the
normal radioactive decay rate to age 70 would
deliver a dose to the bone that is about equal to
normal background from cosmic rays and
radium. )

This is cutting the number pretty fine when
we are considering that for somatic changes;
since strontium does not concentrate in the
gonads, we are considering thal we can only
double the natural hackground. But until we
do know where we are going, it is obviously wise
to walk with caution.

I might say still more fundamental and trou-
blesome in this whole problem of internal emit-
ters is the formula that we gave earlier and
especially the second one. This formula is based
on the concept that it is equally bad to give
to an organ 0.3 of & rem per week as it is to give
0.3 of a rem to the whole body.

Is the radiation partially delivered to an
organ worse than to the whole body? 1 think
the importance of this can he seen when you see
Dr. Morgan now caleulating maximum permis-
sible levels on the basis of the radiation of a
small amount of the large howel. Is to irradiate
the large bowel with 0.3 rem a week as bad es
radiating the whole hody? It may be that
irradiating the large bowel is just as important
because the large bowel may be a very sensitive
organ.

This T have said in summary of the sym-
posium here because it is my understanding
that the Chairman has the privilege of getting
up and making broad sweeping statements and
closing the meeting, which does not. allow his
sweeping statements {o be a subject of discus-
sion.




CLOSING REMARKS

EvceNE P. CrONKITE

Dr. Cronkire.  Dr. Dunving, Col. Maxwell,
I certainly must admit that I accepted this
rather reluctantly, not being by training and
experience really qualified to interpret ali of the
different diverse disciplines and talents that
have been discussed here, However, I did
accept it, and if you will bear with me for a few
moments, I will go over some of the things which
1 primarily looked at perhaps as a physician.

The objectives were to try to get some idea
of what should be done, some idea of what is
actually well known, and where to go from here.
I will try to take each section rather briefly.

The first topic on decay constants, weathering
and shielding, produced some rather interesting
facts that T had personally not appreciated.
Dr. Nagler of the Weather Bureau outlined the
input data for their model for the prediction of
fallout which embraces the necessary physical
parameters that must he put into Stokes law.
However, I detected a rather simple statement
that he made as he went over this, that in
reality they took past experience and fed past
cxperience into their machines, and then pre-
dicted the fallout, rathier than used the actual
mathematical model.  This scems to indicate
that in this area, not only for the rather diffuse
planar distribution of fallout material, but
particularly to get practical information on
drift, turbulence, piling up and inhomogencitics
that must certainly exist in areas, particularly
in urban areas, if fallout should oceur, is really
an urgent ficld for further mathematical and
practical study.

Dr. Graveson presented encouraging data on
the effectiveness of shielding by a building that
is comparable in its dimensions to the average
American home. It appeared that these meas-
urements gave very significant protection.
However, the diminution in the intensities

actually measured inside this aluminum build-
ing scemed to be somewhat in conflict with the
concepts that were later presented by Dr. Borg
and Dr. Bond.

It appears that many more empiric studies of
this sort are indicated to try to bring together
experiment. and theory. Dr. Breslin pointed
out the great effectivencss of simple types of
washdown provided the conditions of wetting
and adequate volume flow are maintained.

The data presented by Dr. Zobel on the
emission of fission products very ecarly after
fission confirms the calculations of Borg and
gives much further useful information that can
be fed into the experimental models.

Dr. Mather’s contribution was a most
practical point. The spectrometry readings
varied considerably with angle from the surface
of the ground, and pointed out the practical
problems of shielding, and that shielding is most,
effective against the horizon.

Dr. Borg pointed out that the Spencer-Fano
equations for gamma radiation can be used
most effectively to define the spectrum at any
peint in space from a monoenergetic or poly-
energetic source when the necessary factors
are fed into the model. The mean or effective
energy of a polyenergetic source is useless.
‘The source must be treated as scparate, discrete
fragments, to study the behavior of each with
distance using the appropriate buildup factors
to deseribe the condition in space in which one
is biologically interested.

He pointed out that the actual measurements
in the field were initial radiation, and those
predieted by theory are very close, indeed.

Dr. Borg further pointed out that a similar
method could be well applied to the analysis
of the spectrum from a fallout field, and in fact,
preliminary calculations have indicated its
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feasibility. It appears that this is a very
important area in which further analyses are
necessary.

Dr. Bond exhaustively demonstrated the
facets that determined depth-dose patterns in
phantoms. From the data of Chamber, Imirie
and Sharp, he conclusively demonstrated that
the patterns observed in the fallout field and
with initial radiation are approximately what
theory indicates they should be when the
source is treated as multiple separate discrete
sources, and using the appropriate buildup
versus distance considerations. The inade-
quacies of air dose to express biological effect
was proved, and the dependence of the bio-
logical effect on depth-dose pattern was
evident. It can only be hoped that the
approaches and conclusions of Drs. Borg and
Bond will be used by the hazard-evaluation
people, and by those people performing further
empirical field studies.

In addition the apparent acute hazard of
neutrons to man was dealt a rather severe
blow when depth-dose considerations were
dropped by use of what one might call the
engineering RBE from a maximum of two to a
mouse to less than 0.1 for a large animal, such
as man. This is in respect to the acute effect.*

In the section on biological repair, Dr. Hen-
shaw has courageously proposed a work capacity
versus dose and time graph. This will be
accepted gratefully by those who have to esti-
mate hazards. However, it can only be hoped
that they will use it in the manner that was
proposed, and with all the reservations that
Dr. Henshaw presented. I can’t help but feel
that the rather flat depth-dose effect response
that Dr. Henshaw presented for man might be
much more steep if all of the air doses that
went into it were appropriately converted to
tissue dose.

Dr. Storer, Sacher, Blair and Jones were
fortunately assembled all in the same room at
the same time. The result was certainly from
my standpoint most educational and interest-
ing. As a basis for all approaches are some

*Subsequent work has shown that the relative effectiveness factor may
Me in the vieinity of 0.5.

very strong assumptions that injury processes
are linear. If these basic assumptions are
proved wrong, it is quite evident their theories
will predict inaccurately. What appears more
important is that as further analyses are made,
one realizes the death function both acutely
and chronically is exceedingly complex.  Re-
pair processes proceed at different rates in
different tissues. Death can be reached by a
multiplicity of mechanism and causes, and it
appears that much more experimentation with
all the permutations and combinations of radi-
ation techniques, of varying dose rate, area of
body irradiated, fractionation, etc., will be
necessary to finally resolve the relationship
between total dose, dose rate, fractionation
and life shortening.

The areas of agreement seem to have broad-
ened considerably. Although Dr. Blair doubts
half times for the recovery of injury processes
can be correlated with any measureable physi-
ologic parameter, it appears that this would be
a desirable area to investigate.

From the practical standpoint, a correlation
of recovery in peripheral blood with half time
seems desirable for here is a point to use in
extrapolation to man, since long term hema-
tologic data is becoming available in the
Marshallese. It is quite evident that this is
one area in which the direct clinical research
is not acceptable.

It was of interest that Dr. Trum’s dats on
the hematologic recovery in burros looked very
much like the Marshallese data to date.

In the section on beta burns, Col. Brennan,
making certain assumptions on energy and
uniform distribution of fission products, cal-
culated the contributions of dose at a point in
a planar field as a function of radius and height
above surface. This approach coupled with
the Spencer-Fano equation could describe the
dose at this point from polyenergetic fission
field more adequately. This dose should repre-
sent the maximum hazard since drift, direction-
ality and shielding would all effectively diminish
the effect as previously considered by Drs.
Bond and Borg. 1 personally do not share the
feeling that beta bath is & real hazard as im-
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plied by Col. Brennan. The contact beta burn
is a reality. The beta bath effect is diminished
by movement, by clothing, by a foxhole. If
one were prone or supine, immobile and nude,
suspended 5 centimeters from the ground, the
effect would be great indeed at a beta-gamma
ratio of 50 to 1.

For situations that I can see with dose rates
that are probable, one would have to be pre-
cisely prone, immobile, and nude and probably
dead. Not meaning to introduce levity, but
this is a difference of opinion, and certainly
more study is needed to resolve these differ-
ences.

In respect to the biological effect of beta
irradiation, the obvious question is, do animal
studies apply to man? In part, I think the
answer is yes. However, ] have been assured
by many veterinarians that the skin of cattle
and of swine is particularly more reactive and
prone to produce hyperkeratosis and acan-
thotic lesions as observed. There can be no
question about a qualitative similarity, but I
somewhat question whether one can say there
will be quantitative similarity between the
animal studies and man. I personally think
that the cosmetic future of the Marshallese
is rather good. Certainly Dr. Conard in his
continuing studies of the Marshallese through-
out their lifetime or his will find out the answers.

Particular importance in assessing the heta
hazard, I believe, are the attentuation curves
that Dr. Conard presented.

In Dr. Morgan’s presentation it was certainly
welcome news to know that the National
Bureau of Standards Handbook 52 will be
revised and have a broader base and include
new nuclides and both single and chronic hazard
estimates. I do pot see how he and his group
can possibly do all this work that is involved in
these revisions and we certainly owe them all a
debt. of gratitude.

Dr. Jones’ studies on iodine-131 uptake in
the thyroids of cattle and of man certainly
were most encouraging and show quite con-
clusively that the dose is small. The observa-
tions of Trum concurred with this indeed.

OF TOPIC V 235

I was most interested in the studies of Dr.
Durbin on the kinetics of strontium-90 uptake,
retention and excretion. It goes without saying
that much more studies of this type, as has
been so ably demonstrated by Dr. Langham
& few moments ago, are urgently needed in a
wide spectrum of animals and over the wide
entire spectrum of the radio nuclides.

Dr. Placak’s observation on plutonium-239
and its distribution in the Nevada test site
and areas remote from there quite conclusively
demonstrated that though there is apparently
no hazard here again is another subject that
must be closely watched and a continuing
study is essential.

Dr. Stannard listed the physical and physio-
logical parameters necessary to evaluate the
pulmonary hazard from particle inhalation.
However, the problem was not put to rest. It
looks as though a start has only been made, and
a tremendous amount of work yet is to be done
to try to evaluate a single nuclide, let alone
the sphere of size and substances from fission
produets.

In Major Woodward’s absence, Dr. Schrodt
presented the problems that were closcly allied
to the previous ohservations of Dr. Jones and
Col. Trum on urinary excretion of iodine-131.
It scems that there is one minor or possibly
important difference here. It seems inconceiva-
ble that man could be taking the iodine in
other than by inhalation. The cattle intake
was from feed, predominantly grass.

The studies of Dr. Lindberg and Dr. Larson
brought out what struck me as two rather im-
portant considerations. First, the fractiona-
tion of fission products by the size of the parti-
cles between plants on which animals graze,
and the underlying ground, and the fractiona-
tion of iodine-131 and strontium-90 with dis-
tance from the site of detonation. It appears
that all of these factors must have to be fed
into the ultimate models for assessing both
acute and long term fallout hazards.

1 was quite impressed with the mass of data
that Drs. Weiss and Cohn presented. How-
ever, as & physician, 1 find myself completely
unable to interpret the importance. Tt appears
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that a tremendous amount of kinetic data on
the relationship of not only strontium-90, but
all of the substances that are in fallout in re-
spect to the availability, uptake, retention and
circulation in all of the biological cycles that
eventually lead into the food chain are essential
before one can have an adequate model to
evaluate hazards.

I need only comment on Dr. Terrill’s talk
that the gist of his statement is the sort of thing
that I personally feel should be disseminated
widely in the appropriate form to the public.

In concluding the summary, and although
instrumentation was not a part of this sym-
posium—it was deliberately not a part of this
symposivm—I can’t but have the feeling that

instrumentation development, manufacture and
use is going ahead without, at this time, sufficient.
delineation of the real biomedical problems that
need to be known. Perhaps further study of
the instrument side should be gone into and
further evaluation of what docs one really need
to know from an instrument bhefore another
instrumentation development program with its
tremendous expense of time and money is en-
tered into.

In concluding, I would like to say that this
symposium has been most valuable and educa-
tional to me, and on behalf of all of you, I would
like to thank Dr. Dunning and Col. Maxwell
for organizing it. [Applause.}
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