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LOW-LEVEL RADIATION HEALTH EFFECTS:
DATA AND PROGRAMS

Cosponsored by the Biology and Medicine, the Environmental Sciences
mummwmmmmmuummon
and Shielding Divisions

Session Organizer: James Muckerheide (Comm Mass)

All Papers Invited

1. Wound-Healing Error Model for Radon Car-
cinogenesis, Sohei Kondo (Kinki Univ-Japan)

INTRODUCTION

Epidemiological studies of lung cancer in uranium miners
exposed (0 radon suggest that radon is 4 tumor promoter.' |
will refine this notion by applying the wound-healing error
mode! proposed for radiation carcinogenesis in general ?

DATA AND MODEL
Dats 0a Urnaium Miners in Ceechosiovakia

Figure | shows excess lung cancer deaths in miners as <
function of cumulative radon exposure for three groups of

Exposure penog
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Fig. 1. Excess lung cancer deaths in miners as a function of
cumulative radon exposure.

4

workers whose average exposure extended over |4 yr (squares),
9.5 yr (triangles), and 5.6 yr (circles).’

Figure 2 shows tha: excess small-cell carcinomas platesued
after 100 working levei months (WLM), while excess epider-

moid carcinomas increased approximately linearly with radon
exposure.*

Wound-Hesling Error Model for
n Carcinogenesis’

Human cancer 1s a genetic disease due 10 accumulati
muitiple oncomutations in a single cell. Therefore, it ta
long time for a normal cell o develop into a cancerous cell,
which explains the steep rise in the cancer incidence with age.
| assume that oncomutartions oecur spontaneously, whether us-
sues are irradiated or not, but that cells with oncogenic muta-
lions in a tissue moderately injured by radiation have a selective
advantage for cloral expansion because the ussue damage must
be repaired by cell growth, which creates the opportunity for
clonal expansion Furthermore, if the tssue damage persists
for a long time, spontaneously occurring preneoplastic cells will
have an increased probability for acquiring the multiple onco-
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Fig. 2. Excess frequency of small-cell and epidermoid lung

cancer in rmuners as a function of cumulative radon ex-
posure
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mu’ aions necessary for their progeny o produce a cancerous
oy

DISCUSSION

The wound-healing error model, in which chronic, long-
term wounding after irradiation is more oncogenic than a high
cumulative exposure to radon over a short time, can nicely
explain the observauon that workers who spread their radon
exposure over more years had more lung cancers (Fig. |). The
unique shape of the dose-response curve for small-cell carci-
noma, with a plateau ar 100-300 WLM and diminution at 500
WLM (Fig. 2), can be explained by the wound-healing error
mode! as follows. [f the target tissue has been heavily irra-
diated, preneoplastic cells will have no selective advantage
because cell growth may not be activated due (o impairment
of the tissue repaur capacity. Therefore, primordial cells that
produce small-cell carcinomas may be more radiosensitive than
squamous cells that produce epidermoid carcinoma. The last
assumpuion should be studied, although it seems to be the case
because small<cell carcinomas are considered 10 be derived
from neuroendocrine cells of the bronchial epithelium.

it is firmly established that the excess frequency of muta-
tions after irradiation increases almost linearly with increasing
dose and that its value ai equal total exposures remains the
same or decreases if exposure rates are decreased. However,
uwranium muners had increased lung cancer at decreased expo-
sure rates (Fig. 1). Therefore, radon is not an oncomutagen.
Mutations are the only known radiation effects that increase
approximately linearly with the dose of radiation, without a
threshold. Thus, no sqienufic evidence is available to support
| linear no-threshold risk of cancer after exposure to radon.
Cancer is not a probiem of single ceils but of cell society.

I. R. W. HORNUNG, T. J. MEINHARDT, “Quantitative
Risk Assessment of Lung Cancer in U.S. Uranium Miners,”
Heaith Phys., 82, 417 (1987).

2. 5. KONDO, Health Effects of Low-Level Radiation, Kinki
University Press, Osaka, Japan, and Medical Physics Pub-
lishing, Madison, Wisconsin (1993).

J.E. KUNZ, J. SEVC, V. PLACEK, J. HORACEK, “Lung
Cancer in Man in Relation to Different Time Distribution
of Radiation Exposure,” Healith Phys., 36, 699 (1979).

4. ] SEVC, E. KUNZ, L. TOMASEK, V. PLACEK, J.
HORACEK, “Cancer in Man After Exposure to Rn Daugh-
ters,” Heaith Phys., 54, 27 (1988).

2. Test of the Linear No-Threshold Theory of
Radiation-Induced Cancer, Bernard L. Cohen
(Univ of Pittsburgh)

There is no experimental evidence supporting the linear no-
threshold (LNT) dose-response relationship for radiation-
induced cancer in the low-dose, low-dose-rate region of the vast
majority of applications (e.g., leakage of radioactive waste,
>%0% of projected deaths from reactor accidents, routine
emissions, clean-up of Hanford, etc.). The oniy basis for LNT
I in a very simple theory: a cancer can be initiated by a sin-
gle particie of radiation, so the cancer risk is proportional to
the aumber of these particles, which is proportional to the
doge. However, this ignores the effects of radiation on repair
processes, stimulaton of the immune response, and tming in
the cell cycle. All of these are now known to be important, and
they tend to reduce the effectiveness of subsequent radiation
exposure.’ Thus, they cause LNT to overestimate the carcino-

genic effects of low-level radiation. [t is therefors extremely
important to test LNT expenumentally.

To perform thus test, we compare age-adjusted lung can-
cer mortality rates m with mean radon exposure 7 in 1729 U S,
counties, constituting 90%s of the U.S. population. Results are
shown in Figs. |a and 1b (see nexz page), where each point pves
the average m-value for the group of counties withun the range
of r-values shown at the baseline of Fig. la (the figures there
are the number of counties in the group). Error bars are one
standard deviation (SD) of the mean, and the first and third
Quartiles of each group are also plotted. The solid straight line
is the best fit to the data for all counties, and the dashed line
is the prediction of LNT (BEIR [V version) assuming all other
factors are equal. Figures |c and |d show these data corrected
for smoking prevalence § in the various counties.

We see that, after correcung for smoki,, m decreases
by ~8% per pCi/¢t, in sharp contrast to the theory prediction
of an increase of ~7% per pCi/t, a discrepancy of >20 SD.
We refer to chis as “our discrepancy.” The principal cnucism
of this work is that it is an “ecological™ study, dealing with
groups of peopie (populatons of counties), whereas epidemi-
ologists much prefer to study indiiduals. They are very con-
scious of the “ecological fallacy” that the average dose 10 a
group of people does not determune their average risk; this is
obvious where a threshold is involved. However, it is easy to
show that the “ecological fallacy” does not apply in testing an
LNT theory - the average dose does determune the average nsk
in LNT. It is shown that other problems ascribed to ecolog:-
cal studies do not apply here.

Extensive studies were made of effects of uncertainties in
r-values and S-values, but these can do little to explain our dis-
crepancy. Extensive studies were also made of potential con-
founding by 54 different socioeconomic factors, singly or in
combination, and of confounding by geography, by altitude,
and by climate, but no substanual reduction in our discrepancy
could be obtained. Effects of known ~§ correlations — rural
people have higher radon exposures and smoke less than urban
people, and smokers are exposed (0 less radon than non-
smokers — were calculated in detail and found to have (nivial
effects on our discrepancy. [t was shown that our discrepancy
is not particular to the BEIR [V theory, but applies equally t0
any LNT theory based on the miner data. Froperues of a hypo-
thetical unknown confounder thai could explain our discrep-
angy are considered, and it is concluded that its existence is far
less credible than failure of the LNT theory in the low-dose
region where it has never been tested,

1. B. L. COHEN, “Dose-Response Relauonshup for Radiation
Carcinogenesis in the Low Dose Region,” /ar. Arch. Occup
Environ. Heaith, 66, 71 (1994),

3. Rethinking ALARA, Jerry J. Cohen (Cohen
Consuit)

The recommendation to keep exposures to ionizing radi-
ation “as low as reasonably achievable”™ (ALARA) has been a
long-standing component of radiation safety programs. Thus
recommendation is based on the assumption that there s n0
dose threshold below which harmful biological effects will not
occur. With this assumption, it logically follows that there s
no “safe” level of exposure and that any exposure, no matter
how low, cagries with it some risk of harm. Thus presumption
was a departure from a previously established principie in pub-
lic health that could be paraphrased “the dose makes the poi-
son,” which held that high-dose effects of harmful agents are
not necessarily indicative of low-dose effects. The concept !
further minimizing radiation exposures to levels well beicw
specified dose limits onginated in the 1950s with the (nter
national Commission on Radiological Protecuion (ICRP -=¢

N / % 2
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Fig. |. Lung cancer mortality rates as a function of mean radon level in homes for U.S. counties. (Paper 2)

ommendation that doses be kept “as low as possible” (ALAP).
In 1959, ICRP replaced “possible™ with “practicable,” and in
1973, ALAP was changed to ALARA (o convey ICRP's intent
o achieve dose minimizstion with “economic and social con-
siderations being taken into account.” To umplement this guid-
ance, ICRP recommended application of cost-benefit analysis
1o balance economic costr against benefits of dose reduction.

Implementation of ALARA in radiation protection pro-
grams is a regulatory requirement in the United States; how-
ever, ICRP recommendations on use of cost-benefit analysis
are largely ignored. Under U.S. Nuclear Regulatory Commis-
sion (NRC) rules, required ALARA programs can essentially
be defined as “dose reduction” . A cursory survey of

programs
nuciear instailations in the United States revealed numerous
instances of “ALARA borror stories” where ALARA is the
cited basis for making enormous expenditures to achieve rel-
atively triviai levels of dose reduction. This observation has led
rlmofmhncpmummcbuAMu
cunded.

ALARA is clearly predicated on the assumprion that there
is no threshold below which biologica! effects are noncastent
or possibly even beneficial in nature. This assumption has been
used & & basis for regulatory decisions for so long now that
it has come (0 be regarded by the public as ap immutable truth.
However, there is currently a considerable body of evidence
indicating that the assumption is false. This evidence has been
largely ignored in the regulatory decision-making process for
the stated reason that it is “not convincing.” Because, at very
low doses, it would be statistically impossible to prove the
occurrence of any effects (either harmful or beneficial), it is
highly unlikely that clear. absolute proof will ever be r * 4
However, the preponderance of direct low-dose (< 100 )
evidence that does exist indicates that beneficial effect d
be more likely.

The argument may be made that even if the no-threshold
assumption is wrong, it still provides a “prudent” basis for reg-
wlatory decisions. If, in fact, low-dose radiation expcsure pro-
duces no adverse effects, then accepting thus assumption as a
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basis for regulatory decisions is certainly nor pruden:. The re-
sulting policies can and have caused the expenditure of vast
amounts of limited resources LOoward meeting requirements that
roduce 00 public benefit. These resources necessarily become
Jnavailable for ather areas of public health and safety where
they mught actually do some good.

[t may also be argued ‘hat highly restrictive regulauion, as
is the case with the NRC's ALARA requirements, can be jus-
tified as a reflection of inordinate public fears toward radia-
uon. On the other hand, a strong case may also be made (o the
effect that such regulatory policies are 2 major cause for those
fears, because it could logically be inferred that severe controls
would be unnacessary (‘ radiation was not extremely dangerous.

Despite the exustence of scientific evidence indicating the
likelihood that ALARA is technologically unfounded, one
should not be optimistic that current policies will be relaxed.
Considering the deep-seated public fear of radiation (regard-
leas of dose level), such relaxation would likely prove to be
politically unpopular. It is also unlikely that the idea that
ALARA is an unsound policy would gain widespread accep-
tance among radiauon protection professionals, because it is
esumated that >50% of thus group is gainfully employed in
work that is directly or indirectly related 1o ALARA. None-
theless, from a public heaith standpoint, ALARA 13 at best a
highly questionable policy that should be subjected to an objec-
tive and unbiased reassessment (n light of all current evidence
on low-dose radiation effects. A serious problem in this regard
aqught be the assembly of a knowledgeable group of experts 1o
review ALARA policies, who have no vested interest in its per-
petuation

4. The Linear tHypothesis — An Idea Whose Time
rlas Passed, 4. N. Tschaeche (INEL/LITCO)

The linear no-threshold hypothesis is the basis for radia-
tion protection standards in the United States. [n the words of
the Nauonal Council on Radiation Protection and Measure-
ments (NCRP), the hypothesis is: “ln the interest of estimat-
ing effects in humans conservauvely, it is not unreasonable to
follow the assumption of a linear relationship between dose and
effect in the low dose regions for which direct observational
data are not available.”' The [nternational Commission on
Radiological Protecuon (ICRP) stated the hypothesis in a
slightly different manner: “One such basic assumption . . . is
that there is a unear relationship without threshold be-
tween dose and the probability of an effect.”? The hypothesis
was necessary 50 yr ago when it was first enunciated because
the dose-effect curve for ionizing radiation for effects in hu-
mans was not known. The ICRP and NCRP needed a model
to extrapolate high-dose effects to low-dose effects. So the lin-
ear no-threshold hypothesis was born. Certain details of the
tustory of the development and use of the linear hypothesis are
presented. [n particular, use of the hypothesis by the U.S. reg-
ulatory agencies is examined. Over time, the sense of the hy-
pothesis has been corrupted. The corruption of the hypothesis
into the current paradigm of “a little radiation, no matter how
small, can and will harm you” i1s presented. The reasons the
corruption occurred are proposed. The effects of the corrup-
tion are enumerated, specifically, the use of the corruption by
the anunuciear forces in the Uruted States and some of the huge
costs to U.S. taxpayers due to the corruption. Examples are
aven of how and why those costs have been created. Players
4 the creation of the costs have been the regulators, Congress,
the anunuclear forces, the nuclear industry itself, and the pub-
lic. The interrelation and communications among those groups
that resulted in creating the costs are examined. A pessimistic
future for the nuclear industry and lost benefits to society are
forecast if the hypothesis continues to be the basis for radia-
tion protection standards in the United States.

An alternative basis for radiation protection standards 0
assure public safery, based on the weight of saenufic evidence
oo radiation health effects, is proposed. The basis is a numer-
ical value for annual permaissible dose. 1f an individual's dose
remains below that value, no cost would be justified to reduce
it further. If it were antiapated that the dose would signifi-
cantly exceed the standard, the concept of ALAP, or keeping
the dose as low as practicable, taking into account economic
and socal considerations and individual circumstances, would
be applied. The same value is proposed for both radiation
workers and the general public. [t is proposed that studies of
groups of individuals who are exposed near the limit be funded
by the federal government 10 venfy that no harm is observed.
It is further proposed that other standards be developed (o pre-
vent the spread of radioactive material into industnal processes
that are particularly sensitive to the presence of such material.
Examples of such processes are photographic flum and paper
manufacture, computer chup manufacture, radiauon measur-
ing equipment manufacture, and research laboratones that use
radicactive material. These latter standards are not safety stan-
dards. With this two-tiered set of standards, one (0 assure
bealth and safety purposes, the other for industrial and re-
search purposes, comparable to industrial “clean room” stan-
dards, members of the public would be informed that a little
radiation would not hurt them, and that radioactive material
may otherwise need 10 be controlled so that it will not be dei-
eterious (o certain manufacturing and research acuvities. The
evils and unwarranted costs of the linear hypothesis would
then he eliminated. The auclear industry will then be able 1o
contnue to provide the enormous benefits to society that it is
uniquely capable of providing.

|. “Basic Radiation Protection Cniteria,” NCRP-19, p. $5
(1971).

2. “Recommendations of the [nternational Commussion on
Radiological Protection,” ICRP-26, Para. 27 (1977).

5. Why We Need New Approaches to Low-
Dose Risk Modeling, Joseph L. Alvarez (IT Corp,
Englewood), Fritz A. Seiler (IT Corp, Albu-
querque)

The linear no-threshold mode! for radiation effects was
introduced by the [nternational Commission on Radiological
Protection as a conservative model for the design of radiation
protecuon programs.' The model has persisted not only as the
basis for such programs®’ but has come to be treated as a
dogma and is often confused with scientific fact. The perva-
sive use of the linear mode! has extended calculations of radi-
ation risks (0 dose levels that cannot be measured and have
risks that are much smaller than the uncertainty of the calcu-
lation. This extends the model beyond its range of applicabil-
ity and requires consideration of a minimum signufican: nsk *

Examination of the mode! for a minimum significant risk
required examination of the model and data uncertainties. In
thus examination a number of serious problems with the linear
no-threshold mode! of radiation carcinogenesis were demon-
strated, many of them invalidating the hypothesis. [t was shown
that the relatuve risk formalism did not approach one as the
dose approaches zero. When mortality ratios were used in-
stead, the data in the region below 0.3 Sv were systemaucally
below the predictions of the BEIR V model. It was also shown
that the data above 0.3 Sv were of little use in formulating a
mode! at low doses. In addition, these data are valid only for
doses accumulated at high dose rates, and there is no scenufic
Justification for using the mode! in low-dose, low-dose-rate ex-
trapoiations for purposes of radiation protecuon. Figure | Wus-

- Yy
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Fig. |. (Dose/dose rate| classification chart. The Japanese
bomb survivor data occupy the three top cells above
0.1 Sv/h._ shown with heavy shading. Due 10 (he spar-
ing effe.t of lower dose rates, the boundaries between
the three dose regions move to higher doses by some-
what uncertain factors. The predictions by a radiation
prorection model for routine exposures need (o be made
in cell (1,1), shown with light shading, and maybe in
edls (2,2) and (2,3) for accidental exposures. There are
urgebmuptmtponddaunumthcmddhrow
of cells as well as in cell (1,1), where the low-dose, low-
dose-rate modeling is most needec

crates the state of our present knowledge from the data base
of the BEIR V model and the regions of dose and dose rate
thas are dependent on the mode! for \nterpretation. The dark
shaded porton of the figure is the region of the Japanese sur-

mmmmmmumm«mm-
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linear hypothesis.

MudmoMmh:hcmoddmpohﬂon.
funhcuniuuouofnoddﬂutomchmmndm
aummm.mwmwmmwmm
including an unconstrained linear, linear-square root, and
Weibull, all of which fit the daty better than the relative-risk,
linear

lack of fit hardly invites extension to low doses at low dose
rates.

It is recommended that an unbiased reanalysis of the data
hummmr.umudtommanmmodd.
Mmaﬂmhu.fhumoddcouwmenfommc
basis for managing radiation risks in the appropriate regions
of dose and dose raie.

1. “Recommendations of the International Commission on
i ical Protection,” iICRP Publication 26, Pergamon
Press, Oxford (1977).

- Health Effects of Exposure 10 Low Leveis of lonzing Radi-
ation: BEIR V, Nauonal Academy Press, Washingtor ™7
(1990).

3. “Recommendations of the International Commission un
Radiological Protection,” ICRP Publication 80, Pergamon
Press, Oxford (1991).

4. F A.SEILER, J. L. ALVAREZ, “The Definition of a Min-
imum Significant Risk, " Technology, 331A, 83 (1994).

*
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LOW-LEVEL RADIATION HEALTH EFFECTS:
POLICIES AND COST/BENEFITS

Cosponsored by the Biology aiid Medicine. the Environmental Sciences,
and the Isctopes and Radiation Divisions

Session Organizer . Muckerheide (Comm Mass)
All Papers Invited

1. Returning Common Sense to Regulations,
Michael R. Fox ( Westinghouse Hanford)

To begin at a point of common understanding and agree-
ment, the British philosopher C. P. Snow in 13-4 wrote his
short and insighiful book, Two Cultures.' He described the
existence of the division within society between the scientific,
numerate, and quanutative on one side, and the nonscientific,
nonnumerate, and nonquantitative on the other.

Thus division since the 1960s has . deepenung and
expanding as technologies have advanced. The impacts of pub-
lic fear among the nonscientific segment of society have been
\mmense, since (his segment represents a huge majority of the
American public. What the public percerves as harmful,
according to traditional risk data (e.§., mortality and morbid-
ity tables), is almost inversely related to what is actually harm-
ful to the public.?

Muuwuwofmﬁwmmumm
aot only are extremely costly for the public to understand,
mmmw.mmmymww
mmmmmmmmumm
to the same public.

The regulations regarding radiation exposures (o the pub-
lic are a subset, a rather large subset, of the fear-driven regu-
latons with which we now must comply. These costs have
directly affected every industry using nuclear technology and
materials. The exorbitant costs of compliance, we must never
forget, are almost unique to the American experience with
nuclear )

Amﬁamﬁbmufuxorwthumhnbmmcun-
ear Theory of Harm from Radiation, which has been trans.
formed from what was initially an administrative guideline in
controlling radiation exposures to a scientific fact. Ut is one
thm.wldmudnunononnw:hmnove(mmn; fear
in the process). It is quite another to ask society to forego all
uses of heat in domestic and industrial processes.

For the past 50 yr, the nation hay been struggling with
understanding nuclear technology. Ever though natural radio-
acuvity was discovered a hundred years 480, it remains substan-
tally unknown to the American public loday. Those opposed
10 nuclear technology have exploited this magnificently.
Regretiably. in some cases people with scientific credentials
have aided and abetted the critics of nuclear technology. For
he most part the scientific societies remained on the sidelines
during decades of public debate. .

The United States has spent hundreds of billions of dollars
complying with the vanous regulations unposed by federal and
siate regulators (the Environmental Protection Agency esii-
mates $115 billion per year for compliance costs) ’ It is becom-

NMMMMummmMmo@
uctions in health risks. In the case of radia:
m.mmhmu-mmamon ex
mﬂmmumnamwofobmulcm C
should not expect large and observable reductions of nar
regulaung agents ai doses not obscrvabl; harmful.

The recent works by Cohen,* Kondo,’ the June 1995 s
of the Heaith Physics Newsietter ® and the efforts of the B,
ofy and Medicine Division of the American Nuclear Soc:
(ANS) collectively challenge (if not overthrow) the questic
able underpinning of the dubious Linear No-Threshold Theo

To provide a specific example, the average residn:

County of the staze of Washington receives > |6
mrem/yr of radiation from natural sources (largely indc
radon).” Higher individual exposures are common. There -
DO notable excesses of cancer mortality in Spokane Coun
There are many other instances of such exposures to natu:
radiation.

Does it make sense to set radiation exposure limits ¢
nuclear technologies and activities at levels down to 1%
these natural levels? (The state of Washington is currently o
sidering exposure limiis of 15 mrem/yr above natural levels
Hanford cleanup.) The answer s, no it doesn't, if impro.
public safety is the issue. Scientific societies such as the A
must become actve participants in these scientific debates
ensure that this nation ceases squandering its financial a
intellectual resources pursuing small, often immeasurab.: ns.

1. C. P. SNOW, Two Cuitures, Carabridge at the Univers;
Press, Cambridge, England (1964).

2. P. M. SANDMAN, “Hazard Versus Outrage: Respondir
to Public Concerns ahout the Risks of Industrial Cases
presented at Int. Oxygen Manufacturers Associatior
Annual Meeting, 199].

3. P. ABELSON, “Pathological Growth of Regulations,” 5.
ence (June 25, 1993).

4. B. L. COHEN, “Test of the Linear-Nc Threshold Theo:
of Radiauon Carcinogenesis for Inhaled Radon Decay Proc
ucts,” Heaith Phys., 68, 2, 157 (Feb. 199%)

5. 5. KONDO, Heaith Effects of Low-Level Radiation. K.n,
University Press, Medical Physics Publishing (1993)

6. Heaith Physics Newsler:., XXIIL, 6 (June 1995)

7. “Special Report ~ Radon in Washington.” Washingtoa Sta
Department of Health, Environmental Heaith Prograr
(June 1994).
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2. Limitations on Cost-Benefit Analyses In-
volving Low Radistion Exposures, A4/len Brodsky
(Georgetown Univ)

The purpose of this paper is Lo examine some limitations
on cost-beneflt analyses related to activities involving individ-
ual expos ires below ~0.1 to | Sv. Previous ~apers'< have
presented evidence showing the likelihood that there is no
purely linear dose-response component at low radiation lev-
els — that most dose-response functions where the response is
the induction of an initial cancer cell are likely to be curvilin-
ear (concave) upward at the lowes: exposure levels. There is
also considerabie evidence that hormetic effects in this dose
region, including those that can repair or kill initiated cancer
cells as well as those thar might provide beneficial heaith
effects, are likely (0 be supenmposed on any dose-response
functions for the carcinogenic process alone.’* These phe-
nomena impose such !arge uncertainties in response at low
doses that current risk factors obtained by extrapolation of
linear-quadratic models fitted (0 human cancer data at high
dose levels are inapplicable for use in low-dose cost-benefit
analyses; thus is true at least insofar as such analyses cannot be
expected in themselves (0 necessarily resuit in optimum choices
between alternauve actions. The influence of these uncertain-
ties on cost-benefit analysis has been examined using methods
for such analyses as given in Ref §

Limitations in [CRP-37 methods have been examined also
in the usual context of deciding alternatives for a specific
project. The need for a true cost-benefit analysis to provide
optimum societal benefits through incorporation into a quan-
tized framework of benefits for all projected human activities
involving environmental exposure has been presented previ.
ously * Thus, the variables in this examination have been
restricted to those for alternatives to a specific project and
include the gross benefit, production costs, radiation protec-
tion costs, and costs of detriments that include radiation health
effects as well as other detriments (o human life - as related
anly to the possible aiternatives for the specific project.

We conclude from this analysis that (a) conventional meth-
ods of cost-benefit analysis can be used to help choose between
alternative actions only when regulatory constraints demand
specific limuations on population dose and when budget con-
straints have been uircady /mposcd on a projest, and (b) these
conventional methods do not achieve true optimization of ben-
efit/cost for society as a whole, nor even for the exposed group.

1. A. BRODSKY, “Are Radiation Risks Real Below 0.001 Sv
per Year? Trans. Am. Nucl, Soc., 69, 177 (Nav. 1993).

- A. BRODSKY, “Are Radiation Risks Real Below 0.001 Sv
per Year”" Radiai. Protect. Manage., 12, 1, 61 (May/ June
199%)

(]

3.T. D. LUCKEY, Hormesis, 2nd ed., CRC Press, Boca
Raton, Florida (1990).

4. A. BRODSKY, Radiarion Risk and Uranium Toxicology
Review, with Appiications to Cost-Benefit Decisions in
Decommussioning, RSA Publications, Hebron, Connecticut
(199%).

$. “Cost-Benefit Analysis in the Optimization of Radiation
Protection,” ICRP Publication 37, [nternational Commis-
sion on Radiological Protection, Pergamon Press, New
York (1983).

6. A. BRODSKY. “Balancing Benefit vs. Risk in the Control
of Consumer [tems Containing Radioactive Material,” Am
J. Public Heaiih, 85, 1971 (1965)

3. Cancer Risks, Risk-Cost-Benefit Analyses,
and the Scientific Method, Frizz A. Seiler (IT
Corp, Albuquerque), Jaseph L. +'Ivarez (IT Corp,
Englewood)

Two main changes in risk analysis are increasingly beg.-..
ning (0 \afluence the manner in which, in the percepion of sci-
entists, low-dose modeling of radiation carcinogeness s
supposed (0 be done. [n the past, efforts to model radiation
risks have been carned out under the banner of scientific
endeavors. On closer inspection, however, it has become obvi-
ous that these efforts were not guided by the scientific method
and that a change in approacil is needed.' We realize increas-

“ingly that risk analysis s not done in a vacuum and that any

action taken due to the result of the analysis not only has a ben-
efit in the form of a risk reduction but leads inevitably to0 an
increase in cost and an increase in the risks of persons effect.
ing the benefit. Thus, a risk-cost-benefit analysis should be
done and show a clear<ut net benefit before a remedial action
1§ taken.

These two changes will require a dramatic change in the
approach to low-dose risk modeting. Some important aspects
of this statement may not be directly evident, 0 a short analy-
sis of the situation may be helpful. [n a cost-benefit analysis,
the benefit of a management action, measured in numbers of
human lives saved or injuries averted, has 10 be compared 1o
the cost of the action measured in dollars. Many methods, such
as the Mult-Autribute-Utility Theory, have been developed 1o
solve the obvious problem of comparing cost in human lives
to cost in dollars.’ A less obvious problem is the implicut
assumption that both the reduction in sk and the increase in
cost are estimated with models of roughly the same degree of
sophistication and assuming that the numerical uncertainty
analysis can account for the remaining differences in reliability

In a risk-cost-benefit analysis, the costs are evaluated in a
manner that is likely to yield a best possible estimate and 15
uncertainty. Similarly, the risk of the remedial action, often a
set of different occupational risks, is based on actuarial data
and is usually also done in a manner that should yield a best
possibie estimate. The benefit by risk reduction, however, s
usually overestimated dramatically, all in the name of conser-
vatism and the benefit of mankind. This well-meaning
approach thus leads (0 an unacceptably biased risk and risk
reduction, making these risk models completely useless for risk-
cost-denefit analyses.

In the application of the scientific method to the problem
of low-dose risk modeling, the most important question s,
What can we as scientists honestly state about this risk”? and
the only acceptable procedure is one that calculates a nsk using
the most appropriate mode! available and the best possiblie val-
ues (or the model parameters to yield the best possible risk
value according to the state of the art. This is followed by an
exploration of the limits of our knowledge about sach one of
the model parameters and, if necessary, an error propagation
calculation to arrive at the total error of the risk. Aga:n, the
question is, What can we honestly say about the standard
error? Then and only then should upper limits be calculated
and used and statements about the low-dose risk made. Thus,
from the standpoint of the scientific method, using conserva-
tive models and conservative parameter values is not accept-

conservatism is not a virtue but a sin.

An example for the application of these new rationales s
the definition of a minimum significant risk.’ It is based on
the fact that some errors decrease as the risk decreases, but ot"
ers do not. Thus, as the dose decreases, the risk decreases 150
but not all components of its standard error. There will ‘hus
be a dose for which the risk is comparabie to its error. and 2
simple staustical test will show that the assumpuion that ne sk

u?
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1. Can Low-Leve! Radiation Cause Cancer’
James E. Trosko (Michigan State Univ)

CANCER IS NOT “CAUSED"
BY ONLY ONE THING

Health in a multicellular organism is maintained by hozaeo-
static processes. Disruption of these homeostatic conirois at
the moiecular, biochemical, cellular, and organ systems levels

can be brought about by irreversible changes in the genetic
vatenal (mutagenesis), cell death (cytotoxicity), or reversible
changes in the expression of genes at the transcriptional, trans-
ls ional, or postrranslational levels (epigenesis). While radia
“won 4 known to induce DNA damage/mutations, cell, death
and epigenetic changes, in additon to cancers that are found
in radiation-exposed animals, experimentally, and in humans,
epidemuologically, the question is, Al low-ievel exposure, what
iy the risk that cancers are “caused” by the radiation?

Endoger.ous Regulators
(c.g. mmm

GAP JUNCTION

@ | nrerceLLULAR commMumcATION

-

@WM

Fig. 1. This scheme characterizes the postulated link between extracellular communication and interceilular communication via
various intracellular transmembrane signaling mechanisms. [t provides an integrating view of how the neuroendoc. ne
immuse system (mind or brain/body connection) and other muitisystem coordinations could occur. Although not shown

, activauon or altered expresnion of various oncogenes

contribute to the regulation of gap junction funcuon
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Fig. 2. The irutiation-promotion-progression mode! of carcinogenesis: 3, rate of terminal differentiation and death of stem cell:
8, rate of death, but not of terminal differentiation of the initiated cell (=] =) a,, rate of cell division of stem cells:

oy, rate of cell division of initiated cells: 4y, rate of the mol

ecular event leading o iniuiation (i.e., possibly mutation); and

K1, rate at which the second event occurs within an initiated cell.

CANCER IS A MULTISTEP,
MULTIMECHANISM PROCESS

Our understanding of experimental in vitro and in vivo
studies, as well as epidemiological data, suggests that carcino-
genesis is the result of many endogenous and exogenous fac-
tors interacting during a multistep, multimechanism process.’'
No single factor “causes” cancer *

Carcinogenesis is a multistep, multimechanism process in-
volving the irreversibie conversion of a stem cell to a terminal-
differentiation-resistant cell (irutiation), followed by the cional
expansion of this cell (promotion) and by the acquisition of
other geneuc and epige:ietic j i
(progression) (Fig. 1).

The initation and progression steps seem o be facilitated
by mutagenesis, whereas promotion has been associated with
~4€nts that cause mitogenesis (e.g.. cell killing, growth regu-

b of the actual mecha-
mmmuwm.mwmpmwy
characterized as being non-contact inhibited, blocked in their
ability to terminally differentiate and having no growth control,
hcﬂn.muaproblano!hwwmmlwimmm
between cells. Cancer is more than a cell problem, it is a cell-
society problem.

A hypothesis had been advanced that cancer cells are the
result of some dysfunction in $ap junction intercellular com-
munication (GJIC). Cell-to-cell communication, mediated by
extraceliular factors (growth regulators, hormones, neurotrans-

- murters, eic.), which trigger intracellular signals (e.g., Ca"",
pH, phospho ylation changes), could modulate (up or down)
GJIC (Fig. 2).

Thus integrated hypothesis postviates that chemical promot-
€73, oncogenes coding for growth factors, receptors or trans-
membrane signaling elements, and transcription factors can

rounding normal cells by downregulating the transfer of ions
and small molecules through $ap junctions. Tumor-suppressor
genes would be predicted to upregulate GJIC or o prevent the
downregulation of GJIC by oncogenes.

lonizing radiation, as an efficient clastogen and inducer of
deletion mutations, might be affecting any of the steps (e.3.,
deleting regulator genes controlling oncogenes, rearranging
ommxounmw.ammcdlwhwpro-
mote surviving stem cells initiated by other agents, and delet-
ing tumor-suppressor genes). The stem cell pool at the time of
acute ionizing radiation, the number of initiated cells in the
bo-y, and the amount of cell killing by a given dose of ioniz-
ing radiation would all contribute to the carcinogenic risk.

It willbediﬂkuklo.imncﬂnfquxcyofmeor:hro»
mosomal mutations in the few stem ceils that §ive nse to can-
cer. If ‘oruzing radition leaves a unique fingerprint in the kind
of DNA lesions/mutations found in the rumors of exposed
organisms (molecular epidemiology), there mught be some esti-
mate (o ionizing radiation's contributory role in carainogenesis.
Even more difficult will be the estimation of ionizing radia-
tion’s role in inducing cell death (particularly in the induction
of apoptosis or in the induction of altered gene expression)
because both of these end points are induced by many natural
and other exogenous nonradiation factors. At low-level expo-
sure, detecting biomarkers for ionizing radiation's effects on
signal ’mnsducuon. an epigenetic effect, will be difficult to
assess.,

1. J. E. TROSKO, “Radiation-Induced Carcinogenesis. Par-
adigm \" Biological Effects of Low Level } +-
posures. Dose-Response Relationshups, p. 205, E J. CALA-
BRESE, Ed., CRC Press, Boca Raton, Florda ([ 994)

2. 1. E. TROSKO, “Does Radiation Cause Cancer’" RERF

Bolate an initiated cell from the suppressing influenc: of sur- Update, 4, 3 (1982).
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3. J. E. TROSKO, “Epigenetic Biomarkers: Potentials and
Limutations,* Biomarkers and Occupational Heaith, p. 264,
M. MENDELSON, J. P. JEETERS, M. J. NORMANDY,
Eds., Joseph Henry Press, Washungton, D.C. (1995).

2. Signel Transduction Through p53-Depen-
dent Pathway After Low-Dose lonizing Radis-
ton, Takeo Ohnishi, Hideki Matsurmoto, Xinjiang
Wang (Nara Medical Univ-Japan)

In the study of cell-cycle events, recent attention has focused
on the signal transduction pathway 10 which a tumor-suppressor
protein, wild-type (wt) pSJ3 protein, acts as the key protein. A
major advance in recent years has been the partial elucidation
of the G,-arrest mechanismn. However, the transcriptional reg-
ulation mechanisms of components of the cell-cycle machin-
ery remain unknowr. We have investigated the induction of
pi3, WAF|, and cakl after gamma-ray irradiation using two
human glioblastoma cell lines, U-87TMG bearing the wt p5J
gene and the other, T98C, a mutant gene. After the cells have
been irradiated with gamma rays at 3 Gy, the level of p5J3 and
WAF! mRNAs in U8T™MG increased gradually for up to 10 h,
whereas these mRNAs were overexpressed in T98C, and these
levels remained relatively stabie after irradiation. [n an attempe
to examune the induction of cdkZ after gamma-ray irradiation,
we analyzed the level of cdk2 mRNA using the reverse tran-
criptase-polymerase chain reaction (RT-PCR) technique. We
calculated the amounts of cdk? mR.~NA relative to that of
b-actin mRNA in both cell lines, then plotted them against
those in nonurradiated cells. After irradiation, the level of cdk2
mRNA in U-87MGC gradually increased more than twofold by
10 b » "er gamma-ray irradiation, whereas the level of the
mRN~ in T98C remained relatively stable after irradiation.
This result demonstrates that wipsJ induces the expression of
not only WAF! but also cdk?.

On the other hand, we report the induction of wt p53 pro-
tein accumulation within 12 b in vanous organs of rats exposed
to X-ray irradiation at low dose (10, 25, or 50 ¢cGy). The lev-
els of p5J in some organs of irradiated rats were increased
about two- to threefold in comparison with the basal p5J levels
in nonirradiated rats. Differences in the accumulation of ps53
after low-dose X-.ray irradiation were observed among tae
small intestine, bone marrow, brain, liver, adrenal gland, spieen,
hypophysis, and skin. [n contrast, there was no obvious accu-
mulation of pS3 protein in the testis and ovary, Thus, the
induction of cellular pSJ3 by low-dose X-ray irradiation in rats
seerns 10 be organ-gpecific. We consider that cell type and inter-
actions with other signal transduction pathways of the hormone
system, immune sysiem, and nervous system may contribute
to the vanable inductuon of g3 by low-dose X-ray irradiation.

Thus, the p5J-dependent signal transduction pathway may be
important for ensuring cell-cycie progression, DNA replicanon,
chromosome segregation, and DNA repaur.

3. Programmed Cell Death for Defense Against
Anomaly and Tumor Formation, Sohei Kondo
(Kinki Univ-Japan), Toshiyuki Norimura (Univ of
OEH-Japan), Taisei Nomura (Osaka Univ-Japan)

INTRODUCTION

Cell death after exposure 10 low-level radiation is often
considered evidence that radiation is poisonous, however small
the dose. Evidence has been accumulaning to support the notion
that cell death after low-level exposure (o radiation results from
activation of suicidal genes ~ ‘programmed cell death’ or ‘apop-
tosis’ = for the health of the whole body. This paper gives
experimenital evidence that embryos of fruit flies and mouse
fetuses have potent defense mechanusms agains: (eratogenic or
tumorigenic injury caused by radiation and carcinogens, which
function through programmed ceil death.

DATA AND DISCUSSION

Cell Repincement Repair of Teratogenic
Injury in Fruit Flies

When male gerutal disks of Drosophila meianogaster \ar-
vae at the third instar were exposed 10 50 Gy, all of them devel-
oped into abnormal adult genitalia, whereas when they were
transp'anted into 2-day ; ounger larvae, all of them developed
into normal genitalia.' These results fit the model of cell
replacement repair, in which cells with teratogenic injury are
replaced by heaithy ones within the celiular society of a target
organ and in which this presumed cell replacement results in
complete elimination of injured ceils by programmed cell
death, since otherwise the residual injured cells would give rise
to abnormal portions in the adult organ.

Cell Replacement Repsir of Teratogenic Injury in Mice

Experimental studies with mice have established the empir-
ical rule that irradiation duniag 1= * pre-implantation period of
the embryo (0.5 to 5 days after fertilization) causes a high inc:-
dence of prenatal death but virtually no anomalies in the sur-
vivors. After the implantaton stage, however, fetuses become
progressively resistant to prenatal death. The sensitivity (0 neo-
natal death or to gross anomaiies at term reaches a peak around
days 9 and 10. Even at the stage most sensitive to the terato-
genic effects of radiation, there is a threshold of ~1 Gy We
irradiated fetuses at 9.5 days with 2 Gy of X rays. Fetuses
homozygous for null mutation of gene pS3, (p353~'7), showed

TABLE | (Paper J)

Effects of Caffeine on Mutations, Mzlformations, and Tumors Induced in
Mice by Exposure to Urethane or 4NQO (Ref. 3)

Agent Biclogical effects | lncidence without caffeine | Incidence with caffeine
Urethane | Mutatons 12.8% 16. 4%
Urethane Malformations $2.9% 7%
Urethane | Lung tumors 52.5% » 21.9%°
4NQO | Lung tumors 4.3 nodules/lung 1.8 nodules/lung”
*p < 0.9
*» <0.01
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anomaly incidence three times higher than (hat induced in METHODS
wild type (pS3*'*) !ml-;lllll PI3** cells were sensitive (o

‘ laced by health Mwmmmmmmmmm
-y - I?Mh?mawmm.DNAmdm.w

rogrammed Desth Suppresses Of acuvity of a DNA repAir-associated enzyme (poly [ADP.-
;WC:. Not Mutagenesis ribose] transferase), levels of heat shock protein and mRNA,

and T.cell mitogen-induced proliferative response.

pretreated
with urethane or 4-niroquinoline | -oxide (4NQO) ~ an inducer RESULTS
ofbulkyldduaﬂopuriubamoIDNA reparable by exci.
5100 repair - were then treated with caffeine for ~1 day at 6-n The following results were obtained:

1. An exposmdouof0.0‘Gy)O.lOGy >0.0' Gy, and

. a total of 10 exposures > 15 exposum>5upos..ufor2

‘bg“ coat colormomaN) was aot reducgd. These results suggest weeks, 3 weeks, and | week, respectively, as judged by the

urethane and 4NQO ‘E“ primarily as ‘“I:‘“ promotery proliferative response. These results suggest that the prolifer.

racher than oncomutagens. Evidence is availab, 10 support the auon-enhancing effect of LDR is dose-dependent, the effec.
fnounn that caffeine enhances the apoptotic acuvity of cells

tive dosage of LDR is extremely low, and the effective dose
by 4NQO in the G2 phase.* range is very limiced.
CONCLUSION 2. T cells, and not B cells, are the primary cei's in the splesn

. that are responsive 1o LDR, as jud Dy splenocyte reconst;.

The fact that the animal body contains cells that are highly fution studies, and thymectomy a:::umpzhe proliferation.
sensitive 10 death by radiation indicates that animals have enhancing effect of LDR. This Suggests that the thymus which
hughly sensitive defenses against risk of low-level radiation senerates new T cells and modulates the maturarion of':mnu-
minl hut;‘:nl:w level radiation is hazardous (o animals, ture T cells extrathymically, s a primary target organ of | DR.
3. The constitutive levels of DNA strand breaks and poly

1. 5. KONDO, Heairn Effects of Low-level Radiation, Kinki (ADP-ribose) transferase activity in splenocytes of mice ex.
University Press, Osaka. Japan, and Medical Physics Pub. posed to LDR are lower than those of sham-irradiated control

lishing, Madison, Wisconsin (1993). m.ce. This suggests that LDR promotes the repair of DNA
2. T.NORIMURA § NOMOTO, M. KATSUKL. Y GONDO strand breaks and/or eliminates cells with DNA damage.

X NAKANO, . KONDO, “Mice Deficient for 55 are S.q” ¢. Splenocytes, whose proliferative activity had been en.

ceptible to Radiarion-induced Teratogenesis,” Proc. /0th Int. hanced by LDR, Possess elevaied constitutive levels of heat

Cong. Radia:. Res., Abstracts (in press). shock protein and MRNA; these splenocytes proliferate more

3. T. NOMURA, “Diminution of Tumorigenesis Initiated by memivf/eiy o espanse to mitogenic stimulation than spleno-
4-Nitroquinoline 1-Oxide by Post-Treatment with Caffeine /' Of sham-irradiated control mice.
8 Mice,” Nature, 260, 547 (1976); see also “Comparative These results Suggest that LDR is modulating the expression
Lnhibiung Effects of Methylxanthines on Urethane-Induced of heat shock protein Benes. which, in turn, suggests that the
Tumors, Malformations, and Presumed Somatic Mutations signal transduction process of T cells could be adapuvely upreg-
in Mice,” Cancer Res., 43, 1342 (1983). ulated by LDR.

e D

4. 5. KONDO, *Apoptasis by Antitumor Agents and Other Fac. i Phr."oggcv:f&g:gmgff_:m ——
tors in Relation to Cell Cycle Checkpoints,” /. Radiar. Res lpr/lpr mice and mammary tumor-mcepml tliuble: IFC‘JJ H/He mice.
3. 56 (1993). thmefommodd.memmummuwkdmmu
abnormal double-negative (CD4"CD87) T cells, which are

4. Low-Level Radistion Effects on Immune spleens and delays the onset of autoimmune disease maryfes.
Coells, Takashi Makinodan (v4 Med Ctr, Los tations. With the tatter model, LDR was ineffective in down.

Angeles) regulating the growth of Spontaneous mammary tumors in ag
i : libitum-fed mice. [n contrast, calonc restriction (calorcally
INTRODUCTION 70% of the food consumed by muce of ad libitum-fed diet) was

effective in retarding tumor appearance; however, once :he

The purpose of this study was to characterize the effects tumors appeared, they grew as rapidly as those in ad /ibirum.

of chronic low-dose lonizing radiation (LDR) on murine im- fed mice. A striking effect was observed when chronic LDR
mune cells. Previously, it had been reported that LDR enhances was combined with caloric FEstricion (i.e., mice were adapied
the proliferative acuvity of T cells in vitro and delays the 10 a diet calorically equivalent to 70% of the ad /ibitum.
§rowth of transpiantable Immunogenic tumors in vivo. This fed diet in a stepwise manner (100% — 90% — 309, .. “o~,,
Sugpests that LDR eliminates immune suppressor cells, which Over a J-week period, then exposed to chronic LDR (0 0
1ownregulates immune response and/or adapuvely upregulates Cy/exposure on 3 alternating days per week for 4 weeks) and
Ae responsiveness of immune effector cells. It had also been . maintained on a caiorically restricted diet throughout the study
reperied that human lymphocytes become refractive to high (44 weeks)). The appearance of tumors was not only retarded,
radiation-induced chromosomal aberrations by pretreat- the growth rate approached 0, the incidence of tumors was

\ng mitoucally active lymphocytes in vitro with very low doses drastically reduced, and the frequency of tumors undergoing
of ionizing radiation. and ths adaptive effect can be abrogated regresson was very high. Moreover, large clusters of CD8~ T
by cycloheximide. This suggests that protein synthesis s cells were found infiltrating the regressing tumors 5y: Aot in
required for lymphocytes 1o respond adaptively to LDR. tumors of calorically restricted or ad libutum-fed mce
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CONCLUSION i

These results show that chronic LDR is effective in enhanc-
ing the inmune responsiveness of T calls, and the enhanced
UnmuUne respoasiveness i associated with elevated constitutive
levels of hemt shock protsins and mRNA and reduced consti-
tutive levels of DNA strand bresks. The biologic significance
of chironic LDR is reflected by the retardation of disease in
sutoimmune-susceptble mice and by the downregulation of
SPOBLAnSOUSs mammary tumors, when combined with caloric
restriction. Further studies are in ovder (o provide insight into
the mechanism of adaptive upregulativa of chronic LDR on
immune-responsive T cells.

COMEN, 1993
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5. Radiation Hormesis: Radloactive Waste for
Health, T D. Luckey (Oralu Corp)

Hormesis is the stimulation of any system by low doses of
any agent. The hormesis model is particularty applicable to
radioactive waste management. Radiation hormesis encom- :
passes the beneficial effects of low irradiazion in both ani- .5 | 2 S »Cin
mals ard humans.' The radiation hormesis mode! comprises _
statistically significant (x * test) results that compavre total death Fig. 1. The inverse correlation between lung cancer mortality
rates and cancer death rates in exposed and unexposed nuclear and radon concentration in the United States. The ver-

tical lines give one standard deviation for the numbe--

of counties indicated for each value. (Used with per-

mussion of Journal of Occupational Medicine and
TABLE | Toxicoiogy.)

Background Levels of lonizing Radiation

LUNG CANCER MORTALITY /10% v

-~
=
-

workers.” The usual “healthy worker effect” is negated because
nGy/y both groups were in the same plants. These data invalidate al!
linear (no-threshoid) modeis. This dramatic change in concepts
about the effects of low-dose irradiation transforms problems
about radioactive waste nto solutions for improved health.

BLACE
UNITED STATES

2.5

N 1.8 Total deaths were 24% lower in 28 542 nuclear shipyard
&::33:"53;“;3- 3.6 workers exposed (0 >5 mSv (lifetime dooe; than in 33 352 unex-
EROPOSED PERSON ALLOWANCE 5.0 posed and munimally exposed workers.” Obviously, recom-
JET AIR PLYERS® 5 mendations t0 lower background radiation (o levels whicl; are
KERALA, INDIA 4-23 as low as reasonably attainable (ALARA) are counterproduc-
QU*'m BRAZIL 10-18 tive 1o health. The data suggest that if background exposures
MEAIPE 'IHZIL a3 were safely increased to that of frequent fliers (Table [), the
gm;" BRAZIL 23 Unuted States would have ~ 10000 fewer premarure deaths each

' week (260 mullion people x 0.85% death rate yr~' x 0.24 =
ARAXI, BRAZIL 35 $30000 fewer deaths per year).
:mmx IRAN ggg The importance of radiation hormesis was amply con-

firmed by comparing cancer death rates in exposed (a lifeume
GUARAPARI BEACH 363 dose >7 cSv) and unexposed nuciear workers (Table [1). These
MAXINUM SAFE LEVEL® 10,000 results based un observations of almost 8 million person-yr
show that low-dose urradiation will decrease cancer mortality

*This includes both natural and industrial rates. The decreased cancer mortality rate following low-dose

"Earth exposure plus 1000 b/yr at 11-km altitude. 1 irradiation has been attributed to increased immune compe-
“See Ref. 1. tence.!
TABLE I
Low-Dose Exposures Decrease Cancer Deaths in Nuclear Workers
NUMBER OF WORKERS CANCER DEATHS/1000
PLANT UNEXPOSED EXPOSED UNEXPOSED EXPOSED P

SHIPBUILDERSY 111,7%7 40,777 27.6 23.7 <0.01

U. 8. WEAPONS® 20,619 15,318 34.8 20.8 <0.01

CANADA ENERGY® 21,000 4,000 22 2 <0.01

BRITISH WEAPONS 58,945 36,272 9.9 | 2.6 <0.01

52
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Several populations have lived for many generauions in
areas with unusually high natural background radiation’
(Table 1). These populations have no unusual health problems.
This concept is validated by the inverse correlauion between
udmmmmh.mmomﬁxymafor 1600 of the
most populous counties of the United States® (Fig. 1). The
inverse correla ion shows radon is nor g major cause of lung
cancer deaths.

Use of the hormesis mode! would greatly reduce the cost
of radioactive waste cieanup.'® The amount removed would be
reduced. Also, radioactive waste could be used to safely dou-
ble our nonmedical level of background radiation (Tabie 1),
Thuwouwmbahmmomﬁtymdmmrom
death races. Savings from radioactive wasie management,
Myidbm.mmd-m.lndnwonﬂhdmm
moutdbluudfor(l)m-nhoabw-dmitndhummub)
traiung health physicists, nurses, and physicians in the tech-
niques of radiation supplementation.

Our national wealth would be increased by aliowing indus-
trial workers 26 mCy/yr. This exposure is equivalent to that
of healthy populations in other parts of the world (Table | ) and
considerably less than the suggested optimum.

I. T. D. LUCKEY, Radiation Hormesis, CRC Press, Boca
Raton, Florida (1991); see also Hormesis with lonizing
Radiation, CRC Press, Boca Raton, Florida (1980).

2. T. D. LUCKEY, “Radiation Hormesis in Cancer Mortal-
ity,” Int. J. Occup. Med. Toxicol., 3, 17$ (1994).

3. C. M. MATANOSK!, “Heaith Effects of Low-Level Radi-
ation in Shipyard Workers,” U.S. Department of Energy
(1991).

4. G. M. MATANOSKI, “Cancer Risks in Radiologists and
Radiation Workers,” Radiation Carcinogenesis: Epidem:-
ology and Biological Significance, Progress in Cancer
Research and Therapy, Vol. 26, p. 83, ). D. BOICE, . F.
FRAUMENI, Eds., Raven Press, New York (1984).

S E. S CILBERT, S A FRY. L. D WIGGCS, G. L
VOELZ. D L. CRAIGLE, G.R. PETERSEN, “Analysis
of Combined Mortality Data of Workers at the Hanford
Site, Oak Ridge National Laboratory and Rocky Flats
Nuclear Weapons Plant,” Radiar. Res., 120, 19 (1989).

6. J.D. ABBATT, T. R. HAMILTON, J. D. WEEKS, “Epi-
demmuological Studies in Three Corporations Covering the
Nuclear Fuel Cycle, Biological Effects of Low Level Radi-
ation, LAEA-STI1/PUB. 646, p. 351, International Atomic
Energy Agency (1983).

7.G. M. KENDALL, C. R. MUIRHEAD. B. H. MACGIB.
BON, et al., “Morality and Q¢ pational Exposure 10
Radiation: Firm Analysis by the National Registry for
Radiation Workers,” Br11. Meg. J.. 194, 220 (1992).

8. 5.-Z. LIU, “Muitileve! Mechanisms of Stimulatory Effect of
Low Dose Radiation cn Immunity,” Low Dose Irradiation
and Biological Defense Mechanisms, p. 225, T. SUGA.
HARA, L. A. SAGAN, T. AOYAMA, Eds., Excerpta
Medica, Amsterdam (1992).

9. B. L. COHEN, “Compilation and Integration of Siudies
of Radon Levels in U S. Homes by State and Counties,”
Cri. Rev. Environment/Control, 23, 243 (1992)

0. T. D. LUCKEY, “Radicactive Waste Managemen: for
Health,” Rad. Protect Manage., 12, 53 (1995).

6. State of Research on Radiation Hormesis by
CRIEP, Sadao Hartori (CRIEPI-Japan)

In 1982, Luckey of the University of Missouri published
a paper in the journal Heaith Physics describing radiation ! or-

Male Female
1.0 Total Cancer Stomauch [utal Cancer Stomich
=
=
wv
. D Mifune. Sobue. Ay Kote,
Koo & Tanooka Jim ] Cance
Misasa Control Kes. 82,1, 1992
Arca
Fig. |. Comparison of standardized mortality ranio, Misasa/
control area.*
5 =
T 91\ ceks Olg
B LB "
- 5
£33
° -
1t s |
: g ZL 63 Weeks O 4
B
33
g |
il PR
- 30 65 Weeks Oid
>F §
>3 2V
ol a 1 Weeks Oid
<® '
e& 104 1
e - Mu-SOD
0 . ¢
- 3.0 v
S 28
= =1
o '3
= 2.0
e 91 Weeks Oig
2
Z 1.5¢
[
= 10

- J
0 50 100 1000

Dose of X-ruy [cCy]

Fig. 2. Dose and aging-dependent changes in lipid peroxide
level, SOD activity, and membrane fluidity of rat’s
brain cortex by X-ray irradiation.’ Membrane Nuwdity
as detertruned by spin-label method using ESR spectrom-
eter. ' @' shows the data from sham-irradiated - weeks-
old control. The number of rats per experimental poin:
15 10 to0 15. *P < 0.05 and **P > 0.0! versus sham-
irradiated 65- or 91-weeks-old control (1 test)



Low-Level Radistion Health Effects: Adaptive Cell Repair and Beneficial Effects 41
3 small intastine bone marrow adrenal gland brain
10¢Gy 2cGy

i

e 12 24 38

Time after Irradistion (h)

of 283

24

12

L ] 1 1 4 T L] Y
!' 80¢Gy
|

hypophysis

v T T i L 3
|
|

25¢Gy

N IR TSI VSm—

12
Time after Irradiation (h)

24

12

Fig. 3. The p53 protein accumulation in organs of rats after low-dose X rays.

mesis with many references. His assertion was that there is a
beneficial effect of low-dose radiation on the human body,
contributing to a healthy body, longer life, and vitalization.'

The radiation hormesis research by the Central Research
Institute of Electric Power Industry was initiated on the ratio-
nale that if Luckey's claim were to be true, radiation manage-
ment in Japan is extremely erroneous and that we have to find
the truth,

After many test results were obtained, some from human
data, as shown in Fig. | (Ref. 3), and others from various ani-
mal Sxpenments, that support the radiation hormesis hypoth-
esis,* we initiated 2 collaborative research and testing program
with more than ten universities on more than ten experimen-
tal subjects.

The subjects in which we are currently interested are as
follows:

1. effects of free radicals produced by low-dose radiation
2. molecular biclogical response to low-dose radiation
3. radiation effects on neurotransmitting systems

4

. stimulative effects of low-dose radiation on immune
systems

3. expansion of the vivid life span, as shown in Fig.
(Ref. 5).

Results and findings obtained through the research program
include cell rejuvenation, radiation adaptation, stmulation of
the tumor suppressor genes, and the recovery of diabetics.

Professor Sakamoto of Tohoku University Hospital is
achieving great success in therapy for non-Hodgkins lym-
phoma. He applies 10 cGy of X rays three times per week, for
5 weeks for a whole-body irradiation of 150 cCy. He succeeded
in therapy for intermediate-stage patients with non-Hodgkins
lymphoma. He has obtained a drastic increase in the survival
rate, from 36% at § yr after treatment (from only local high
dose therapy without whoie-body dose irradiation), to 90%
after 5 yr (from local high-dose irradiation combined with
whole-body low-dose irradiation).

: also succeeded, with whole-body low-dose irradiation,
in achieving the recovery of a patient with terminal liver cancer.

Profe.sor Ohnishi of Nara Medical University has tried 10
find a clear reason for this. He found that the tumor-
suppressor gene pS3 response was sumulated by a 10- to 25<Qy
dose to rats as shown in Fig. 3 (Ref. 6).

Many kinds of stimulative responses are being found al
molecular %evels in organisms by low-dose radiation, as are
other various biophysical responses.”* This suggests to us that
this is ar unknown and extremely comprehensive and mean-
ingful field of research and possible human health benefit

I. T. D. LUCKEY, “Physiological Benefits from Low Levels
of lonizing Radiation,” Health Phys., 43, 6 (1982)

15_
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7. 5. KONDO, Heaith Effects of Low Level Radigrion, Kink
University Press, Medical Physics Publishing, Wiscoasiz
(1993).
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Actual scientific data on health
of ioniz

effects from low-to-moderate doses
ing radiation contradict the presumed “linear no-threshold "

dose-response “model.” Use of the linear model as a basis for
regulations and standards has resulted in high public costs with
negligible or zero he alth benefit 1o society, and in the potential loss

of nuclear science and technology contributions to humaniry.

The health effects of low-level radiation:

Science, data, and corrective action

by Jim Muckerheide

Al the American Nuclear Society's 1994
Winter Meeting in Washington. U C , two
special sessions were held on “Low-Level
Radiation Health Effects.” covening actual
dose-response data and applicable research
programs. Two additional sessions, on these
topics plus “Policies and Cost/Benefits,”
were held at the 1995 ANS Meeting in Phil-
adelphia. Pa Representatives of the Health
Physics Society (HPS) and the National
Council on Radiation Protection and Mea-
surements (NCRP) were among the presen-
ters at these sessions At the October 29-
November 2. [995. ANS Winter Meeting in
San Francisco. Calif.. four additional ses-
sions. on this topic plus “Biology Research
and Beneficial Effects.” and a panel on
‘Needs for Research. Organization and Cor-
rective Acuons.” are 10 be held

Also planned is the ANS “Radiology Cen-
tenmial Award and Lecture,” with Myron Pol-
Iycove. professor emeritus in nuclear medi-
cine at the University of California at San
Francisco, honored as the ANS Wilhelm
Roentgen Radiology Centennial Orator.

Papers and panel discussions at these ANS
meetings have addressed and will address ac-
tual low-to-moderate dose-response data with
respect 10 the scientific bases for the “linear,
no-threshold model.” These substantial but
littie-known data generally contradict the lin-
ear model or its application. and are not ap-
propriately considered by the government
agencies and their funded studies, which are
driven by the radiation protection mission
The fact that policies and cost/benefits of ap-
plying the linear mode! cause unwarranted
Jim Muckerheide 15 the Massachusetts State Ny-
lear Engineer. o member of the Governor s Advi-
wory Council on Radiation Protection. and chair of
the Amencan Nuclear Society s Biology and Med-
cine Division Low -Level Raduation Health Effects
Commitiee He can be reached at 508/820-2039
work phone 61 7/444-8119 (home phone ). and e-
mal ymuskerheide @ delph com
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pubiic fears and large public costs, with neg-
ligible public health benefit (and even poten-
tally significant pudlic detriment), will also
be addressed

Comprehensive, applicable data

There are voluminous relevant dose-re-
sponse data, organized into significantly ex-
posed populations. Significant radiation ef -
fects data on nonhuman populations, and on
cellular and molecular biology and geneuc ef-
fects research data. have been and will be pre-
sented in the ANS sessions.

The significantly exposed populations are:
® Japanese survivors of the atomic bombings
of Hiroshima and Nagasaki.
¢ Occupationally exposed populations (in-
cluding radiologists and other medical prac-
utoners ).
® Medically exposed pauent populations.
® Radium body-burden populations.
® Weapons and facilities releases popula-
tons (with military weapons tests observers ).
® High natural background radiation-ex-

posed populations
In brief summary. data on health effects

from low-to-moderate radiation doses show
no adverse health effects at doses below
about 20 cGy (| cGy equals | rad). (The ex-
cepuon is for mode-ate doses. above about
5 ¢Gy. of high dose rate X rays to the fetus at
cell differenuation dunng the second
timester of development.) In addition, data
show that adverse health effects are small for
doses in the range of 200-400 cGy at low
dose rates and for fractionated high dose rate
exposures.

Statisucally significant data show below-
normal adverse heaith effects (ie. health
benefits) & low-to-moderste doses compared
with unexposed populations. These data,
however, are effectively obscured when lin-
ear relatonships are arbitranly imposed on
these nonlinear data. thus misrepresenting
low-to-moderate dose effects. When rela-
tionships are not artificially forced to con-
form to the linear model. scienuiic fitung of
the data shows that polynomial relauonships
generally are the “best-fit” 1o the actual low-
to-moderate dose data.

Thus article briefly summanzes a substan-
tial compilation of the scientific data pnmar-
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cancers. however. were found in radiologists
who staned practice after 1921, when en.
hanced radiation protection practices were
adoptes. This resuit contradicts the linear
model. which would show adverse dose ef-
fects in this populstion if it were valid.

® No excess cancers were found in U.S Arm,
radiologic techmicians, with estimated 50-
<Gy doses. Yalow noted that these approxi-
mately 6500 radiological technicians re-
ceived an esumated 50-cGy dose in training

(After classroom work in the moming. they
practiced making X rays in the varous posi-
tions on each other in the atiernoon ) This
was followed by an average two years of ser-
vice A 29-year follow-up compared them
with other Army medical. luboratory. and
pharmacy technicians. The linear model pre-
dicts an increase in cancers at these doses.
which should be readily detected in this pop-
ulaton

® Maortality and cancer rates are lower in
higher exposed nuclear shipvard workers

John (ameron, professor ementus of the Uni-
versity of Wisconsin and a2 member of the
Technical Advisory Panel for the $10-million
19781987 Nuclear Shipyard Worker Study
(INSWS) that followed about 70 000 of the
approximately 700 000 U S nuclear shipyard
workers, reports that the 28 542 nuclear
workers with doses greater than § mSv have
24 percent lower total mortality (statistically
significant) than the 33 352 non-nuclear
workers. and those with doses less than
S m3v have 19 percent lower monality (also
statustically significant)

This large group has exceptional dosime-
ry compared with most high-dose early
workers. Their exposure was pnmanly from
exiernal gamma doses. with low confounding
etfects (except asbestos. which appears in in-
creased mesothelioma rates) with higher dos-
es than later similarly well-monitored groups
The Department of Energy. however. has not
published the report. the data are not in the
literature. and the contractor report was min-
imalized v 20 v was eventyally released in
1991, Car . on noted tr. nad the study
tound 24 percent higher morality or in-
creased cancer in the nuclear worker popula-
tion. the treatment it received from the bu-
reaucracy and the media would have been
significantly different.
® No excess camcers nor noncancer health
effects were found in the high-dose DOE
worker population group. Shirley Fry, of the
Oak Ridge Institute for Science and Educa-
tion, presents these results from a study of
1145 white male early nuclear workers who
were exposed (0 more than $ ¢Gy in any one
year. though with data only through 1984
sinve the tollow-up programs were defunded
The only significant heaith effects are fewer
total deaths 1ascribed to a presumed “healthy
worker ¢lect —ua population bias that exists
Jue 1o the “screening-out of the less healthy,
ar unemplovable. population). and fewer
deaths trom circulatory and digestive diseases
than the general population  All-cancer
Jeaths are ~hightly higher. but are not statis-
teally signiticant Since this group recenved
higher doses than the generyl radiation work-
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er populations. all above 5 ¢Gy and 0 pey-
cent above |0 ¢Gy. the linear model predicts
s'gnificant increases that would be evident.

Early nuclear workers have generully low-
er cancer rates than the general population. A
“healthy worker effect” is used 0 discount
these significant data. Although it could read-
ily be determined. the effect has not been
guantufied Applying the heaithy worker ef-
fect to cancers. however. has been ques-
tioned. since screening-out of the infirm in
employment. especially in the ume frame of
interest. does not have an evident relatnonship
1o the likelihood of later development of can-
cer. It aiso conflicts weth contrary health re-
search arguments that consider the industn-
al/chemical workplace to be a major cause of
cancer incidence

The early nuclear worker exposure data,
however. are generally poor Compared with
the NSWS data. the dosimetry is question-
able. with many confounding effects. espe-
clally from internal exposures. with relative-
ly poor work and dose histones. and
inconsistent weariag of badges Study results
are often poor. with effects that are not dose-
response related. that are often negative
(showing greater etfects at lower doses), or
in which dose etfects are rc: considered.

Myron Polilycove notes that a recent report
by the International Association for Research
on Cancer (|ARC) similarly misrepresents
dose-response data to report a linear model
result. The [ARC report chooses o ignore
data that show lower nsk. i e.. a nsk decre-
ment. First. in this combined occupational ex-
posure group. it chooses (0 ignore the most
accurate data. the NSWS. compared with the
early weapons facility workers with their
questionable dosimetry and contounding fac-
tors. Then, in a population of 15 825 total
deaths. IARC reports on | 19 leukemia deaths,
excluding nonradiogenic leukemia. The data
show that there are o0 deaths observed with
62 0 expected tor doses of less than | ¢Sy
and 59 deaths ubserved. with 57 0 expected
tor doses greuter than | 0 Sy (see Tuble 1D
Clearly. there 1» no excess leukemia tound 1n
these duta

Pollycove notes that the ARC report siates
exphcitly inthe  Statistical Me pods ™ section
that they spplicd (they pres amed) the lincar

59

model across |1 dose categones. and that " As

there wds N0 FEAsOn L0 suspect thag 1posure
to radiation would be associated with 4 ge.
Jrcase 10 rink one-sided tests are pre-
sented throughout.” This states that they ex.
phaitly ignore all negative data. For the table

the |1 Juse categones were collapsed to 7

resulting 1n greater-than-expected leukemias
i three ol the seven dose groups (the * in
Tubie 1 Sance only positive data are allowed
1o by considered. only the data from the three
preater-than-capecied dose groups are used.
cven though these Jose groups are not even
sontiguous Since the selected data are not
signiticant. the IARC pertorms a Monte Caz-
10 Calculanion on SOO0 trials (etfectively mul-
tiplying the Jduta by roughly a tuctor of 100}
1o find” that the results show a “vignificant”
lineur dose-response “trend

This “result’” was then the subject of 4
worldwide media campuign. reasonably re-
poried even in Nuclear New that the linear
modei is contirmed. This report wus widely
distributed long before the Jdutu and analvi
were published and available (or reyiew

IARC aiso reports that the 44 muluple
myeloma deaths are similarly found “wignit-
icant.” noting that this is “aitnbutable pri-
manly 10 the associations reported preyious-
ly . in the Hanford and Sellafield cohorts
This note indicates that they are aware, w ' th-
out 50 stating, that this “association”’ is not
found in other cohorts and is generally con-
sidered to be erroneous in these studies. con-
sistent with the weakness in the dosimetry
and the confounding effects (The study re-
ports that cancer relative risk s 099 and
leukemia s 1.22 at 1D cSv )

Clearly. «f all data were considered by
IARC without arbitranly excluding the con-
trary data. and presuming the linear model.
the mortality data in these combined popu'a-
tions do not support the linear model. As Don
Luckey. ementus professor of biochemistry
at the Universuity of Missoun. has found. ob-
jectively examining all the data in each of the
cohorts indicates positive/beneficial effects
for the exposed populations, a result that
would be reasonably expected to result in 4
positive (beneficial) effect in the combined
populations. The [ARC. consistent with
BEIR. the NCRP, and other government data
presentations, capnciously misrepresents the
data to conform to the linear mode!

Medical patient exposures

Vanous medical procedures expose pa-
tients to low-to-moderate whole -body doses.
often associated with high doses to specific
organs. that exceed public or radiation work:
er doses These exposures include moderate-
ly high doses to relatively young and other
wise healthy patients Early procedures until
the 1970s) exposed many patients 1o rela-
tively high doses compared with Jurreni prac

tices U S research to tollow medical patient
radiation exposure data has not heen sup
ported. and some duta that il how Jd
verse eftects have not been publishel v ¢ 4
tollow-up ot childhod odine- |+ prige
furest Some sigmiticant medicy “-up

Juta. however. Jo exist

NUCLEAR NEWS / SEPTEMBER 1395




tual MIT data 15 less than /200 million
(where a goodness-of-fit of 1/2 is considered
poor ). and the “full-range” model is less than
1/220 000, with “BEIR n between.” (BE[R
V is now more equivalent to the Gofman-
Tamplin model.) The Center for Human
Radiobiology (CHR) &t Argonne National
Laboratory, establishad in 1970 10 be an “im-
mortal organization” for the life of the radi-
um-burden population, consolidated all U S
LAses

Evans invited summary at the (981 In-
ternational Conference on Radiobiology of
Radium and the Actinides in Man ( published
in the Health Physics Journal in 1983}, with
then more than 4000 U S cases and from oth-
er international studies. stated that the scien-
tufic evidence *  has continued to show no
radiogenic tumors. or other effects, in hun-
dreds of persons whose effective initia! body
burden was less than about 50 ,.Ci of Ra-226.
and whose cumulative skeletal average dose
15 less than about 1000 rad.”

Maletskos reports on his recent analyses.
with Evans and others. and in another inde-
pendent analysis by Ouo Raabe. that a
1000-1100-¢Gy threshold 1s again confirmed
now. another decade later Also. Robert
Thomas. a former Hirector of the CHR. pre-
sents background cn program termination
and the lack of resolui'n for disposition and
availability of the radium burden populaton
records After the 1981 international confer-
ence and Evans summary. the CHR was in-
crementally constrained and defunded by the
DOE. beginning in 1983, when annual reports
were stopped. to |986. when new cases and
case follow-up were stopped. Finally. in
1992, the program was terminated. even
though more than 1000 cases are sull alive
® A (pog-normal distribution of all tumors
versus dose (n the dial painte - projecis a
minimum threshold of abowi 400 Gy
Thomas reports on the 65 tumors in | 545 cas-
es in the homogeneous group of young
women luminizers/dial-painters. These 65 tu-
mors are shown (o be log-normally distrib-
uted only in the | 54 cases with doses greater
than 1000 ¢Gy This highly conservative
¢valuaton does not weigh the evidence of the
1391 cases below a |000-cGy dose that have

nlinued [mm previous pege

with the (0% of hus jaw amd other disfigunag effects and
imphications The U S. Feod and Drug Admunisiration
sved this Case 10 achseve e aathonty 1t had been seeking
ver radiauon and radioacuvity However, FDA then did
1ol s1udy The consequences (0 the many thousands of
people who had heen using radiation and radioactivity
SO0 UK 1o SO0 (00 < als of Radithor alone were esiimal
¢d 10 Nave peen sold i nor did 1t assess the benelits. or the
ng erm nsks Robiles Evans of the Massachusetts (nsti-
ste ot Technology Lollected data on more than 500 rads-
4 Burden (axes mostly Jial painters. from the | 950 10
% with more than 4000 cases <ventually dennfied at
he Center for Human Radiobiology at Argonne Nanonal
Laburaiory  The radium cases. now with more than 50
cars ot 1ollow up howed 4 (hrewhoid of approuimaiely
NAY Gy 0N S averige Jose 1o ihe saeieton
nothe June 199% ANS sevuions the suthor noted that
hewe results were (gnored i setting ingestion siandards
¢ Buers ahose Jeath ied 10 L reation of publi Tear and
rejection of radigtiun uve ngested ¢ milhon- 10-milhion
Wi he radium Purden L Jase cancer ingeshion (Rreshold i
oyt 250 e Al byt LS dninking water vandards are
about 2 aCunr gt gl ant pubhic cust Tor unjusiitied reg

widtion

no adverse health effects These results again
refute the presumed use of the linear mode!
for radium doses

® There is significantly lower mortality from
all causes in voung U S. and U K female dial
painters. Thomas also shows that only breast
cancer 1s mimimally elevated in the then-

young temale luminizers. They worked di-

rectly exposed to radium with substantial, un-

known external chest. neck. and head doses

in addition te their internal doses. Excepting

the 65 bone and head tumors found in cases

with extremely high doses. there is no in-

crease in all-cancer deaths for thus population.

Substantially lower circulatory/cerebrovas-

cular diseases are the most significant health

etfects. The luminizer data shows very low

noncancer morality compared with the gen-

eral population, with dramaucally reduced

mortality for 20 years following the initiale
exposure.

Nuclear weapons/facility releases

® No adve~ie health effecis are found in the
46 186 “atomic ve.orans " exposed to above-
ground nuclear tests. Yalow notes that while
the 3200 participants in the “Operaton
Smoky " nuclear bomb test had 10 leukemia
deaths compared with 3 67 statisucally ex-
pected. only one leukemia case had a dose
greater than 3 ¢cGy. Contrasting (o that data.
the 3000 participants in “Operation Green-
house " expenenced only one leukemia death,
compared with 4 43 expected. Both of these
results are typical in applying staustics to
small populations. Other similar studies
found: No increased cancers or increases in
all-cause mortality in 22 347 Bnush weapons
tests parucipants, and no difference in mor-
tality. nor trends by dose, in 954 exposed Ca-
nadian military personnel

High natural background radiation

® Cancer mortaliry in the seven U S Col-
orado Plateau siates s about |5 percent less
than the U'S average at background doses
about three times the U S. average (exclud-
ing radon lung doses) Yalow notes the sub-
stanual data in this study. and addresses po-
tential confounding effects. The results refute
the linear mode! The dose differences, with
the size of the populauons and the death sta-
ustics. are sufficient for the linear model to
show increases (n adverse health effects

® No adverse effects are found between na-
ble. equivalent. Chinese populanions in a
province with a factor of three difference in
natural background doses. Yalow presents
these results from the study of two Han peas-
ant populations of roughly 70 000 persons
each. who have lived (n their respective re-
gions for up to six generations. Uranium and
radium and other decay products are more
than four umes higher (about 8 ppm com-
pared with about 2 ppm) in the High Back-
ground Area (HBA) compared wath the Con-
trol Area (CA1 Thonum and its decay
products are about six times higher (about
SO ppm compared with about 8 ppm) Exten-
sive area radiation monitonng and personnel
dosimetry of this population were conducted
tor more than |0 vears

L

Extensive heaith monttonng for about 20
years shows shightly lower mortality in the
HBA for all cancers (including leukemia)
with equivalent hereditary diseases and con-
genital defects. except somewhat higher rates
of Down's syndrome, which 1s shown to be
primanly due to an abnormally low incidence
in the CA (compared wich the larger region
and China as a whole). plus a significantly
hugher birth rate to women who are more than
35 years old in the HBA (The mother s age
15 @ known association with higher rates of
Down’s syndrome). These data dramaucally
contradict the linear model. The population
size and the accurecy of the dosimetry,
and detailed health data over many years.
establish that increases in adverse health ef-
fects would be readily detected by the linear
mode|
® There are no discermible health effecis in
other high-background-radiation dose popu-
lations. Yalow observes that studies of the
population of 12 918 people in Kerala. [ndia.
who were exposed (o four umes the dose rate
of a netghboning town with a control popuia-
tion of 5938, found no adverse effects, except
12 cases of Down's syndrome compared with
none (an abnormal low rate) in the control
population. She notes that Down's syndrome
in Kerala is slightly iower than the rate in in-
dia. She also notes that 0 Guarapan, Brazil.
with six times the dose rate. no
adverse health effects are found. Also, stud-
ies of numerous other small populations that
live at relatvely high natural radiation dose
rates have found no adverse health effects as-
sociated with significant increases o radia-
uon doses. Such natural high-background
sources of radioactuvity are thousands of
times greater than the radioacuvity from re-
leases from nuclear facilives or from ra-
divactive waste disposal sites.
® No increased lung cancer is associated
with indoor radon. Yalow notes that non-
smoker lung cancer incidence 1s 2-3/100 000
In 1985, male lung cancer rates were 75/
100 000. and female lung cancer raies were
27/100 000. She observes that 95 percent of
lung cancer 1s associated with smokung, con-
tradicting EPA predictions that | S percent
of U S. lung cancer is associated with radon
(20 000 of 140 000 deaths per year) using lin-
ear projections from a few early uranium
miner cases of lung cancer

Yalow observes that there s no lung can-
cer in nonsmoking ursnium muners who have
less than 1000 mes the average 70-vear in-
door radon levels. She notes that EPA erro-
neously predicts |000-5000 lung cancer
deaths/ 100 000 persons (| -5 deaths/ 100 in
persons so exposed She adds that the lack of
lung cancer in the miners at these high radon
doses scientifically discounts radon 4« 4 po
tential cause of lung cancer for the ven much
lower indoor radon levels Yalow also shows
that the significant and well-documenies (M
na HBA populauon has 2 7/100 (00 lung an
cer deaths compared with a higher ruie ¥
100 000, in the low-dose CA These revuits
clearly contradict the linear monde

Yalow also observes that uranium = ners
and smokers have different lung . unoer ey
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gan. organism, population). (o the total mass.
15 scientifically related 1o effe~ts. both math-
ematically and empincally. He shows that
this 15 consistent with other wxicological re-
sults. and with macro evemts (e.g.. vehicular
accidents) that relate discrese emergy events
(0 damage A “hit size effectiveness function”
s derived in uniis with both coordinates a2 the
wume biotogical “level.” which resuits in an
ettective threshold. He shows that in the
Japanese population. a linear relationship
with known cancer etfects shows that about
W00 joules ot energy are required 1o produce
one cancer effect. In radiation biology. in-
creasing the number of cells 10 improve “sia-
ustics ” tor measuring etfects. s actually an
increase in the mass and total imparted ener-
gy These analyses disprove the possibility of
4 linear relationship of the “energy concen-
tration’ dose to cell, organ. organism. or pop-
ulation eftects

Viewing the data

From the ume of Eben Byers death in
1932, radiation protection policies and re-
search have increasingly fostered public
tears and supported costly government reg-
ulations and programs. These costs have
been largely borne. with minimal question-
ing. directly by the general public. due to the
ability of atfected governments. utilities. and
private corporations (o readily pass these
costs through in medical and utlity bills with
small adverse competitive costs. These large
costs might have been wastetul. but were
moderate compared with the primary costs
of nuclear technology operations and the cost
of providing necessary protection for work-
¢rs and the public from hazardous radiation
exposure

Recently. however. these radiation protec-
tion e¢xcesses have resulted n large incre-
mental public costs. with even more pro-
posed. with no accompanying public heaith
benefit Currently these policies especially
stfect radioactive waste management and site
Jecommissioning costs. to the benefit only of
government bureaucracies and contractors
The immense costs incurred are reducing the
viability and public benefits of many radia-
fon and nuclear technology applicauons. and
humanity is losing major cdvances and con-
iributions to human health and well-being,
without benefit to public heaith.

Current work in Japes, snd similar work in
Ching. with the beginmngs of small efforts in
Europe and elsewhere, along with some U S
work n biology performed (n cancer and ge-
netics research, may be the hope of the tuture
Again. the world 1 responding to U S daa
Jnd minatives. especially as compiled and
contirmed by the singular work of Luckey
and the research and reporting of many oth-
ers. inluding those who have participated in

he ANS sessions mentioned earlier. while
LS policy und public progress in the use and
regsonable control of radiation and nuclear
lechnology apphications stagnate in favor of
tostering public tear and unjustitied public
LN

EP A und Nuclear Regulatory Commission
rulemakings propose 1o sull turther reduce

NUCLEAR NEWS SEPTEMRBER 1998

public radiacon dose limits and increase pub-
lic costs, for no public health benefits. This
18 true even when arbitranly applying the lin-
car mode! dose-response. since the proposed
regulations would reduce exposures (hat are
“less than | percent” of public radiation dos-
es 10 limits that are “much less than | per-
cent” of public doses. and 10 “protect” indi-
viduals from doses that are small compared
with natural vanations in daily hving (e g..
much less difference than living above the
second floor of a butlding instead of on the
first floor, working n a granite building, or
getung water from a well insiead of a reser-
vorur)

ANS and other nuclear science. medicine,
and technology-based organizations must
change past organization policies and partic-
ipate in these rulemakings and other public
policy proceedings. There is a need Lo require
the federal agencies 1o address the factual ev-
idet.ce on radiation dose-response health ef-
fects that are necessary (o establish valid reg-
ulatory standards to assure public health and
safety. and to constrain ever-increasing reg-
ulatory and program costs that provide ne
public health and safety benefit. and that cost
society the loss of the benefits of nuclear sci-

low-level radiation health effects

ence and technology applications (o human
health and welfare

Curreat radiation protection limits are es-
timated to cost in the range of $23 billion per
life-year saved, as reported by a Harvard
School of Public Health study Even these
values are taken from regulatory analyses.
based on the linear model, which are likely 1o
understate the costbenefit. Simply reflecung
null heaith effects data by using a conserva-
tive no-threshold sigmoidal dose-response
model would result in increasing these re-
ported costs by factors of tens to thousands
(€ g.. considenng the radium-burden popula-
uon data). Of course, recognizing an actual
threshold as shown by the radiation dose -re-
sponse data makes these incremental costs in-
finite. before considering the data that
demoansirate beneficial effects for moderate
doses in many populauons

Nuclear technologies bear these highly bi-
ased public health and environmental pro-
tection costs. adding tens of mullions of dol-
lars 1n both capital and annual costs 1
nuclear power operations, when the baseline
already shows much lower adverse public
health and covironmental effects than those
from alternauve technologies. The hustoncal
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and Messuremants (NCRP) to provide advics on the use of collective
dose in radiation protection, particularly ss it should pertan w
radistion exposures of the United States public.

[n response to this request, NCRP Saentific Commuttee 1-3, Collec-

tive Dose, was established. Serving on Saientific Committes 1-3 wers:

Romald L. Kathren, Chairman
Washington State University
Richland, Washington

Members

Joha R. Johmnson Barbers J. McNail
Batielle, Pacific Northwest Harvard Medical School
Laborstories Boston, Massachusetts

Richland, Washington

Dade W. Moeller Keith J. Schiager
Dade Mosller & Associates, Inc. University of Utah
New Bern, North Carolins Salt Lake City, Utah
Roy E. Shore Robert Ullrich

New York University Medical University of Texas
Center Galveston, Texas

New York, New York

David A. Waite
Ebasco Environmental
Bellevue Washington

Scientific Commuttee | Liaison

Eric J. Hall
Columbia University
New York, New York
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6 VISK ASSESSMENT AND MANAGEM

k,.”l.‘h; .;p:. . n of the conversion factor, aipha, requires that the
uture human resources thife expectancy)
dose be quantified The ICRP and N(?R?‘Tl(.‘-ﬂpy‘ I:;'I ,u;;;“l?:m
provides nominal probability coefficients for stochastic e'ﬂ'ecu
weighted for the detriment from nonfatal cancers and severe hond'.
t‘-ry effects, of 6 6 percent Sy ' for adult workers and 7 3 p.mu:t
Sv ! for the general population For the multiplicative model_ the
loas of life per fatal cancer is 13 to 16 y (ICRP, 1991, As 8 firet
Wnomaumﬁxunwrmodmmmtdhbhu
or impeired myhhﬁmn&huunulhﬂhdbytb
nmmntofhfebtporflulcm.mm loss of life 1s then
calculated to be approximastely 0.8 y Bv ' far werkers and 10y8Svy !

B o

6. Conclusions and
Recommendations

|
5
A

ltudarthntheuwdedhwnd.-bn.nhn
found increasing appication 1o radiation protection, both se an aper-
ational tool for controlling radiation expesures (o rediation werbers
-Mummw,ﬂunuduﬁ-ﬁqhm
tive naks Lo populations from reel or petantial radistiee sxposures.
The applicatian of the concept of collect:ve doee for these parpesss,
however, is sulgect to cortain hmitations aed gualificstiens, and
the Council therelore cautions sgeinst inappropnate vaags of this
potentially valuabis but Limited teol

implicit 1n the concept of collective dose ie the assumplion of a
diract preportionslity between the riek incurred and the radistion
dose, over the range of doses and dose raies of concsrm, i, the
response Lo radiation i both linear and time independent, and that
any incremental dose above bechground, no matier how small, car-
nes with it & proportionate risk of & specific stochaestic affact or group
of effects. The absence of a thresheld is not eessntial to the wes of
collective dose, previded its magnitude 1 smaller than the natural !
background The sssumpiion of lineariy without threshocld e justified
for radiation protection purposes [t sheuld be recognized. hewevar,
that et low levels of individual axposure the nak selimates are uncer
tan by & factor of twe or more in sither direction and a thresheld
in the dose response can not be excluded nor can the poasibility that
the nakas are underestimated st low domss be excluded

Modern radiation protoclion practics is based ea three temsls:
Justification of a practics to sasure that it, in fact, provides a net
positive hanefit, ALARA, tsking into sccount secial and ec memsic :
procedures for justification and ALARA do not resuit in excessive
riek to individusie or to groups of individuals The firet twe of theee
isvets  justification and AL ARA —imply conmderstion of the total
practice, and therefore collective dose may be the only resseanshie
quantity on which 2 suitable evalustion may be based Dose limits
normaliy apply to the individual, but constrainta en the collective
doss may also be appiicable, albeit with important resirictions.
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62 / 6 CONCLUSIONS AND RECOMMENDATIONS & CONCLUSIONS AND RECOMMENDA.. .8 / &8 :
Given the foregoing discussion of the underlying bases and hmita- in the future, broader appiication of collective dose may be appre- ?
tions of collective dose, the Council recommends Lhe following: priate, but extension will necessitate » greater knowledge and undar- )
standing of the parameters used in the determination .‘“!

I The concept of collective dose should be considered as one of ! of collective dose and ils attendant riskas. '~

the means for assessing the accepiability of @ facility or practice.
However, because collective dess depends upon ;
variabize as well as radiation desss, it 1s recommended that
regulatory limits not be set in terme of collective doee.
2 Collective dose 18 most uesfal when applied Lo populstions with
known charactenstica such as sise, age, sex, stc Where popuia- ‘-
tion charactenistics are peorly defined or highly uncertain or
subject 1o significant temparei change, collective dese shouid :
be apphed with appropriats caution. -3
3 When the uncertainly in the number of individuals summed in
the population component of coliective dose is large (e g, one
or more orders of magnitude), coliective dose shouid not be used
as 8 surrogate for risk even at relstively high levels of individual
radialion doses.
4 Apphcatzon of collective dose should be limited Lo stochastic
effects (deterministic effects are not included) and to the dese
range 1n which risk is assumed Lo be proportional to dose and
independent of dose rale.
5 Aseessing risk from collective exposures in medicine must
reflact the greal uncertanty in applying population based risk
estimates (o patienta due to apecific age distribulions, health
stfitus and, possibly, shorter life cxpectancy.
6. All doses should bs included in calculstions of collective dose;
there 1# no conceptual basie for excluding any individua! doses,
however small, from the colléctive dose ceiculation. Thers may,
however, be practscal imitaions (see recommendations (2), (3}
and (4)].
7 When the range of individuel doses spans severs! orders of
magnitude, the distribution should be characterissd by dividing
it 1nto seversi rangss of individual doses, each covering ne mers
then two Lo three orders of magnituds, with the pepulation size,
mean individual dose, collective docs and uncertsinty being
considered separately for each range. -
8 Projection of collective commitied doses to future populat:ons
snd mituations should be done with care and situations must N
recognize the large uncertsinties intreduced by unpredictable '
changes in relevant paracmeters, e g |, less than about 10 percent.
9 When the collective dose 1 smaller than the reciprocal of the
selevant risk cocfhicient, the risk assessment should note that .
1t ost hikely number of excess cancer deaths 2 zere
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Editorial

The issue of the decade: hormesis

mumumwmwmw.xm.w

The Wyngaarden and Pauwels review of bormesis o this
tssue 15 most tunely. Despie an exponential increase 1
daca supporueg hormesis during the pes: | S years. there
has aiso beeo a parallel increase W restncuve regulations
dﬁmmmmmmnx.m
therupy. ohibut the development of nucleas energy. and

authonmauve scoenufic commintecs. [n 1994, after |2
years of deliberanon. the United Nations Scientfic
Commuttee on the Effects of Alomic Radiation (UNSC.-
EAR). the most disunguished inernational authority on
this subject. decided to publish its report on radiation
hormesis. “Adaptive responses to radiaton in cells and
orgamusms” (1)

Why have scienufic circles discounted or ignored evi-
dence supporung hormesis for more than S0 years® Ini-
tally, the mmn scientific evidence of human radiation
effects came from epidemuoiogic stuches of atomic bombd
survivors s Hiroshima aad Nagasaki. These studies
Mamgﬂyuﬁwwu-
tremely hugh single doses of radiaton and the wducnon
of cancer. lo the absence of comparabie low dose effects
It was prudent (0 adogt the no-threshold hypothesis that
exuzpolates Linearly from effects observed at very hugh
doses  the same effects &t very low doses. even those
approaching zero. This bypothesis also umplies that ef-
fects unobserved & high doses do not occur at low dos-
es. [t was accapeed m 1959 by the Issernstnonal Commus-
sion on Radiolagicsl Promctios (ICRP) (2] 10 gude
rules for the prossetion of occupanonally exposed work -
ers followng the origimal wamative accepance of the by-
potiwesis by UNSCEAR i (958 (3). This UNSCEAR re-
port states: “Presast knowledge .. does not permut us w0
evaluate with any precimon the possible consequence 10
man of exposure w low radianon levels Maay effects of
uradiation are delayed: often they cannot be distun-
gushed from effects of other agents. many will only de-
velop once a threshold dose has been exceeded some
may be cumulative and others not; a.) individuais o
large populanons. or parucular groups such as chuldren
and fetuses. may bave special sensitvity. Those facts
render it very difficult 1o accumulate religble informa-
0o about the correlanon between small doses and thew
effects ewther v individuals or in large populations
Such a2 situation ‘equires that maakind proceed with

greal cautioe in view of & possibie underesumaton. Al
the samme ume. the possibilicy cannot be excluded that
our present esnmates exaggerate the hazards of chronic
exposure W iow levels of mdiation. Oaly further inten-
sive research can establish the orue position.”

Despite the absence of amy supportve evidence of
predicted low-level radiation effects. this no-threshold
working hypothesis came w0 be regarded as a scienufi-
cally documented fact by many screntists. The enden:y
o negiect or reyect buman studies and ex-
penmental studies of cells and organisms that contradict
meun-—nowuyo(rumoammm
§15 15 supported by the widely accepred view that chro
mosome aberration and gene MULALON can be producec
by & single particle of ionizing radiation and so wniuate 2
malignancy. However, 00 considerstion is given (© bio-
logrcal defense mechan:sms that could be sumulated fur
ther by low-level increments of radiation above back-
pround. Sumulsed defense mechamsms could also de-
crease Carcunogenssis by chemical and other nomonuzing
ageats a1 well as womzing radiation.

The opersow of these defense mechamisms n re
spouse w low-level radistion is examuned crincally in
the recently published UNSCEAR report (1).

Adaptrve processes o low-level radiabon were dem-
onsosted i bumas lymphocytes, mouse cells. and fibro-
blasts from vanous speces. with evidence of cross-adap-
0on berwesn toxix chemscal agents and low-dose radia-
uoo. These machanisms of adaptive respouse inciude

2. The wdeatification of acuvased genecs and theu enryme
products specifically wvolved io radianon-uduced DN A
3. The relstomshup berwess radiation-induced repar
genes and those acuvated by other mutagens
4 The ability of cells 1o remove toxic radicals
5. The sctivation of membrane receptors and the release
of growth factors
6. The effects of radiatios on the proliferative response
to mu
7 Enhasced immunosurveilance by T-cell ontogeny ap
optoss and radianoo-unduced wterphase deadh. and s ¢
nalling processes 1o thymocytes.

The DNA repaur enzyme was beralded by Science .
Decemnber 1994, as the “molecule of the year 4 T

Ear ] Nuci Mad (1995) 22399481




is testing the theory that declining DNA repeir is a sig-
nificant compooent of aging. If so, this would explan

tus of repair mechanisms than the extent of DNA injury.
Very high doses of radiaton result in marked impeur-
ment of repair function. As Devid Koshiand Jr. states in
his Scuence editonal, “Moveover, the new understanding
of repair systems may bring about a resxamination of
the postulated linear extrapolanon for pestcides and ra-
diation and allow more realisuc assessments of environ-
mental nsk. Evaluation based on such knowledge would
not depend on the opimions of Perusan Protagomsis. but
on good. solid scienufic evidence™ (5].

Three recent reports are significant additions o the
epidenuological evidence suggesung beneficial effects
of radiaton reviewed by and Pauwels. Dr.
Zbigniew Jaworowsk, pest chairman of UNSCEAR. in
his current review of hormesis Cites very recent data
showing hormetc effects in bumens from the former So-
viet Umion [6]. Afer high radistion exposure from a
thermal explosion im 1957, 7852 persons living i 22 vil-
lages in the Eastars Uralo were divided umo three expo-
sure groups aversging 49.6 cGy, 12.0 ¢Gy, and 4.0 cGy
and followed for 30 yews. Tumor-relsted mortality was
28%, 39%. and 27% lower in the 49.6<Gy, 12.0<Gy,
and 4 0-cGy groups. respectively, than in the nonurrad:-
ated coantrol in the same region. ln the 49 6-
cGy and 12.0cGy groups the difference from the con-
rols was stansucally sigmficant studies
showing beneficial effects of low doses of radiavon in
atomuc bomb survivors and other populanons were re-
viewed recently by Sober Kondo, Professor of Radianon
Biology. Atomuc Energy Research Institute, Kink: Uni-
versity, Osaka. Japan (7] Included are the apparenty
beneficial effects of low doses of external gamma rays
on the life span of radium-dial pointers and the low mor-

Y/

tality rates of plutony: workers 0o the Man-
hactan Project. B.L. Cohen's compieted mooumental |2-
year study that relates the incidence of lung cancer 1o ra-
don exposure n nearly 90% of the populaton of the
United States was published in the February 1995 issue
of Health Physics (8). This enlargement of earlier sur-
veys t0 1722 countes from which 1601 were selected
fammo{mmunm-
ly high-power statistical analysis. After appiying the
BEIR [V 1988 correction for variations in smoking fre-

The repeated criticisms of Cohen's studies, while
maintaning the validity of the poor eprdenuologic evi-
dence of the uramum mune worker stubes, exemplifies
the need to observe the admonition of John D Graham,
Center for Risk Analysis, School of Public Health, Har-

mmummumw o so-
mm.w&-umummux-
M“(mmm).uhumuubymns
mwmmwfawm"(oy

Recent hugh stausucal power epademuologic studies
of low-level radiation and studhes of adapuve responses
10 low-level rrdiation are bringing about & reexamInanon
of the “no-threshold bypothesis™ based upoo the hypo-
thetical linear extrapolation of high-dose effects w© =
fecuofv«ybvmm:ao.mlw'\\
SCEAR %epont documents ther multple defense me.na
nisms &l molecular, cellular, organ, and sysiemuc levels
mmmm!ywngdemuadmmﬁmec by nu
merous investugators. Sumulanon of these adaptie
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sponses by low-level radistion invoives gene activation.,
repar enzyme sysilesis. DNA repaur. protein syntesis.
soess-response Prosein production. activation of mem-
brane receptors. dewoxification of free radicals. prolifera-
uon of thymocyles and spienocytes, and stumulanon of
the immune sysiem.

Mounting reproducible evidence of the operation of
vanous defense mechanisms and their stimulation by
low-dose wmzing radistion provides further detals of
how bwilogical defense mechanisms. nonoperative at
high doses. are sumulated and enhanced by low-level ra-
dianon damage 0 &8 (10 overcormect and predominate
bosith cffects observed at high levels of radiation that
overwhelm these defense mechanisms cannot be exurap-
olsted 10 the low levels &t which these stumulaed de-
fense mechamsms predominste with decreased cancer
induction. decreased mortality, and other observed pos:-
tve health effects.

An undersianding of the positive health effects pro-
duced by adapuve responses (0 low-ievel radiation
would result in a realistic assessment of the environmen-
tal nsk of radiation. Instead of wasting many billions of
dollars annually for protection against hypothetical nsks
of low-level radianon exposure. the resource could be
used producuvely for effective health measures.
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Review article

Hormesis: are low doses of ionizing radiation harmful

or beneficiai?
K.E. van Wyngaarden, €. K.J. Pauwels

mumwnwm.mmwﬂnm

Abstract. A review is provided of the literature on radi-
auon hormesis. hormesis being any physiological effect
m-mmummmwhkhcmhm
bycxuwohnn'fmnmnccﬂmwuhﬁm.
Epidemioiogical Mudies suggesting beneficial effects are
considered. and expenmental evidence for the existence
of hormesis 15 then apprued. In the latter context. there
are possible low -dose effects at the molecular level. at
the cellular level and on the organism 25 a whole. It is
concluded that while 1t is ditficult 1o analvse the effects
' low -dose radianon with statistical significance. the
-oncept does permit the reconsiderution of the validity
of currently accepied notons.

Kev words: Hormesis - lonizing radiation - Epidemio-
logical studies - Expenmental studies
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Introduction

Since ity discovery iomzing radiation has capeured the
imaginanon of the public. lmitially it was thought 10 be
healthy in all dosex. lending W wnusual applicanons such
4 ladies corsets contaiming radium and radium drinking
cups. But as ime passed B became clear that there was
an upper limit (o the prasmed beneficial effects. Unde-
sired side -effects caused by redatively high doses of radi-
anon led to the belief ther radiation was harmful ar all
Jowes. Later. the concepx of the threshold dose was intro-
duced to explain the fact that neganive effects were ob-
served only above certain dose levels. Furthermore. it
wus suggesied that low doves of rudiation might actually
have beneficial effects on organisms. Resuits of expen-
ments that pointed in thiy direction were amtrnibuted 0 a
rocess named “hormesis (1]

Hormesis 15 unv phyvsiological effect that occurs at
tow doses and wiuch cannot be unticipated by exrrapo-

Cormpprasdence o E.X J. Pasweis, Department of Disgnostic R3-
dsodogy and Nuciewr Medicioe. Buuding |. C4 Q. Unsverssry Hos-
pigl. PO Box 90 JVNRC. Lewden. The Netheriands
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[dting from toxic effects nored ar high doses [2). Horme-
tic effects are normally beneficial but may co-exist with
toxic effects. Hormesis may be characterized as a pro-
cess wherety low doses of an otherwise harmful agen:
May result in sumulatory or otherwise beneficial effects.
The word onginates from th. Greek word Aormaein.
which means “t0 excite”. and refers 10 a much brosder
specrum of phenomena including many toxicological
observations. According to Stebbing (3] the termn was
probably first coined in 2 publication dating from (942
descnbung the growth stimulation of fung: by a naturally
occuming antibiotic. which at higher concenranons sup-
pressed fungal growth. There are many exampies in na-
ture of processes that foliow 3 hormetic model. A strik-
ing example is vitamins. widely accepred 10 be very ben-
eficial at certain doses. but known 0 be wxic & higher
doses. Hormetic models of ionizing redistion suggest
that it behaves in & similar way. A schematic representa-
ton of the models illustrating the presumed beneficial
and harmful effects of ionmizing radistion is shown in Fig.
|. The hormetic mode! is clarified in Fig. IC. which il-
lustrates the conceps that &t lower doses the effects of ra-
dianon are beneficial. In the diagrams effects are shown
1o be either harmful or beneficial as the radiation dose is
increased. The pownt & which the radiation has no over-
all effects is referred to as the “zero equivalent point”
[cf 24).

In this arucle we shall review the literacure that has
appeared on this subject. Subsequenty epidemiological
and expenimental evidence will be brougin forward o
elucidate the arguments in favour of radiation hormesis
This paper will be concluded by highlighting some criu-
cisms rassed against hormetic models.

Epidemiociogical evidence
suggesting beneficial eflects of redistion

Literaryre data, on radiation hormesis describe the ob-
served beneficial effects at dose levels berween | and 50
cGy (cf 18] Many epidermological studies have been
performed to invesugate whether threshold dose of ion-
wing radiauon exists. Obviously, it s difficult w find a
situation n which a large group of subjects i1s exposed (0
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Fig IA-C. Represencauon of the effects of low -level womziag ra-
diston on living organsms. On the 1-axis the overall effect of the
rediation 14 represesed. on the y-axn (e el of radistion re-
cetved 3 represevssd. A shows the established linear model. in
whuch 1t 13 oresmmed that the effects of radiaton are unfavouradic

ionizing radiation. allowing accurate assessment of the
dose. As a consequence of this. beneficial effects may be
difficult 10 quennfy. Nevertheless. several epidemiologi-
cal studies have come o the conclusion that such benefi-
cial effects really exist. These reports are summanzed in
the following paragraphs.

In a Canadian study (4] the mortality due to cancer at
nuclear power stations was reported 10 be S8% lower
than the national average. One reason for thiy could be
the stnict medical tests that the nuclear power workers
are subjected to before being offered a job. However.
workers in the non-nuciesr power industry who under-
went comparable medical tests have a mortality due 10
cancer which amounts 10 97% of the national average. It
is therefore unlikely that tus marked drop in cancer
mortality is due 10 “the healthy worker effect” alone. a
equally “healthy ™ workers in the non-nuciear power in-
dustry do tt have this lower mortality. An epidemio-
logical study of cancer frequency and mortality in nu-
clear power workers has also been camed out in Bntain
[5). Also in this study it was found that cancer frequen-
cy amongst nuclear power workers was lower than the
national average. but no definie conclusions were
reached.

In a Chinese study (6], two groups of peopie were
eprdemuoiopcalty The first (74.000 people)
lived in sn s with & relatively high background radia-
von (2.28 mlly per year), while a second (conuol)
group (78.000 ) lived in an area with less radjs-
non (0.95 mGy per year). The first group had a lower
mortality due w0 cancer. Cancer morality in the first
group was 48.8x10~? (22.3) per person per year Cancer
mortality in the control growp was higher 51 [x10-
(£2.2). The difference is not statistically significant. but
if only an older age category 1s compared (40-70 year
olds) a significant difference is observed. The cancer
mortality in the first group is 144x 10~ (28.0) per per-
son per year, whereas the control (lower background ra-
dianon) group shows the higher raie of 168x10~% (290
per person per year. The jusufication for only compar-
ing these hugher age groups is thas tus pant of e popu-
lahon has recewved a higher total life radiauon dose.

7y

3 all doses abure 2ero B hows o threshold mokel. it which (he
averse effevts san 2 ome point above zero The hormetis mod
el 1» demonsirated in C. n this mode! the effevts of radiation at
lower doses are beneficial. ZE P. Zero eyuis akent point 4t which
radiation has no oserall effect

causing enough difference in dose between the groups
tor a hormetic effect o be observed. The chunce that
this difference would occur at random s 2.3%. One
must. of course. be aware that other facton such as die-
tary habits may have caused this difference in cancer
mortality.

In an U.S. energy department study (7]. the workenr
4t three tacilities were exposed 1o plutonium and other
rudiouctiv» substances. The purpose of the study was ©
meusure adverse heaith effects caused by the exposure
The plutonium exposure was smaindy by inhalanon. It 4
peared that the standard mortality rano due 1o lung can-
cer was only | 4% of the natonal level and Wi cancers in
general appeared to be 70% of the nanonal leve! These
figures are 100 extreme (o be caused only by “the heuithy
worker effect” [t was also observed that the number of
smokers amongs! the studied group was comparable
with the natonal average. eliminating this factor as 4
\ource of error.

In a study looking at the effects of 4 high buch-
ground radiation in vanous cities in India (8] 1t was Ob-
served that in areas with a high background rudiation
level the cancer incidence/mortality was significantly
less. Five cities were studied and the higher the level of
radiation. the lower the rate of vanous forms of cancer
Bombay. Nagpur, Bangalore. Pune and Madray were
chosen for this investiganion. Whereas the radiation
levels in Bombay and Pune were much lower (<400
uSv/year. compared 10 600-800 uSv/yeas in Bangalore
and Madras). cancer incidence and morality were
higher. The reduction occurs a the rute of 003 per
uSv/year (per 100000 peopie) in the Indian population
In the United States. Hickey et al. [9] have uio mea
sured the effects of differing levels of background radi-
ation in different areas. From this study 1t was conclud-
ed that total cancer mortality is inversely corelaled
with background radiation dose with a statisuical vgn f
icance level of 0.05. but the Indian data are basec O
largéy population. In addition the author mention tF
due 10 a low degree of industnalization. carc nogsTEsn
s fess influenced by the enviroament han o el
countnes
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A Japunese study louking Jf cuncer ingidence mortal-

0 atomic bombd swrvivon luoked Jt the dose respunse
“ithin the low dose range [ 10 In this seudy 0 was ditti-
cult 1o evaluate the data and not really possible o estab-
livh the #xistence of hormesis by statistical analysis. An-
other Japanese study (I 1] looked at 290 male A-bombd
WrVivon who had been exposed 0 50-149 ¢Gy of radi-
ation. These showed significantly lower morwlity from
Non-cancerous diseases than unexposed males but higher
rates of cancer. [t is evident that eprdemiological studies
amongsi atomic bomb survivors are difficult o carry out.
as received doses are difficult 10 ascertain. To date no
realiy conclusive evidence for hormesis has been found
in this type of study

Cohen and Colditz [12] looked at th~ effects of radon
exposure o~ cancer nsk in LS. homes. [t has been sug-
gested that radon in U.S. homes is responsible for about
10000 fatal lung cancers each year (BEIR 1988) [13).
This number i1s. however. based on extrapolanons of data
on miners who have been subjected o high radon
concentranons. This study found that lung cancer rates
decreased with an increase in radon levels. Smoking
prevalence muy have influenced the results. but this was
‘orrected ror. Muny other contounding facton are con-
idered nd dealt with. such us ~oC10-economic vanables
and geogruphy. Nonetheless. a very sirong negative cor-
relation was found between lung cancer monality rates
and mean radon levels. A British study came to similar
conclusions [14] Both these studies support hormetic
models (or lung cancer moraiity

A study involving 700.000 shipyard workers ( 108.000
of whom were nucicar shipyard workers) by the Johns
Hopkins Department of Epidemiology. School of Public
Health and Hygiene [15] concluded that both the nuciear
worken. recening more than 3500 mR and those
recewving less than 500 mR had wignificantly lower
mortality (0.76 and 0.81. respectively ) trom all causes of
death than the non-nuclear workers. Non-nuclear
shipyard workers mortality rates were similar to non-
shipyard workers. thersfore eliminating the healthy
worker effect 2 4 biam This is consistents with other
rudies of populations m stases with higher background
rudiation (approximasely | mGy per year more than
sates  with  lower  background radiation) tha
demomitraied increased longevity and a | 5% reduction
in overall mortality [16~19).

A study of 31.710 Canadian female tberculosis pu-
tents who underwent fluormncopy [20] concluded that the
breast cancer nsh increwsed with revenved radiation dose.
According (0 this report. which compnsed examinations
~erformed 1n the peniod betveen 1930 and 1952, a theo-

tcal lifetime excess of 900 deaths due to breast cancer

ould occur in 4 hyputhetical group of one million wom-
en having recened (.15 Gy. The repon used a linear mod-
el 10 calculate the hypothetical increased risk at this low
Jose of rudiation. A more recent analysis of the data by
Poliycuve (21| apply ng an empincal polynomial funcuon
demonstrated thut tor this dose. |0.000 deaths per million

43

SOuld be presented rather thun 900 excess Jeuths beiny
Nduced (better than 9% confidence limit)

Experimental evidence

Further evidence for the exisience of hormesis has been
obtained from results emananing from expenments de-
vigned (0 demonsuate low-dose effects at the molecular
level. the cellular level and on an organism as a whole

(23]

Effects ar the moiecuiar level

Axmmwmsmm.upmmm
both DNA repaur and detoxification of free radicals.

DNA repair It 1s an established fact that the extent of
DNA damage is proportionsl 0 the radistion dose re-
ceived (23] However some experiments indicate tha
s relanonship may not be toally linear Low-dose ra-
diation mught cause an adapuation whereby cells become
resistant to the mutagenic effects of subsequent high-
dozecxm.mmhmmylmm
prodwnonofmmMmsmvdeNAm
Exmmuwumumono(umwm-
«zunmmhnwnmumhumlym
Cytes using low levels of radiation-incorporated tnuated
thymine followed by higher doses of X-rays [24). It was
fmmmmdmmm.mm
the X-rays was lower than expected. It wns later found
mumumnmmmumummbym
sure (o very low doses of X-rays before the higher doses
were given (25). Another imseresting observation was
that the effects could only be induced using a fairly nar-
row range of doses [19]. This may be an explanation for
the fact that hormetic models have not come to light
cariier. [n this laborstory test it appeared that, once the
effect was induced. it lasted for the relatively long durs-
tion of three cell cycles. It was also found that these phe-
nomens were only fully existert after 4-6 h. suggesung
the invoivement of a repair enzyme. Electrophoresis
expenments reinforce this idea that proceins (enzymes)
are involved and have determined the presence of a 30-
10 35-kDa prowein. thought 1 be respoasible for DNA
repair (26].

Free rudical detoxificanon. Free radicals are known 10
cause DNA damage. lonizing radiation causes a tempo-
rary increase in intraceilular free radical concentranon
[t 1s suggested that protective mechanisms are activated.
leading to longler erm protection agmnst DNA damage
Feinendegen et al. [27] have investigated the effect of
low -level radiation and the subsequent increase in (ntra-
cellular free radical concentration on DNA synthesis [t
was found that DNA synthesis was temporanly inhibit-
ed. this inhibiton reaching its maximum in Sh The
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decrease in DNA synthesis was accompunied by an in-
Creuse 1n the CORCENIratON of the free radicul scurenyer
gluthionine. This emporary inhibiion ot DNA sy athesis
gives the cell time to carry out the DN\ A repuir process.
By temporarily inhibiting crucial intracellular actin inies
and inducing the production of free radical scavengers.
the low-level radianon has the effect of inducing 2 de-
gree of protection agansi the hwrmful effects of further
exposures o radiation and the detnmentul effects of sub-
sequent free radical artacks.

Effects a* the cellular level

At the ceilular level hormetic effects inciude immuno-
sumulation and fertility enhancement. Some authors be-
Lieve that radiation s essential for life and the preserva-
uon of the species. Luckey (28] hypothesized that a buse
amount of radiation is essential for cell growth Several
studies have been camed out 10 ook at effects on the
cell, as detaled below

Immunostimulanon. High doses of radiznon are known ©
suppress the immune system. but at low levels radianion
may induce the of a haematopoietic growth
facwors. [n & Chinese study (29] the effects of low dose ra-
dianon on the immune system were studied using mice.
The reactviry of thymocytes w inerieukin-| was shown
o be depressed a radiation doses ranging from 0.025 w
0.25 Gy, but there was an increase in cell number in the

made after exposure 0 varying degrees of radiation: the
greater the cell count. the better the reactvity (30. 31)
Saudies of the immune system of A-bomb survivors (32]
showed some results wiuch may not rule out hermetic en-
hancernent of the immune sysiem but failed w come up
with conclusive evidence for imsunostimulation.

Fernlire enhamcement. I a Belpian/French sudy (33)

that the incresse o ferulity ocowrs in an indirect way via
physiologcal effects. Human studies also suggest an in-
crease in fertility as a result of low levels of radignon (34]

Experuments at the cellular level. At the cellular level
experiments have been performed using umcellular or-
ganisms. Backgrounc and chronic low levels of radiation
have been found 10 increase the growth rate of the aquat-

7

v protozoans. Paramecium candatum and Paramed i
‘etranreliy |38] Laing groups that were shiglded trom
duchyround radidtion. groups expaned (0 low levels ol
yammy radiation and control groups. it was tound thut
radiation could stimulate proliferution of these ~ingle-
cell organisms. The swimulatory effect occurred only in 4
limited range of doses and disappeared at Joses abuve
50 mGy/yewr. Experiments were also done in space on-
board the spuce shuttie Challenger [36] 10 measure the
effects of cosmic radiation on parameciy. however. re-
sults were inconclusive Jue to the combined influence ot
cosmic radianon and low gravity.

Cellular experimei s were also done by Fubrikant
[37]. His expenments demonstrated changes in the pro-
liferative characteristicy of tissues under continuous low-
dose radianon. Cell population kinetics were meusured
for rapidly and slow'y dividing cell types Daty were
collected on immMuNOhaeMAIOPOIETIC tissues. regenerai-
ing liver tissue. intestinal epithelium and seminiferous
epithelium. Adaptive changes 10 the irradiation were
observed in the cell populations. the cell cycle being
accelerated o as to replace damaged cells. Cells that
normally divide more rapwdly showed 2 betier response.
replacing damaged cells at 3 higher rute.

Effect.on the oreunism as a whole

In amimals and humans iow-level radiation presumably
leads 10 an increase in life spun. This increused longes ity
has been annbuted © two factors: (1) an imuial produc-
uon of free radicals (which are thought (0 be imvolved in
ageing (38)) as a result of low-level radiauon leading o
2 feedback reduction of intraceilular fiee ridical levels.
(2) the fact that these phenomena resemble calonc intake
restncuion effects [39] (caloric intake restniction has
been found 10 increase life spun (40)). Low-level radia-
tnon is known to produce oxygen radicals. which affect
endocnine balance. This is interpreted by the body as an
increased food intake. thus lowening appeute and there-
fore caloric intake. which in turm increases longes ity

Animal experiments. Theories on hormesis have been
tested by performing experiments on mammals Cong-
don (41] m-:-dm with interesnng results
Starting in the |940s. at the Nanonal Can-
cer Institute (USA) led by Lorenz exposed mice. guined
pigs and rabbits 10 varying degrees of radiation. A group
of mice was exposed t0 0.11 R per 8-h day unui natural
death. The expenmental group had & longer mean sur-
vival rate (nearly 2 months compared to the control
group). Ther was also an increased body vm;m in the
irradiated amimals: amimals exposed to 0 11 R had an
average weight increase of S0% over the controis Jrer
imately 69 weeks of exposure.

in another study (42) young adult beagles were 0
jected with graded activities of radioactive subhiances
and were observed for the entire remaining portion of
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their lite. The maun part of the radiactive dose wisy due
0 @ purticles. The rute & which boae sunvomu appeared
N (hese animals increased furly lineurly with Jose and
no evidence ror hormesis whaisoever was found.

Observunons in humans. In 1987 Matanoski etal. (43
published 4 study on the mortality amongst radiologisiy
in companson o other medical practitioners. Radiolo-
§150 who started pracusing before | 940 experienced an
Increased rate of death due to cancer as well as ocher dis-
euses. This 15 in contrast 1o the mortality found in 2
group of radiologists who started practusing after | 940
amongst younger radiologists the mortality appeared to
be lower than that among other medical specialists of the
same age group. This observation has been agtributed w0
the fact that the younger radiologisis received a lower
ovwlmofmmmmuuwmm-
lionary measures in more recent years (he average yearty
radiation dose received by radiologiis .5 less. The au-
thors suggest 4 protective effect. which disappears in la-
ter life when the cumulative dose becomes o high.

Conciuding remarks

Although the issue of rudiation hormesis has been inves-
ligated by 4 number of authors. it appeans that relatively
few arucies have been published on this subject since its
so-Called discovery. This is surprising a radiation hor-
mesis s undoubtedly of interest from a scientific stand-
point and may even have social consequences. [t is obvi-

ous that many : studies have concentrated
on the effects of high doses of radiation and that the re-
ports on hormesis with low doses have often led 10 the
passionate exchange of views (44, 45 48]. Criticism
comes down to generul recogmition that it s difficult 1o
analyve the effects of low-dose radiaton with statistical
significance [47). The cumulative resuits as expressed in
this aricle may not really prove the existence of hormesis
but they do allow one w challenge the paradigms. On the
other harad 1t ~Jould be aosed ther some authors are unce -
sirably enthusiastic i geove the theory and unintentonal
selecive scientific blindnsss may occur. In science. self-
fulfiling prophesies are ot uncommon and often nega-
tve results are not sublished and creste false ideas.

Afer reading through the existing literature on radia-
ton hormesis. however. we belhwenve that one should not
necessanly agree or disagree with the concepr. It rather
opens the possibility to reconsider the salidity of cur-
rently accepted notions

‘chnowiedeemenrs. The authors are indetied 1o Dr LK. Harding
o his expert help and vnucal reading of the manuscrpe
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