
IP 

An overwhelming amount of data show that there is no 
sa4 level of exposure and no dose of radiation is so low 
that the risk of a malignancy is zero. The question 
is—how great is the risk? 

KARL Z. MORGAN 

Cancer and low level ionizing radiation 
Reports of a significant increase in 
the risk of cancer from exposure to 
low levels of ionizing radiation and 
evidence suggesting that federal 
agencies had attempted to squelch 
these reports resulted in the con-
gressional hearings held last winter 
on this subject being conducted at a 
rAther hot pace. What prompted 
these heated discussions were the 
two letters sent in November of 1977 
by several organization —the Envi-
ronmental Policy Center; Friends of 
the Earth; Oil, Chemical and Atomic 
Workers; Environmental Defense 
Fund; Public Interest Research 
Group; . Sierra Club; Unien of Con-
cerned Scientists and the National 
Resources Defense Council—to 
government officials questioning ac-
tions taken by their respective de-
partments. - 

The letter to James Schlesinger, 
Secretary of the Department of En-
ergy, stated that the Energy Re-
search and Development Adminis-
tration (now DOE) had made a seri-
ous mistake in transferring the study 
by T. F. Mancuso, A. Stewart and G. 
Kneal at the University of Pitts-
burgh on the "Lifetime Health and 
Mortality Experience of Employees 
of ERDA Contractors" to the federal 
government's Oak Ridge, Tennes-
see, operations under the direction 
of E. A. Tompkins. The letter sug-
gested that this move was part of "a 
well-defined pattern of harassment 
and intimidation of scientists who do 
not agree with the position of pro-
moters of radiation technologies that 
there are no adverse effects associ-
ated with exposures to low-level ion-
izing radiation." • 

The letter to Joseph Calif ano, Sec-
retary of Health, Education and 
Welfare, questioned the discontinu-
ance of the Tri-State Study by I.D.J. 
Bross at the Roswell Park Memorial 
Institute in Buffalo, New York, on 
the risk of cancer among children 
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who had been exposed to diagnostic 
X ray in utero. The Califano letter 
also criticized the peer review sys-
tem of the National Cancer Institute, 
specifically an incident where radi-
ologists were "embarrassed and an-
gered with the findings" of effects of 
low-level exposure to radiation 
which had then been used as evi-
dence for limiting mass mammo-
graphy programs in the United 
States. The Bross program was can-
celed following peer review of the 
study. 

Both studies referred to in these 
letters have shown a significant in-
crease in cancer incidence following 
exposures that were far below the 
maximum permissible exposure, 
MPE (that is, far below 5 rem per 
year to the total body of a radiation 
worker). The Mancuso study had 
confirmed the earlier findings in 
1974 of Samuel Milham [I] that the 
cancer risk for radiation workers at 
the government's plutonium produc-
tion facilities at Hanford, Washing-
ton, had increased. The Bross study 
had shown a 5,000 percent increased 
risk of cancer among the children 
who had been exposed to diagnostic 
X ray in utero, and who later devel-
oped certain respiratory diseases. 

The hearings were held last Janu-
ary and February in the Rayburn 
Building by Representative Paul 
Rogers, chairman of the Subcommit-
tee on Health and the Environment 
of the Committee on Interstate and 
Foreign Commerce. Testimony from 
many witnesses was presented on a 
variety of subjects such as the Man-
cuso and Bross programs, Test 
Smokey, petitions to reduce the 
maximum permissible exposure by a 
factor of 10, mechanisms of radia-
tion damage, the peer review system 
as it applies to awarding of govern-
ment research contracts, etc. 

The congressional hearings were 

followed by a conference on low 
level radiation, held last February 
and conducted under the chairman-
ship of the author, which was spon-
sored by the Environmental Policy 
Institute, the Atomic Energy Forum 
and the Environmental Study Con-
ference. The latter is a bipartisan 
caucus of more than 280 members of 
the House and Senate who have a 
shared interest in staying informed 
on environmental and related energy 
developments; Senators Gary Hart 
and James Jeffords are the co-
chairmen. The panelists represented 
most of the organizations, govern-
ment and private, that are keenly 
concerned with the question of 
tumor formation (oncogenicity) and 
low level radiation. Given the wide 
range of views and interpretation of 
exposure data, these conference 
proceedings (available from Senator 
Hart's office) should be interesting 
reading. 

This article presents in some detail 
my views regarding the risk of can-
cer from low-level exposure to ion-
izing radiation. 

During the first years of the Atom-
ic Age (1942-1960) a large number of 
scientists—perhaps most who were 
knowledgeable in health physics and 
radiobiology—accepted the thresh-
old theory that there is a safe level of 
exposure to ionizing radiation, and 
that as long as a person does not 
exceed this threshold or safe level 
no harm will result or the radiation 
damage on the average will be re-
paired as fast as it is produced. From 
1960 to the present, an overwhelm-
ing amount of data have been accu-
mulated that show there is no safe 
level of exposure and there is no 
dose of radiation so low that the risk 
of a malignancy is zero. Therefore, 
the question is not: Is there a risk 
from low level exposure? Or, what is 
a safe level of exposure? The ques-
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tion is: How great is this risk? Or, 
how great may a particular radiation 
risk be before it exceeds the expect-
ed benefits, such as those from med-
ical radiography or nuclear power. 

It is obvious to all scientists in the 
field, as well as to diehards for the 
threshold hypothesis, that at least 
for some types of radiation damage 
and for some kinds of radiation ex-
posure (especially from low LET 
radiation, that is, X, gamma and beta 
radiations) there is some repair of 
the radiation damage going on in the 
body:  The diehards, however, do not 
seem willing or able to accept the 
evidence that for man there is never 
a complete repair of the radiation 
damage, since even at very low ex-
posure levels there are many thou-
sands of interactions of the radiation 
with cells of the human body. For 
example, one rad of X rays of I 
million electron volts corresponds to 
2.2 billion photons per square centi-
meter acting on the body. It is incon-
ceivable that all the billions of irradi-
ated and damaged cells would be 
repaired completely or replaced. 

There are undoubtedly many 
mechanisms of radiation injury such 
as damage to cell membranes, dam-
age to the body repair mechanisms, 
indirect damage (for example, dam-
age to cell blood supply and forma-
tion of harmful chemicals such as 
hydrogen peroxide in cell cyto-
plasm) and impairment of efficiency 
to lung clearance mechanisms. Each 
of these mechanisms may contribute 
to the development of a malignancy. 
However, perhaps the most signifi-
cant damage from low-level expo-
sure results from direct interaction 
of the stream of ions with the nucle-
us of one of the billions of irradiated 
cells that may in the rare event sur-
vive and continue to divide but fail 
to repair the radiation damage. 

There are 46 chromosomes in the 
nucleus of each normal somatic cell 

of the human body, and along each 
chromosome are coded millions of 
bits of information like an immense 
library which enables or instructs 
the cell to function properly and to 
divide or stop dividing at the appro-
priate time. When radiation passes 
through the human body, four prin-
cipal events can occur: • 

• the radiation passes through or 
near the cell without producing any 
damage, 

• the radiation kills the cell or 
renders it incapable of cell division, 

• the radiation damages the cell 
but the damage is repaired adequate-
ly, or 

• the cell nucleus (or library of 
information) is damaged but the cell 
survives and multiplies in its pertur-
bative form over a period of years (5 
to 70 years) and forms a clone of 
cells that eventually is diagnosed as 
a malignancy. 

Only this last event relates to so-
matic damage such as cancer from 
low-level exposure. It seems obvi-
ous that if the cell nucleus is dam-
aged and some information is lost or 
if a similar series of events leads to 
the development of a malignancy, 
there can be no dose so low that the 
risk is zero. Thus the risk of induc-
tion of cancer from radiation expo-
sure increases more or less with the 
increase or accumulation of radia-
tion exposure. The risk is simply one 
of chance, just the same as the risk 
of chance of an accident everytime a 
trip is made in a taxi. 

It is evident also that all persons do 
not run the same risk of developing a 
malignancy from a given radiation 
exposure and that the risk of some 
types of cancer is greater for certain 
people than it is for others. Burch [2, 
3] has shown, for example, that the 
final onset of a malignancy or other 
disease may require a series of 
events and a given type of leukemia 

may require as many as three suc-
cessive events (like throwing three 
electrical switches connected in se-
ries). For example, if one identical 
twin dies of a particular type of 
leukemia (one switch thrown geneti-
cally), the other twin has a high 
probability of eventually suffering a 
similar fate. Some of these switches 
may be thrown by viruses, bacteria, 
chemicals, mechanical insults or by 
radiation. 

Studies by Bross [4, 5] lend sup-
port for the series of events 
hypothesis suggested by Burch, and 
suggest synergistic relationships be-
tween them. He has shown, for ex-
ample, that children (ages 1-4) with 
allergic diseases such as asthma or 
hives have a 300 to 400 percent 
increased risk of dying of leukemia 
compared with other children (that 
is, allergic diseases throw one 
switch). Children who received in 
utero diagnostic X ray exposure 
have a 40 to 50 percent increase in 
risk of dying of leukemia [6] but 
children with two switches thrown 
(that is, in utero exposure and later 
developing an allergic disease) have 
a 5,000 percent increase in risk of 
dying of leukemia. 

Students of Stewart and Kneale 
[6], MacMahon [7], the BEIR Com-
mittee [8], Bross [4, 5] and others 
suggest that children have a higher 
risk of dying of radiation-induced 
leukemia than do middle-aged per-
sons, Hempelmann [9], Albert and 
Shore [10], Modan, et al., [11], Sil-
verman and Hoffman [11, 12], and 
others have shown that radiation-
induced thyroid carcinoma presents 
a higher risk in children than in an 
adult population and, as with leuke-
mia, this risk decreases linearly as 
the dose decreases. 

There are studies also which indi-
cate that sex is a factor in the type of 
a malignancy which may develop. 
Mancuso et al. [13] report that older 
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and younger men have a higher risk 
of radiation-induced malignancies 
than do men of middle age. After 
examining data of Saenger and 
Tompkins [14], E. B. Lewis [15] 
pointed out that they had failed to 
note the significant increase in leu-
kemia among persons between ages 
50 and 79 who received iodine-131 
treatments. Najarian [16] in his stud-
ies of the Portsmouth (N.H.) Navy 
Yard nuclear submarine workers re- 0.1 R/day (or 0.5 R/wk) 
ported a 450 percent higher death 
rate from leukemia among the radia-
tion workers than the general popu-
lation, and noted that the cancer 
incidence was especially high among 
workers aged 60 to 69. Thus, be-
cause of genetic inheritance, various 
diseases, age, sex, eating and smok-
ing habits and, perhaps, many other 
individual characteristics, certain 

Table 1 
Changes in Levels of Permissible Exposure 

to Ionizing Radiationa 
FOR RADIATION WORKERS 

members of the general population 
have a higher risk of radiation-
induced malignancies than others. 

The cancer risk from exposure to 
ionizing radiation is much greater 
than was thought to be the case 
some years ago. Following the 
deaths of the Japanese survivors of 
Hiroshima and Nagasaki from radia-
tion sickness, many scientists be-
lieved that the principal chronic risk 
from radiation exposure was only an 
excess of cases of leukemia, which 
r -ached a peak about six years after 
the bombing and then slowly de-
clined. Many persons concluded that 
the only chronic risk among the sur-
vivors was leukemia. Unfortunately, 
however, as the study of these survi-
vors continued other forms of can-
cer (bone, breast, lung, salivary 
gland, prostate, thyroid, etc.) 
showed a significant increase [17, 
181. Probably with the passage of 
time we will find that this exposure 
has resulted in an.increase of statis-
tical significance in many or most 
kinds of malignancies that are com-
mon among human populations. 

It should be emphasized here that 
although this paper treats only the 
formation of tumors by ionizing ra-
diation, the genetic risks and espe-
cially those associated with reces-
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Recommended Values 

0.1 erythema dose/y 
(-1R/wk for 200 kV X ray 

0.3 rem/wk 

5 rem/y 

52 R/y 

36 R/y 

15 rem/y 

5 rem/y 

FOR MEMBERS OF THE PUBLIC 

Comments 

1925: Recommended by A. Mutscheller and 
R. M. Sievant 
1934: Recommended by ICRP and used worldwide 
until 1950 

1934: Recommended by NCRP 

1949: Recommended by NCRP. 
1950: Recommended by ICRP for total body 
exposure 

1956: Recommended by ICRP 
1957: Recommended by NCRP for total body 
exposure 

Recommended Values 

0.03 rem/wk 1.5 rern/y 

0.5 rern/y 

5 rem/30y 

25 mrem/y 

5 mrern/y 

0.5 rem/y 

0.17 rern/y 

0.025 rem/y 

0.005 rem/y 

Comments 

1952: Suggested by NCRP for any body organ 

1958: Suggested by NCRP 
1959: Suggested by ICRP for gonads or total body 

1958: Suggested by ICRP for gonads or total body 

1977: Suggested by EPA [20] for any body organ 
except thyroidb 

1974: Suggested by ERDA for persons living near 
a nuclear power plantb 

R = roentgen. 1 R = 0.88 rem 
rem = roentgen equivalent man 
mrem = millirem 
NCRP = National Council on Radiation Protection and Measurements 
icRp = International Commission on Radiological Protection 

aFor additional information, see Morgan [21]. 
'The limit set by the Environmental Protection Agency for the thyroid was 0.075 rem per year. 
bPresent radiation protection guide of the Nuclear Regulatory Commission. 

sive mutations may be as harmful 
and debilitating to the human race as 
the increase in risk of cancer. There-
fore, I wish to pause and sound a 
warning that I'm sure my long-time 
friend, the geneticist H. J. Muller, 
would urge me to make were he alive 
today: 

The BEIR [8] report only treated the 
long-term recessive mutation ques-
tion in a superficial way. It may well 

be that many and perhaps most of 
our human diseases, including can-
cer, are related to a genetic factor 
and especially to Muller's 10,000 
non-visible or "small" mutations 
that result from each observed mu-
tation. As Muller emphasized, it may 
be that in the long run these small 
mutations that result in a lack of 
vigor, susceptibility to disease, a 
slight reduction in mentality and 
physique, etc., will be a far greater 
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Most of us recognize that the risk of inducing cancer at 
low doses of radiation is far greater than we once 

thought it to be, and it may be as great or greater for the 
human race than the genetic risk. 

burden to society than the easily 
identifiable dominant mutations. 
This is because the small mutations 
are eliminated so slowly from the 
gene pool. 

During the first years of the At-
omic Age (1942-1960) almost every-
one assumed that the genetic risk 
from low-level radiation exposure 
far exceeded the risks of chronic 
somatic damage such as cancer or 
life shortening. However, it has be-
come increasingly clear that this as-
sumption may be unwarranted and 
untenable. The BEIR [7] committee 
pointed out "until recently, it has 
been taken for granted that genetic 
risks from exposure of populations 
to ionizing radiation near back-
ground levels (about 100 millirems 
per year) were of much greater im-
port than were somatic risks. How-
ever, this assumption can no longer 
be made if linear non-threshold rela-
tionships are accepted as a basis for 
estimating cancer risks." The com-
mittee then went on to supply many 
pages of data, most of which support 
the linear hypothesis. In 1971 the 
International Commission on Radio-
logical Protection (icRP) [19] made a 
similar observation: "It could be 
concluded that the ratio of somatic 
to genetic effects after a given expo-
sure is 60 times greater than was 
thought 15 years ago." 

The emphasis of this article on 
cancer risk is not to depreciate the 
seriousness of genetic risks from 
exposure to ionizing radiation but 
rather to point out that the scientific 
community was rather smug 15 
years ago (as some scientists still are 
today) in the belief that somatic risk 
is far less than genetic risk and that 
somatic risk is almost negligible at 
low doses. Now most of us recog-
nize that the risk of inducing cancer 
at low doses of radiation is far great-
er than we once thought it to be and 
it may be as great or greater for the 
human race than genetic risk. 

There has been a number of re-
ductions in the permissible exposure 
levels for occupational workers and 
for the public during the past 35 

Linearity of 
Dose down to 

<10 rad 

Av. 370 rad 

0.2 - 0.8 rad 

-1.0 rad 

6x10-4C 

3 - 30x10-4€ 

20 rad 0.5- 1.1x1074 T 

6.5 rad 1.2x10-4T 

(= leukemia risk per person.rad 
C = total cancer risk per person.rad 
T = thyroid cancer risk per person.rad 
rad = 100 ergs per gram of tissue 

Table 2 
Cancer Risk and Known Range of Linearity 

Risk per Person 
per rad 

0.3 - 1.0x10-4€ 
0.5 - 1.7x10-4C 

0.2 - 0.3x10-4€ 

Comments 

Hiroshima and Nagasaki atomb bomb survivors 
[8, 30,31]; see also Moriyama and Katoa 

arthritis of spine (ankylosing spondylitis) patients 
[6, 27] 

3x10-4€ pelvimetry exposures—Stewart and Kneale 
[6, 27] 

pelvimetry exposures—Bross [4, 5] 

X-ray therapy—Hempelrnann [9] 

X ray for ringworm (tinea capitis)—Modan et al. 
[11] and Silverman and Hoffman [12] 

aI.M. Moriyama and H. Kato, "Mortality Experience of A-Bomb Survivors 1970-72," JNIH-

ABCC Life Span Study Report, Tech. Report 15-73 ( Washington, D.C.: Atomic Bomb Casualty 
Commission, 1973). 

years. Some of the quantum drops in 
permissible exposure levels during 
this period are presented in Table 1. 
The occupational maximum permis-
sible exposure level has dropped by 
a factor of 10 and the level for the 
public by a factor of 300. 

Much of what has been sa , about 
the risks of exposure to low 1 vels of 
ionizing radiation would have con-
siderably less weight if it could be 
shown that although the linear hy-
pothesis holds at intermediate to 
high levels of exposure it provides a 
very large element of conservatism 
at low doses and dose rates. Unfor-
tunately, in most cases of human 
exposure there is no evidence of a 
safety factor at low doses if we 
assume that the linear relationship 
between radiation dose and cancer 
induction at high doses applies also 
at low doses. We have a large 
amount of data—much of it 
human—showing a statistically sig-
nificant increase in a number of 
types of malignancies as a conse-
quence of exposure to low doses of 
ionizing radiation and the number of 

malignancies increases progressive-
ly as the dose accumulates. These 
doses in some cases are considera-
bly lower than the present levels of 
maximum permissible annual expo-
sure of the radiation worker. In fact, 
many researchers [22-25) have 
shown that in some cases the linear 
hypothesis actually underestimates 
the risk. 

Table 2 indicates the magnitude of 
the cancer risk and shows that this 
risk increases linearly with the accu-
mulated dose down to very low val-
ue, that is, down to 0.8 rad for leuke-
mia or other forms of cancer (espe-
cially central nerve system tumors) 
resulting from pelvimetries, and to 
6.5 rad for thyroid carcinoma result-
ing from X ray therapy of the scalp 
for ringworm (tinea capatis). It must 
be pointed out that these doses (0.8 
to 6.5 rad) are not the doses below 
which the linear hypothesis breaks 
down, but the lowest points on the 
human exposure curves for these 
two malignancies. And we have 
every reason to believe the linearity 
of these curves continues on down 
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to zero dose and that there is a 
similar linearity for other types of 
cancer that simply have a longer 
incubation period or have not been 
studied over a wide range of doses to 
a human population. 

It should be emphasized also that 
this 0.8 rad is only 2 percent of the 42 
rad permitted by the International 
Commission on Radiological Protec-
tion (IcRP [26]) each year to the 
active bone marrow of the radiation 
worker and that the 6.5 rad is only 13 
percent of the 50 rad permitted each 
pear to his thyroids. (The maximum 
permissible concentration (MPC) 
values given by the International 
Commission and the National Coun-
cil on Radiation Protection (NcRP) 
for members of the public are calcu-
lated on the basis of 10 percent of 
these dose rates, that is, 4.2 rem per 
year for bone marrow and 5 rem per 
year for thyroid.) 

If a million children each received 
1 rad from in utero exposure, we 
might expect 300 to 3,000 leukemias, 
depending upon whether or not the 
child had certain respiratory diseas-
es, some of which, as indicated by 
Bross [4, 5], act synergistically with 
radiation exposure (see Table 2). 
There is not as much data available 
on the effects of low level exposure 
of adults as for children but, as seen 
from recent data of Mancuso et al. 
[13], the risk of radiation-induced 
malignancies other than leukemia 
may be as great or greater for adults 
than that for children (perhaps as 
high as 70 x 10-4 cancers per 
person.rem). Furthermore, studies 
of Stewart [6, 27], MacMahon [7, 28] 
and many others indicate that fol-
lowing in utero exposure the inci-
dence of focal cancers (such as cen-
tral nervous system tumors) is about 
the same as of leukemia, so that the 
total number of fatal malignancies 
might be twice the number of leuke-
mias given in Table 2: 600 to 6,000 
cancers for a million children ex-
posed to only 1 rad. 

In 1970, Jablon and Kato [29] 
pointed out that their data on the 
survivors of the atomic bombings 
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who were exposed in utero do not 
support some findings [6-7, 27-28]. 
They indicated that on the basis of 
findings of Stewart and Kneale, and 
upon the corresponding linear hy-
pothesis, they should expect 36.9 
excess cancers in this group during 
the 10 years following exposure, but 
only one case of liver cancer was 
reported. As a consequence many 
persons were quick to proclaim that 
there is something wrong with the 
retrospective studies of cancer in-
duction by diagnostic in utero X ray 
as reported by Stewart, MacMahon 
and others and that now we can 
relax. Unfortunately (for in utero 
exposed children), this is not the 
case. 

Stewart and others [22, 30, 32-34] 
have published reports which sup-
port the studies of MacMahon, etc., 
of cancer induction by low level (< I 
rem) diagnostic in utero X ray and 
there is little doubt that the Japanese 
studies greatly underestimate this 
cancer risk. In fact, Jablon and Kato 
[8, 291, commenting on the unusually 
low cancer rate among children who 
had received in utero exposure at the 
time of the bombing, stated that 
"conceivably such a result might fol-
low if there were an excessive spon-
taneous abortion rate for fetuses by 
large doses." Thus the fetuses which 
were most likely to have developed 
into cases of radiation-induced leu-
kemia received such high doses and 
were subjected to so much trauma 
that they failed preferentially to sur-
vive. In fact, there is reason to be-
lieve that an unusually high inci-
dence of abortions and high rate of 
infant mortality followed the atomic 
bombings. 

Many studies [35] have shown that 
during periods of stress and commu-
nity disasters it is the fetuses, infants 
and young children that suffer the 
most. It is known also that during 
such periods of suffering and unrest 
incipient cancers can easily be mis-
taken for acute infections. Also, it 
seems likely that the Japanese con-
trol group may have had a greater 
cancer risk than normal. 

Rotblat's recent publications [36] 
seem to confirm the above explana-
tions of why the cancer risk as deter-
mined from survivors of Hiroshima 
and Nagasaki atomic bombings is 
too low. He compared the cancer 
risk in two groups: one that entered 
Hiroshima during the first three days 
following the explosion and were 
exposed to the residual neutron-
induced activity and radioactive 
contamination from the fallout; and 
the other group that entered Hiroshi-
ma at a later date and received negli-
gible radiation exposure. Neither of 
these groups was subjected to the 
trauma of blast, fire, burial under 
debris, etc. The leukemia risk to the 
first group exposed to residual radia-
tion was 1.6 x 10-4 leukemias per 
person.rad. Rotblat was conserva-
tive in several of his assumptions so 
this risk estimate must be considered 
as a lower estimate. This value for 
adults is, therefore, in agreement 
with the leukemia risk estimate in 
Table 2 of 3 x 10-4 which applies to 
children that received in utero expo-
sure from medical diagnosis. Rotblat 
points out that this leukemia risk 
estimate is eight times the estimate 
of 2 x 10-5 leukemias per person.rad 
as given by the International Com-
mission on Radiological Protection 
(IcRP) [26]. 

At this point we might make the 
interesting conjecture that perhaps 
Rotblat has provided a clue to the 
puzzle of why no genetic mutations 
have been observed among the off-
spring of the survivors of the bomb-
ings of Hiroshima and Nagasaki. 
Thus, there is little doubt the Japa-
nese data greatly underestimate the 
risk of radiation-induced cancer and 
the genetic risk is also underestimat-
ed. 

Some of the reasons [22] why in 
many cases use of the linear hy-
pothesis to estimate risk at low 
doses is not conservative are as fol-
lows. 

• Overkill at high doses. Most esti-
mates of risk from radiation expo-
sure are based on linear extrapola-
tion of effects at high doses down to 
zero dose. Often with such extrapo-



More often than not extension of data from animals to 
man results in an underestimate of risks, especially at 

low levels of exposure. 

lation insufficient account is taken 
of overkill at high doses and in no 
case can more than 100 percent of 
the animals be killed by radiation. 
Sometimes one simply determines 
the best least-squares line which will 
pass through the (0,0) point. Some 
points used in determining the slope 
of this line may be on the upper bend 
of the curve where the animals are 
injured by large doses of radiation 
and do not survive long enough to 
die from the malignancy under 
study. 

• Short follow-up period of human 
studies. Most studies [8] of effects of 
ionizing radiation on man extend 
over only a small fraction of his life 
span. If, for example, one deter-
mines the slope of the curve of thy-
roid carcinoma risk vs. X-ray dose 
and the followup period is only 
seven years, studies of the popula-
tion until all have died would in-
crease the slope of the curve and the 
risk estimate especially at the low 
dose end of the curve.* 

• Fractional life span animal stud-
ies. Sometimes comparisons are 
made between fetal damage during 
the first trimester of a mouse and 
fetal damage expected during the 
first trimester of a woman, or a 
comparison is made between ani-
mals having a life span of 20 years 
with expected effects over the life 
span of man. Since in most cases 
damage from radiation exposure re-
lates to what happens in a given 
number of years following the expo-
sure rather than what happens over a 
certain fraction of the animals' life 
span, such extrapolations to man can 
only lead to underestimates of risk. 

• Radiosensitivity differs among 
animal species. Many studies have 
emphasized the risk of extrapolating 
data on effects of radiation exposure 

*Some of the published papers on the in-
duction of thyroid cancer have been of stud-
ies which involved a follow-up period of only 
5 to 10 years after X-ray exposure or after 
radioiodine was given. If the exposed popula-
tions had been followed over the life of these 
persons, it is certain additional cancers would 
have developed. At low doses cancers take 
longer to develop. 

from one animal to _another or to 
man. Differences in metabolism, 
turnover rate, GI tract uptake, skin 
perspiration, blood circulation, mi-
totic index, etc., can have a marked 
effect on animal response to a given 
dose of ionizing or non-ionizing radi-
ation. An examination of data leads 
me to conclude that more often than 
not this kind of extension of data 
from animals to man results in an 
underestimate of risks, especially at 
low levels of exposure. 

• Heterogeneity of human popula-
tion. The vast majority of studies of 
effects of radiation exposure are 
carried out with disease free inbred 
animals. Radiation ecology pro-
grams must be extended to animals 
in the wild, if we are to simulate 
effects we expect from low doses to 
human populations. 

In assessing population risk of low 
levels of exposure we need to know 
dose response for young and old, 
male and female, sick and well, fat 
and slim, different eating habits, etc. 
When we have such data, undoubt-
edly our estimates of risk to certain 
groups of the population from low 
level exposure will be much greater 
than the risk to the so-called average 
man. 

• Cell sterilization. It is well estab-
lished that as humans grow old, the 
percent of abnormal cells in the 
body increases; for example, the 
percent of chromosomal aberrated 
cells increases with age of an animal. 
Using our earlier analogy we might 
say the body has accumulated more 
cells in which one or more switches 
are thrown or which present a larger 
cross-section for cancer production 
from radiation exposure. 

As indicated above it is commonly 
believed that some type of malignan-
cies develop as a result of a series of 
changes that take place in the 46 
chromosomes that comprise the nu-
cleus of a normal somatic cell in 
man. Thus, as man ages he has a 
scattering of cells and clones of cells 
which have one or more abnormali-
ties and are highly susceptible to be 
triggered in the development of a 
malignancy. When studies are con-

ducted on animals exposed to high 
doses of radiation, cell sterilization 
may take place such that many of 
these cells that are likely targets for 
development of a malignancy are 
preferentially destroyed. Thus, such 
data points at high exposure levels 
would tend to reduce the slope of the 
curve that is extrapolated to zero 
dose and may result in an underesti-
mate of risk at low levels of expo-
sure. 

There is no question that some 
animal studies of exposure to X or 
gamma radiation have shown that 
the cancer risk per rem is less at low 
doses when the dose is protracted or 
fractionated. This seems, definitely, 
not to be so for high LET radiation 
(alpha or neutron exposure) where 
there is little or no repair of damaged 
cells and where only a single particle 
(alpha or heavy recoil ion) passing 
through the cell is required to initiate 
the damage (for example, the rare 
events in which a surviving precur-
sor malignant cell is produced. How-
ever, for some types of radiation 
damage (leukemia induction among 
middle-aged persons), following ex-
posure to low LET (X or gamma) 
radiation, it may require two or more 
close encounters of the photons with 
the nucleus of a cell before the dam-
age can become a precursor of a 
malignancy. In such a special case 
the risk per rad would be less at low 
doses than at high doses and the 
linear hypothesis would be conser-
vative (see figure). 

The average radiation dose of the 
442 Hanford workers who died of 
cancer during the study period 
(1944-1972) was only about 1 rem 
[13]. Mancuso, Stewart and Kneale 
estimate only 6 to 7 percent of the 
cancer deaths (26 to 31 cancers) 
were induced by this radiation. The 
total number of deaths in the study 
group was 3,520 so their cancer risk 
was 7 to 8 x 10-3 or about 25 times 
the 0.03 percent risk given by curve 
A in the figure, and 10 to 25 times the 
commonly accepted total risk of 
radiation-induced malignancies. 
(This suggests perhaps that maybe 
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This figure is a plot of equation 

E = kDn% (1) 

in which E = cancer risk (percent of persons 
with cancer) as a result of exposure to a dose 
D (rem) of ionizing radiation. 

Case A, in which n = 1, illustrates the linear 
hypothesis in which one would expect 3 x 
10-4 cancers per person.rem. 

Case B, in which n = 2, illustrates the old 
threshold hypothesis where the cancer risk 
becomes negligible or statistically insignifi-
cant at low average dose per person. Perhaps 
it typifies the low leukemia risk of middle-
aged persons that are exposed to low LET 
(linear energy transfer) radiation. 

Recent human studies suggest that Case C, 
or some other curve for which n < 1, applies 
to leukemia among the young and the old and 
perhaps to most other forms of cancer irre-
gardless of the age of the person. In such 
cases the risk per person.rem is greater at low 
doses than at high doses. 

Curves A, B and C are given primarily for 
illustration, but each curve appears to be 
applicable in certain cases. Perhaps it is of 
interest to note that for a dose of 1 rem the 
cancer risk is 0.03 percent by the linear 
hypothesis (curve A) and 3 x 10-4 percent 
(negligible) by the threshold hypothesis 
(curve B). 

the power of D in curve C should be 
less than one-half. But I believe a 
more likely explanation is that the 
majority of Hanford exposures were 
more than the average of I rem. 
Baum [23] found that the power of D 
which gave the best fit in a number 
of studies of cancer induction by 
ionizing radiation was n = .5.) 

The estimate by Mancuso et al. of 
a 6 to 7 percent increased risk of 
cancer associated with radiation ex-
posure among the workers at Han-
ford created considerable controver-
sy. This is partly because the Han-
ford cancer risk coefficient is 10 to 
25 times higher than assumed in the 
past. I believe, however, that contro-
versy develops because many per-
sons in the nuclear industry and in 
the federal agencies have been inad-
visably proclaiming that there is no 
radiation risk. There probably is no 
occupation that is free from some 
risks to its workers. So if the propo-
nents of nuclear energy had been 
more reasonable in their claims 
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about radiation safety, they would 
not now be trying desperately to 
save face. 

The forces in support of and in 
opposition to the findings of Mancu-
so et al. have now had their day in 
Congressional hearings, as men-
tioned above. In addition, Stewart 
reported at the February 1978 meet-
ings of the American Association for 
the Advancement of Science in 
Washington on further analysis of 
the Hanford data which greatly 
strengthens the arguments in the 
earlier paper. Gilbert [371 of the 
Hanford operations made a careful 
study of the Mancuso et al. data to 
determine if, in fact, their findings 
were accurate. At the Conference on 
Low-Level Radiation on February 
10, 1978, Gilbert presented a report 
which I interpret as supporting Man-
cuso et al., for at least two types of 
malignancies that seem to have a 
high risk from low level radiation 
exposure. 

All these findings confirm the 

1974 Milham report that there is an 
increased incidence of radiation-in-
duced cancer among Hanford work-
ers. 

In converting from absorbed dose 
(given in rad in which 1 rad corre-
sponds to an energy deposition of 
100 ergs per gram) to the quantity, 
dose equivalent (given in rem) we 
use the relationship, 

Dose Equivalent (rem) 

= Absorbed Dose (rad) 

x Qx N (2) 

Q is a physical correction factor 
related to stopping power (-dEl dx) 
or linear energy transfer (LET). Nis 
a biological correction factor. 

As a general simplification (espe-
cially for internal dose calculations), 
we set Q = 1 for X, gamma, electron 
and beta radiations and Q = 10 for 
alpha radiations when they are emit-
ted by internally deposited radionu-
clides. It is easy to see why Q for 



The real culprit of unnecessary population dose is not 
the nuclear industry but the medical profession. 

alpha should be much greater than 
the Q for X rays or for the electrons 
produced by X rays because the 
specific ionization is much greater 
along an alpha-track than an 
electron-track. For example, Sa --
8,000 ion pairs per micron of tissue 
for alpha particles while S, --- 8 ion 
pairs per micron of tissue for an 
electron when both particles have 
energies of about 1 megavolt. 

Thus, the difference in damage to 
a living cell in the two cases is like 
the difference in damage from a 
bulldozer or a rabbit running through 
a cornfield. Many rabbits may have 
to step on the same corn sprout over 
a short period of time to damage it 
(or many secondary electrons may 
be required near the cell nucleus in a 
short time to cause damage). And, 
thus, it is understandable why for 
some types of X or gamma radiation 
damage (for example, leukemia 
among middle-aged persons) curve 
B in the figure provides the best fit 
to experimental data or n = 2 in 
Equation (1) (see figure). It is easy 
also to see why n < 1 for curve C in 
the figure applies in the case of all 
forms of chronic damage from inter-
nal alpha emitters. This is because at 
high doses or dose rates there is 
"overkill," that is much of the 
alpha-energy is wasted, as would be 
the case were we to try to kill 
squirrel with a cannon rather than 
with a rifle. 

The other modifying factor, N, in 
Equation (I) is not as well under-
stood as Q. When I first began using 
N in 1947, I thought we needed a 
biological correction factor to ac-
count for additional biological dam-
age from certain internally deposited 
radionuclides and that this factor 
was related mostly to non-uniform 
deposition or "hot areas or spots" of 
radiation of select parts of critical 
organ tissue (for example, the 
endosteal or perosteal tissue of the 
bone). However, it was soon recog-
nized that N related to other things 
as well, among which were (1) the 
essentialness of the tissue at risk in 
terms of proper body function, and 
(2) the relative radiosensitivity of the 

radiated tissue. Thus N may be an 
important factor also in determining 
whether the radiation damage func-
tion behaves like curve A, B or C in 
the figure and why there are marked 
differences in dose response curves 
for various types of radiation, for 
various animals (including man) and 
as a function of age, sex, genetic 
factors, certain diseases, etc. 

This N factor may in time explain 
why the very young and the very old 
persons are most susceptible to radi-
ation damage, and why even for X or 
gamma radiation curve C probably 
gives the best fit for cancer induc-
tion from fetal exposure and for 
exposure of the old. The difference 
in the applicable curve in the figure 
for some animals and for man as a 
function of age may be due to the 
fact that skeletal and bone marrow 
development continue rather uni-
formly throughout the life of some 
animals but not in man. In the very 
early life of man bone turnover is 
rather uniform and all the bone mar-
row is active, but later in life much 
of man's bone is less active and 
more and more marrow becomes 
inactive (yellow marrow). 

Radiation biologists have con-
ducted thousands of experiments 
with various types of animals in 
order to determine the dose effect 
relationships and in many cases have 
extrapolated these data to man (per-
haps brazenly or at best with some 
misgivings). Some ecologists and 
health physicists have warned that 
much of this animal data may not be 
applicable to man for many reasons, 
a few of which are: 

• Studies have shown that the 
dose response of various kinds of 
animals can differ by orders of mag-
nitude in going from one species to 
another (for example, fly to fish to 
mouse to monkey to man). 

• Studies have shown that even 
slight differences in species or 
strains can cause a marked change in 
dose response. For example, Warren 
and Gates [38] found very large dif-
ferences in leukemia induction and 
in life shortening between studies 
with different kinds of mice. Yet, the 

standards are based on observations 
of carefully controlled inbred, 
healthy animals. And it is these stan-
dards which are used in animal ex-
periments to determine carcinoge-
nicity data for man. But man is a 
wild or heterogeneous animal living 
in many types of environment with 
various eating and drug habits, with 
many diseases and eccentricities, of 
various ages, etc. 

It is little consolation to a mother 
to know that the average risk to 
the persons living in her community 
is 3 x 10-4 cancers per man rem, or 
0.003 percent from an environmental 
dose of 100 millirem accumulated 
over a 10-year period from a nuclear 
power plant, when she learns that in 
fact her child with asthma has a risk 
of 50 times this or 0.15 percent 
chance of developing cancer from 
this exposure. It helps very little to 
tell the mother that natural back-
ground radiation is 100 millirem each 
year and this gives her child a 1.5 
percent risk of radiation-induced 
cancer over the same 10-year period. 
Neither does it help to tell her that if 
a coal burning power plant (even an 
unusually clean one) were to replace 
the nuclear power plant, the risk 
from the power plant probably 
would go up from 0.15 to 5 percent 
and the primary risk would then 
become one of chronic bronchitis 
and emphysema rather than cancer. 
It is difficult for this mother to un-
derstand why she should risk the life 
of her child so that the power plant 
can be located at a particular river 
site or, as she may rationalize, so the 
stockholders can expect a better re-
turn on their investments. 

Many perceive the solution to be 
reduced levels of maximum permis-
sible exposure (MPE) for occupa-
tional workers and for the public by 
a factor of 10. In fact, petitions have 
been submitted to the Environmen-
tal Protection Agency and Nuclear 
Regulatory Commission by a num-
ber of citizens' organizations. How-
ever, although sympathetic, I am not 
convinced this would be an accepta-
ble solution. To me this seems like 
putting a finger in the hole of a 
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leaking dike. I see it this way primar-
ily for three reasons: 

1. Our goal should be a radiation 
exposure that approaches zero and 
especially one that reduces the pop-
ulation dose (man.rem dose) as low 
as reasonably achievable (ALARA), 

2. The real culprit in respect to 
unnecessary population dose is not 
the nuclear industry but rather the 
medical profession, and 

3. A smaller reduction of occupa-
tional maximum permissible 
exposure—for example, from 5 rem 
per year to 2.5 rem per year rather 

• than the proposed reduction to 0.5 
rem per year—probably could be 
accomplished without threatening 
the option of nuclear power. 

With regard to the first reason, it is 
partly a matter of education and 
acceptance of a moral obligation by 
those responsible for human expo-
sure. For decades the average occu-
pational exposures at the govern-
ment's national laboratories (such as 
at Oak Ridge, Argonne, Brookhaven 
and Savannah River) have been kept 
in accordance with ALARA (as low as 
reasonably achievable), and the av-
erage dose has been less than 10 
percent of the maximum permissible 
exposure (that is < 0.5 rem per 
year), and accidents involving large 
individual exposures have been ex-
tremely rare events. This, of course, 
does not rule out the possibility of 
mistakes in exposure estimates and 
especially the risk of greater internal 
dose than was measured with tech-
niques available at the time; but at 
least a sincere effort was made to 
keep all exposures ALARA. This pre-
cautionary practice was applied to 
individual doses (rem) and man.rem 
doses of the radiation workers as 
well as those of members of the 
general public. Unfortunately, how-
ever, this is not the uniform practice 
throughout the nuclear industry. 

I was particularly unhappy, for 
example, with what went on at the 
West Valley, New York, reprocess-
ing plant and the Kerr McGee Okla-
homa fabrication plant. I believe in 
these instances it was a matter of 
wanton disregard of ALARA and of 
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Organ 

Total body 

Gonads 

Breast 

Red marrow 

Lung 

Thyroid 

Bone 

Skin 

Remainder 

Table 3 
Yalues of Modifying Factors Suggested 

by the International Commission on Radiological Protection 

Present Value of 
MPE or R (remly) Values of Wia 

New Values of 
MPE or R (remly)b 

5 1.0 5 

5 0.25 20 

15 0.15 32 

5 0.12 42 

15 0.12 42 

30 . 0.03 167 

30 0.03 167 

30 

15 0.3 17 

MPE = maximum permissible exposure 

aValues in ICRP [26]. 

aValues given in this column are not given specifically by ICRP but are obtained by dividing the 
ICRP'S value of 5 rem per year by those in column 3. It is probable also that the ICRP will set an 
upper limit of 50 rem per year for each of these values in making internal dose calculations. 

good health physics practices. I am 
very much concerned about the 
growing practice of "burning out" 
temporary employees: the fact that 
many nuclear power plants are find-
ing it necessary to solve the individ-
ual exposure problem of repair work 
in persistently high radiation expo-
sure areas of the plant by hiring 
temporary employees to spread out 
the dose on "hot" operations. This 
has increased the man.rem dose or 
the overall cancer and genetic risks 
to the population, and I believe this 
is exactly what we should strive to 
avoid. 

I cannot be certain of the effect of 
the proposed lowering of the occu-
pational maximum permissible ex-
posure to 10 percent of its present 
level (that is, down to 0.5 rem per 
year). Certainly, it would reduce in-
dividual exposure levels; but I fear 
in many cases it would just mean the 
hiring of more people, each to re-

ceive small doses of less than 0.5 
rem per year with a marked increase 
in the total man.rem dose. The man. 
rem dose would increase for the 
same radiation job for two reasons: 
(1) inexperienced persons always get 
more exposure, and (2) much of the 
exposure on a "hot" job is received 
going into and away from the hot 
operation. Golden [39] has made 
some estimates of the increased 
man.rem dose that would result in a 
nuclear power plant were the occu-
pational maximum permissible ex-
posure to be reduced to 0.5 rem per 
year. 

The second reason for my hesita-
tion in relying on solving this prob-
lem by simply lowering the occupa-
tional MPE to 0.5 rem per year is 
because at present the medical pro-
fessions are exempt from the recom-
mendations suggested by the ICRP 
for the MPE from ionizing 
radiation—even though they are de-
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Only New York, New Jersey, Kentucky and California 
require X-ray technologists to have training and 

certification in the proper use of X-ray equipment. 

livering over 90 percent of the man-
made dose.* I have shown that the 
dose delivered by medical diagnostic 
X rays could be reduced to 10 per-
cent of its present value, which 
could at the same time increase the 
quality and amount of diagnostic in-
formation from medical radiography 
[40]. Only New York, New Jersey, 
Kentucky, and California require 
X-ray technologists to have training 
and certification in the proper use of 
X-ray equipment. Only California 
requires questions on the State 
Board Examinations on the effects 
of X rays and health physics. 

Is it a wonder that those who are 
responsible for over 90 percent of 
the man-made dose from ionizing 
radiation ignore almost completely 
the principle of ALARA? 

Is it surprising that studies show 
that the skin dose from a chest X ray 
from one medical facility may be 10 
milliroentgens while at another it 
may be 3,000 milliroentgens, and yet 
far more useful medical information 
is provided by the 10 milliroentgens? 

Is it surprising that less than one 
percent of the dentists are using long 
open-ended cones with rectangular 
collimation to conform with the rec-
tangular dental film while the rest 
use a circular X-ray field for a rec-
tangular film and most of the dent-
ists are using a short cone? 

Why didn't responsible govern-
ment agencies correct these medical 
abuses 20 or 30 years ago, instead of 
carrying on endless discussions with 
the American Medical Association, 
the American College of Radiology, 
the American Dental Association, 
etc., to determine how improve-
ments can be made without cost or 
inconvenience to the medical pro-
fessions? 

When . these questions are an-
swered. When we have stopped the 
unnecessary exposure of the Ameri-
can public to ionizing radiations—

*The Commission does not suggest any 
MPE's for diagnostic procedures. It says the 
physician must weigh the benefits against the 
risks from an X ray for the patient, and yet 
most doctors could not define the rad or 
explain the risk of radiation- induced cancer. 

which is 90 percent of our problem. 
Then, perhaps, I can see that the 
next step might be to reduce the 
maximum permissible exposure to 
0.5 rem per year for the occupational 
worker and to reduce the .corre-
sponding value for members of the 
population at large. Just a reduction 
of one percent of the present unnec-
essary medical diagnostic exposures 
in the United States would reduce 
the population dose of man-made 
sources of radiation more than the 
elimination of the nuclear power in- .
dustry to the year 2000. 

I have fought to reduce unneces-
sary medical exposure for over a 
quarter of a century but progress has 
been very slow. The only marked 
successes have been abandonment 
of mass chest X-ray programs, re-
straints on mass mammography pro-
grams and the recent limits set [41] 
for doses delivered in the more com-
mon X-ray diagnostic procedures. It 
is unfortunate, however, that the 
most important and effective step 
remains to be taken: that we require 
all members of the medical profes-
sion to obtain education, training, 
and certification in health physics. 

Finally, were we to reduce the 
present maximum permissible expo-
sure by a factor of 10, I seriously 
doubt that many of our present nu-
clear power plants could continue in 
operation. It would especially be dif-
ficult for the pressurized water reac-
tors because of the high background 
radiation in the vicinity of the steam 
generator due to the accumulation of 
cobalt-58 and cobalt-60. I believe the 
solution to this problem is to rede-
sign the pressurized water reactors 
in such a way that the precursor 
elements do not enter the high neu-
tron flux region of the reactor or are 
prevented from circulation in the 
primary cooling water. Also, more 
room must be provided in certain 
areas for shielding and the use of 
remote control equipment, remote 
TV cameras, etc. There should be 
some tightening of the measures to 
reduce occupational exposures in 
the nuclear power plants that are 
now in operation; but the major ef-

fort in this regard should be with 
those power plants that are now in 
the design stage. 

The Nuclear Regulatory Commis-
sion took the bold and commendable 
step of setting the dollar cost of 
man.rem at $1,000 at a time when 
others [42] were suggesting a value 
as low as $10 per man.rem. Although 
most of us probably recoil from the 
thought of setting a dollar value on a 
human life, in the practical world we 
must recognize there may be no 
other alternative. Using an overall 
risk coefficient of 6 x 10-4 cancers 
per man.rem, we recognize this 
$1,000 per man.rem corresponds to 
$1.7 million per cancer. In other 
words, the Nuclear Regulatory 
Commission presumably applies 
some pressure to have the nuclear 
power industry eliminate a source of 
one man.rem of occupational expo-
sure to ionizing radiation if the cost 
does not exceed $1,000. To put this 
more bluntly, the plant should spend 
as much as $1.7 million to prevent an 
employee from developing cancer. 

One of the most unfortunate re-
cent developments in. the setting of 
standards for exposure to ionizing 
radiation is a recommendation of the 
International Commission on Radio-
logical Protection, which was pub-
lished in 1977 [26]. Their report rec-
ommended weighting factors, Wi, 
which I interpret may result in large 
increases in the present ICRP values 
of maximum permissible exposure 
(MPE) and in all values of total body 
burden and maximum permissible 
concentrations (MPC) in air, water 
and food for radionuclides except 
where they are rather uniformly dis-
tributed throughout the body. Table 
3 summarizes these values. 

I consider this report a retrograde 
step of the Commission because it 
comes at a time when their own 
internal reports [19] emphasize that 
the cancer risk is many times what 
we considered it to be 15 years ago. 
This change was made understanda-
bly in an effort to remove the incon-
sistency that the maximum permissi-
ble exposure for total body has been 
the same as that for gonads and red 
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Many nuclear power plants solve the problem of repair 
work in persistently high radiation exposure areas by 
hiring temporary employees to spread out the dose on 
"hot" operations. 

marrow. What the Commission 
should have done is set the maxi-
mum permissible exposure at 5 rem 
per year for gonads and red marrow 
and the maximum permissible expo-
sure for total body at some value 
less than 5 rem per year, for exam-
ple, 2.5 rem per year. 

Given that we are beginning to 
recognize that radiation risks are 
greater than we used to consider 
them, I sincerely hope the National 
Council on Radiation Protection, the 
BEIR (Biological Effects of Ionizing 
Radiation) Committee, the Nuclear 
Regulatory Commission, the Envi-
ronmental Protection Agency, etc., 
in this country will strongly object to 
this move of the Commission and 
will reject these new values which 
would tend to increase the internal 
dose from radionuclides deposited 
within the body. In conclusion I sug-
gest the following actions: 

• Reject proposals at this time to 
reduce the maximum permissible ex-
posure by a factor of 10; but consid-
er the possibility of reducing it by a 
factor of 2. 

• Consider the feasibility of re-
ducing the maximum permissible ex-
posure by a factor of 10 at some later 
date if it can be shown that all un-
necessary exposure (especially med-
ical) can be reduced and that there 
will be a net benefit to mankind by 
such action. 

• Take immediate measures to 
reduce the man .rem dose. This could 
be accomplished in several ways. 
For example, in the nuclear energy 
industry a limit of 500 man.rem per 
1,000 megawatt (electrical) years 
might be set for presently operating 
plants and those under construction, 
and 200 man .rem per 1,000 megawatt 
(electrical) years for plants now on 
the design board. 

• Take bold steps to reduce un-
necessary exposure from medical 
sources of ionizing radiation. In 
February 1978 the Environmental 
Protection Agency and the Bureau 
of Radiological Health (FDA) made 
some encouraging progress [41] in 
this area; but we still have a long 
way to go. 

• Apply the principle of ALARA-
40 

as low as reasonably achievable —in 
all areas of exposure to ionizing ra-
diations and apply it to all hazardous 
agents, including, for example, non-
ionizing as well as ionizing radiation, 
and chemical agents. 

• In making the choice of fuel for 
a central power station consider all 
the risks and all the advantages of 
each type of fuel. In this evaluation 
keep in mind that exposure to ioniz-
ing radiation is only one of the risks, 
and in many cases the risks of chem-
ical exposure may be far greater 
than those of radiation. (Don't forget 
there is a serious exposure from 
radiation in the burning of coal, 
radium-226 and 228; radon-222, etc.) 

• Give adequate support to re-
search programs designed to define 
more accurately the risks from 
human exposure to ionizing radia-
tion. 
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