CONTROVERSIAL ISSUES: The linear no-threshold (LNT) debate

There are a number of controversial issues of importance in medical and radiation physics, not the least of which is the validity
of the linear no-threshold hypothesis. This was the topic of a debate between Dr. Kenneth Mossman, Dr. Rudi Nussbaum, and
Dr. Warren Sinclair at the 1997 Annual Meeting of the AAPM in Milwaukee. The Session was Chaired by Dr. Edward
Webster who proposed that each of the presenters be invited to prepare a written version of their talks for publication in
Medical PhysicsAt the same time, the Editor was arranging for Dr. John Cameron, Dr. Donald Strom, and Dr. Bernard Cohen

to debate this issue, and the closely related issue of the hazards associated with radon in homes, for our Point/Counterpoint
series. The following compendium of articles under the general category “Controversial Issues” is the result. It is expected
that this will be the first of several such issues to be addressed under this title. We hope that readers will find these “debates”
both informative and enjoyable to read.

POINT/COUNTERPOINT

The LNT model is appropriate for the estimation of risk from low-level
(less than 100 mSv/year ) radiation, and Low levels of radon in homes should

be considered harmful to health
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The linear no-threshold hypothesis is at the heart of radiation risk calculations, standards setting, and regulatory philosophy. If
the LNT “theory” is correct, then any small amount of radiation constitutes a risk to those exposed. On the other hand, if the
“theory” is wrong, and risks are much lower than our present regulations are designed to protect against, then we could save
considerable time, effort and expense trying to comply with overly restrictive exposure limits. Application of the LNT
hypothesis has literally devastated at least one industry in the United 8tstasuclear industpywhile, at the same time, it

has been responsible for spawning others, such as the home radon-proofing industry. It is also responsible for the employment
of large numbers of regulators, inspectors and, yes, medical and health physicists. This is clearly an important issue for
medical physicists and we are fortunate to have three of the world’s foremost experts to debate it in our Point/Counterpoint
series.

3 Arguing FOR both the Motions Also throughout his career, Prof. Cameron has been con-
is Dr. Daniel Strom, Staff Physi- cerned with protecting people from unnecessary radiation
- cist in the Risk Analysis and exposure—he “invented” the roentgen-area-product concept
| Health Protection Group at the in order to protect patients, for example. At the same time,
| Pacific Northwest National however, he has continually expressed concern about over
Laboratory, Richland, Washing- stressing the risks of radiation, which he not only considers
ton. Dr. Strom earned his Ph.D. stifling to progressand expensive but also frightens the
in Environmental Sciences and general public. He is especially interested in allaying the
Engineering at the University of fears of the public by educating them about radiation and its
North Carolina, Chapel Hill in effects.
1983. Among his current re-
/. search interests are risk analysis,
‘ and protection against radon and
its progeny. He claims to be in the middle of the spectrum o
views on dose-response models.

Arguing AGAINST the motion

Finally, arguing AGAINST the
Motion that low levels of radon
in homes should be considered
harmful to health is Professor
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that the LNT model is appropri-
ate for the estimation of risk
from low-level (less than 100
mSv/yeay radiation is Professor
John Cameron. Dr. Cameron
earned his Ph.D. in Nuclear
Physics in 1952 at the Univer-
sity of Wisconsin, Madison,
where he has spent almost his

Bernard Cohen. Dr. Cohen
earned his D.Sc. in Physics in
1950 at the Carnegie Institute of
Technology. Since 1958 he has
served on the faculty of the Uni-
versity of Pittsburg, where he is
Professor of Physics. He is the
author of several books, includ-
ing A Homeowners Guide to

entire working life and is now Radon as well as numerous publications about radon and
Professor Emeritus in the De- radiation. Professor Cohen is considered one of the world's

partment of Medical Physics.
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leading experts on the risks associated with radon in homes.
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Argument for both motions

Daniel J. Strom
Pacific Northwest National Laboratory, Richland, Washington 99352-0999 (E-maistidim@pnl.gov)

OPENING STATEMENT consistent with the 2 Sv doubling dose from animal studies
Specious scientific arguments against LNT include the fol-
The linear, non-thresholdNT) dose-response model forms |owing: “if you cannot detect a health effect, it does not
the basis for all USA and international recommendations ang@xist”; “if you cannot detect a health effect, it is of no
regulations for protection of workers and the public from concern”; bomb survivor and miner studies are “high dose”
harmful effects of radiation at low doses. It is not used forstydies that are inappropriately extrapolated to low doses;
high-dose (“deterministic”) effects, for which nonlinear, oxidative damage is the same for radiation and chemicals;
threshold models are well established. adaptive response occurs; threshold analogies make sense
The LNT model states that radiation detriment increasese.qg., {high, medium, low applied to{fall, wind, impac});
as a linear function of dose, without threshold, when averhormesis is important; some chemical carcinogens have
aged over all ages and both sexes. Detriment is the expecteresholds; energy imparted, not dose, is the independent
tion of harm, which includes loss of life expectancy or qual-variable.
ity of life due to fatal and nonfatal cancers and heritable Valid policy arguments for LNT include the following: it
ill-health. These are stochastic effects, that is, their frequencgrrs on the side of safetjt is “conservative™; it is a po-
in a population, rather than their severity, is a function oflitically acceptable status quo; at present, there is no prospect
dose. of direct measurements of effects at doses of interest; a prac-
Radiation protection is a risk management activity. Sci-tical system based on LNT has protected workers. Valid
ence is one of many inputs to risk management. There is npolicy arguments against LNT include the following: it has
practical way to incorporate everything we know as sciended to expensive risk-management decisions; optimization
tists about radiation-induced cancer into risk managemenhas not workedithe “R” in ALARA has been ignoredg
We know that radiation biology is at least a 16-dimensionalmall lifetime fatal cancer risks may result in insignificant
problem that includes health endpoint, response and projedife-shortening. A specious policy argument for LNT is that a
tion model, amount of life lost, portion of organism irradi- threshold system is impractical.
ated, background incidence, who's exposed and who's af- “All models are wrong, and some are usefulBox,
fected, dose, dose rate, dose fractionation, LETL979. Use of the LNT model as a basis for setting standards
(microdosimetry, sex, age at exposure, age at diagnosisfor radiation protection against stochastic effects at low
species, subspecies or genetic predisposition, and other effedses still makes good policy sense. The LNT model should
modifiers(smoking, oxygen, diet, et.so using only two of not be used for individual risk predictior(gither prospec-
these(dose and responseannot possibly be correct. tively or retrospectivelyor for priority-setting; for these ap-
While there are clearly human data that show a responsglications, the detailed, unbiased risk assessments that ac-
threshold for some cancetbone cancer from ingested ra- count for all known variables should be used.
dium, liver cancer from injected thorium, and perhaps lung
cancer in nonsmoking miners exposed to radon progenyREBUTTAL TO PROFESSOR CAMERON
there are many others that show no threshold at doses of

concern in radiation protectiofsolid tumors in the Japanese fects of radiation, a well-established phenomenon. It has

oS o g been ko (et I pais of mcoscopic DVA e
P ’ ' P .are sufficiently separated either in time or in space, they do

ship is significantly nonlinear in the Japanese bomb surviz, interact; if they occur close enough in time and space,

vors. There IS S'gn'f'ca.”t reason to beheye that the meCha}hey may interact. This is accounted for in current versions
nisms of carcinogenesis differ for these diseases.

Valid scientific arguments supporting the LNT model in- of the LNT model by using & dose and dose rate effective-

lude the followina: T p lonal oriain: | ness facto(DDREP.
clude the Tollowing. Tumars are ol monocional ongin, 1ow= 106 yacent reviews* have confirmed that there are
dose radiation is a small perturbation in the effect of other,

: dth_resholds for some kinds of radiation-induced cancer, and
carcinogens that_ have already exceeded _most threshol 5ne kind of leukemia has never been seen in excess in irra-
miner, bomb survivor, and other human studies for most Candiated populations. This in no way implies that there are

cer endpoints are consistent W'th_ LNT; heritable '"'he_alththresholds for all kinds of cancer, especially with evidence to
probably follows LNT, bomb survivor data are compatlble,[he contrary

with LNT projections of heritable ill-health from animal
studies. Valid scientific arguments against LNT include the

following: some cogent radiation data do not show LNT pe-REBUTTAL TO PROFESSOR COHEN

havior for some cancer endpoints; no statistically significant Contrary to Cohen’s claim, there are good data supporting
heritable ill-health is seen in bomb survivdedthough thisis  LNT in the dose regions low enough to be directly applicable

Cameron invokes the dose-rate dependency of health ef-
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to many important radiation protection problems, includingbe used for individual risk estimates, but it is useful for set-
indoor radon. These data are from underground mit@rs, ting standards.
indoor case-control studiésand Japanese bomb survivérs.
Cohen’s free radical argument is irrelevant because oxi-
dative damage by free radicals at single sites is almost com-*A. M. Kellerer and H. H. Rossi, “The Theory of Dual Radiation Action,”
pletely repaired, whether the free radicals are caused byzguféem EO?QICSI\/:n'iad?LJR\?\/S-SQtugftBSA_lA!\SSI(Eldg?a-d i p L
. [ . . Cox, C. R. Mulrneaaq, J. . atner, A. A. wards, an . P. Little,
qhemlcals or radiation. The damage of concern f,rom ra,dla_ “Risk of Radiation-Induced Cancer at Low Doses and Low Dose Rates
tion is caused by moderate to |arge. clusters of ionization for Radiation Protection Purposes,” Documents of the NR&PR.—77
formed at the end of charged particle tracktbe Bragg 3(195_959. _ o _
peak, for which there is no chemical analog. Understanding !}‘;‘t_'oﬂa'l Courécl Or;_ R?d'a“?r(‘: Fl’lmtgc“og and l\éezsutremﬁNt?R?, i
. . . . rinciples an pplication of Collective Dose In Radlation Protection,
such damage dqes nqt require pos}ulatmg an impairment of Report No. 121(NCRP Publications, Bethesda, MD, 1995
BDM. One-time inductions of adaptive resporiSenhance- “4Advisory Committee on Radiological Protection, “Biological Effects of
ment of BDM”) take significant dose®.g., 150 mGy; and Low Doses of Radiation at Low Dose Rate,” ACRP-@omic Energy
like a suntar(also an adaptive responsefades with a half ~ Control Board of Canada, Ottawa, Canada, 996 _—
fi f davs to weeks. | know of no evidence that adaptive J. H. Lubin and J. D. Boice, Jr., “Lung cancer risk from residential radon:
Ime 0 Yy R . . ’ p meta-analysis of eight epidemiologic studies,” J. National Cancer Insti-
response can be maintained indefinitely, or induced by dose tute 89, 49-57(1997.
rates on the order of 1 mSv per year. It requires no extrapo-*J. H. Lubin, L. Tomaek, C. Edling, R. W. Hornung, G. Howe, E. Kunz,
lation from human datgearly radiologiststo conclude that ~ R-A. Kusiak, H. 1. Morrison, E. P. Radford, J. M. Samet, M. Tirmarche,
. . . A. Woodwardet al, “Estimating Lung Cancer Mortality from Residen-
repeated doses of 150 _mGy to maintain adaptive reésSponseja Radon Using Data for Low Exposures of Miners,” Radiat. Re$/,
would cause deterministic effects and excess cancer. 126-134(1997.
Finally, the county-radon-lung cancer ecologic study is ’J. M. Samet, “Indoor Radon Exposure and Lung Cancer: Risky or

: : : : _ Not?—All Over Again,” J. National Cancer Institu®9, 4—6(1997).
hot a lOglca”y compelllng dESIQn' Conclusions of an eco 8D. A. Pierce, Y. Shimazu, D. L. Preston, M. Vaeth, and K. Mabuchi,

|OgiC StUQy are good _fOI’_ hypothesis gengration,_ not _hypo_th- “Studies of the Mortality of Atomic Bomb Survivors. Report 12, Part .
esis testing. For “Principles for Evaluating Epidemiologic Cancer: 1950-1990,” Radiat. Re&46, 1-27(1996.

Data in Regulatory Risk Assessment@ see °D. T. Goodhead, “Radiation Tracks in Biological Materials: Initial Dam-

. . . . age in Cells, DNA and Associated Structures,” Rmoceedings of the
www.sph.umich.edu/group/eihn/lUMSCHPS/epidprin.htm. NCRP No. 13 edited by M. L. MendelsohfiNCRP Publications, Be-

thesda, MD, 199R pp. 25-37.
CONCLUDING REMARKS rederal Focus, Inc.Principles for Evaluating Epidemiologic Data in

.. . . Regulatory Risk Assessment. Developed by an Expert Panel at a Confer-
In the face of conflicting science, the LNT model contin-  ence in London, England, October 19@Bederal Focus, Inc., Washing-

ues to be a useful basis for radiation protection. It should not ton, DC, 1996.
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Argument against the motion that the LNT model is appropriate for the
estimation of risk from low-level  (less than 100 mSv/year ) radiation

John R. Cameron
Professor Emeritus, University of Wisconsin, Madison, Wisconsin 53706 (E-mail:
jrcamero@facstaff.wisc.edu)

OPENING STATEMENT Gy to 500 Gy the incidence of osteogenic sarcomas was
) ) ) ) essentially constant at 28%. Bond points out that it is

No! LNT is not appropriate to estimate risks to any popula-jinannropriate to predict individual risks from epidemiologi-

tion at any dose or dose rate. LNT is an unrealistic theoretz| yata. He feels radiation is a public health problem.

ical model contradicted by much human and animal data.

Unrealistic because it is unusual for a biological response t{EgUTTAL TO DR. STROM

be linear over even one decade. It would be even more un- o L o

likely that it would be linear at or near zero when the body When scientists argue it indicates a Ia_cKof definitive data.
must have natural defenses to survive the 40 million radio! think all of us agree there are no definitive data to show
active disintegrations per hour inside the average adult. ThEadiation risk at the levels now set for radiation workers and

LNT assumption is alledgedly based on radiation-inducedn® Public. My greatest concern is the use of the LNT model

cancer among the A-bomb survivors which showed an apl_:)y the news media and others to produce fear. Many science

parent threshold of about 30 cGy, even for leukemia. Thdeachers are often unaware of the relatively large amount of
dose rate to the A-bomb victims was about a million timesradioactivity in their own body—almost 10 000 Bg. Our
greater than that encountered by radiation workers. If th@reatest need is to educate the public about radiation. | sug-
dose had been protracted over a few months or years, tHfRESt that every TV weather map show real time radiation
apparent threshold would have been much higher. For exevels in nGy/h for radiation monitoring stations in their area
ample, while A-bomb victims had a high leukemia incidence@"d around the country. The public would see the actual
eight years post exposure, Chernoby! victims with COmpa_radlatlon levels near nuclear power plants and far from
rable doses spread over weeks or months had no significaRticléar power plants in the mountains.

increase in leukemia. There is good evidence that the body [N addition every commercial passenger airplane should
has a protective mechanism referred to as apoptosis. That iéave a clearly visible radiation monitor that shows the radia-

injured cells are programmed to “commit suicide” to protect tion Iev<_e| contir!ously _during flight_ including its value_ as the
the organism. Prof. Sohei KonHaalls the low dose rate plane flies at high altitude. By this means the public would
where all damaged cells are eliminated the apoptosis dodecome familiar with radiation levels and their variation.

rate. At the higher necrotic dose rate, apoptosis cannot keep 1he dose from every diagnostic radiology exam should be
up. Tissue repair errors lead to cancer induction. Kondo cite§XPlained by the RT in terms of the time to get approxi-
two examples to support his model. Rats exposed to a totanately the same dose from background radlathn. This can
of 25 working level(WL) months at rates of 2 WL and 100 P€ done by means of a small brochure that gives typical
WL had markedly different lung cancer inciderfcat a rate ~ Valués for common x-ray exams. Medical fluoroscopes
of 2 WL lung cancer was at the background rate of aboushould be required to have a dose-area product meter so that

0.5%. At a rate of 25 WL, a necrotic dose rate, lung cancerdn€se larger doses can also be explained in terms of back-

were about three times the background rate. The skin of micground radiation.
were irradiated with beta rays to a limited area three times a_ _ _ n ' '
week for life or until the appearance of skin canée‘xt a S. Kondo, “Tissue-repair error model for radiation carcinogenesis,
d f / ka}: Ki Proc. 12th Int. Congr. Photobial1996.

ose r_ate of 1.5 Gy/week there was no skin cancer. At a2 p. Morlieret al, “Lung cancer incidence after exposure of rats to low
necrotic dose rate of 3 or more Gy/week there was 100% doses of radon: Influence of dose rate,” Radiat. Prot. Do&ién93—97
incidence of skin cancer. In humans a similar dramatic effect (1994.
was seen in radium induced osteogenic sarcomas among thBéA' Ootsuyama and H. Tanooka, “One hundred percent tumor induction in

. . . . . mouse skin after repeated beta induction in a limited dose range,” Radiat.

radium dial painters. There was no radium induced bone can- res 115 486-494(1988.

cer until the skeletal dose exceeded 10(@§0 Sy. From 20 4V. Bond, “When is a Dose Not a Dose?” NCRP Lecture 1992.
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Argument against the motion that low levels of radon in homes should be
considered harmful

Bernard L. Cohen
University of Pittsburgh, Pittsburgh, Pennsylvania 15261 (E-mail-A@pitt.edu)

OPENING STATEMENT result show a statistically indisputable tendency for lung
i . cancer rates, with or without correction for smoking preva-
The answer to this question is largely dependent on the Vgnce  todecreasewith increasing radon level: the slope is

Iidity_ of the Iipear no-threshold theOfﬁ_-NT) of .radiation discrepant with the prediction of LNT by 20 standard devia-
carcinogenesis. There are datasupporting LNT in the low  {j5q1 |t was shown that “the ecological fallacy” and other
dose region; it is based on the following reasoning: Since Wgeaknesses of ecological studies do not apply to this work.
believe that even a single particle of radiation hitting a singlesftects of over 60 potential confounding factors were stud-
DNA molecule in a single cell nucleus can initiate a cancerjeq several other tests were applied, and the data and results
the number of cancers initiated is proportional to the numbef, ;e peen available for two years, but there has been no
of such hits, which is proportional to the dose. It has 10nggyianation for this discrepancy other than that LNT fails in

been known that there are biological defense mechanismge oy dose region, grossly over-estimating the cancer risk
(BDM) which prevent all but a very tiny fraction of initiating ;o m 10w level radiation.

events from developing into a clinical cancer, but it has been
tacitly assumed that these BDM are not affected by radiationg eg UTTAL TO DR. STROM

It is now recognizetthat cancer initiating hits on DNA
molecules, indistinguishable from those caused by radiation, Strom states that solid tumors in Japanese A-bomb survi-
occur at a very high rate due to random thermal agitation andors and lung cancer in miners show no threshold at doses of
chemical attack by free radicals—about 6000 hits per celtoncern in radiation protection, and later states that it is
each hour, or 50 000 000 per year. Since 1 dG&yad of  “specious” to argue that these “are high dose studies that
radiation causes only about 20 such hits per cell, it is obviougre inappropriately extended to low dose.”
that the latter are inconsequential. How, then, can radiation The A-bomb survivor dafashow no statistically signifi-
cause cancer? The only possible answer is that radiation cayant evidence that there is not a threshold below 25(@Sv
degrade our BDM. Several biological mechanisms have beerem). In fact, using those data, it is easy to show that there is
proposed to explain this, but none of them give any reason ta 30% probability that the risklecreaseswith increasing
believe that this degradation is linearly proportional to dosedose up to 20 cSv. By contrast, EPA and NRC are now

as required to justify LNT. squabbling over 0.015 vs 0.025 cSv as a regulatory limit for
On the contrary, there is abundant indisputable evidenceadiation protection.
that low doses of radiatioenhanceBDM.? It has been If our data showing a strongecreasen lung cancer rates

shown in numerous independent experiments, othitro  for increasingradon exposures in U.S. Counties is inter-
andin vivo, that low dose pre-exposure substantially reducegreted directly as risk vs exposure to individuals, there is no
the number of chromosome breaks and the number of gengatistically significant discrepancy between it and the miner
mutations produced by later high dose radiation exposures. Hata. This was shown by Ken Kase at the 1997 Milwaukee
has also been shown that low dose radiation stimulates th@eeting of AAPM. These data cover a range of radon levels
activity of the immune system as measured by various indithat EPA estimates to be causing over 10 000 deaths per year
cators. Thus, the theoretical basis for LNT is completely nein the U.S.
gated, and there is a clear suggestion that low level radiation | do not understand Strom’s statements that it is specious
may actually be protective against cancer. to argue that “adaptive response occurs” and that “hormesis
Experimental data predominantly support the latter view4s important.” There is an indisputable body of evidence,
point, or at least the existence of a threshold below whichaccepted by ICRP and UNSCEAR, supporting adaptive re-
radiation is essentially harmless. Data on luminous watchponse. There is certainly a great deal of evidence, albeit not
dial painters who got radium into their bodies by tipping conclusive, supporting hormesis; this has been the topic of
their brushes with their tongues, shows a clear statisticallgeveral large international conferences, at least two books,
significant threshold behavior. Leukemia among Japanese Aetc. | see nothing specious about pointing out that adaptive
bomb survivorg, and breast cancer among Canadian tuberresponse or hormesisan explain why linear no-threshold
culosis patienfsexposed by frequent fluoroscopy, both showtheory fails.
statistically significant decreases with increasing dose in the | take this opportunity to apologize for my misinterpreta-
low dose region. tion of the Billen papef. The “6000 hits per hour” are not
But the data most directly relevant to our gquestion arenecessarily cancer initiating events, and there are certainly
from a compilation of average radon levels in homes fordifferences between the damage done by radiation and by
1729 U.S. counties, well over half of all U.S. counties andchemical attack. The situation is quite complicated, but
comprising about 90% of the total U.S. population. TheBillen's paper concludes that “spontaneous DNA damage
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may bemany orders of magnitude greater than that causedzUNSCEAR 1994 Report, Appendix B. '
by low radiation doses.” Billen now says that thenay bé R. E. Rowland, A. F. Stehney, and H. F. Lucas, Radiat. R&s368-383

. . : (1978.
W ver-conservativi n n modifi rdin
as over-conservative and can be modified &xcord gto “D. A. Pierceet al, Radiat. Res146, 1-27(1996.

available evidence, should be SA. B. Miller et al, N. Engl. J. Med321, 1285-12891989.

%B. L. Cohen, Health Phy$8, 157—174(1995.
1D. Billen, Radiat. Res124, 242—-245(1990.
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