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FOREWORD

This report was prepared as part of a response by the Division of
Biomedical and Environmental Research, Energy Research and Development
Administration, to an inquiry from the U. S. Congress Joint Committee
on Atomic Energy (JCAE) for a thorough scientific review of two papers
by Dr. J. W. Gofman. Gofman's articles were written for the Committee
for Nuclear Responsibility, Dublin, CA, and have been entered into the
Congressional Record in summary form (July 31, 1975). This report and
four others by staff members of ERDA laboratories have been provided
to the JCAE for use in their consideration of Gofman's allegations
concerning the potential health effects of inhaled plutonium.
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REVIEW OF REPORTS BY J. W. GOFMAN ON INHALED PLUTONIUM
W. J. Bair

INTRODUCTION

Two recent widely circulated reports on the subject of inhaled pluto-

. (1) (2)
nium have provoked concern among the press
reports, The Cancer Hazard from Inhaled Plutonium, CNR Report 1975-1R,
May 14, 1975, and Estimated Production of Human Lung Cancers by Plutonium
from Worldwide Fallout, CNR Report 1975-2, July 10, 1975, were written by
John W. Gofman and issued by the Committee for Nuclear Responsibility,
P.0. Box 2329, Dublin, California 94566.

and in Congress. These

Gofman's reports do not present an objective analysis of the hazard
of inhaled plutonium; his arguments, in fact, contradict many conclusions
drawn in the scientific literature and supported by experimental data.
Because the reports are skillfully written, however, they could easily
mislead readers who are not well versed in this area. The purpose of this
review, therefore, is to examine Gofman's reports in the light of recent
research studies and to identify errors of fact and logic in his arguments.

BASES OF GOFMAN'S ARGUMENTS

In the first report, "The Cancer Hazard from Inhaled Plutonium,"
Gofman develops a "lung cancer dose" concept for inhaled plutonium. He
claims that the potential for lung cancer from inhaled plutonium has been
grossly underestimated because unrealistic models have been used for clear-
ance of plutonium from the respiratory tract and because the bronchi have
not been recognized as the site of most human lung cancers; that the lung
cancer hazard from plutonium is much higher in cigarette smokers than in
nonsmokers; and that inhaled insoluble alpha-emitting particles represent
a hazard five orders of magnitude greater than equivalent weights of chemi-
cal carcinogens. Gofman concludes that because of this 1ung cancer poten-f
tial, people throughout the world should reject the production of nuclear
fission energy which involves plutonium.



In the second report, "Estimated Production of Human Lung Cancers by
Plutonium from Worldwide Fallout," Gofman uses the values for "lung cancer
doses" developed in the first paper to estimate that plutonium fallout has
committed 1 million persons* worldwide to plutonium-induced lung cancer
and that the current annual death rate in the Northern Hemisphere due to
plutonium-induced lung cancer is 10,000. Projecting these estimates to a
developing nuclear power industry, he predicts that if only 0.01% of the
plutonium used in power production enters the environment, there will be
500,000 additional deaths from plutonium-induced lung cancer each year,
an increase of 25% in the annual lung cancer death rate.

Gofman's case is built primarily upon three premises, none of which
is founded on experimental evidence:

1) the risk-per-unit-dose concept, which assumes linearity of
response over an extremely wide range extending to very low
doses;

2) the concept that alpha irradiation from inhaled plutonium will
increase the incidence of lung cancer by the same proportion
that cancers of other tissues are increased by a variety of
radiation exposures; and

3) that smokers as a group are at exceptionally high risk from
inhaled plutonium because of long-term retention of plutonium
particles in the tracheobronchial region of the lungs.

The Risk-Per-Unit-Dose Concept

In establishing his risk-per-unit-dose concept, Gofman makes use of
his earlier conc]usion(3) that, after a latent period of 10-15 years,
radiation-induced Tung cancer increases by 2%/rem each year in an irra-
diated population over the spontaneous lung cancer death rate. This con-
flicts with the estimates made by the National Academy of Sciences
Committee on Biological Effects of lonizing Radiation (BEIR); after

* 116,000 persons in the USA,



careful consideration of the available data and the literature, the BEIR

(4,p.171)

Committee concluded the increase would be O.2%/rem, with an aver-

(4,p.150)

age of 0.29% for bronchial cancer. Gofman's figure, which is

10 times higher, is a matter of opinion only, unsupported by data.

Gofman compares his 2% figure with a value of 0.5% increase per rem,
which he attributes to the BEIR report. In fact, this value was given by
the BEIR Committee as a tentative prediction of an upper Timit if enough
more cancer deaths occur in the study populations; it is not what current
data support. Gofman derived his estimate of risk-per-unit-dose from
various published epidemiological data, concluding that if a certain amount
of radiation is released into the environment a certain number of lung can-
cers will be produced--regardless of the type of radiation, how the radia-
tion is distributed over the population, or how it is delivered to
individuals within the population. The report of the United Nations
Scientific Committee on the Effects of Atomic Radiation (UNSCEAR)(S) warns
against this sort of misuse:

Estimates of risk per unit dose derived from epidemiological

investigations are valid only for the doses at which they have

been estimated and they can be applied to a range of doses only

if there is a 11qear relationship between dose and incidence, (5)

since extrapolations beyond that range may lead to gross errors.

The UNSCEAR report is careful not to calculate risk estimates where
the available data do not support a linear relationship. An example is
the lung cancer data on the Hiroshima atomic bomb survivors, where the
risk per rem decreases with increasing dose. The BEIR report(4) discussed
Gofman's estimate of the cancer risk from exposure to low level doses of
radiation and concluded that Gofman overestimated the relative risk of
radiation-induced solid tumors by a factor of 4-5 in 0-9 year-olds and by
a factor of 10 in all others.

Because there is no empirical evidence on the carcinogenic effects of
radiation in human beings at doses lower than ~10 rem, the relationship
between dose and cancer induction is unknown at such low doses. In the
BEIR and UNSCEAR reports a linear relationship is assumed to insure



conservatism, both in applying the derived risk estimates to radiation
protection practices and in comparing biological risks of radiation and
alternative options. Since neither the risk estimates of the BEIR report
nor those of the UNSCEAR report are represented to be measures of the mag-
nitude of the actual occurrence of radiation-induced cancer, it would not
be prudent to use them for that purpose.

Finally, the National Council on Radiation Protection and Measure-
(6) continues to believe "that risk estimates for radiogenic cancers
at low doses and low dose rates derived on the basis of linear (propor-

ments

tional) extrapolation from the rising portions of the dose-incidence

curves at high doses and high dose rates...cannot be expected to provide
realistic estimates of the actual risks from low-level, low-LET radiations,
and have such a high probability of overestimating the actual risk as to

be of only marginal value, if any, for purposes of realistic risk-benefit
evaluation." Application of these risk estimates to high-LET radiations,
such as alpha radiation from plutonium, could be just as tenuous. Further-
more, -the risk estimates in the UNSCEAR and BEIR reports are derived from
specific types of radiation exposure, none of which involved alpha radia-
tion emitted from particles similar to plutonium deposited in the lungs.

The Multiplier Effect of Alpha Radiation

The second Gofman premise, that radiation multiplies the effects of
other carcinogenic influences, was considered by the International Com-
mission on Radiological Protection(7) and found to be unsupported by the
scientific literature. According to Gofman's concept, a given radiation
dose will increase the levels of all naturally-occurring cancers by the
same percentage, regardless of the actual incidence of naturally-occurring
cancers in the popuiation.

Gofman applies the value of 2%/rem of exposure increase over the
spontaneous rate to all types of cancer. However, since the incidence
rates of naturally-occurring cancers vary, his estimates do not neces-
sarily reflect accurately the differences in susceptibility of various



tissues to radiation-induced cancer. Gofman's figure would lead to sig-
nificant overestimation of excess cancers of tissues which have a rela-
tively high spontaneous cancer rate (uterus, ovary, esophagus, larynx,
skin, etc.) but which have not been found to actually develop excess can-

(7)

cers in irradiated populations.

Gofman purports to base his risk estimates on the "spontaneous" can-
cer rate in humans. Since 90% of malignant neoplasms in human beings are
thought to be due to environmental factors,(8) Gofman's predictions are
in fact based on the assumption that alpha radiation from plutonium depos-
ited in lungs increases the incidence of all lung cancer, both natural and
due to all inhaled environmental pollutants, by 2%/rem/year. This assumes
that part of the cancer risk from plutonium depends on the occurrence of
cancers from other causes. Since there are no cancer incidence data for
plutonium deposited in lungs of human beings, the validity of this assump-
tion is not known. However, not all environmental pollutants act upon the
same tissues within the lung. This is illustrated by the variety of tumor
types that occurs among workers with differing occupational exposures and

among smokers and nonsmokers.(g)

Increased Cancer Risk to Smokers

The results of animal experiments indicate that inhalation of pluto-
nium does not increase the incidence of cancer of the bronchial epithelium,
the type of lung cancer that occurs most frequently in both smoking and
nonsmoking human beings and in most occupational exposures. Plutonium
inhaled by experimental animals is deposited in the peripheral pulmo-
nary regions of the 1ung.(]o) Therefore, it is these tissues which are
irradiated, rather than the bronchial epithelium, and the predominant
carcinogenic effect is cancer of the bronchiolar-alveolar epithelium. In
human beings, however, bronchiolo-alveolar carcinoma is the least common

of the major lung cancers, a%counting for only 3-6% of the tota1(]])
12)

in
both smokers and nonsmokers. Therefore, since it has not been proved
that plutonium increases the incidence of naturally-occurring and environ-

mental pollutant-induced types of lung cancer in man, the use of the



relative risk approach may lead to erroneous conclusions. If Gofman
insists on using the relative risk approach, the more appropriate base-
Tine would be the incidence of the tumor type known to be caused by
inhaled plutonium in animals (bronchiolo-alveolar carcinoma), which com-
prises only 3-6% of human lung cancers. This would result in a nearly
20-fold reduction in Gofman's risk estimate.

Gofman's major erroneous premise introduces a large error into his
predictions. He concludes that the risk to cigarette smokers from
plutonium-induced lung cancer is greater than for nonsmokers because in
smokers clearance of plutonium particles from the large airways of the
Tungs (the tracheobronchial region) is impaired. On the basis of published
observations of areas denuded of cilia in the bronchial epithelium of ciga-
rette smokers' lungs, Gofman concludes that the clearance of plutonium
particles would be impaired in 25% of the tracheobronchial region of the
lungs of persons who smoke one package per day. Therefore, 25% of pluto-
nium particles deposited in the tracheobronchial region and particies
cleared to this region from the pulmonary region would be retained in the
tracheobronchial region with a half-time of 500 days. Experimental evi-
dence does not support this conclusion,

Cigarette smoke has been reported to inhibit ciliary activity of the
(13) (14) found that inhaled par-
ticles were actually cleared more rapidly in smoking males than in non-

smokers. Lourenco et a1.(]5)

respiratory tract. However, Albert et al.
observed abnormal accumulations of particles
in the tracheobronchial region of the lTungs of smokers several hours after
inhalation of a test aerosol. There was a delay of about 2 hours before
particle clearance began, but after 5 or 6 hours there was 1ittle, if any,
difference in the amount of particles remaining in the lungs of the smokers
and nonsmokers. There is no evidence to support Gofman's claim that clear-
ance of plutonium particles from lungs of smokers would be impaired to the
extent he suggests.

However, it is Gofman's estimate that plutonium particles are retained
in the tracheobronchial region with a half-time of 500 days that leads to



his astronomical predictions. Gofman correctly states that the half-time
for clearance of plutonium from the nonciliated pulmonary region of the

lungs is about 500 days.(]s)

This relatively long retention time in the
pulmonary region appears to be due to the interaction of plutonium with
the cellular constituents of this part of the lung where gas exchange
occurs. The plutonium particles are engulfed by phagocytic cells and
transported into intercellular spaces and lymphatic tissues, from which

clearance is extremely s]ow.(]o)

However, there is no basis for his
assumption of a 500-day half-time for retention of plutonium particles in
the tracheobronchial region of the lungs of smokers. Such long-term reten-
tion of particles deposited in the Targe airways of the tracheobronchial
region has not been demonstrated. Even if the ciliary clearance processes
were impaired by cigarette smoking, the relatively frequent coughing expe-
rienced by most heavy smokers would tend to promote clearance of plutonium
part1c1$2)with other debris from the tracheobronchial region. Albert

et al.

particles cleared from the tracheobronchial region within 13 hours. I? )
15

observed that in both smokers and nonsmokers 90% of inhaled

most subjects, 90% clearance occurred within 6 hours. Lourenco et al.
found that a mean of 46.8% of particles deposited in Tungs of smokers was
retained after 24 hours, compared with 48.3% in nonsmokers. Neither of
these reports suggests anything approaching a retention half-time of

500 days for the tracheobronchial region. Although these studies were not
with plutonium, there is no reason to expect the retention of plutonium

to differ greatly from the test aerosols that were used. For example,
plutonium is cleared from the tracheobronchial region of dog lungs with a
half-time of 2-3 days.(17)
Protection's Task Group on Lung Dynamics recommended a clearance half-

time va}ue of O.;-O.Z days for plutonium dioxide in the tracheobronchial
18,19,20

The International Commission on Radiological

ragion. There is no evidence that this does not apply to smokers

as well as to nonsmokers.

If plutonium were in fact retained in the tracheobronchial region of
the lungs of smokers with a half-time of 500 days, then other inhaled



particles also could be expected to have long retention times. This would
make smokers especially vulnerable to choking to death when exposed to air
containing moderately high concentrations of dust, a situation which is
obviously contrary to experience.

Another consideration overlooked by Gofman is that alpha particles
from plutonium penetrate only to about 40 um. Plutonium particles cleared
from bronchial areas by mucociliary action would probably be encased in
mucus and/or macrophages of that thickness or greater. Thus, it is
unlikely that a bare plutonium particle would come to rest on a bare
unciliated area of the bronchial ephithelium. Since, as Gofman agrees,
smokers have bronchial squamous metaplasia, the bronchial epithelium would
be thicker and the sensitive intermitotic basal cells would be further
protected from alpha particles. This argument indicates that smoking,
with resulting increased mucus production and squamous metaplasia, might
actually protect against the hazards of plutonium particles while they are
present in the bronchi.

OTHER ERRORS IN GOFMAN'S LOGIC

Other errors of fact and logic in Gofman's reports are illustrated by
the following:

1) Using a value of 2000 rem/uCi total alpha dose to lung from
inhaled plutonium, Gofman hypothesizes that deposition of
10.5 pCi fallout plutonium represents a potential dose of
about 21 mrem. This is in agreement with the UNSCEAR value
of 20 mrem, the total integrated dose to the pulmonary region

of the lung over a 50-year period from fallout p]utonium.(s)

This total lifetime dose from fallout plutonium is approximately

equal to the dose the tracheobronchial and pulmonary regions of
the lungs receive each year from breathing air containing only
those radionuclides (such as radon and lead-210) which occur
naturally in all air. Thus, at any time, the alpha radiation
dose from inhaled fallout plutonium is much Tless than the dose



to the respiratory tract from background alpha radiation. If

Gofman were correct about plutonium, inhaled natural radon and

lead-210 would have been responsible for much higher incidences

of human lung cancer than have occurred throughout the history
of man.

2) The reports lack reliable statistical content; for instance,

Gofman uses averages rather than distributions, particularly

when extremes are unknown. This can give fallacious results.
For example, Gofman says that the incremental effect of ion-
izing irradiation is age-dependent, yet uses the 2% figure for
the increased risk per rem uniformly, without consideration of
age variations in the hypothetical population. The category

"smoker" embodies a continuum, from several cigarettes per day
to several packs per day, yet half the people are treated

simply as smokers. To be statistically correct, an investi-
gator looks at all the variables at a distributional level and
applies the appropriate laws of distributional calculus to form
conclusions.

3) If Gofman's premise that clearance of plutonium from lungs of

smokers is greatly impaired is true, human autopsy data should

be showing much higher Tung burdens of plutonium in smokers
than in nonsmokers. This has not been revealed in the results
published to date.

CONCLUSIONS

There is no sound basis, either in data from animal experiments or
experience with human beings, for Gofman's assumption that the lung can-
cer risk posed by low dose, lTow dose-rate alpha radiation from inhaled
plutonium is linearly related to cancer incidence in persons exposed to
higher dose, higher dose-rate X- and gamma radiation from mostly external

sources,

Likewise, experimental evidence does not support his assumption



that alpha radiation from plutonium deposited in the Tungs increases the
incidence of all lung cancer, whether natural or caused by exposure to
environmental pollutants.

However, Gofman's radical overestimation of plutonium-induced deaths
is based primarily on his erroneous assumption that cigarette smoking sig-
nificantly increases the cancer risk from inhaled plutonium, and there is
no evidence that cigarette smoking causes plutonium particles to be retained
in the tracheobronchial region of the lungs with a half-time of 500 days.
Thus, Gofman's calculated high radiation doses to the tracheobronchial
epithelium of the lungs of smokers are unsupported, and in fact contra-
dicted, by experimental data. It follows then that his estimates of the
Tung cancer risk to smokers from inhaled plutonium are without merit.
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