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Abstract—The various lines of evidence that lead to current esumates of the cancer risk rom
low level radiation are reviewed. 1t 1s first shown why it is very difficuit 1o get direct experimen-
tal evidence, so that much reliance 18 placed on extrapolation of data from high level radiauon.
The evidence that a lincar exirapolation 1s conservative, e more fikely to over-estimate than 1o
under-estimate the risk at low levels s extensively reviewed. The “new evidence™ that has been
claimed to indicate that the iinear estrapolation under-cstimates effects at low levels 1s exam-
ined. Complications in deriving risks based on the lineanty assumption are considered, and
final estimates from various sources are presented.

LEFFECTS AT HILH LEV! S AND THE
LINEARITY 1Y PCTHESIS

THrRE HAVE been many s tuations i which
large nuinbers of people have been exposed to
high levels of radiation, and through studies of
them (NAS72; UN77) i health effects of
high-level radiation are rather well known.
Some of these data are summarized in Table 1.
Among the survivors of the atomic bomb
attacks on Japan, there wers 24000 people
who received an average exposure of 130 rem,
and about 120 extra cancers developed among
them up to 1972. There were 15,000 British
patients treated with X-rays for ankylosing
spondylitis (arthritis of the spine) with doses
averaging 370rem, and they had about 118
extra cancers. Over 900 Germans were treated
for that same disease and for bone tuberculosis
with injections of ***Ra giving an ave-1ge dose
to the bone of 4500 rem.® and 45 of them got

*For loose discussion as in this section, we use
| rad = [0rem (ICRPS9) for z-particle radiation of
the lung and hone (with radium)
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bone cancer (vs 0.1 expected). About 1700L' S,
women employed during the 1920s in painting
radium on clock and watch-dial numerals ta
make them self-luminous used their tongues to
put a fine tip on the brush. getung radium into
their bodies; their average bone Jose was
17.000 rem and 48 of them died of bone cancer
(vs 0.4 expected) Among 4100 US. uranium
miners exposed to excess levels of radon gas
due¢ to poor mine sentilation, the average ex-
posure to bronchial surfaces was 4700 rem and
up to 1972 there were 135 lung cancer deaths
among them vs 16 expected. There have bezn
several other miner groups which have experi-
enced excess lung cancers, like a group of 500
Canadian fluorspar miners whose average
bronchial exposure was 2800 rem. resulting in
51 lung cancer deaths vs 2.8 expected. Ther
have been a number of situations in which
there have been high exposures resulting in
something like 10 extra cancers, such as
women in a2 Nova Scotia wberculosts sanitor-
ium exposed to excessive X-rays in the Course
of fluoroscopic examinations, U.S, women
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Tuble | Somrces of mformation on rish of s ancer from radigtion INASTD)

Years aftler Number  Average
Tipeof  Cuuse of sxposure Exposure exposure of dose Cases Cases Cuases
cancer or X-ray ireatments date  consdered  subjects irem) observed  evpected (0% rem ye
A-bombs, Japan 1945 §-25 b3 ) 20 110 L1 197 10
Leukerma  Spondjhus 1938-54 025 14584 32 2 33 09
Menorthaga 1940-60 524 2000 136 6 1.3 12
Ra’™ intake 1915-38  1i-56 78 17.000 8 04 01l
Bone Ra*** treatments 194464 15 925 410 45 012 ns4
Spondylitis 1915-54 6-27 14684 an2 . 063 010
A-bombs, Japan 194% 16-25 12,000 135 2 139 09
Breast Fluoroscopy RGN 10-10 MR 121 22 =l 34
Masutis 10-29 506 200 il &2 60
Uranwm mines 1920-63 5 50 1136 1580 138 1] 083
Fluorspar munes 1915-63 -3 00 STH st 1 1e
Lung Metal mines 16-37 17589 17 48 16 0e”
spondylius 1935-54 r¥g 14,554 <00 EL] 4 | .
A-bombs, Japan 1948 16-25 19472 133 bd 5 060
Gastro- A-bombs, Japan 1945 b 23971 130 378 363 082
inist Spondyhnus 1935-54 ] 14554 378 £ 4 a8l
L A-bombs. Japan 1948 6-24 4507 12 19 -, 16
Leshema  Thymus X-rays {9987 018 1481 65 s 10 10
§ T capitis 1940499 O 04} 10 4 09 14

-

ireated with X-rays for inflammation of the
breasts following childbirth, women treated
with X-rays for gynecological maladies, Various
types of pelvic Xeray treaiments children
ireated with N-rays for enlargement of the
thymus gland. infants radiated with X-rays for
ringworm of the scalp, patients in several coun-
iries fed a thorium compound to aid in X-ray
contrast studies and Marshail Island nauves
enposed to fallout from a nuclear bemb test. As
a result of numerous studies of these groups,
there is a great Jeal of information ay alable on
induction of cancer by high levels of radiation.
This is periodically reviewed and updated by
prestigious study-evaluation groups INAST2:
UNSCEARTT).

If one seeks to find similar informytion on
tow level radiation, one 1s immediately con-
fronted with statistical limitations.  For
evample, suppose one found a group of 10.000
white males who had received an extra 10rem
of whole body radiation. The easiest ¢vidence
vould Be excess leuhemias because that

discase derelops carliest and 1s among the most

it
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sensitive 1o radiation. As a first approvimation
we might use the results of high level radiation
studies that leukemias are indu.ed at a rate of
about 1.0 x 107% yr per rem of exposure. We
would then expect 10,000 x 10 x 107* =01
extra leukemias per sr among this group. In
(he absence of radiation, one would expect 0.88
leukemias if we take statistics for the entire
U.S. In the 25 yr over which rac.ation 1s ¢ffee.
tive in causing leukemias, we then &yvjedt
33 + 47 cases from natural causes vs 2% from
the 10rem radiation exposures. Clearly. the
statistics here are marginal at best. But the
problem goes much deeper—the wual US
population is hardly a suitable control group.
Cancer is largely caused by emvironmental
factors and hence is subject to wide varistions
 incidence rates. Even for entire states the
0,88 cases given above as the npectation 1anes
from 1.0 (MN. DC) 10 0.77 (ME. NM. In our
above examples. this could vary the number of
sapected cases from 19 to 15 making it anll
more JifBcult 10 ascertain that there aze 2 or 3
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of extra radiation wouid typreally have more
environmental factors in common than merely
living in the same state.

Any eperimental study of effects of low-
level radiation would therefore need large
populations, like millions of subjects. and there
would still be considerable Jdifficulty in select-
ing a control group. One way to achieve large
numbers of subjects would be to use vanations
in natural radiation: for example citizens of
Colorado. Wyoming and New Mexico are
exposed to about Srem more than the US.
average over their lifetimes. However, the leuk-
emia rot - in those states are considerably
helow the U S average, $.11 vs S81 x 107%yr
for white males and 513 vs 574 for white
females. The same is true for all cancers; the
high natural radiation states have annual rates
of 140 x 10~ for white males and 114 x 10°*
for white females, while the U.S. average is 174
and 130 respectively. The fact that states with
high natural radiation have considerably lower
cancer rates than average is generally dismissed
as ndicating only that =.'ic 1on 15 very far
from being the principal wewse of cancer, and
this point is logically correct. However, this
author is highly skeptical over whether that
attitude would be accepted if stawes with high
natural radiation happened to have somewhat
higher than average cancer rates.

Since there is little dircct evidence on effects
of low-level radiation, the simplest option is 10
use our abundant daia on effects of high-ievel
radiation to gerre stimates of effeci: o low
levels by assuming a linear dose-effect relation-
ship. 1e. if some high level dose D causes a
cancer risk R, we assume that a dose 0.1D will
cause a risk 0.1R. that 2 dose 0.01D will cause
a risk 001R. ete down to extremely low doses.

This “lincanity  hypothesis™ was recom-
mended by the Nanonal Academy of Sciences
Committee on Biclogical Effects of Tonizing
Rad .on (BEIR) in 1972 (NASTI) with a
statement that it is a “consrvative”™ approach,
more likely to over-estimate than to under-
estimaie the etfects of low lesels. This state
ment scems to represent the general thinking in

the involved scicntific community. aithough
there is considerable variation m opinions of
how nmmch more likely the over-esumate Is.
There 1s a considerable body of opinion that
the over<estimate 15 Zross. say by a factor of
2-10. while there is also an important body of
opinion that linearity does not give an over-
estimate. We now turn to a review of the evi-
dence behind these positions.

L EVIDENCE THAT LINEARITY IS CONSERVATIVE

In this section we review the principal ew-
dence bearing on whether the hinearity assump-
tion is conservative as a means of estimating
effects of low-level radiation. This evidence
comes from various sources, each of which is
discussed in a scparate section.

{A) Repair processes

There is a great deal of evidence that na' 're
provides mechanisms for repair of radiaticn
damage to biological molecules. There have
been many experiments in which it was shown
that single doses in the 1000 rem range cause
fatal radiation sickness in mice and other ani-
mals whereas fractionating these dJdoses over
several days or more does n~t (Fo77). Perhaps
the best demonstration of repair mechanisms
with regard to cancer is the Jose ruie effect,

-examples of which are shown in Figs. | and 2.

Incwence (%4)

Cose (rad)

Fic. 1. \Myeloid plus thyme lcukemia in male RF
mice exposed 10 X- or ;-rays (UpT0L Plot shows per-
cent poidence vs total dose for a high dose rate
(80 rad min) and 3 low dose rate (0004006 rad min)
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30— - h:pothesis orer-esumates cfects of low-level
! 1| radiation. On the other hand. it 1s argusd that

o er o/f 1 large doses may kill cells. which prevents the
». el 1 . fiom becoming cancerous; this could cause
§ L ,/ | lincarity to under-estmate effects of small
g 20 f 1 doses. However, there is good evidence that
z -o} cell killing is not ¢n important effec: below
as’j 1 . ! 1 about 100 rem (Mars78; E187) so if data in the
®o "Gozz oSS 01 138 100 rem range is utilized. it would be difficult
Cose-Rgte (rad/min) to use ¢!l killing as a reason for linearity

©16. 2. Leukermia in CBA and C3°8B1 m . after a
;-ray dose of 1000 rad (MoS9) Plot show. percent
incidence after 1S months vs dose rate.

We see there that a given dose of radiation is
generally much less carci o enic when spread
out in time than when given rapidly, this im-
plies that damage from carlier doses was
repaired before the later doses were adminis-
tered. The dose  1te effect 1s well established in
many animal studies with X-rays and j-rays
(Gr72, Shé6; UpT0, Mos9H although there is
some contrary evidence with 2-particle radi-
ation (Spe73; May78a) which will be explained
later. It has been pointed out (Brow76) that
effects from the high dose rates rsceived by the
Japanese A-bomb survivors were no larger
than from low dose rate medical exposures, but
this could have other explanations. Increased
effects of high dose rates are well established in
studies of genetic effects, a mutagenic process
somewhat linkad to cancer induction (Rus72)

In additon to this indirect evidence from
dose rate effects, there is direct evidence for
repatr processes in that broken chromosomes
have been obseried to re-unite into a single
strand (Le$3, Wobl) There is also a vast
amount of evidence for DNA repair in bactena
(Fo73, EI77, LNSCEART2; Mcs6, To73L

In view of the well estublished evistence of
repair mechanisins, there is a general fecling
that ¢ffects of low Jdoses thould be largely
repaired. whereas repar of the much more
extensive damage from high doses would be far
less complete. This implies that the linearity

undet-estimating fects of low-level radiation.

(3) Mechanism for radiation induction of cancer

One of the sironge«t reasons for believing
that the linear hypothesis is conseriative de-
rives from our understanding of the processes
by which radiation induces cancer (Ke72)
Ragiation affzcts matter largely by knocking
electrons out of molecules and thereby disturb-
ing molecular structure. In the process the
radiation gives up energy, transferring it to the
material. The number of electrons knocked out
of position is propotuonal to this energy de-
posited, and the latter is the basis for defining
radiation dose. If the biological 2Tects of radi-
ation were simply due to single electrons being
knocked out of position--this s called a
“single hit" process-—the cancer risk wouid be
proportional to the total number of single hits.
which is proportional to the energy deposited
regardless of the type of radiation. However.
this is well known ot to be the case (ICRPI9).
for a gnen energy deposited z-particles and
neutrons (known as high LET—lincar ¢nergy
transfer—radiation) are an order of magnitude
more eMective in doing biological damage than
v-rays of electrons (low LET). This is strong
evidence that biological efects of radiation are
not caused by single hits, but rather by
multiple hits.

The basic difference between high and low
LET radiation is that the former concentrates
its damage within a much smailer volume of
tissue. Since high LET is more effective, we
may presume that effects are caused by mul-
tiple huts sery close together, within some small
seasitive volume.
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Confirmatory ¢sidence for a mulu-hit pro-
cess derinves from the doswe rate dependence dis-
cused above. If cancer induction were a single
hit process, it could not matter whether these
hits were close together or far apart in time;
each hit would have a certain probability of
resulting 1n a cancer. However, as noted pre-
viously in connection with Figs | and 2. effects
are much larger at high dose rate. With a
multi-hit model, this is readily explainable by
repair processes. I the two hits are well separ-
ated in time, damage from the first may be
repaired before the second hit occurs.

Granted that radiation inc'~ed cancer is a
multi-hit process (we assume a two-mit pro-
cessh the multiple hits may be by ‘he same
particle of radiation or by scparate particles. If
they are by the same particle, cffects are
lincarly proportional to dose, with the propor
tionality constant much larger for high LET
than for low LET radiation because the former
has a much better chance of making two hits
close together.

On the other hand, if the two hits are by
wparate particles of ratiation, effects are pro-
portional to the square of the number of single
hit.® and therefore proporticnal to the square
of the dose, regardless of whether the radiation
1s high LET or low LET. These considerations
lead to dose-effect curves like those shown in
Fig. 1: at very low doses the linear term must
be predominant and at very high doses the
term proportional to dose-squared (quadratic
terms) must predonunate. The transition
between the two should occur at a dose where
it is not unreasonable to expect two hits by
separate particles of radiation within the sensi-
tive volume. This would occur som:where near
the dose where there is an average of one hit
per sensitive volume. The latter dose, of course,
depends on the sensiiive volume: for sxample,

*For example fthere +ere 100 tary2ts. the chanre
of hittirg 3 goen par in 1) <hots s about
Yy x5 = 001, whereas in 20 shots it is about
A = ¥y = 002 Note ‘hat it increases as the square
of 1he number of shots.

if atis | » in diameter as suggesied by some
experiments (Ke72; Sc73; Ke735, the dose for
an average of one hit within it 1s 8rud for a
1-MeV ;-ray and 300rad for a 5-MeV neutron
whereas if the sensitive volume is § i 1n diam-
eter, the size of an entire cell nucleus the
required dose is 0.3 rad for a | MeV ;-ray and
12rad for a 5-MeV neutron. We don't reaily
know what the sensitive volume is, but these
examples give the genzral impression that the
transition from a line«r to a quadratic depen-
dence occurs at relatively low lesels for f's and
7's. and at relatively high levels for 2's and neu-
‘runs as shown in Fig. 3. This means that over
the rang= of principal interest, the drse<effeci
curves siiould be linear for the latter and con-
cave upward (quadratic) for the (ormer, which
leads to the conclusion that application of th
linear hypothesis based on data at high doses
will over<stimate effects of low doses for B-
and ;-ray exposure.

-l

2

Conced Incidence — =

FiG. 3 Cancer incidence vs d=se in 3 -hit model The
2DOSEY term is due to the two hits coming from
different parucies of radiation. while the :-DOSE
terms are from both hits coming from the sume par.
nicle: the latter is much lacger for 2-pariicles and neu-
trons (x.n) than for §s and ;% (2.;) The total cancer
incidence is the sum of the o terms 25 shown by the
sohd lines for 8.y 3ad for 2
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FiG. 4. Incidence of various neoplasms in j-ray irra-

diated mice (L176) as a function of dose. Error bars

are = 1 S.D. In all cases incidence is much increased
at doses above $0rad

-

Jt may be noted that the above-outlined dis-
cussion assigns most x-particle radiation effects
as due to multiple hits by the same x-particle at
the sume time. This implies that there would be
no dose-rate ¢ffect for z-particles, in agreement
with experimental evidence (Spe73) In fact
there is some evidence that effects of z-particles
are increased at lower dese rates (May78a)

(C) Data on cancer induction by radiation

One basis for judging the validity of the
lincarity hypothesis is to obserie how weil it
behases in eaplaining data down to the lowest
doses at which effects are staustically me .amng-
ful. There is a rather large body of animal data
eatending down 1o the 10.rem region with
reasonable .statistical significance. These data
for X, ;- and B-rays preponderantly indicate
that linearity orcr-estimates effects at low levwels
(Up6l; Fi68; Bués: Mal69; May70: May72)

examples are shown in Fig. 4 for external radi-
ation and in Fig. § for exposure 10 irradiation
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FiG. 5 Osteogenic sarcomas produced in CF1 female

mice by intravenous injection ot' Sr and **Ca at age

70 uays (Fi68) Plot shows tumors por mouse vs

radicactiv* ¢ injected. Controls had 003 tumers per

mause. *3r experircats used 310 mice ind 130 con-

trois; results for 1.3, 4.5 and 20 xCi Xg. not shown on
plot. showed no excess oser controls.

by internally absorbed radionuclides. Note that
these curves are concave upward. Ia some
cases results are close to linear (St75), and there
is one well known situwation in which the
observed dose-effact curve is concave down-
wird (Sh69). the latter case involves mammary
cancers in Sprague-Dawley rats, a special breed
in whick all females are virtually certain to die
of that discase even in the absence of radiation
exposure; it is widely recognized that this is an
exceptional situation in many ways (Ke72)
The animal data for z-particle radiation
usually show something close to a linear
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FiG. 6. Bone cancers induced 1 mice by injection of

*I*Ra. Plot is percent incidunce of bone sarcomas vs

dose 10 bone in rad. Plot shown is work reported in

{Fi69), adapted in (May 78b). Note that dose equival-

ent in rem is an order of magritude larger than dose

in rad shown on the plot. Dushed line is expen-
menter’s siraight line §t to data
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gencral public exposed 1o natural radon in the
environment at low doses (Cos0). It turns out
that 70°, of the ¢xcess cancers among the
miners were of one particular histological type,
small cell-undiffcrentiated (SCU) and if linear-
ity is apphed to this discase based on the miner
data. the number of SCU lung cancers due to
normal environmental radon exposure among
non-smokers is vrer-predicied by a factor of 8.

The significance of this conclusion depends
on some basic assumptions that require justfi-
cation. The most important assumption is that
radon induced lung cancer has the same risk
factor for smokers and non-smokers, ie. that
there 1s no synergism between smoking and
radon exposure. Actually, there were indica-
tions in the early U.S. miner data that smoking
accentuated the cffects of radon, but the most
recent data do not seem to support that view-
point. One strong evidence against a smoking-
radon synergism is that lung cancer incidence
vs radon evposure is very similar between
modern U.S. miners and a group of {9th cen-
tury miners in the Erz "mountains of central
Europe who suffered their fate before cigarette
smoking began (in carly 20th century). There is
independent evidence against a smoking-radon
synergism from the studies of the Japanese
A-bomb survivors: the diffrence in lung cancer
rates between those with very low and very
high exposure is the same for smokers and
non-smokers, zithough the percentage increase
is only <0°, for smokers vs 200°, for non-
smokers. If there were a synergism, the percent-
age increase should be about the same for the
iwo groups. It may also be noted that the
male female ratio of excess lung cancer from
radration was about unity. whereas that ratio
in the general popelation was about 3. due to
heavier smoking by males. If there were a
strong syncrgism. these ratios should be .he
same.

Another basic assumption in the high-ievel
vs low-level radon comparison was that the
percentage of lung cancers that are SCU cell
type does not decreuse with Jdecreasing dose,
The evideace for this is that umong the urani-

um muner vicums, the fraction of the excess
lung cancers that were SCU was 777, for the
lowest dose group. 68°, for the intermediate
dose group. and 68°, for the highest dose
group (Ar74).

The above outlined evidence would seem to
justify the conclusion that a lincar Jose-efTect
relationship normalized to the high dose daia
on miners over-estimates the effects of environ-
mental radon exposure by a factor of 8.

The reason why this test is sO sensitive 18
that average environmental radon exvposures
are quite high, well over 1 rem yr to the bron-
chial epithelium. The lowest dose range for
which there is sigmficant evidence on the
lincarity hypothesis is leukerma caused D)
natural background j-rays levels of about
0.1 rem/yr.

Radiation induced leukemia is much better
vnderstood than other types of radiocarcino-
genesis because it develops much sooner after
exposure; thus we know the age dependence
rather well. It has been rather easily diagnosed
since the 1590s. which allows us to go back in
time to the early ve. s of this =2ntury when 1t
was a much rarer disease than it is now. It 1s
therefore possible to establish that a linear
dos:<effect relationship normalized to the high
dose dau oa Japanese A-bomb survivors and
radiation 1nerapy patients requires that essen-
tially all of the leukemia observed among
20-38-yr-old British females in the 1911-20
time period was due to natural eavironmental
v-ray expusure (CoS0)L This is evidence that the
linear hypothesis does not under-esumate
effects of radiation levels in the 2-3 rem range.

(E) Latent periad increases with decreasing dose

An entirely separate reason for believing that
the linear hypothesis 1s conwryvanve dernves
from evidence that the latent period for radio-
carcinogenesis. the delay between radiation 2x-
posure and development of cancer symploms
increases as radiation dose decreases. There is
evidenos for this from many animal experi-
ments (Up6=: Huo?: Bu6S: Dos9. Huo9: Shed:
Ni70). An example is shown in Fig 9 for injec-
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more ¢ffective than “*"Ra because the former concen-

irate 09 the bone surfaces. These differences are taken
into Jccount in coaverting rad 1o rem.

pone ‘Aneet -r\‘m

nions of radioactivity into beagle dogs (Do69).
cach point represents the average time delay
for a number of dogs. all of whom died of bone
cancer. Dogs not injectad (controls) had a post
injection survival of 11.3yr, so we may infer
from Fig. 9 that doses sery much below
100 rad to the bone would be totally ineflective.

There is evidence on this effect from huinan
data for the group of German ankylosing spon-
dylitis patients injected with ***Ra (May78a)
for skin cancer in Japanese radiologica
workers (K1731L and for the US. radium dial
puinters (Ex 741 Data for the last-named group
Jf' given in Fig 10 which shows the time delay
vs dose for each case: since there is no averag-
ng there are wide fluctuations, but when it 1s
recognized that the data are cut off by time
limitations on the study at an ordinate value of
about 35 yr. it is reasonably clear that the trend
of the data are as shown by the line. sloping
upward to the left

If the latent period increases with dtc'(:.nmg
dose, at a rate oven remotely approaching
those indicated in Fig. @ and 10, at low doses
this latent period will far eveeed the normal life

3ONEW FVIDESCE™ ISDICATING LISEAR
HAPOTUESMS L SDERESTIMATES LERRCTS

The news media have recently gnen heavy
publicity to several reports from different
sources purporting to indicate that the linear
hypothests grossly  under-estimates  health
effects of low-lervel radiation. We here consider
these reports treating each m a separile
section.

(A) Mancuso-Stewart- Kneale (MSK) studies of
Hanfurd workers

Probably the best known report of the type

under discussion is a study of the effects of
occupational radiation exposure to workers at
the Hunford Laboratory (near Richland, WA}
by Mancuso et al. (Man77) which we refer to
hereafter as MSK. It is based essentially on the
3500 male deaths from the work force of
25,000, searching for correlations between
causes of death as obtained from death certifi-
cates and radiation exposures as tecorded by
film badges. MSK found that those who died
of cancer had slightly higher radiaton dJdoses
than those who died of other causes—2.1 vs
1 6rad. and that those who received more radi-
ation more frequently had cancer as their cause
of death. Note that these statements do not
necessarily imply that those who received more
radiation had a larger probability of dying of
cancer. In fact that is not the case, at least
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Fig 10 Time between first radiation eaposure ind
dervelopment of wmor for individual rJdnum dial
trend in data

L a4 ) painters (Ex74) Line shows a\e-Jg:
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within the statistical accuracy of the available
data (G178): the age-adjusted cancer mortality
raies per yr per thousand white males aged
25-70 were 1.7 = 04 for 0-2rem exposure.
21 208 for 2-5rem. and 1.4 =06 for
> Srem. as compared to 2.1 for the total US.
population (£ denotes 95%; confidence limits)
There are some tricky aspects in considering
only those who have dicd in that no consider-
ation 1s given to the great majority of those
exposed since they are sull alive. Moreover, a
higher proportion dying of cancer can mean
either a higher probability of cancer death or a
lower probability of dying from other causes.

MSK break their data down in various ways,
and when this is done they obviously find some
ages, some cmployment periods, some time
interval between exposure and death, eic.
which give larger results than average. This es-
pecially applies to types of cancer; for example,
they find large excesses for cancer of the bone
marrow (22 observed vs 134 expected), pan-
creas (49 obs. vs 37.3exp.). and lung (192 obs.
vs 144 exp): they give no fyrther consideration
to types where results are in the opposite direc-
tion. as for lymphatic leukemia (3 obs. vs 9.4
exp.). other RES ncoplasms (S obs. vs 20.3 exp.),
and  genito-urinary  cancers (1Sobs. vs
309exp)

Since the difference in radiation dose
betwesn cancer and non-cancer deaths is so
small and they explain the entire effect by these
small differences, they natural'y find very small
“doubling doses”. Some of these are listed in
Table X in which we include also the results of
their later revision (Kn78)

The MSK work has drawn criticism from a

wide varicty of sources (G177 G178, Murk’™s,
Brod78: Sa’8. SaTsa: Ki78: Re’8a. ReTsh:
Pa78; An78. NRT6: NRTE. Rub™S: HuT9,
Ta™: Co™8. Mo78; Ge’8: Sp’9: Gi79;
Col0a). We attempt here to summarize it oniy
bricfly. There has been widespread criticism of
the staustical methodology and handling of
data; to cite one cxample, for muitiple mye-
loma there were 8 cases :rung men with
<lrem exposure and 3 cases with about
30rem and this was treated, using 1veraging
as equivalent 1o 11 cases with 8 rem each This
prc dure, plus some non-standard disease
grouping—-"bone  marrow”™ ¢cancer,  which
includes multiple myeloma, is not a standard
classification—led 1o the estimate in Table 2 of
9.7 radiation induced deaths due to bone mar-
row cancer whereas the 3 myeloma victims
were the only ones with apprecizble exposure
(An78)

There was no consideration given to the
“healthy worker™ effect (Gi78)—the fact that
the Hanford workers had steady jobs means
that they had less chronic disease than average
which would result in their dying less fre-
quently from some other causes and hence
relatively more frequently from cancer. MSK
used 1960 national statistics for comparisons,
although most of tae worker deaths occurred
closer 1o 1970: since lung cancer was increasing
rapidly over that period this ¢rror alone
explains their enure lung cancer effect (Hu™9)

MSK paid no attention to the fact that dose
correlates with many other factors such as
vears of service, job 'ype and sociceconomic
clas, and these in turn correlate with ex-
posures to other carzinogens and to general

Tuble 2. Results of study of Hanford workers by Mancuso et al. Table is from (Re78Y)

Number of cases

DoauMing dose (rad)

Cancer type Total Due to rad (Maa®) 1Kn78)
Bone martow 4 97 s 36
Pincreas 3 69 T4 156
Lung 130 126 6! 137
All RES 7 1. b -
Al cancer 42 258 122 337 g
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relates with radiation dose «uch as s\posure 10
chemical carcinogens.

3 ; alg " One way of decrding whether radiation 1s the
LR R t | : R causative agent is 1o check for evidence of these
_ Z 3-o(Gi-r8) - discases among other groups eaposed to radi-
o 3 |4 { aton. Data on cancer of the pancreas among
* 25| t 200 - Japanese A-bomb survivors are shown in Fig 11
R 3 ::' /s _—..'-———L———‘-l ! f along with the single data point from the Han-
g™ P s r {1 f\?rd workers [taken from .ani)]. and the pre-
; e g | | | diction from the MSK doubling dose (Co80a).
> Lok i | It is clear that the MSK conclusion is grossly
e = - ReR. eeC 900" 30 inconsistent with the A-bomb survisor data.
> Sy tnig) The Japanese A-bomb survivor data on mul-
FiG. 11 Mortality from cancer of the pancreas among  tiple myeloma (N173) are much more sparse—<
: Japanese A-bomb survivers (black circlesh among  cases vs 1.9 evpected up to i%965— but doub-
-3 H.m.’o.rd workers (G178, open square) and according ling dose is of the order of 100 rad which is 30
to MSK (dashed linel Point labelled (> 200) rep- . -
ot o s resents the average of all da‘a above 200 rad. From UmMes the MSK doubling dose for bone mar-
. K e, (Co80b). row cancers. The rate derived for the A-bomb
e survivors was 3 x 107* cases man-rem. In
o studies of patients exposed in thorotrast treat-
e ments. the rate was only 025 x 10°® cases’
1 mortality from cancer; for example, technicians man-rem, and among the German patients
- z were exposed to much more radiation than treated for ankylosic} spondslitis with **Ra.
g L office workers and they were also exposed to  there were $4 bone canmcers but no cases of
o far more chemical carcinogens. Several of the multiple myeloma which corresponds to less
N critics cited above pointed to lack of increased than 004 x 107% cases'man-rem (May7%b)
; ‘“: — leukemia incidence as a strong point against Castleman searched the X-ray exposure history
W ol oty N Y the talidity of the study. It was never made of multiple mieloma patients, and found no
D e gt A Ny very clear what MSK meant by “doubling correlations (Ca79)
¥ ,: 504 dose™ as regards the role of natural back-
ground radiation, and in fact the derivation of
R doubling doses below total background ex- [
posure has a ring of unreality. $ 2
" At least two independent analyses were & ;
> made of the Hanford worker data used by 5 St b A
d ! MSK (Gi78: Hu79) and the conclusions of i —“/ }
each were that the only results worthy of con- e ‘ ¢
2 sideration were those for cancer of th~ pan- 3 |
P T creas and multiple mycloma. For the foi mer 2 4
- there were § cases with exposures above 10rad x !
. vs L4 enpected. and for the latter there were 3 : _J
e caxs vs 04 evpected (Hu79); for enposures 80 200 300 4co0 300
: B above 18 rem there were 3 cases vs 1.0 expected Dose (r3a)
v ' for the former and 2 cases vs 0.4 expected for FiG. 12, Mortalits rom all cancers sxcept lsukemia
. the latter (G178} These results are clearly ROt o0 7r0vanace Abemb survivors and J::o';d.ng xo
i ¢aplainable as statistical Muctuations. although  MSK (dashed liner Pomt labelled (> 200) represents
they could easily be due 1o a factor which cor-  the average of all data sbove 20 rad From (CodNal
i
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By sery complicated and Guestionable poo-
cedures. MSK denived a doubling dose for ail
cancers as 12.2rad (Man77). later revised to
12 7 rad (Kn78). The latter is shown in Fig 12
alorg with the data from the Jupanese A-bomb
survivors for all cancers oxcept leukernma
{Be77). Clearly there is an cnormous discrep-
ancy here, by about a factor of 30 in doubling
dose. It should be noted that MSK make no
effort to compare their results with those for
the Japanese A-bomb survivors or with any of
the other groups with high radiation exposure.

The reaction to MSK of the prestigious

national and internationa’ groups charged with
evaluating health effects of radiation has been
cool. The minutes of the Stockholm meeting of
ICRP states “the Commission has concluded
that the information available up to May 1978
does not call for changes in the risk factor
given in {CRP Publication 26", The latter was
published in January 1977 and MSK was pub-
lished 1in November 1977, They made no men-
ton of MSK.
The UKNRPB (Re78b) report on MSK con-
cludes: "Despite the claims of the authors, a
wide body of experts agree that there is no
evidence in the Hanford data to support the
sugestion that ICRP [26] values do seriously
underestimate the risk.”

The National Academy of Sciences BEIR
Committes 1979 report has not yet appeared,
but 1a 2 aress conference it was stated that it
found “no substanc>™ in the MSK work.

(B) ... thlat comments on 4-bomb nwrvicor data
Rotblat has pointed out that the survivors of
the A-bomb attacks on Jupan are 1 Klect
group in that they survived the injuries and
trauma of 'he attack (Ro78a) He points out
tha: for some types of cancer, ¢vidence from
medical patients treated with radiation indi-
cates higher risks, and explains the difference
as due :0 the fact that the A-bomb survivors
are such 3 Rlect group. He dovs not seem 10
consider the fact that the medical patients are
also a select group in that they are already
sulfering from another serious discase. ife con-

=lu "3s that if there had besn no carly deaths
from injuries and trauma in the original bombd-
ing episodes, the cancer deaths from rudiation
would have been 5 times higher.

It is interesting to point out that the Rotblat
¢ffect should be very much larger for the high
dosz cases than for the low dose cases, since
the former were close to ground zero while the
latter were far away and thus much less likely
to be directly injured by the blast heat and
other offects of the bomb (Co39) Thus. f
Rotblat is correct, the data on the right side of
Fig. 12 would be moved up by an order of
magnitude while the low dose data would be
tittle affected. This would give a curve sery
much concave upward. In any case, the «fTects
of low doses would not be much changed

The Rotblat thesis has not been accepted by
the prestigious evaluation groups and there
has been little indication of significant accept-
ance by the scientific community.

(C) Nujarian swdies of workers at Portsmouth
Navy Yard

Thom.- Najarian, a physician practicing in
Boston, got the impression from dJiscussions
with patients, that there might be an excess of
ieukemia among workers at the Portsmouth
(NH) Naval shipsard where nuclear ships are
serviced, and suspected that it might be due 1o
their occupational radiation exposurs. With
the help of a team of reporters rom the Boston
Jiobe. he scarched through 50.000 death cer-
tificates and found 1700 former Portsmouth
workers Of these, 22 died of leukema as com-
pared with only § expecied according 1o the
February 1978 story in the Boston Globe;
according to a more scieanfic account pub-
tished in Lancet (Na78) there were 1450
workers idennified and among these there were
20 leuhemias vs 108 expected. The latter
number is subject to considerable sariation
depending on the control group chosen, as
axplained in section | above.

A ge distribution :s also a KRnsitive parameler
{LaT) as the leukemia rate increases rapidly
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T i o v ':'?5‘?‘.,‘: of natural and medical X-ray radiation, which
g : -;"‘ ‘..‘,;_"_ -.-\pogd the average worker to a‘boul lQrcm by article on the Bross paper (NY79) but made
- PR g the time of his death. How is it ppssuble that no ~mention whatsoever of the Boice-Land
RLIE ‘;“‘_\5 10rem causes at most 1.1 leukemias, whereas critique. ,
=g tTo DT R an extra L3rem to make the total 11.3rem Boice and Land questioned the Bross stat-
hie T M A R, causes 6 leukermias? No imaginable dose-effect  istical methodology and methed of choosing
e A relationship could explain such a situation, es- parameters (the latter scems to be highly arbi-
3 e pecially in view of the variability of natural trary). They note that there are clearly 100
-, T e radiation with geography . nich is not corre- many parameters for the individual values of
a0 . _: fated witl: -:ukemia rates. each to have statistical significance. They poirt
i TAE R - W It may o¢ noted that there are many chemi-  out that there is a great deal of independent
AT RO P, ‘ cal carcinogens in a shipsard emvironment, evidence that radiauon does not cause heart
- .ncluding benzene and other organic sohwents,  disease. for example. among the Jaipanese
e welding debris and ashestos. A-bomb survivors, there is no more heart dis-
I8 " On 19 June 1979. Najarian, appcaring before case among those exposed to >200rad than
S :'- QEEE | Sen. Edward Kennedy's subcommitice, among those with less than 1| rad exposure.
BRI e sithdrew most of his claims and those not They point out many problems in the data
<o sithdrawn were heavily criticized in other tes-  collection process: X-rays may have been given
Yol -‘h:;.' imony. As reported in the Boston Globe for a pre-leukemic disease—half of all X-rays
T ok which first promoted Najarian®s work, a highly were made within the § yr previous to develop-
ol g e § 3gitated Sen Kennedy chided Najarian with *1  ment of leukemia; most information was
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with increasing age —the average age of Ports-
mouth workers is clearly above the averuge age
of all males which includes children. It was not
eaplained how the “expected™ number was de-
rived. It i1s also well known that rates for
various cancer types show strong occupational
correlations; in a study in Washington State
(M176), poultrymen were found to have over
double the average leukemia rate, and such
diverse groups as Jdairymen, bankers and bus
drivers also seemed to suffer far above average
lfeukemia rates.

Najarian attempted 1o separate out radiation
workers by asking their close relatives whether
they remembered them wearing film badges, a
somewhat marginal methodology. He thereby
identified 146 radiation worker deaths among
which there were 6 leukemias vs 1.1 expected

At this stage, data finally became availabic
on doses measured with film badges, and it
turned out that only 3 of the 6 radiation
worker leukem‘a victims had any radiation ex-
posure, and the average exposure for the group
was |.3 rem. This raises the question of the role

RERNARD L COHEN
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areas of your study. and the National Cuncer
Institute has repudiated the third™ (WeT9;.

(D) Bross re-analysis of Tri-State Study

Bross and collabe: ators (Bros™9) reported a
re-analysis of the well known “Tri-State Study”
carried out in NY, MD and MN in 195962
(Gr66). They emphasize that ¢ trent people
respond to radiation in different ways, and
attempt to take this into iccount by consider-
ing S different categories of people— this mul-
tples the number of parameters available for
adjustment by §. They then consider the iriple
correlation beiween number of X-rass received.
cancer and heart disease. They treat the prob-
lem with what they call a new statistical meth-
odology, which they explain only cursorily.
They finally conclude that the linear hypothesis
under-estimates the effects of low-level radi-
ation by an order of magnitude.

Immediately following the Bross article in
Anierican Jourral of Public Health, there was a
scathing critique of it by Boice and Land
(BoT9) of Nauonal Cancer Institute. It is ironic
that the New York Times published a long
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The Lyon paper uctuslly has little direct
bearing on the question of ¢ffects of low level
radiation since wicre are no data avatluble on
doses. However, the Utah situation has often
been cited as esvidence for increased danger
from low level radiation. and the Lyon paper is
the only one in the sciennfic literature on thu
subject. There has been widespread publicity
about evidence for increased adult leukemia in
Southern Utah (PBS79) due to fallout but
none of it scems to be of a quality worthy of
screntific consideration.

(F) Smoky Test

In 1957, 3200 soldiers participated in a tacti-
cal warfare exercise in which they occupied an
area in which a nuclear bomb had been deto-
nated shortly before. Their radiation exposure
as obtained from film badges averaged about
| rem.

A group of these men was recently studied,
and there were found to have been 8 leukemias
among them. The number of cases expected is
poorly known because this is highly sensitive
to their age distribution which cannot be
reconstructed because records were lost in a
fire in St. Louis. If their average age was 22,
only 1.8 cases would have been expected by
now. but il their average age was 35, there
would be 5 cases expected (Lap79).

If the facts as outlined were correct and there
were § cases vs roughly 3 eapected, one is faced
with the idea that natural plus medical ex-
posures of 10 rem (plus al! other causes of leuk-
emia) caused 3 :ases while ! rem additional
cau*d § cases. No reasonable person could
belig.e in such a dose-eficct relationship, es-
pecially in view of the low leukemia rates in
states with high natural background. If the
entra leukermas were indeed caoused by radi-
ation, there must have been an error in dosi-
metry, It has been suggested that the soldiers
involved may have inhaled cor ingested radicac-
tivity: this would not affect film badge read-
ings. so their Joses may have been much
higher.

673

In an+v ~ase it scems clear that the Smoky
Test ¢ . .ence sheds no light on the dose-
effect  ationship for low-level radiation, al.
though a li~Xage has frequently been implied
in press reports.

(o Reported excess leukemia due to mill railings
in Grand Junction, CO

The ABC-TV "20-20" program has more
than once presented the viewpoint that low-
level radiation is much more dungerous than it
1s generally believed to be, with heavy
emphasis on a report that leukemia rates are
double what i1s expected in Grand Junction,
CO (Cu78) where uranium ore-processing muil
tailings were used in construction. The
“expected” rate is the Colorado state average,
and the result is based on 41 cass vs 201
expected in Mesa County (which includes
Grand Junction) between 1970 and 1976.

It is widely believed that most leukemias are
due to cnvironmental factors since, for
example, the U.S. mortality rate from that dis-
case has increased by a factor of five over the
last half century, and the rates in different
states vary by as much as 30°; (with negligible
statistical uncertainty). It thus seems reason-
able to conclude that there may be a leukemo-
genic agent in the Mesa Couniy environment.
This, of course, does not imply that it is radi-
ation.

A case-control study wa< .arried out {Cu78)
in which it was found that there was no signifi-
cant difference between the leukemia victims
and the control groups as regards exposure 10
tailings. This would seem to indicate that ex-
posure to tailings is not the responsible factor,
Further evidence for this is that the principal
expected radiation effect from mill tailings 1s
lung cancer (due to radon emissions) and there
was no evidence for an increased level of lung
cancer in Mesa County (Cu78)

Even after all of these facts became known,
the ABC-TV "20-20" pregram referred to them
as “inconclusive™ and repeated their assessment
that mill 1ailings are causing large aumbers of
leukemias in Grand Junction.
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(H) Excess lung o cer near Rocky Flats, CO
The ABC-TV 20-20" program aiso featured
evidence for increased cancer rates in JeJerson
County, CO in which the Rocky Flats pluto-
nium processing plant is situated. However,
these charges do not scem to be verified by the
statistics (La79). The total cancer mortality rate
in Jefferson County is just equal to the Color-
sdo State average which is somewhat below
the U.S. average. Since the principal eapected
effect of plutonium in the cnvironment ™ tang
cancer, statistics on that discase are of
interest here: before the Rocky Flats plant was
built, the lung cancer rate in Jefferson County
was slightly greater than the U.S. average, but
in recent years it has been significantly below
the U.S average. No information supporting
the charges of increased cancer near Rocky
Flats has appeared in the scientific literature.

(1) Summary on “new evidence”

None of the “new cvidence™ purporting 1o
indicate that the lincars hypothesis under-
estimates effects of low-level radiation seems 0
stand up under scienuific scrutiny. None of it
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FiG. 13. Variation of death rates {rom leukemia and
from all other cancers with ume for Jipanese A-bombd
victims. Exposure was in 1935, and data begin in
1630, Ordinate s mortakity rate 10* rad. and error

THE CANCER RISK FROM LOW-LEVEL RADIATION

has begn accepted by and of the prastigious
evaluation commuitees such as BEIR. ICRP,
etc. The publicity given 10 them by th2 news
media thus seems !0 O¢ completely unwar-
ranted.

4 ESTIMATION OF EFFECTS OF
LOW-LEVEL RADIATION

We have reviewed a great deal of evidence
indicating that the lincar hypothesis gives a
consersative estimate of the effects of low-level
radiation. This leaves us with the problem of
sstimaii1g risks per unit radiaticn dose for use
with the linear hypothesis. As indicated pre-
viously, this is done Dy analysing effects of
f.gh-level radiation situations. From these
1n.alyses, one derives the number of fatalities
per yr per rem of exposure. However, in the
process of converting these numbers 0 a life-
time risk. there are several complications:

(i, Latent period

The mortality rates from leukemia and from
all other cancers among the Japanese A-bomb
survivors are shown vs time in Fig 13. We see
that for the solid tumors the rate was relatively
low untii 1960, 157 after the exposure, and
then suddenly jumped to a much higher level
This implies that there is a long latent period
during which cancers Jevelop without present-
ing symptoms. This must be taken iato account
in any analysis. In many of the high radiaton
incidents, as with muners exposed 1o radon of
radium dial painters exposed 12 internaily de-
posited radicactvity, the exposure takes place
over a sery long tume period. which geatly
complicates the analy sis

of risk

tatent period is past and the risk
approaches its full value, one must estimate
how long this risk will persist There is reason-
1hle evidence for leuhemia in Fig 13 that the
risk falls off with time and becomes much less
after about 25 yr. For other cancers. however,
there is little direct evidence on this question.

(2) Duration
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Jup mcse 4hemb surrivors of rarious sues gt time of exposare. Dutu ure from INASTD)

. . ; Approvuimate
> At Age n number of Average Cases Cases Number
Cw A 1945 subjects dose rem)  observed  ewpested  10%-remeyr
4 &
AN 0-9 <00 1t 5 2 07$
o 10-19 3500 157 25 i59 072
Sl # 20-34 3500 134 ac 519 3
BETE P S 1539 £300 123 286 25 54
~ - 50+ <500 106 2 210 53
i ik 4
PP o =g g PR - _ L i
P e ek C,~+. ] 30y, and this is often used in calculations In 3 reasonable degree of consistency among the
‘ T e Vg , most cases, results would not be very much  three estimates. ICRP gives less detail than the
; i difrent if the risk persists throughout the other two, so more types of cancer are included
o 2a% ¥ emainder of lif in the “other™ category.
o : i remainger of e,
s sl 1 It may be noted that the “totals”, which rep-
S Lt :"‘" 2% 7 1 (3) Age depcndence resent the effect of radiation to the whole body.
o 2 1{,‘.'{-:5;; There is evidence in Table 1 that young chil-  are not equal to the sum of the nisks to the
i ' T 8 Y dren develop leukemia at about doubls the various organs. Part of the reason for this is
: il i P ~ ¢ | adult rate for a given exposure. For other that the totals represent a male fumale average.
WV cancers, the situations scems to be reversed as  whereus the breast cancer entry applies to
. # i 7n TY adicated by data for the lapanese A-bomt fema'ss orly. When this is corrected for, there
2 woswe g oae ] survivors in Table 4 where we sce that those isstulla considerabk‘ discrepancy for ihe ICRP
b oty ] evposed as children experienced a lower rate and UNSCEAR estimates. but they offer no
W e U ‘ by nearly an order of magnitude. On the other explanation for it. Actuully they seem 10 derive
- © oy FTe ] hand it must be recognized that those exposed  the total independently from summing the risks
N e R it § 1 children nave not yet reached the age range  to each organ. and the uncertainties are large
¢ ¥ S e J shere cancer is an important r_zsIL whereas  enough 'o cover the discrepancies. In any carsc.
R ST L 's ) those exposed as adults are well into that age  Table $ gives the best information avaiiable for
4 427 el ] range Because of this, the ratio of observed to  estimating effects of low level radiation.
« e T 1 e ALTL 3 -induced cancer
' % apected numbers of cancers is actually higher An average radiation-induce
» . 5 L | - 3 . . - .
T%5e | imong those exposed as childien. It is an open  shortens the victim's life by about 20+, so if
i <« [zuestion as to whether this high ratio or the we adopt the BEIR es:xm::!e. l‘r=. :e*u_c:: life
* PRETL ’ 1 low absolute incidence will persist when those expestancy by 180 x 107% x 20w = 1.3 days.
L e iw o=y aposed as children reach the age of high nor- s : : e ol
AT e £ e i able §. Estimates of cancer risk per 10° rem by the difire
sk e mal cancer risk. : eraluation groups (NASTL ICRP77. UNSCEARTTL Rusks
X' In treating the prohlcms of latent periods, are areraged oter ages gnd the torals are wx-areraged
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. A -. ] duration of risk. and age dependence, one can
" B St . P : NSCEAR
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~ i : *¢ unrealistic 1o expect any high degree of ac-  Lung ) :;; ;2 -56-60
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676 THE CANCER RISK FROM LOW.LEVEL RADIATION
o
' Tuhle 6 Deaths from 13ricus causes Smonyg Surtitors of A-hpmh attacks on Jupan s radiation expevare. Listings wre fod
3 Jvaths 1950-78 [upper line) and ratio of these 10 the number ¢ vpecivd m the shsnce of radiation [lowee fine] The fng
column i3 the vhscrved expectod rutio for the three highest dose groups dinded By i uPerted exp cred ruho jor the St
exposure group Data ure from (Be?7)
Radiation dose rece od (rad)
Discase 0 1-9 10-49 $0-99  100-199 200-299 00-399 e 0+ 0
e | Leckerma 3 b3 20 7 L] 18 12 0 175
v 050 062 076 096 2 | 59 103 175
: Other cancers 1536 81 T 202 159 80 pd ‘8 {42
* 097 097 102 1.03 114 129 10§ 1.58 b
E ¥ All non-cancer 0367 3652 2484 47 513 202 % 149 09%
oA 101 101 099 697 097 098 092 L1
’ Czrebrovascular 1891 1080 S0 228 159 57 by 38 093
101 101 099 099 103 292 064 0%9 -
. Circulatory sysiem 1264 04 4 i 98 » 3 -4 Lol
. 1.01 098 098 17 096 097 1.3 093
: Blood and blood- 0 3 b 7 9 6 3 6 <18
- ke forming Organs 077 081 105 112 104 119 1359 44 .
4 Digestive -+ .tem 00 383 9 ? 58 21 5 2) 106
5 1.02 097 1.00 0958 101 1.16 047 140
g = Other natural 2059 1158 798 et 130 57 24 a8 092
=1 causes 1048 1021 094 08s 038 289 08l 129 i
> Accidents, porsons, 516 4 195 63 16 12 6 18 0§}
. violence 103 103 0%0 b 097 057 064 1.3
. Surcide 183 12 0 2 15 I 0 2 o1
- 109 118 o 1.09 on 013 0 04
L . - ~
: » One mrem then reduces life expectancy by evidence on leukemia and other cancers. We
. Mine 2 min. By way of comparison, smoking a single s that, with the relatively minor exception of
o : cigaret - reduces life expectancy by 10min and discases of the blood and blood-forming
an overweight person reduces his life epect-  organs which are closely related to leuhemia
" ancy by 1Smin for each extra 100 calories there is no indication that any somatic ¢ffect
ingested (Co79%a) other than cancer is related to radiation.
With present technology, low level radicac-
uvity releases if all U.S. electric power were
auclear are estimated (AT378; Po76, NRC76a; REFERENCES
L* b UNSCEAR7?T) 1o cause an average population *“_’3 -‘“i"‘*:f‘; ‘; - 1978, ”*’-‘é" Phs 38,743,
PHat A exposure of about 0.2 mrem yr, of 40,000 man- M,'q,"-\('.::_:' u“,gf;“"‘“nno g sones 1. 1.
" Y - i . < I8, JUO
rem ye in the US. This might then be expected  \pg7s  APS (Am. Phys. Socl Study Group on
: J to cause 180 x 1% x 30000 = 7 2 iditional Nuclear Fuel Cycles. 1978, Rer. Mod. Phys. 80, (1L
R cancers per yr amcrg the public. This cotre- Part 11 January.
¥ " ﬂ sponds to a loss of life expectancy for the aver- Be77 B;be“GR w. k.;ug H ;ng LJ;dElL!FEfRRIJ;!;.
o2 Americ f about 30 min. which rep- a_non fe~'5 Researdn Foun 2p -
iy . Tr Rt by h’o v "k?‘h ®P*  Bo79 Boice J D and Land C E, 1975, Am J Pub-
. resents a ns ».:,u.x to that of smo lxng one lic Health 69, 137.
o J cigarette every 20 yr. or of an overacight per+  Rrod?”8 Brodsky A. 1978, Testimany for L S louse
Loy & son gaining an additiov al 001 oz _ of Representatives Subcomemittee on Heaith und
. .4 There has been speculation as to whether B"",F";””"l‘“é ‘JF"‘:"‘{."" S ¢
4 radiation causes discases other than cancer in r;:;'j \r,u,s; 47 ‘0-,“"“ TN s T TR
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