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SUMMARY: At ABCC an extensive Japanese-American cooperative study has been in progress for more
than 20 years to determine the late effects of A-bomb ragdiation received by the Hiroshima and Nagasaki
survivors. The dosimetry study conducted with the cooperation of Oak Ridge National Laboratory has
made it possible to estimate the individual exposure dose by using the shielding histories, attenuation factors
for various types of buildings, and air dose estimates. An attempt is being made to estimate the dose-
response relationship of radiation effects using these dose estimates.

Currently efforts are being devoted toward assessing the relative biological effectiveness (RBE) of neutrons
as compared with gamma rays. As there are some uncertainties involved, the estimation of RBE was
studied from various angles and assessment of the validity was made by comparing results obtained by an
entirely different approach. This approach was applied to such well documented human radiation effects

as epilation and bleeding for acute effects and leukemia and axial opacity of the lens for late effects. The
estimated RBE values ranged from 1 to 5.
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HISTORICAL BACKGROUND S ayH R
The 2nd World War was brought to an end 24 years ago, AT O 1945 DI IR I K BIR S - RS0z X
in 1945, with the destruction by atomic bombs of Hiroshima
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and Nagasaki. The relatively primitive state of knowledge > THOREER AR L, HARO AELERIST
at that time regarding the effects of radiation on man was R IC A A 2 0 YO MBS RENTEN L0 T



attested by the wide-spread speculation in newspapers and
elsewhere that raised the specters of the birth of deformed
children, tremendously increased cancer rates, and
numerous other possibilities.

Hiroshima and Nagasaki are both located in West Japan,
Hiroshima near the western limit of the main island,
Honshu, and Nagasaki on Kyushu(Figure 1). The destruc-
tion caused by the bombs was immense, especially in
Hiroshima (Figure 2) which is situated in a bowl, formed
by the delta of the river Ota, and surrounded on the east,
north, and west by mountains. To the south is Hiroshima
Bay, an arm of the Inland Sea. The homb exploded almost
in the center of the bowl (Figure 3) so that a circle of
radius 2000 m with center at the hypocenter reaches to
the mountains, and only to the south of the hypocenter
were there portions of the city which were far enough
distant to escape almost total destruction from blast and
fire. Hundreds of fires were ignited by the heat from
the fireball and also by the overturning of stoves on which
housewives were cooking breakfast. In.Nagasaki, on the
other hand, the bomb exploded in the relatively narrow
Urakami valley, walled off to east and west by falrly high
hills or mountains (Figure 4. The hypocenter was more
than 3000 m from the main port areas and the commercial
and amusement centers of the city. Because of the
differences in the geography of the two cities and in the
relative locations of the hypocenters, despite the fact that
the yield of the Nagasaki weapon was much larger than
that of the Hiroshima bomb - about 22 kilotons vs about
12.5 kilotons |
were greater in Hiroshima than in Nagasaki.

- the loss of life and physical destruction

There has been continuing controversy regarding the
number of persons who were killed by these bombs. The
conclusion of the Joint Commission (see below) was that
discrepancies and incompleteness in the data available
from different primary sources were such that exact
numbers would never be known. The best estimate that
the Joint Commission could make was that the numbers
of civilians who were either killed immediately or who
died within about 2 months were about 65,000 and 39,000
in Hiroshima and Nagasaki, respectively, and that there
were nearly 100,000 persons injured, who survived beyond
mid-October, 1945 (Figure 5). The Joint Commission
considered that estimates of military casualties, which
in Hiroshima, at least, must have been large, were im-
possible to make with any accuracy.

Investigations of the effects of the hombs began within a
few days after the explosions, when teams of Japanese

investigators from various universities arrived in the two
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FIGURE 3 MAP OF HIROSHIMA CITY
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FIGURE 4 MAP OF NAGASAKI CITY
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FIGURE 5 ESTIMATED ATOMIC BOMB CIVILIAN CASUALTIES

M5 EFCLAREAEEGEHETE
City Population Killed 7 Injured %
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Hiroshima 15E 255200 64600 25.3 72200 28.3
Nagasaki i 195300 39000 20.0 25000 12.8
Oughterson & Warren
cities. By 12 October, a Joint Commission was established 0E12H121E, ESERETSEOMIC LY ARAKA
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representatives from four groups: The Manhattan District, g A
¢ f'Qii- oS E N, T4 bEh, Manhattan District
U.S. Army Forces Pacific, the U.S. Navy, and the 52 . s e ni ’ .
Japanese Imperial Government team.” It is to the work EREE, REREATETEE, KEEE, 540
of the Joint Commission during the first weeks after the H Zfi;rl?lf.hfﬁ FRERAEN? vh 2. BE, HBOEEY
bombs that we owe most of what is now known about the Wi TEBLATVIHMBOIEEA YL HEBREOK
immediate effects. With the completion of the work of the BRI h - T bRAARBEEROMEILE > TA
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Joint Commission, its chairman, Dr. Ashley W. Oughterson, FxNELOTHE. AREAROWESRT LKL,
recommended to the Surgeon General of the Army that % O FE Dr. Ashley W. Ough o BT
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the National Academy of Sciences-National Research : W ui e
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Council be requested to undertake a long range study uf Beioaf L, ORES LR -l 2BICEROEEN S LU
the medical and biological effects of the atomic bomb. EEENRE I OWTENMMEREST 2 L ENT

In November, 1946, President Truman issued an executive
order inviting the National Academy of Sciences to
undertake such investigations, and with financial support
of the Atomic Energy Commission, in 1947 the Academy
established ABCC.*
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*This description, prepared for oral presentation, omits some of the steps involved in the genesis of ABCC.

The sequence of events was,

that following Dr. Oughterson’s report, Surgeon-General Norman T. Kirk of the U.5. Army, transmitted the recommendation to Dr. Lewis

H. Weed, then chairman of the Division of Medical Sciences, National Research Council
called by Dr. Weed. The conference recommended that action be taken to evolve a Presidential Directive to effect the study.
resentatives forwarded this recommendation to James Forrestal, Secretary of the Navy,

President approved Secretary Forrestal's recommendation.
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. In consequence, in June 1946 a conference was
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A prerequisite to the estimation of individual doses is a
knowledge of the particular shielding situation for each
survivor at the time of the bombs. In 1952, surveys
directed at this objective were begun by Noble in Nagasaki,
and these proved so successful in developing the needed
information that in 1954, Woodbury began a parallel
program in Hiroshima. However, the actual caleulation
of doses was dependent also upon knowledge of the radi-
ation dose curves for an air-ground interface geometry
having no other radiation field perturbing objects (“air-
dose curves”) and upon the transmission factors for various
kinds of building materials and specific configurations,
neither of which was available at that time.

Until 1955, the possibility of making dose estimates for
the survivors appeared remote. However, after the
weapons test experiments in dosimetry in 1955, the
prospects appeared to improve to such an extent that a
comprehensive study was commenced at Oak Ridge National
Laboratory. Various important parameters were evaluated
and basic relationships verified or established; e.g., that,
after an initial buildup, both neutron and gamma-ray doses
D varied with slant range R as

-

D(R) -

where Gg represents the apparent radiation dose at unit,
distance and L is the relaxation length or distance over
which an apparent ahsorption of 1/e is observed.* Air-
dose distributions for typical weapons of nominal yield are
shem in Figure 6,

After an initial study of the problems of dosimetry for
Hiroshima and Nagasaki in the spring of 1956, emphasis
of the ORNL work was on obtainment of the doses for
persons exposed in “typical Japanese dwellings” because
of the high structural uniformity of the houses and to the
large fraction of survivors exposed in them. The overall
problem was divided into three parts: {1)the documentation
of the location of the survivor at the instant the bomb
exploded (including detailed information on house and
terrain features); (2) the establishment of the air dose vs
distanece curves; and (3] the shielding factors for the
houses. The first of these was accomplished by ABCC
shielding technicians with guidance only provided by
ORNL. The two remaining parts were to be studied
during weapons tests.

A pilot study of neutron and gamma radiation dose dis-
tributions in Japanese houses was conducted during
Operation Plumbbob at the Nevada Test Site in 1957.

Two Japanese houses were constructed of Japanese
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FIGURE 6 TYPICAL AIRDOSE DISTRIBUTIONS FOR NUCLEAR WEAPONS OF NOMINAL SIZE )
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materials, and the dose from a typical bomb was measured
in and near them (Figure 7). These measurements indi-
cated that the dose distribution could probably be related
to a few parameters such as house size, orientation, prox-
imity of walls and windows, ete.

The basic studies included spatial and angular distribution
for both neutrons and gamma rays and energy distributions
as a function of distance and angle of incidence of neutrons.
The angular distributions required the use of special
collimation devices (Figure 8). Typical distributions of
dose with angle of incidence for bombs of nominal yield
are shown in Figures 9 and 10 for neutrons and gamma

ravs, respectively.

Upon completion of the analysis of data from Plumbbob, a
summary of all dosimetry information applicable to the
survivors was prepared and transmitted to the shielding
group in ABCC. Designated T57D, this tentative dosim-
etry information served as a guide to establishment of
techniques for determination of dose values from the
shielding “histories” of the exposed individuals;
provided an estimate of dose which supplanted the use of
distance as the correlative factor for observed responses.
The “air-dose” curves (Figures 11 and 12 ) were provided
by York,®

The large uncertainties (probable error]in the curves are

hased on all weapons data available to him.

indicated by the dotted lines.
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FIGURE 7 ONE OF TWO JAPANESE HOUSES USED DURING DOSIMETRY STUDIES, \
OPERATION PLUMEBBOB

7 PLUMBBOB (BHHE TORBEMERNE H VLA " SOOAEED >
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FIGURE 8 COLLIMATOR DEVICES USED FOR MEASURING THE ANGULAR DISTRIBUTION OF e
RADIATION FROM NUCLEAR WEAPONS
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GIGURE 11 RADIATION DOSE AS A FUNCTION OF HORIZONTA:\
DISTANCE FROM GROUND ZERO, HIROSHIMA
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FIGURE 13 TYPICAL ARRAY OF JAPANESE HOUSES (RADIATION ANALOGS) USED DURING
OPERATION HARDTACK II
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The studies made during Operation Plumbbab were expanded
during Operation Hardtack II in late 1958 with dose
distributions obtained in 20 houses in various arrays.
From the data obtained, it was possible to compute the
neutron dose at any point in a Japanese house for all
configurations for which measurements were made. One of
the arrays of houses used is shown in Figure 13.
However, the more complex problems of gamma-ray
distributions was not solved adequately. As weapons tests
were no longer possible, the ORNL Health Physics
Research Reactor (HPRR) was mounted on a tall tower in
Nevada and comprehensive studies undertaken with
The applied and
basic aspects of these studies provided the necessary dose
distribution data for houses and a greatly

sensitive laboratory instrumentation.

improved
understanding of the radiation fields from nuclear weapons.
Of special significance was the data and understanding
relative to the air-ground interface effect. By early 1964,
the final equations were developed for obtainment of
shielding factors for Japanese houses; i.e., technicians
can use the following equations for computing shielding

factors. For neutrons, the expression

Shielded Dose #E#i# &
Air Dose xR

=A18FG] +A2G2 +A3G3 +A4G4 +A5G5 +A38_GG +A7e_ if
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yields the shielding factor to within £6% at the 50 %
confidence level. The constants A; have all been deter-
mined, and the geometry factors G; are physical dimen-
sions taken from the shielding “history” for the case of
interest. For gamma radiation

Shielded Dose ##za it
Air Dose ZEA#iE

is used; the 50% confidence limits are less than 6%.
The constants A; and the geometrical parameters G; are
There are
actually four equations, two for each city, because of the
differences in spectra and in the ratios of neutrons to
gamma rays. The confidence limits are based on a com-
parison with approximately 600 datum points from weapons
tests and Operation BREN.

different for each of the two equations.

The problem of normalization of the air-dose curves was
not solved until 1967 when, after exhaustive analysis of
all effects data at ORNL, reanalysis of his blast data by
Lord Penney of the United Kingdom Atomic Energy
Authority, and a study of the radiation leakage from the
Hiroshima weapon, the yields were ascertained as accu-
rately as appears possible.

These labors have, in truth, been a very long time in
reaching fruition, because of both the inherent difficulties
of evaluating the role of each of the many parameters
involved, and the necessity of completing some 20,000
detailed field interviews with survivors. However, the
T65D system is now in use,® and, one of the benefits is
that it has made possible a series of investigations directed
as assessing the relative biological effects of neutrons as
compared with gamma radiation.

MATERIALS AVAILABLE

ABCC measures the effect of radiation on the Japanese
survivors in terms of comparisons between irradiated

survivors and various comparison groups as to the inci-

dence or prevalence of various diseases or, more hroadly,
physiclogical changes. Mortality is, of course, a final end
point.  Without going into too much detail on this point,
suffice it to say that most of the investigations concern a
fixed cohort of about 109,000 persons, that is, each of
these persons is identified as to name, date of birth,
where that person was at the instant the bomb exploded
and, where appropriate and possible, the estimated neutron
and gamma doses in rad (Figure 14},

=A; +A,e %1 44,
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FIGURE 14 EXTENDED JNIH-ABCC LIFE SPAN STUDY SAMPLE

M14 T8 — ABCC % th S 45 Ao L

Distance Total Hiroshima Nagasaki
¥ 18 2t =" e
<2000 m 33849 26189 7660
2000-2499 m 20488 14541 5947
>2500 m 28010 21268 6742
Not in city HifiZw & & - £ #H 26571 20221 6350
Total &t 108918 82219 26699

_

/

For some survivors who were located in heavy concrete
buildings with windows or in street cars and the like, it
has not yet been possible to estimate radiation doses with
the requisite accuracy, but with these exceptions, estimates
of dose are available for all. These estimates are believed
to be accurate to within plus or minus 10% or so, based
on what we believe are the characteristics of the dosimetry

system.

The Hiroshima and Nagasaki weapons differed consider-
ably from each other as to construction, and as a result
the ratios of gamma to neutron dose to the survivors were
very different in the two cities (Figures 15 and 16]. In
Nagasaki, the neutron doses were verysmall indeed. Even
at 800m from the hypocenter - and- there were few sur-
vivors closer than that - the gamma dose was more than
30 times the neutron dose, and the neutron dose falls off
more quickly with distance than does the gamma dose, so
that at 1400m the ratio is more than 100 to 1. For
practical purposes, then, we can considér that the radia-
tion received by the Nagasaki survivors was essentially
gamma radiation. In on the other hand,
neutrons were relatively more important than in Nagasaki.
The average gamma dose at 800 m was about 2.8 times
the neutron dose,

Hiroshima,

and even at 1400m, where average
total dose was less than 35rad,
neutron dose was about 4.7.

the ratio of gamma to
In Hiroshima, therefore,
for any effect for which the RBE is as much as four, the
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FIGURE 15 AVERAGE NEUTRON & rad
GAMMA DOSE, NAGASAKI 108
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neutron component of the total dese probably was as
influential as the numerically larger gamma dose.

What are the effects that can be studied? Over the years,
ABCC has studied a wide variety of possible radiation
effects in these two cities. Beyond acute effects such as
well documented late radiation

effects in the survivors include leukemia, changes in the

epilation and bleeding,

optic lens that we will call “radiation cataract” for short,
although few if any of those that have been found actually
interfere with vision, thyroid carcinomas (usually occult),
stable chromosomal aberrations in peripheral leukocytes,
and among children who were in the first trimester of
gestation at the time their mothers were exposed to
radiation from the bombs, a syndrome consisting most
prominently of mental retardation, sometimes fairly severe,
accompanied by abnormally small head size. We are not
yet in a position to make RBE estimates for all of these
effects, and we will limit our present consideration to
epilation (within 60 days) and bleeding (within 42 days) as
early radiation effects, and to leukemia and radiation
cataract as well-documented and reasonably numerous
late effects.

GENERAL CONSIDERATIONS

Before presenting results, it is necessary to define more
precisely just what it is that we are attempting to measure,
just how we propose to measure it, and what are the
limitations imposed upon us both by the nature of the
experience itself and by some uncertainty on our part
regarding exact values for some of the parameters-—

uncertainties that may never be wholly resolved.

First, as mentioned above, there were no survivors who
those
Hiroshima survivors who had the largest neutron doses

received neutron radiation only, and, in fact,

had even larger gamma doses. So, we are surely notin
a position to compare survivors who had neutron doses
with those who had gamma doses only, although there is
no lack of survivors who received essentially gamma only.
Further, within each city, the estimated gamma and
neutron doses are very highly correlated indeed — the

correlation coefficient is of the order of .86 in each city.

Therefore, for our purposes, we define the RBE that we
are trying to measure as follows:

If we call the gamma and neutron doses to a surviver x
and y, respectively, then if there is a constant B such
that all same values of RBE dose, Z,(Z =x + B-y) produce
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the same effect, then we call B the Relative Biological
Effectiveness (RBE] of neutrons as compared with gamma
rays. Of course, it might be the case that the RBE js
constant only over some range of gamma and neutron
doses, but in any case, what we require is that the effect
depend only upon the value of Z, not on the individual
values of x and y.

There are four problems that must be mentioned as having
possible effect upon the estimated RBE's that we shall
present:

(1) Individual dose estimates are not always accurate.
Beyond errors that may be introduced by errors in the
estimates of the air-dose curves themselves —and these
are believed not to be large, of the order of +10% or
so as remarked above —there is the further problem of
whether the survivor has been placed accurately both as
to his distance from the hypocenter and as to his exact
shielding configuration. Unfortunately, survivors may
have economic motivations, based on the provisions of
the Atomic Bomb Sufferer’s Medical Treatment Law, to
declare now that they were nearer to the hypocenters
than they were in fact; our only means of checking this
has been to do repeated interviews with survivors whose
first interview took place before enactment of this law,
at a time when there was no economic motivation for
being nearer or more distant. About 3% of the histories
changed by a considerable amount over the years. It
seems probable that a significant proportion of the
estimated doses that exceed 400 rad are wrong, and
that at even higher levels of dose, such as 600 or 800 rad
or more, the errors may be serious although it must be
kept in mind that a fraction of the people exposed to
extreme stresses frequently survive.

{2) Itis evident that accuracy of the estimates of RBE
are dependent upon the accuracy of the estimates of the
Hashizume and his col-
leagues, of the Japanese National Institute of Radiological
Sciences(JNIRS) have measured the neutron and gamma

air-dose curves themselves.

doses in each city using cobalt activation in steel for
measuring neutron flux and thermoluminescence of roof
tiles for measuring gamma radiation.” Their results
were very close to the ORNL estimates for both gamma
radiation and neutron flux in Hiroshima, but they
obtained estimates for Nagasaki which were a little
different from ORNL values. Unfortunately, Hashizume's
Nagasaki neutron estimates were based on only a very
limited amount of material which was suitable, and as a
result the JNIRS Nagasaki neutron estimates may be
subject to relatively large observational error. However,
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it is fortunate that, in any case, the neutron flux in
Nagasaki was quite small, and, as will be seen, the
estimates of RBE do not vary much, whether the ORNL
or JNIRS air-dose curve estimates are used for Nagasaki.

(3) A further point must be mentioned on the accuracy
of the air-dose curves, The effective dose at distances
of 1000 or more meters from the epicenter is a very
sharp function of the relaxation length of the radiation
concerned. Our best estimates of the relaxation lengths
for gamma radiation are 350 m in Nagasaki but only
250 m in Hiroshima. Any errors in these values would
be strongly reflected in changes in RBE estimates.
Although we believe that 250 m is the best available
figure for gamma relaxation in Hiroshima, we show the
changes that would result from an assumed value of

265 m, the largest value that we consider to be credible.

(4) And finally, it must be remembered that many of the
Hiroshima and Nagasaki survivors experienced more
than ionizing radiation alone. Those near to the hypo-
centers were subjected to a very strong shock wave,
and many were burned, either simultaneously by radiant
heat from the fireball itself or soon afterward from the
fires that were triggered by the bombs. To what extent
these concomitant injuries had influence on late effects,
or more particularly early effects such as epilation, we
are not in a position to say.*

RESULTS

Figure 17 shows data that are typical of those available.
It is evident that for all levels of estimated T65 dose above
about 50rad, the percent with epilation in Hiroshima is
larger than the corresponding percent in Nagasaki. The
total dose shown includes both neutron and gamma rays
(i.e., it corresponds to an RBE of unity for the neutrons}
A further point is, that at the high end of the scale,
especially in Hiroshima, the percent with epilation
does not increase with increasing total dose but instead
varies erratically. This is, perhaps, partly due to
the fact that the number of persons in each dose class is
not very large at the higher dose values —the numbers
vary between 65 and 100 —but also, it seems likely that
there is relatively more error in the dose estimates at
these levels, resulting from a higher proportion of errone-
ous histories.
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*ABCC does of course have in its records notations of burns and other injuries to survivors. Blast injury was highly correlated with radiatien
dose, and it is, therefore, difficult to study radiation as a single entity: those who had large radiation doses were in areas where blast effects
were also present. Burns have been studied in relation to mortality {INTH-ABCC Life Span Study, Report 3, ABCC Technical Report 15-63)
without uncovering evidence that death rates up to 15 years after the bombs were materially affected by the presence or absence of burns.
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FIGURE 17 PERCENT WITH EFILATION BY T65 RBE DOSE, RBE =1
K17 WEDEH%: TE5RBE S &%, RBE = 1
% 100
80 |
HIROSHIMA
= NAGASAK]
o 60
|
<
=
o 40|
20
0 i i 1 1 1 1
0 100 200 300 400 500 600
RBE DOSE

ok

In any case, if we ascribe the differences in level between
the two curves exclusively to the fact that we are using
the wrong value for the RBE, we can then estimate the
RBE for epilation, by testing
different values to see what value of the RBE will bring
the two curves into accord.

according to our model,

It would, of course, be
possible to employ a method like maximum likelihood to
obtain a definite estimate, hut the computational difficulties
are very great, and exactness of calculation hardly seemed
to be a worthwhile objective in view of all of the other
difficulties that have been mentioned.

Figure 18 shows what happens if we take an RBE of 2.
The curves for the two cities come together somewhat,
but Hiroshima is still higher than Nagasaki, Figures
19-21 show that an RBE of 3 is still better, but not quite
large enough, while an RBE of 4 does the job pretty well—
the experience of the two cities seems comparable.
However, for an RBE of 5, it appears that we may have
gone too far: The Hiroshima curve is generally below
So the city differences, if wholly
explainable in terms of the RBE of neutrons for epilation,
seem to be accounted for by an RBE of about 4.

the Nagasaki curve.

Let us turn now to another acute symptom — bleeding
within 42 days of the radiation exposure (that is, purpura,
petechiae, or other bleeding). If we simply add together
the neutron and gamma doses, that is, use an RBE of 1,
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FIGURE 18 PERCENT WITH EPILATION BY T65 RBE DOSE, RBE =2
18 MEOESHE: TESRBE #it5l, RBE =2

% 100
HIROSHIMA
80 -
NAGASAKI
é 60
l_
<
=
a4}
20 -
0 1 | L i 1 i
0 100 200 300 400 500 600

RBE DOSE

rri

IGURE 19 PERCENT WITH EPILATION BY T65 RBE DOSE, RBE =3
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FIGURE 20 PERCENT WITH EPILATION BY T65 RBE DOSE, RBE =4
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FIGURE 21 PERCENT WITH EPILATION BY T65 RBE DOSE, RBE -5
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as in the case of epilation, the Hiroshima curve is con-
siderably above the Nagasaki curve (Figure 22) However,
if we try an RBE of 4, the curves come together pretty
well (Figure 23), and an RBE of 5 seems even hetter
(Figure 24) and we may tentatively estimate an RBE of
about 5 for bleeding.

Turning now to leukemia, which is by all odds the most
striking late radiation effect which has to this time been
identified in the Hiroshima-Nagasaki survivors, it can be
seen immediately that the curves which show the pro-
portions with leukemia as a function of dose are quite
erratic (Figure 25). The cases used here number only
82 in total (63 in Hiroshima and 19 in Nagasaki) which
had estimated gamma doses of at least one rad. The
cases are those identified during 1950 to 1966 by ABCC
hematologists among members of the fixed sample of
109,000 persons which is under continuing study. The
leukemia proportions rise sharply with increasing dose in
each city, but the level in Hiroshima exceeds that in
Nagasaki almost everywhere; the single exception is at
about 250 rad, where the two experiences are similar, but
the number of cases in Nagasaki is so small (only six)
that sampling variation forbids us to read too much signifi-
cance into single points.

Trying an RBE of 2 improves the situation somewhat
(Figure 26), and an RBE of 3 seems better still (Figure 27).

If we try an RBE of 4, there is more crisscrossing of the
curves above 100 rad, and if we move, finally, to an RBE
of 6, we obtain about the best concurrence of the curves
for the two cities (Figures 28 and 29). However, the
Nagasaki curve is quite erratic, betraying the relatively
small number of cases upon which it is based, and, by the
same token, reminds us that we can regard any conclusions
that we reach as being, at best, crude approximations to
the truth.

Now we turn our attention to axial opacities of the lens.
The cases used are those diagnosed and reported on by
Miller, et al. 8 Starting with the curves for an RBE of
unity (Figure 30}, it comes as something of a surprise
that, unlike the situation for the effects examined previ-
ously, the Hiroshima eurve does not liesabove the Nagasaki
curve. Both are peculiar, in that they fall off from RBE
doses of 350 to 450. If we try an RBE of 2 (Figure 31),
the Hiroshima upper peak tends to move to the right of
the figure, while the Nagasaki curve changes little, as
would be expected. It appears that using an RBE larger
than one has worsened a fairly good fit. It must be
remembered that there is one great difference between

these axial opacities and the other effects that we have
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FIGURE 22 PERCENT WITH BLEEDING BY T65 RBE DOSE, RBE -1
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FIGURE 23 PERCENT WITH BLEEDING BY T65 RBE DOSE, RBE =4
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FIGURE 24 PERCENT WITH BLEEDING BY T65 RBE DOSE, RBE =5
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FIGURE 25 PROPORTION WITH LEUKEMIA BY T65 RBE DOSE 1950-66, RBE =1
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/ FIGURE 26 PROPORTION WITH LEUKEMIA BY T65 RBE DOSE 1950-66, RBE -2
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FIGURE 28 PROPORTION WITH LEUKEMIA BY T65 RBE DOSE 1950-66, RBE =4
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FIGURE 29 PROPORTION WITH LEUKEMIA BY T65 RBE DOSE 1950-66, RBE -6
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AXIAL OPACITIES

FIGURE 30 PERCENT WITH AXIAL OPACITIES BY T65 RBE DOSE, RBE =1
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discussed: The observations are much more subjective.
Drs. Miller and Fujino, who diagnosed these cases in the
two cities, using first an ophthalmoscope and then exam-
ining suspicious lesions by means of a slitlamp biomicro-
scope, made every effort to agree on comparable criteria.
Nevertheless, it cannot be guaranteed that in fact they
succeeded in making the observations comparable.
There remain just two issues to be discussed: The
question of how much influence on these results there
would be from errors in the value for the gamma relax-
ation length in Hiroshima, and from variation in the
air-dose curves in Nagasaki, following the data of
Hashizume and his colleagues. The second point can be
more quickly considered than the first. The JNIRS
estimates for the Hiroshima air-dose curves are very
similar to the ORNL estimates. However, as exemplified
for epilation in Figure 32, even for RBE 1 we do not get
the same response curve in Nagasaki from the two sets of
According to the JNIRS estimates, the
response curve is higher than that for the ORNL estimates,
that is, a little closer to the Hiroshima curve.

air-dose curves.

One might
expect, therefore, a lower RBE estimate to result from
the JNIRS curves.

Using the ORNL curves, we obtained an RBE of about 4
for epilation; what do we get if we use the JNIRS curves
instead? TFigure 33 shows the curves for RBE 3, using
the JNIRS curves. The fit is not bad; still, the Hiroshima

curve seems in general, to lie above the Nagasaki curve.

If we try an RBE of 4 (Figure 34), the resulting fit seems
t0 be about as good as we can get; that is, we again obtain
an RBE estimate of about 4. Thus the effect of using the
JNIRS air-dose curves in place of the ORNL curves is to
change the RBE estimate by a very small amount — less
than one unit —which is, to say the least, well within the
limits of error of the method.

A more serious issue, however, is raised by any uncer-
tainty in the relaxation length for gamma radiation in
Hiroshima. As can be seen in Figure 35, the effect on
the epilation response curve in Hiroshima that results
from changing the gamma relaxation length from 250 m
to 265 m, is very considerable. This difference, one would
suppose, would surely reflect itself in the RBE estimates,
and indeed it does (Figure 36). Using the relaxation
length of 265 m, an RBE of 2 is not quite large enough
for epilation, but the data now fit an RBE of 3 quite well
(Figure 37). So, an uncertainty of only 15m in a relax-
ation length estimated to be 250m, changes the RBE

estimate from 4 to 3. Put in another way, a change of
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/ FIGURE 32 EPILATION BY T65 RBE DOSE ACCORDING TO ORNL & JNIRS AIR-DOSE CURVES, ﬁ\
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only 6% in the gamma relaxation length changes the RBE
estimate by 25%. The RBE is a very sensitive function
indeed of the relaxation length used. Given the fact that
we do not know the relaxation length exactly, and probably
can never be sure of it to 1% or so, it is obvious that our
estimates of RBE can never be better than very crude

approximations to truth, and we claim no more for them
than that.

In summary, we have obtained estimates of the RBE for
fission neutrons, as compared with weapons gamma
radiation of about 3 to 5 for epilation and bleeding,
around 6 for leukemia and 1 or 2 for axial opacities. We
have tried to indicate some of the many reasons why it
seems almost impossible to obtain very reliable estimates
of RBE from these data, and there are, no doubt, additional
problems that we have not mentioned. Nevertheless, the
Hiroshima-Nagasaki experience is unique and whatever
their weaknesses, the data from these cities are, and
hopefully will remain, all that is available, and we shall
continue to try to refine them and extract from these

tragedies information which will be valuable to mankind.
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The following addition was made by J.A. Auxier during the oral presentation, and it does not necessarily reflect
the views of Jablon et al with whom there was insufficient time for correspondence in advance.

Fad B, J. A.

37 L4 Jablon SO Em % KEtd 5 £ 0Tl 4& .

Figures 38 and 39 show a more detailed comparison of
the JNIRS and ORNL data as well as some results from
Ichikawa et al.® On the basis of the statistical errors
inherent in the various sets of data, it is apparent that
there is no significant difference in the values from the
Further, though it was not discussed
ahove, an estimation of the RBE for an assumed relaxation

different researchers.

length for gamma rays in Hiroshima of 235m was not
made, but such a value is as probable as is 265 m; this
would tend to increase the RBE.

Another approach to the analysis of the data presented
herein is based on the assumption that the RBE is of a
functional form. For example, the leukemia data, analyzed
with this assumption in mind, yvield values of RBE which
decrease with increasing dose. Figure 40 shows the
incidence rates for the two cities; these incidence data
were smoothed by simple smoothing techniques (i.e.,
This is a
preliminary and crude approach, given here for the purpose

averaging over adjacent increments of dose).

of stimulating additional approaches to the analysis, but a
dose dependent RBE ranging from about 4 at less than
100 rad to unity at about 500 rad fits the data surprisingly
well.
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REPORTED DISCUSSION

Quam WM: What is the cause of the structure in the
air-dose curves for the Hiroshima data?

Hubbell HH: The irregularities arise because the average
dose per person was calculated, and if most of those
survivors exposed at a given distance were heavily
shielded, the point would be low, ete.

Bateman JL:
one found for

Two comments with respect to the RBE of
First, the problem of
comparing observations of different examiners in the two

lens cataracts.

cities is obvious, and I believe the author has referred to
this.
were probably made at appreciable levels of opacity,
certainly when compared to current studies in mice
(see Bateman and Snead, this symposium), and probably,
therefore, at relatively high doses. If the rising RBE of
the neutron component for leukemia induection with

Second, it seems likely that the lens comparisons

declining dose were to hold also for the lens, we might
anticipate higher RBE values for the latter if compared
at lower doses.

Bond VP: First may [ compliment the authors on the
manner in which they have carried out the task of obtaining
and refining these important data ¢n the effects of atomic

bomb radiations in Hiroshima and Nagasaki. My comments,
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which concern the RBE values reported, are of a prelimi-
nary nature since I have not had the opportunity to study
the results in detail.

First, for some of the curves for the two cities, one might
adopt the view that they are remarkably similar considering
the circumstances. Not infrequently in the laboratory, two
apparently identical experiments yield data that differ,
I believe, by these amounts. While you have gone to
great lengths to refine the data, you have also indicated
the number of uncertainties remaining and the magnitude
of these uncertainties. Secondly, the procedure used to
determine the RBE presumes that the reason for all
differences lies in the different contributions from neutrons
in the two situations. It presupposes no error in the dose

of gamma rays, and no differences due to other factors.

Thirdly, your values of RBE for different endpoints do not
appear to be in the same ratio as those obtained on animals
and on man under other circumstances. For instance,
your RBE’s for epilation and for bleeding (reflecting
severe damage to the bone marrow, and related to low
levels of mortality) both appear to be high; the RBE for
skin effects in general in man and large animals seems
to be high, that for mortality in large animals unity or
less. Your RBE for lens opacification is low; the evidence
from other data indicates that the RBE for this endpoint
. is high.

Lastly, as was brought out in this symposium, the RBE for
severe bone marrow damage and mortality rate in several
Also,
I do not believe one needs to invoke an RBE greater than
unity to explain the effects seen in man exposed acciden-

species of large animals is clearly unity or less.

tally to neutrons and gamma rays from accidental nuclear
excursions in the laboratory.

I am sure that the authors are aware of most if nat all of
what I have said, and perhaps some of the apparent
differences lie in differences in RBE as a function of dose
or level of effect or in other factors. However, the results
reported are at least at first glance unexpected on the
basis of previous data, and [ believe that some discussion

of these questions is in order at this time.

Hubbell HH: The bleeding refers to bleeding gums;
petechiac (red spots on the skin) were observed on survi-
vors only, those who lived 42 days or more and often
many years. Such symptoms often but not always indicate

a fatal dose of radiation, according to ABCC records.

Bond VP: Bleeding into the tissues following irradiation
results only from severe damage to essentially the entire
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bone marrow and does not result from local exposure in
these dose ranges. Thus if a group of individuals is
selected on the basis of the appearance of petechial or
other manifestations of bleeding, that group must be at
least on the threshold of the bone marrow syndrome
mortality dose range. Thus, bleeding can be taken to be

equivalent, practically, to a low level of mortality rate.

Wiley AL:

was 5, and this was apparently correlated with the sudden

The RBE value given for leukemia induction
acute bomb exposure to neutrons and gamma rays. It must
be an almost impossible problem, but I wonder if any effort
was made to account for effect of absorption of fallout
products and fission products as contributing factors to
the induction of leukemia. It would seem that such internal
hazards would also contribute to this endpoint so that it
would be difficult to make a simple correlation between
RBE and the acute external exposure to neutrons and

gamma radiation.

Auxier JA: The problem of internal dose has been
considered many times, but no significant contribution to
dose has been demonstrated. The fallout area was, in
each case, sufficiently distant from the hypocenter that no
added contribution to the dose of the“exposed” population
need be considered. Those living in the fallout area may
have received a small but non-negligible dose from internal
emitters, but the only analyses now under way, for the

Nishiyama area of Nagasaki, are not complete.

Vogel HH:

mammary carcinoma data from Hiroshima and Nagasaki?

Do you have any RBE analyses on the

Auxier JA: No.

response to the observation made here that it was the

(See Dr. Storer’s following remark in

speaker’s opinion that the incidence was higher in the
exposed population.)

Shellabarger CJ:
might remember that Miller in last week's Science
(166:569-74, 1969) described what he (Miller) thought
were or were not delayed radiation effects from these two
cities. Can we expect the ABCC and/or Jablon to give us
material on RBE’s on additional findings in addition to
what you have just described?

In a follow-up of Vogel's question, we

Auxier JA: Yes, ABCC will publish as promptly as pos-

sible all findings and analyses.
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Storer JB: I disagree with Mr. Auxier's statement that Storer JB: HBHIZIZT RTOBEOBM A RS 5 HT 10
all cancers have been shown to be increased in the irradi - 5L Mr. Auxier MEBRIZEBETE 20, Miller
ated survivors. As Miller has pointed out in his recent
review (Science 166:569-74, 1969), only leukemia and
thyroid tumors have been unequivocally proved to show a

PEGE O ( Science 5166 569 — 74, 1969) T4 L
TWa LS, BRNIGHEEHNECHEDLRT LSO

dose response relationship. There is the suggestion that HEIMLE L HRRIEE 23 Th 3. ABED L UIE O
cancer of the breast and of the lung may be increased but HMATRBEATVA TR YE, SREGEEGE IR T =
no dose response relationship has bheen established. The HTWRV. B2V Dh0REORESRI-5 0 T

incidence of a number of other tumors has been examined BERU AT EPRTYS S, BINLENCE 4 .

carefully and no increases can be demonstrated.

Auxier JA: Dr. Storer is most familiar with this question, Auxier JA: Dr. Storer ZZOMBI& &l L T &
and I can only agree with him. ENBZDT, b LELTHE, 20BRCAST 5.
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