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3.1 IONIZING RADIATION IN 21°T CENTURY

Zbigniew Jaworowski

Central Laboratory for Radiological Protection - CLOR, Warsaw, Poland

Radiation protection is not only a matter of science. It is a problem
of philosophy, morality and the utmost wisdom.
Lauriston S. Taylor, 1957

Trying to assess the risk of ionizing radiation from a 21 century perspective we may start by
looking at what we learned from the world’s greatest nuclear accident that occurred almost 20
years ago: the Chernobyl catastrophe. For myself it was a dramatic personal experience, a
difficult exam, which I am not sure I passed. For many people, but not all, engaged in
radiological protection, it was a watershed that changed their view on the paradigm on which
the present safety regulations are based, the holy mantra of LNT — linear no-threshold
assumption, according to which even the lowest, near-zero doses of radiation may cause
cancer and genetic harm. For everybody it might serve as a yardstick for comparison of
radiation risks from natural and man-made sources (Figure 1). It also sheds light on how
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Figure 1. Average individual radiation
Exposure to world population and in
Chernobyl region (Based on data in
years from UNSCEAR, 1988 and 2000)

easily the global community may leave the

realm of rationality facing an imaginary
emergency.

The LNT assumption is in direct contradiction
with a vast sea of data on the beneficial effects of
low doses of radiation. When in 1980, as a
chairman of the United Nations Scientific
Committee on the Effects of Atomic Radiation
(UNSCEAR), I tried to convince its members that
we should not ignore but rather peruse and assess
these data, published in the scientific. The LNT
assumption is in direct contradiction with a vast
sea of data on the beneficial effects of low doses
of radiation. When in 1980, as a chairman of the
United Nations Scientific Committee on the
Effects of Atomic Radiation (UNSCEAR), I tried
to convince its members that we should not ignore
but rather peruse and assess these data, published
in the scientific literature since the end of 19™
century, everybody in the Committee was against
it. In each of the next seven years I repeated the
proposal, to no avail. Finally, the Chernobyl
appeared to be an eye opener two years after the
accident, in 1988, the Committee saw the light
and decided to study radiation hormesis, i.e., the
adaptive and beneficial effects of low levels of
radiation. Six years of the Committee’s work

and hot discussions later, Annex B“Adaptive
Responses to radiation in cells and organisms”
appeared in the UNSCEAR 1994 Report, fourteen
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years after my original proposal. The Annex started a virtual revolution in radiation protection,
now in full speed.

The LNT/hormesis controversy is not limited to radiation. It poses problems for practically all
noxious physical. chemical and biological agents which we meet in life [1]. lonizing radiation
was discovered rather lately. at the end of the 19" century, but, as most of these other agents,
it has been with us since time immemorial.

Chernobyl accident was a radiation event unique in human history, but not in the long history
of the biosphere, in which increased radiation levels occurred at much greater scales [2-4]. In
terms of human losses it was a minor event as compared with many other man-made
catastrophes[5]. But its political, economic, social and psychological impact was enormous.
Let’s have a look at what happened

Lessons of Chernobyl

About 9 a.m. on Monday 28 April 1986 at the entrance of CLOR in Warsaw I was greeted by
my assistant with a statement: “Look, at 7:00 we received a telex from Mikolajki monitoring
station saying that the radioactivity of air is there 550 000 times higher than a day before. A
similar increase I found in the air filter from the station in our backyard, and the pavement in
[front of the institute is highly radioactive”. Soon, to our relief, we found that the isotopic
composition of radioactive dust was not from a nuclear explosion, but rather from a nuclear
reactor. Reports inflowing successively from our 140 monitoring stations suggested that a
radioactive cloud over Poland traveled westwards and that it arrived from the Soviet Union,
but it was only about 6 p.m. that we learned from BBC radio that its source was in Chernobyl.

This was a terrible psychological shock. The air over the whole country was filled with the
radioactive material, at levels hundreds of thousands times higher than anything we
experienced in the past, even in 1963, a record year of fallout from nuclear test explosions. It
is curious that all my attention was concentrated on this enormous increase in air radioactivity,
although I knew that on this first day of “Chernobyl in Poland”, the dose rate of external
radiation penetrating our bodies reached 30 pR per hour, or 2.6 mSv per year, i.e., was only by
a factor of 3 higher than a day before. This dose rate was four times lower than I would
experience visiting places in Norway, where the natural external radiation (up to 11.3
mSv/year[6]) from the rocks is higher than over Central European plane. It was also some

100 times lower than in an Iranian resort Ramsar, where in a house the annual dose reaches
about 250 mSv per year [7], or more than 300 times lower than at the Brazilian beaches (790
mSyv per year) [8] or in South-West France (up to 870 mSv per year) [9]. No adverse health
effects among the people living in those areas with high natural background radiation, were
ever reported.

But in 1986 the impact of a dramatic increase in atmospheric radioactivity dominated the
thinking of myself and of everybody. This state of mind led to immediate serious
consequences in Poland, in the Soviet Union, throughout the Europe, and later all over the
globe. First were different hectic actions, such as ad hoc coining of different principles and
emergency countermeasures, which sense and quality was lagging far behind the excellent
measuring techniques and monitoring systems. An example of this was the radionuclide
concentration limits in food implemented few days after the accident by various countries and
international organizations, which were varying by a factor of up to 50,000[10]. The base of
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some of these limits was not scientific, but reflected the emotional state of the decision
makers, and also political and mercantile factors. For example, Sweden allowed for 30 times
more activity in imported vegetables than in the domestic ones, and Israel imposed lower
limits for radioactivity in food imported from Eastern than from Western Europe [10]. The
limit of cesium-137 concentration in meat of 6 Bg/kg was accepted in Philipines and 6000
Bg/kg in Norway [10].

The monetary costs of such restrictions were estimated in Norway. At first the cesium-137
limit for meat was accepted there as 600 Bq/kg, which from a health physics point of view is
meaningless [11], as consumption of 1 kg of such a meat would correspond to a dose of
0.0078 mSv. If somebody would eat 0.25 kg of this meat each day for 1 year the internal
radiation dose would reach 0.7 mSv. This limit was often surpassed in mutton, and the
farmers received compensation for destroying the meat, and for special fodder they were
forced to feed the sheep for months before slaughtering. Such a low limit could have
destroyed the living of Lapps whose economy depends on reindeer, an animal having a special
food chain based on lichens. Due to this chain the reindeer meat contained in 1986 high
concentrations of cesium-137, reaching up to 40,000 Bq/kg. In November 1986 Norwegian
authorities introduced a limit of 6000 Bg/kg of reindeer meat and game. Ordinary Norwegian
diet includes only about 0.6 kg of reindeer meat per year [11], thus this limit was aimed to
protect Norwegians against a radiation dose of 0.047 mSv/year. In 1994 the costs of this
“protection” were evaluated: they reached over $51 million [12].

Sweden was not better. When the farmers near Stockholm discovered that the Chernobyl
accident contaminated the milk of their cows with cesium-137 above the limit of 300 Bq per
liter imposed by Swedish authorities, they wrote to them and asked if their milk could not be
diluted with uncontaminated milk from other regions, until the limit were attained, for
instance by mixing 1 liter of contaminated milk with 10 liters of clean milk. To the farmers’
surprise the answer was no, and the milk was to be discarded. This was strange, as it always
was possible to do so for other pollutants in foodstuffs, and we also dilute the fumes from
fireplaces or ovens with the atmospheric air. Authorities explained that even though one could
reduce the individual risk by diluting the milk, at the same time, one would increase the
number of consumers, and thus the risk would remained the same, although now spread over a
larger population [13]. This was a practical application of the LNT assumption, and of its
offspring, the concept of the “collective dose” (i.e. reaching terrifyingly great numbers of
“man-sieverts”, by multiplying tiny innocuous individual radiation doses by a large number of
exposed people). I believe that in an earlier paper I demonstrated the lack of sense and
negative consequences both of this assumption and of the concept [14]. This practical
application made that the costs of the Chernobyl accident might probably exceed in Western
Europe $100 billion [15].

The most nonsensical action, however, was the evacuation of 336 000 people from the regions
of the former Soviet Union, where during the years 1986 — 1995 the Chernobyl fallout
increased the average natural radiation dose (of about 2.5 mGy per year) by 0.8 to 1.4 mSv per
year, i.e. by about 30% to 50% [8]. The evacuation was based on radiation limits
recommended by International Commission for Radiological Protection (ICRP) for “the event
of major radiation accidents” [16] and on recommendations for protection of general
population [17, 18], which were tens to hundreds of times lower than natural doses in many
countries [19]. In the streets of the “ghost town” of Pripyat, from which about 50 000 people
were relocated, and where nobody can enter without special permission, the radiation dose
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rate measured by a Polish team in May 2001 was 0.9 mSv per year [20] , i.e. the same as in
Warsaw, and five times lower than at the Grand Central Station in New York. The evacuation
led to development of mass psychosomatic disturbances, great economical losses, and
traumatic social consequences. Obviously, ICRP will never accept responsibility for the
disastrous effects of practical application of its easy chair elucubrations, which make that the
present system of “radiation protection become a health hazard’|13].

In Poland, to save the population from effects of exposure to iodine-131, the government,
upon my instigation, administered during three days (starting on April 29™) a single dose of
iodine to about 18.5 million people, the greatest prophylactic action in the history of medicine
performed in such short a time. My medical colleagues and the Ministry of Health were

rightly proud of the ingenious and innovative way they implemented this countermeasure.
Recently several countries, including the USA, planned to follow in our flight [21-23].
However, now I see this action as nonsensical. We endeavored to save Polish children from
developing thyroid cancers by protecting them from a radiation dose of 50 mSv to the thyroid
gland [24]. At this dose ICRP recommended implementation of stable iodine prophylaxis [16].
But in studies of more than 34 000 Swedish patients whose thyroid glands received radiation
doses reaching up to 40 000 mSv from iodine-131, there was no statistically significant
increase in thyroid cancers in adults or children, who had not already been thought to have
cancer before treatment with iodine-131. In fact, an opposite effect was observed: there was a
38% decrease in thyroid cancer incidence as compared with the non-irradiated population [25,
26]. In a smaller British study of 7417 adult hyperthyroid patients whose thyroids received
average radiation doses from iodine-131 of 300 000 mSv, a 17% deficit in incidence of all
studied cancers was found [27]. Without the stable iodine prophylaxis and milk restrictions

the maximum thyroid dose would reach about 1000 mSv in about 5% of Polish children[24].
All what [ would now expect from this dose is a zero effect.

Fourteen years after the Chernobyl accident in the highly contaminated areas of the former
Soviet Union, no increase in incidence in solid cancers and leukemia was observed, except for
thyroid cancers. In its 2000 Report UNSCEAR stated that the “population need not live in
fear of serious health consequences”, and “generally positive prospects for the future health
of most individuals should prevail” [8]. No epidemics of cancers in the Northern Hemisphere,
direly predicted from the LNT assumption to reach tens and hundreds of thousands, or even
millions of'cases, has ever occurred.

The number of 1800 new thyroid cancers registered among the children from Belarus, Russia
and Ukraine should be viewed in respect to extremely high occurrence of the “occult” thyroid
cancers in normal populations [28-31]. The occult cancers, not presenting adverse clinical
effects, are detected at post mortem, or by USG examinations. Their incidence ranges from
5% in Colombia, to 9% in Poland, 13% in the USA, and 35% in Finland [29]. In Finland
occult thyroid cancers appear in 2.4% of children 0 to 15 year old [28]. In Minsk, Belarus the
normal incidence of occult thyroid cancers is 9.3% [32]. The greatest incidence of
“Chernobyl” thyroid cancers in children under 15 years old, of 0.027%, was registered in 1994
in the Bryansk region of Russia, which was less by a factor of about 90 than the normal
incidence of occult thyroid cancers among the Finish children. The “Chernobyl” thyroid
cancers are of the same type and similarly invasive as the occult cancers [30]. The first
increase of these cancers was registered in 1987 in the Bryansk region, Russia, one year after
the accident. Since 1995 the number of registered cancers tends to decline. This is not in
agreement with what we know about radiation-induced thyroid cancers, the risk of which
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increases until 15 — 29 years after exposure[8]. In the United States the incidence rate of
thyroid tumors detected between 1974 — 1979 during a screening program was 21 times higher
than before the screening [33], an increase similar to that observed in three former Soviet
countries. I believe that the increased registration of thyroid cancers in contaminated parts of
these countries is a classic screening effect, i.e., a consequence of mass thyroid examinations
and of the use of modern diagnostic equipment, in the countries where before 1986 such
examinations were rather scarce.

Besides the 28 fatalities caused by very high doses of radiation among rescue workers and the
employees of the power station, and 3 deaths in this group due to other reasons, the only real
adverse health consequence of the Chernobyl catastrophe among about five million people
living in the contaminated regions is the epidemics of psychosomatic diseases [8]. These
diseases were not due to irradiation with Chernobyl fallout, but were caused by radiophobia,
induced by years of propaganda before and after the accident, and aggravated by improper
administrative decisions. These decisions caused that several million people in three countries
“has been labeled as, and perceive themselves as, actual or potential victims of
Chernoby[l’[34]. This was the main factor behind the economic losses caused by the
Chernobyl catastrophe, estimated for Ukraine to reach $148 billion until 2000, and $235
billion until 2016 for Belarus [34].

In 1986 most of my professional colleagues and myself, the authorities, and the public in
Poland and elsewhere were pre-conditioned for irrational reactions. Victims of the LNT
dogma, we all wished to protect people even against the lowest, near-zero doses of ionizing
radiation. The dogma influenced behavior of everybody, leading to a mass psychosis, in fact to
the greatest psychological catastrophe in history[5], into which the accident in Chernobyl,
with the efficient help of media [10], and national and international authorities, quickly
evolved. It seems that professionals, international and national institutions, and the system of
radiological protection did not meet the challenge of the Chernobyl catastrophe.

The following main lessons can be deduced from this accident.

(1) Tonizing radiation killed only a few occupationally exposed people. The Chernobyl fallout
did not expose the general population to harmful radiation doses. The area covered by the
dangerous radioactive fallout, where the radiation dose rate reached 1 Gy per hour, was
limited to about 0.5 km? in an uninhabited location, reaching a distance of 1.8 km from the
burning nuclear reactor. Several hundred meters outside the 1 Gy isoline the dose rate dropped
by two orders of magnitude, to a safe level of 0.01 to 0.001 Gy per hour (Figure 2). This is a
situation completely different from a surface explosion of a 10 Mt nuclear bomb, when the 1
Gy per hour isoline can reach a distance of 440 km [35], and the lethal fallout can cover tens
of thousands km?, and endanger the life of millions of people.

(2) Radionuclides were injected high into the stratosphere, at least up to 15 km altitude [36],
what made possible its long distance migration in the whole Northern Hemisphere, and a
penetration over the Equator down to the South Pole [37]. With a unique, extremely
sophisticated radiation monitoring systems, implemented in all developed countries, even the
most tiny debris from the Chernobyl reactor was easily detected all over the world. No such
system exists for any other potentially harmful environmental agent. Ironically, this excellence
of radiological protection ignited the mass anxiety, with its disastrous consequences in the
former Soviet Union, and strangulation of nuclear energy development elsewhere.
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Figure 2. Measured radiation exposure rates in air on 26 April
1986 in the local area of the Chernobyl reactor. Units of
isolines are Gy per hour. (After UNSCEAR, 2000).

(3) Psychosomatic disorders and the screening effects were the only detectable health
consequences among the general population. Fighting the panic and mass hysteria could be
regarded the most important countermeasure to protect the public against the effects of a
similar accident should it occur again.

(4) This was the worst possible catastrophe of a badly constructed nuclear reactor, in which
two tasks were mixed: production of electric power with production of military grade
plutonium. The accident caused a complete meltdown of the reactor core, followed by the ten
days long completely free emission of radionuclides into the atmosphere. Nothing worse could
happen. It resulted in a comparatively minute occupational death toll, amounting to about half
of that of each weekend’s traffic in Poland. and tens or hundreds times lower than that of
many other industrial catastrophes, and no fatalities among the public. In the centuries to
come, the Chernobyl catastrophe will be seen as a proof that nuclear power is a safe means of
energy production. '

Beneficial radiation and regulations

After ionizing radiation and radioactivity were discovered at the end of the 19" century, their
social perception has alternated between enthusiastic acceptance and rejection. This stemmed
from recognition of their three basic aspects:

1) usefulness for medical applications and for technical and scientific aims;

2) beneficial effects of their low levels; and

3) harmful effects of high levels.

In the first part of the 20" century acceptance prevailed, in the second - rejection. The change
of the public mood which had occurred rather abruptly after the World War II was not due to
discovery of some new danger of radiation, but was caused by political and social reasons,
unrelated to the actual effects of radiation[14].
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The possibilities that ionizing radiation offered for medical diagnostics were first
demonstrated by W. K. Roentgen, one month after his discovery, by publishing in Nature in
January 1896 an x-ray photograph of the hand of his wife. The first therapeutic application of
high doses of x-rays for pain release, rheumatic diseases and chronic bronchitis was
announced in 1897 [38]. In 1902 Pierre Curie, together with two physicians: C. Balthazard
and V. Bonchard, discovered that radium rays are useful in cancer therapy.

The beneficial or hormetic effects of low doses of ionizing radiation were found two years
after Roentgen announced the discovery of ionizing radiation. First observed effect was an
increased growth rate of blue green algae exposed to x-rays [39]. During the next decades, this
observation was followed by thousands of publications on hormetic effects at all biological
levels (see e.g. [40-43]), including human epidemiology (Table 1).

That ionizing radiation can be hazardous for man was first announced in 1896 in the German
Medical Weekly [44]. The early students and users of radiation voluntarily or unknowingly
exposed themselves to high radiation doses. Among the pioneers of radiation and radioactivity
from 23 countries, scientists, physicists, medical doctors, nurses, and x-ray technicians, about
100 persons died by 1922, and 406 died until 1992, with afflictions that could be related to
radiation. The names of all these victims are recorded in the "Book of Honour of
Roentgenologists of All Nations" [45]. This experience sounded an alarm, and the need for
protection against high doses of radiation was realised quite early.

The radiological protection developed since the 1920s, and reached high standards after the
World War II. Due to this development, the total number of persons exposed worldwide
between 1945 and 2001 to significant radiation doses was only 2044. Among them 134
persons died; probably 70% of these fatalities occurred in medical applications of radiation
[46]. This record includes the Chernobyl victims, and is unusually low as compared with other
human activities. This testifies two facts: (1) excellency of radiological protection (but see
below the criticism of exaggerated standards); and (2) a low noxiousness of ionizing radiation.

In the 1920s the concept of "tolerance dose" was introduced, defined as a fraction of the dose
that caused skin reddening. This fraction corresponded originally to an annual dose (in
modern units) of 700 mSv. In 1936 it was reduced to 350 mSv, and in 1941 to 70 mSv. The
concept of tolerance dose, which was effectively a statement of threshold, served as the basis
for radiation protection standards for three decades [47] until 1959, when the International
Commission on Radiological Protection based its recommendations on the linear no-threshold
assumption (LNT) [48]. Introducing LNT to radiological protection was stimulated by undue
concern in the 1950s with the allegedly disastrous genetic effects on the human population of
ionizing radiation produced by man. In the literature on ionizing radiation at that time, one
could often see the following statements of geneticists: "...we have reached a stage where
human mistakes can have a more disastrous effect than ever before in our history - because
such mistakes may drastically change the course of man's biological evolution" [49]. In the
years that followed, even in the progeny of survivors of nuclear attacks on Hiroshima and
Nagasaki no radiation-induced genetic disorders were detected[50]. Also from other genetic
studies it became clear that this concern was an overreaction, in tune with strong emotions,
evoked by the menace of nuclear war. However, emotions are not a good basis for regulations.
Professor W.V. Mayneord, the late chairman of the ICRP Committee [V, a highly respected
scholar and humanist, made the following comment on using LNT as a regulatory basis: " /
have always felt that the argument that because at higher values of dose an observed effect is
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proportional to dose, then at very low doses there is necessarily some 'effect’ of dose, however
small, is nonsense" [51]. Mayneord's concern about the values applied in ICRP
recommendations was in "the weakness of the biological and medical foundations coupled
with a most impressive numerical fagade". This numerical fagade, however, is now regarded
as epistemologically unacceptable to interpret a biological reality[52]. An outsider of the
radiation protection community, the late professor E.T. Jaynes, presented as a classical
example for a common scientific error judging the effects of radiation by assuming a linear
response without threshold (LNT). He stated that “fo analyse one’s data in terms of a model
which does not allow even the possibility of a threshold effect is to prejudge the issue in a way
that can lead to false conclusions, however good the data....The false premise built into a
model which is never questioned cannot be removed by any amount of new data.... False
conclusions of just this kind are now not only causing major economic waste, but also
creating unnecessary dangers to public health and safety. Society has only finite resources to
deal with such problems, so any effort expended on imaginary dangers means that the real
dangers are going unattended. ’[53].

For the past few decades the main support of LNT assumption in radiology was the (
interpretation of epidemiological data from Japanese A-bomb survivor Life Span Study. This
population was exposed to extremely high dose rates, as the duration of radiation pulse during
nuclear explosion was about 10 second. This dose rate was larger by 2 x 10" than the
Chernobyl dose rate in the US (0.0046 mSv over 50 years). Using LNT assumption based on
such an enormous difference of the dose rates to calculate exactly 53 400 cancer death toll, is
not only unacceptable scientifically[14]. Indeed, Lauriston Taylor, the former president of the
US National Council on Radiological Protection and Measurements, deemed such
extrapolations to be “deeply immoral use of our scientific heritage.” Recently, a meticulous
revision of the cancer and leukemia incidence data from Hiroshima demonstrated that they are
consistent with the threshold-like dose response model [54].

During the past several decades there was a tendency to decrease the levels of dose applied in
standards of radiation protection to lower and lower values. In the 1980s and the 1990s these
became 20 mSv per year for occupationally exposed people, and 1 mSv per year for the
general population. For an individual who receives no direct benefit from a source of radiation,
a maximum dose of 0.3 mSv in a year has been recently proposed [55], and for some instances
- an exemption level of 0.01 mSv per year [56]. Justification for such low levels is difficult to
conceive, as no one has ever been identifiably injured by radiation while standards set by the
ICRP in the 1920s and the 1930s were in force, involving dose levels hundreds or thousands
of times higher [57, 58]. The life expectancy of the survivors of nuclear attacks on Hiroshima
and Nagasaki was found to be higher than that in the control groups [59], no adverse genetic
effects were found in the progeny of survivors [50]. There is also ample evidence of beneficial
effects of low doses of radiation in people occupationally, medically or naturally exposed to
doses much higher than the current radiation protection standards (see e.g. [60], and Table 1).

To adhere to regulations based on standards involving such low dose limits, the society is
paying hundreds of billions of dollars, with no detectable benefit. Each human life
hypothetically saved by implementing the present regulations costs about $2.5 billion [70].
Such spending is morally questionable, as: (1) the limited resources of the society are spent on
prevention of an imaginary harm, instead of achieving real progress in health care, and (2)
because low radiation doses are beneficial for the individual. For these two reasons, such
expenditures may have actually an adverse effect on the population.
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Table 1. Deficit of mortality in large human populations exposed to low radiation doses
(up to 500 mSv), in comparison with unexposed populations.

Population Deficit (%) and causes References
High background area, USA 15% cancers* [61]
High background area, China 15% cancers [62]
Nuclear industry workers, Canada 68% leukemia [63]
Nuclear shipyard workers, USA 24% all cancers [64]

58% leukemia
Nuclear workers, combined Hanford, 9% cancers [65]

ORNL, Rocky Flats, USA
78%  leukemia

British medical radiologists after 1955- |32% all cancers [66]
1979 29% cancers
36% non-cancers

Plutonium workers, Mayak 29% leukemia [67]

Eastern Ural, Russia |

High residential radon, USA 35% lung cancers [68]

Accident in Eastern Ural, Russia 39% cancers [69]
| Swedish patients diagnosed with 38% cancers [26]

iodine-131 **
* incidence; ** thyroid doses 0 - 257,000 mGy

Natural radioactivity and nuclear wastes

When life began some three and half billion years ago, the natural level of ionizing radiation
at the planet's surface was about three to five times higher than presently [71]. At that time,
the long-lived potassium-40, uranium-238, and thorium-232 had not yet decayed to their
current levels. Their content in the contemporary Earth's crust is still quite high, and it is
responsible for the highest radiation exposure of every living being. One ton of average soil
contains about 1.3 x 10° Bq of potassium-40, thorium-232 and uranium-238 and their
daughters. This corresponds to 3.6 x 10" Bq per cubic kilometer (Table 2). Decay of these
natural radionuclides present in 1 kilometer thick soil layer produces 8000 calories per square
meter annually [2].

We can compare the natural, extremely long-lived activity of potassium-40 (T"2 = 1.28 x 10°
years), thorium-232 ( T% = 1.4 x 10'° years) and uranium-238 (T% = 4.47 x 10° years) in soil,
with the activity of much shorter-lived radioactive wastes from the nuclear power cycle (Table
2). In 2002 the total annual production of electricity in nuclear reactors was 285.4 GW(e) [8,
80]. The global production of radioactive wastes from this source amounts to 3 x 10'°> Bq per
year, with the longest lived plutonium-244 (T% = 8.26 x 107 years). Such amount of average
natural activity is contained in a relatively small block of soil from high activity areas 0.17 by
0.17 km wide and 2 km deep. None of the man-made component of these wastes has
appreciably higher radiotoxicity (expressed as Sv/Bq) than the natural thorium-232 [81].
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Table 2. Activity of natural radionuclides in the terrestrial crust and total activity of wastes
from nuclear power. (After [72]. corrected)

Natural radioactivity

K-40 Rb-87 | Th-232 | U-235 | U-238 | Total |

Number of radionuclides in chain 1 1 11 12 14

Concentration of parent in soil, Bq/g
Median 0.40 0.08 0.030 | 0.0016 | 0.035

Max 3.20 - 0.360 | 0.0160 | 0.900
Concentration of series in soil, Bq/g
Median 0.40 0.08 0.33 0.019 0.49 1.32
Max 3.20 - 3.96 0.192 12.60 | 19.95

Activity of series in 1 km® of soil
(2.7E15 g2) , Bq
Median 1.1E15 | 2.2E14 | 8.9E14 | 5.1E13 | 1.3E15 | 3.6E15
Max 8.6E15 1.1E16 | 52E14 | 3.4E16 | 5.4E16

Activity of series in terrestrial crust
(17.3E24 g%, Bq

Median 6.9E24 | 1.4E24 | 5.7E24 | 3.3E23 | 8.5E24 | 2.3E25

Wastes from nuclear power

ILW and LLW from electricity 3.0E15 °
production in 2002, Bq °
Wastes accumulated until 2000 from the 58E18 '

whole civilian nuclear fuel cycle after
500 years of storage for cooling, Bq ¢

* After ref. [8], [73], and [74];

> After ref. [74);

©285.4 GW,, after ref. [75], and assuming 20% nuclear power station efficiency; and 10,000
GBq/GW(e) y" for conditioned solid intermediate level wastes (ILW), and 500 GBq/GW y'
low level wastes (LLW) after ref. [76];

4200,000 tones of “heavy metal” wastes after ref. [77]; decay rate of fission products and
actinides from ORIGEN after ref. [78] and [79];

® Corresponds to median natural activity in 0.83 km® of soil, i.e. in a block of 0.64 x 0.64 x 2
km; or in 0.06 km® of soil with maximum concentration of natural radionuclides, i.e. in a
block of about 0.17 x 0.17 x 2 km.

f Corresponds to activity in 1611 km® of seil with median concentration of natural
radionuclides, i.e. in a block of about 28.4 x 28.4 x 2 km; or in 107 km® of soil with
maximum concentration of natural radionuclides, i.e. in a block of about 7.3 x 7.3 x 2 km.

The activity of wastes accumulated until the end of 2000 from the whole global civilian
nuclear fuel cycle is much greater. It amounts to 200 000 tones of "heavy metals". Disposal of
high level wastes and spent fuel in geologic repositories may result in doses to population that
do not begin to accumulate until well after 500 years [82]. After 500 years activity of all high
level wastes will decrease to about 5.8 x 10'® Bq [83], corresponding to natural activity
contained in a block of soil from high activity areas about 7.3 by 7.3 km wide and 2 km deep.

No special barriers prevent the natural radionuclides from migration from, say, a depth of 2
km to the surface of the ground. They can be transported by mechanical action, or move in

solution. Thorium is not susceptible to leaching under most geological conditions and its
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principal mode of occurrence is in refractory minerals. Uranium is highly mobile, and may
migrate with ground water to distances of several tens of kilometres or more. Radium is mobile
in sulphate-free neutral or acidic solutions. The average volcanic injections of alpha emitting
*'%¢ into the global atmosphere during non-eruptive activity amount to about 5 x 10'° Bq per
year [84], i.e., almost twice as much as the 2002 production of radioactive wastes from nuclear
power reactors (Table 2). Geochemical differences between uranium, thorium and radium may
lead to drastic changes in their radioactive equilibrium [85].

In contrast, for man-made radioactive wastes many effective, sophisticated barriers are
provided in deep underground depositories. At a first glance, one can see in Table 2 that it
would take few billion years of such a global production of wastes from nuclear power
reactors as in 2002, to double the total activity of natural radionuclides in the Earth's
continental crust.

Conclusions

Man's contribution to the content and flow of radionuclides and of radiation energy in the
particular compartments of the environment consist but a tiny fraction of the natural
contribution. In some areas in the world the natural radiation doses to man and to other biota
are many hundreds times higher than the currently accepted dose limits for the general
population. No adverse health effects were found in humans, animals and plants in these areas.
In the future reconstruction of the edifice of radiation protection which now stands on the
abstract LNT foundations, a down-to-earth approach will be necessary, taking into account the
apparently safe chronic doses in high natural radiation areas. It seems, therefore, that studies of
these areas deserve special attention and support in the coming years.

The twentieth century witnessed the dawn of man-made ionizing radiation and radioactivity,
the use of the highest human knowledge to kill people in Hiroshima and Nagasaki, and the
greatest nuclear catastrophe in Chernobyl. This catastrophe claimed only 31 fatal occupational
victims and probably none among the public, ultimately proving that nuclear energy is a
comparatively save means of power production. It was also found that high semi-acute doses
of radiation can cure cancers, and that small chronic doses of radiation are beneficial for health.
It seems that the discovery of "new" radiation and of radioactivity which opened the gate to an
unlimited energy resource, has a significance to humankind similar to that of the discovery of
fire some 500 000 years ago. Fire made us the most ubiquitous species and enabled expansion
of life outside the Earth's biosphere. Our ancestors had many thousands of years to mentally
adapt to fire, sometimes even deifying it. It seems that one century has not been long enough
to adapt mentally in the same manner to ionizing radiation and radioactivity. But everything
now seems to proceed faster than before. Perhaps 21* century will suffice for this adaptation.
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3.2 RADIOPHOBIA:
A SERIOUS BUT CURABLE MENTAL DISORDER

Klaus Becker

Radiation Science & Health
Boothstr. 27. D-12207 Berlin, e-mail prof.dr.klaus.becker(@t-online.de

Symptoms, some consequences and treatments of radiophobia

The radiophobia syndrome is the excessive acute or chronical fear of small
radiation doses in the range of natural background fluctuations below about 50
mSv/y. It may be considered and treated as a mental disorder. It is caused primarily
by anti-nuclear activists and "green" political parties, as well as by fear-mongering
sensation-oriented media, and is endemic in several industrialized countries.

The consequences are serious. Best known is the lack of public acceptance for
clean, safe, and economical nuclear power. In extreme forms, e.g. in Germany, it can
lead to quasi-terrorist actions against transports of nuclear materials, purely politically
motivated blocking of an almost completed high-level waste repository in the Gorleben
salt stock, and the premature phasing-out of some of the world's safest and most reliable
nuclear power plants. At high costs for industry, electricity consumers and tax-payers,
they are intended to be replaced by many vastly more expensive and controversial
wind-mill parks, or even more uneconomic photovoltaic facilities in order to fullfil the
German CO,-reduction commitments according to the Kyoto Protocol. Less obvious
are other side-effects, such as excessive costs of decommissioning and waste disposal,
- unnecessary but very expensive radon remediation programs in former uranium
mining areas, private residences, etc., reluctance of patients to accept vital
radiodiagnostic or radiotherapeutic measures, administrative obstacles curbing the use
of radioactive sources in industry and research, and complications for some industries
involving increased natural radiation levels.

Among the relatively new aspects is that of terrorist threat with “dirty bombs”
based on the distribution of radioactive materials from stolen or orphan sources.
Although such devices would create only minor real radiological damage, such
Weapons of Mass Disruption could, if cleverly placed, easily create tremendous costs
and chaos among uninformed populations and authorities.

The therapeutic approach for treating radiophobia must include at least two
measures:

(1) Changes in the regulations should abolish the LNT hypothesis and the collective
dose concept. The dose limits should be increased to the lower level for observable
detrimental health effects, or to the fluctuations of natural levels including the
high-level areas in the world. New radiobiological and epidemiological data can
accelerate this process.

(2) Closely connected are improvements in information and education regarding

low-level radiation effects and the risk-benefit situation, for example by pointing out
beneficial radiation effects, e.g. in the wide-spread and successful radon therapy for
arthritic/rheumatic diseases and Morbus Bechterew. Such efforts should initially be
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focussed on public opinion makers and multiplicators, namely the media (journalists)
and politicians, progressing to teachers on all levels, physicians, clerics, community
organizations, etc. Both approaches are difficult and time-consuming, but recent
developments show that encouraging progress has already been made.

In a historical view, until 1940-50s low-dose radiation was generally associated with
beneficial health effects. Since the Japanese A-bombs disaster and global test fallout
in 1940-50s increasing worries arose about genetic disorders. After the 1950s, the
antinuclear Green/alternative movements increased in some countries. Since 1986, vast
exaggerations of Chernobyl effects stimulated intense anti-nuclear, mostly ideologically
motivated media and political campaigns in several rich nations. After 1990, the
divergence between accumulating scientific evidence and overcautious regulations
increased, causing rapidly increasing costs for waste management, decommissioning,
etc., and negative effects on society (inexpensive clean energy, reluctance of medical

radiation uses, etc.)

The Current Situation
Discrepancies between large fluctuations of natural exposures and the restrictive

limits for "artificial" population doses became increasingly problematic for the
credibility of radiation protection. In Germany, for instance, there are currently release
limits for radioactive materials corresponding to 0.01mSv/y population exposure
(<0.5 % of average annual natural dose), and requirements for the safe final storage of
radioactive waste for one million years -- perhaps exceeding the survival expectancy of
homosapiens (and the U.S. requirements by a factor of 100).

The risk/benefit assessment of such measures becomes particularly serious when
economic problems are not any more restricted to less developed countries, but also
interfere with social structures (employment, social services, education, etc.), and
become a serious burden for the taxpayer in formerly affluent countries. Radiation
protection in not a luxury which only a few rich countries can afford.

For example. currently in Germany for dose reduction down to individual doses of
0.5% of average natural exposure (0.01 mSv p.a.)), 100,000 ECU/Sv (about
US$ 135,000) are being spent. This results in direct expenses, e.g., in Germany, of about
1,500 mill. ECU in the remediation of former U mining areas, about 5,000 mill. ECU on
radiation protection measures in decommissioning and waste programs, and about 200
mill. ECU for destruction of agricultural products after Chernobyl, etc. It is important
to note that indirect economic and social costs amount to a much larger amount of at
least 1,000 mill. ECU annually.

Some Expert opinions
According to the study of U.S. Congress/General Accounting Office, a question
has been presented as to the scientific basis of the present radiation standard as follows
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(released July 14, 2000):

"A disagreement between federal agencies over what level of radiation exposure is
safe was not based on scientific evidence and could cost the taxpayer billions in
unnecessary spending. Current standards assume there is no safe level for radiation
exposure, but many scientists say that radiation exposure is harmless below a certain
threshold. Current standards of acceptable radiation exposure are based on
extrapolations from studies on much higher exposure. The question is, is it justified to
spend money if you are not sure that there is some benefit derived from spending that
money?"

There are many relevant statements of experts, e.g. at 5th Internat. Conference on

High Levels of Radiation and Radon Areas, Dose and Health Effects,
IAEA/WHO/EU/BMU/BIS/UNSCEAR, Munich Sept. 4-7, 2000):
-- "We are swimming in a sea of uncertainties and contradictions. We cannot live with
a consistent system for natural and artificial radiation. The cleanup industry makes a lot
of money and tries to maximize profits." (Gonzalez, IAEA, Director, Radiation and
Waste Safely Div.)

-- "There are no conclusive data from epidemiological studies. The risk from radiation
is much less than currently estimated. The costs for decommissioning and remediation
are not acceptable."  (A. C. S. Amaral, Director, Inst. Radiat. Protect., Brazil)

-- "Radiation protection should avoid splendid isolation in a self-inflected ghetto. Why
worry, at a cost of 100,000 EURO for one Sievert avoided down to a level of 0.01mSv/y,
and look away from people living at 10mSv/y?" (W. Burkart, JAEA Dep. Direct.
Gen.)

-- "We should not extrapolate from high to low levels, because the biological
effects are basically different."(L. Wei, Ministry of Health, China)

Natural and "artificial" dose limits

There are no detrimental health effects up to at least 10mSv/y in high natural
radiation areas, e.g. in Kerala/India, China, or, Germany. However, if current limits for
"artificial" radiation (1 mSv/y) are applied also to natural radiation, large parts of many
countries would have to be evacuated, and many industries (minerals, phosphate, coal,
oil) have to be closed down. The extreme expenses could seriously affect whole national
economies.

Possible solutions could be:

1. To apply very different standards for natural and artificial radiation, or
2. to adjust regulatory limits for artificial radiation to a much higher level
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(by a factor 10-100), which would also correspond with the approx. 1:10 fluctuations
in natural exposure. Unfortunately, this obvious solution seems to be not politically
acceptable at present.

High natural radon concentration measured in Germany:
- Residential radon: Some basements of older houses in Saxony with more than

100,000 Bg/m’

- Air in overground industrial facilities: In the Hof/Bavaria Public Water Works ca.
750,000 Bg/m?’,

- Air in radon spa sources: Up to 180,000 Bq/m’

- Air in U mines around Schneeberg/Saxony (ca.1946-1950): more than 2,000,000
Bg/mr’.

The Schneeberg area of Saxony/Germany, 12% of all homes are above 15000 Bg/m’
(maximum around 115000 Bg/m®). Since 1990, about 3.000 mill. US $ have been
spent on overground radon assessment and remediation programs, however, in 1998
there has been the official reopening of new radon therapy facilities in the same area.

Radon Therapy as an Example of Beneficial Radiation Effects

Radon therapy has a long history dating back to the ancient Romans. After
the1903/04 discovery of Th/Ra (called emanation) in the U.K. and Germany, first spa
studies were made in Gastein/Austria. Systematic investigations of Rn sources
followed in Austria, Bohemia, Germany, and first scientific studies in Germany.
There was a widespread use of Ra/Rn "emanators", and rapidly developing radon spas,
e.g. Joachimstal (43 patients in 1906, 373 in 1920, 2476 in 1913, with the Radium
Palace Hotel opening in 1912). In Russia, since ca.1910 there was increasing radon
therapy with up to one million annual patient treatments, and in 1993 the first clinical
proof of radon effects in randomized double-blind studies started Germany. A total of
more than 1,000 publications appeared in scientific/medical journals on Rn therapy
since 1904.

As for radon spas, there are currently >30 in Russia, 7 in Germany, 3 in Austria, and
others in the Czech Republic, in Bulgaria, in Italy, Japan, Poland, and USA. Patients
are treated mostly for rheumatic arthritis and spondilytis ankylosans (M. Bechterew),
e.g. 75,000 p.a. in Germany and Austria. Several explanations for the effectiveness of
radon treatments have been investigated, e.g. stimulation of the immune system,
improved cellular repair capacity, or promotion of hormone and radical scavenger
production.

The New ICRP 2005 Draft

However, ICRP insists that even low and very low radiation doses are dangerous.
The proposed limits remain largely unchanged with 1 mSv/y for the population dose,
and 0.01 mSv/y release constrains. For radon, it is up to 600 Bq/m3 in residences, 1,000
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Bg/m’ at the working place (national regulations are in many cases much lower, e.g.
150-250 Bg/m’ for residential radon, and a recently proposed limit of 100 Bg/m’ in
Germany, which would cause costs of about 1.000 ECU). The weighting factor(RBE)
for alphas remains at 20, and LNT the basic principle. The inconsistent consideration of
natural (NORM, etc.), medical, and artificial" exposure also remains unchanged.

Among the new topics are cloudy “stakeholder” and ethical-philosophical
considerations. and an increasing concern about the radiation protection of non-human
species. There are slight indications of improvements in collective dose and lung risk
assessment, but without any action. Remarkable is the increasing influence of
non-scientific political and public-opinion factors in the formulation of ICRP

recommendation.

Conclusions
The current consensus of (almost) all radiation protection and radiation biology

experts may be summarized as follows:

l. For economical (cost/benefit), ethical and political (e.g. nuclear energy
acceptance) reasons, low dose effects are of utmost interest.
2. Radiobiological and epidemiological evidence demonstrates that the LNT

hypothesis and collective dose concept are invalid for low and very low doses, but
perhaps still of limited administrative value. In particular the “collective dose” concept
frequently produces, by multiplication of very small doses with large populations,

obviously absurd results.
3. The RBE of high-LET (alpha, neutron) radiation should be reduced from 20 to a

more realistic value around 5-10.

4. Current population limits of 1 mSv/y (individuals) and ~0.01 mSv/y (large
groups) are, considering research results, e.g. effects of natural background fluctuations,
much too low and should be revised.

Remark: These are notes for a lecture, and not a carefully polished scientific paper.
References and additional information may be requested from the author.
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3.3 Evidence for beneficial low level radiation effects

and radiation hormesis

L.E. Feinendegen

Heinrich-Heine-University Diisseldorf, Germany;

Brookhaven National Laboratory, Upton, NY, USA

Abstract

Low doses in the mGy range cause a dual effect on cellular DNA. One effect concerns a
relatively low probability of DNA damage per energy deposition event and it increases
proportional with dose, with possible bystander effects operating. This damage at background
radiation exposure is orders of magnitudes lower than that from endogenous sources, such as
ROS. The other effect at comparable doses brings an easily observable adaptive protection
against DNA damage from any, mainly endogenous sources, depending on cell type, species,
and metabolism. Protective responses express adaptive responses to metabolic perturbations
and also mimic oxygen stress responses. Adaptive protection operates in terms of DNA
damage prevention and repair, and of immune stimulation. It develops with a delay of hours,
may last for days to months, and increasingly disappears at doses beyond about 100 to 200
mGy. Radiation-induced apoptosis and terminal cell differentiation occurs also at higher
doses and adds to protection by reducing genomic instability and the number of mutated cells
in tissues. At low doses, damage reduction by adaptive protection against damage from
endogenous sources predictably outweighs radiogenic damage induction. The analysis of the
consequences of the particular low-dose scenario shows that the linear-no-threshold (LNT)
hypothesis for cancer risk is scientifically unfounded and appears to be invalid in favor of a
threshold or hormesis. This is consistent with data both from animal studies and human
epidemiological observations on low-dose induced cancer. The LNT hypothesis should be
abandoned and be replaced by a hypothesis that is scientifically justified. The appropriate
model should include terms for both linear and non-linear response probabilities. Maintaining
the LNT-hypothesis as basis for radiation protection causes unreasonable fear and expenses.

Ionizing radiation and endogenous toxins at low doses

All agree that cellular responses to low values of absorbed doses of ionizing radiation are not
readily predictable by extrapolation of responses observed at high doses. One reason for this
unpredictability is in the physics of energy distribution in low-dose exposed tissues. In case
of penetrating radiation, particle tracks arise stochastically throughout the exposed tissue with
the relatively low density at low doses [1]. These tracks generate on the one hand unevenly
distributed ionizations and excitations of constituent molecules along the track path, as well as
bursts of reactive oxygen species (ROS) [2]. In case of exposure to internal emitters, the

distribution of particle tracks is determined by the distribution of the emitter in tissue [3].
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The lower the radiation fluence or number of particle emitters in a given tissue mass, the less
crowded are the particles in the exposed mass and with them the more heterogeneous is the
distribution of ionized molecules and of ROS bursts.

The other reason is the presence of compounds that may aggravate or reduce radiation effects;
there is especially the abundant and constant metabolic generation of ROS and of other
endogenous toxins, on top of which low-dose radiation acts |2, 4]. The quotient between the
rates of endogenous and radiogenic ROS production at background radiation exposure
strongly favors the former. In fact, the average production rate of endogenous DNA double
strand breaks (DSB) per cell per day in the body is about 10’ times higher than that of
radiogenic DSB from background irradiation assumed overwhelmingly to be low-LET type.
However, at low-LET irradiation the probability of radiation induced DSB per primary DNA
alteration of any type is about 10° times higher than that caused endogenously [5]. This data
set attests not only that endogenous DNA damage far outweighs radiation induced DNA
damage at background level exposure, but also that irradiation is far more effective in causing

DSB than are endogenous ROS.
Ratio of DNA damage and cancer probabilities

Radiation induced DNA damage increases with absorbed dose [6]. Such cellular effects come
through direct energy deposition events from traversing particle tracks by which DNA
damage rises proportional with dose. Dependent of the amount of energy deposited per cell,
bystander effects in non-irradiated neighboring cells may add to this damage in tissue at low
doses [7, 8]. By measuring damage in multicellular systems, values of damage per exposed
cell or defined micromass are calculated averages. This implies that any bystander
phenomenon that may have occurred is coregistered and expressed in the oberved values from
which these calculations were made [9]. A dose of 1 mGy of low-LET radiation, such as 100
kVp x-rays, causes on average the following effects per potentially oncogenic stem cell with
an average mass of 1 nanogram: 1 particle track; about 150 ROS; 2 DNA alterations of any
kind; 10 DSB; 10™* chromosomal aberrations; and the probability of an oncogenic
transformation of the hit cell with lethal outcome is about 10 to 10 [10, 11, 12]. In other
words, the ratio of the probabilities for radation induced lethal cancer and the corresponding
DSB is about 10! to 1072 . This means that the statement of even one DSB to pose a risk of
causing a lethal cancer to develop from the affected cell is unreal and, in fact, scientifically
unfounded.
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Adaptive Responses, Protection

A sudden suprabasal yet non-lethal rise of toxin concentration in a biological target tends to
elicit stress responses and to stimulate adaptation usually in terms of protective mechanisms
in the sense of hormesis [13]. Increasing evidence in the literature over the past 25 years
indicates that adaptive protection responses occur in mammalian cells in vivo and in vitro
after single as well as protracted exposures to X- or y-radiation at low doses. Not only the
occurrence of adaptive protection but also the nature of some biochemical mechanisms
involved have been reported [4, 11, 12, 14, 15, 16, 17]. There appear to be two principal
types of adaptive protection, one is to prevent and repair DNA damage and in doing so to
keep cells alive and functioning properly. The other is to remove damaged cells from tissue
by inducing apoptosis, terminal differentiation, and immune responses and thus to reduce

genomic instability in the tissue system and eliminate mutated cells.

Contrary to the immediate begin of repair after DNA damage has occurred, adaptive
protection develops as adaptive response relatively slowly within a few hours, may last for
several weeks to months, and resemble physiological stress responses that protect against
accumulation of DNA damage in tissue. This damage may be from any source such as from
metabolically generated or environmental toxins or renewed irradiation [18]. Such protective
responses occur in various ways. They appear to depend on mammalian species, individual
genomes, cell types, cell cycle, and cell metabolism. Adaptive protection categories after

single low-dose, low-LET irradiation, are as follows:

Damage prevention

Stimulation of the radical detoxification system that appears to reach a maximum at about 4
hours after irradiation and lasts for several hours to even weeks, depending on tissue and cell
type. In mouse bone marrow in vivo, there was a delayed and temporary reduction of the
incorporation of DNA precursors and of thymidine kinase activity to some 70 % of control
with a concomitant rise of free glutathione; the effect slowly declined over a period of about 6
hours. [10, 19, 20, 21]. In other low-dose irradiated rodent tissues, increased levels of
superoxide dismutase (SOD) occurred in parallel with decreased lipid peroxidation lasting for
weeks [22, 23] and an elevated level of glutathione up by a factor of close to five in spleen
cells was involved in an increase in natural killer cell activity [24]. ROS detoxification was
also linked to gene activation. Thus, mRNAs for glutathione synthesis-related proteins in the
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mouse liver became elevated after low-dose gamma irradiation [25]. The increase in
intracellular glutathione caused by low-dose in RAW 264.7 cells had its maximum between 3
and 6 hours after exposure; this effect was mediated by transcriptional regulation of the
gamma-glutamylcysteine synthetase gene, predominantly through the AP-1 binding site in its

promoter [26].

Damage repair

Protection against high-dose induced chromosomal aberrations in human lymphocytes
increased to a maximum about 4 hours after a conditioning low-dose low-LET irradiation; the
protection also operated against other DNA damaging agents [27, 28]. This protection
covered up to about 30 % of the damage seen in non-conditioned controls and varied between
individuals and cells types; it was absent in some individuals and is probably determined
genetically [29, 30]. Where it operates, it appears to last up to about 3 days, as reported for
various human cells in vivo as well as in culture [15]. This adaptive response probably
involves a several-fold enhancement of the DNA repair rate [31, 32] with the slow component
of DSB repair being much faster at 0.5 Gy x-rays than that seen at 2 Gy [33]. Another
adaptive response of this type appeared regarding micronuclei formation in human fibroblasts
[34]. In these cells, conditioning doses from 1 to 500 mGy were equally effective; this also
indicated that at the lowest dose, when approximately 40 % of the cells did not experience an
energy deposition event, a bystander effect was involved in causing the adaptive protection
[35]. A similar set of data in fibroblasts showed constancy of the adaptive protection over a
dose from 1 to 100 mGy gamma-rays using the micronucleus assay [36]. The degree of
inhibition of DNA synthesis and cell growth in rat glial cells in culture by a high dose of x-
rays was reduced by about one fourth to one third at several hours following a conditioning
low-dose exposure, when the cells were obtained from young rats. The adaptive response
decreased with age of the donor rats. This adaptive response involved protein-kinase C
(PCK), DNA-dependent protein-kinase (DNA-PK), and phosphatidylinositol 3-kinase (PI3K),
as well as the activity of the ataxia-telangiectasia gene (ATM) [37].

Damage removal by apoptosisDamaged cells may be induced into apoptosis by intra- and
intercellular cellular signaling. Apoptosis also may occur within hours after high-dose
irradiation. Low-dose induced apoptosis of pre-damaged cells with replacement by healthy
cells may be a major route of in vivo removal of oncogenically transformed cells [38, 39, 40,
41, 42, 43, 44]. Low-dose induced apoptosis is assumed to operate also through intercellular
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signaling from normal cells, which may also be activated by transformed cells in culture [45,
46]. Non-growing human fibroblasts in culture with DSBs from low-dose low-LET
irradiation readily lost this damage to the level of DSBs in non-irradiated control cells after
induction of proliferation; this damage removal was mainly due to apoptosis [47]. Low-dose
induced enhancement of DNA repair may be responsible for the observation in rat thymocytes,
where the incidence of radiation-induced apoptosis first declined at low doses and only rose
with higher doses [48]. The induction of apoptosis apparently requires a certain level of DNA

damage.

Stimulation of immune response

Removal of damaged cells occurred in vivo by way of a low-dose induced immune
competence [49, 50]. This was, in another study, associated with a reduction in the incidence
of cancer metastases to less than one third of control concomitantly with an increased number
of circulating cytotoxic lymphocytes [S1]. Such response had its maximum in vivo at about

0.2 Gy [52]. Low-dose induced immune competence may last for several weeks [53].

Protection and cell cycle

Damaged cells also may exit the system by premature differentiation and maturation to
senescence [54]. This was observed to occur also via bystander effect in microbeam
experiments directed to single cells in complex tissue [S5]. The various mechanisms of
protection may be directly or indirectly linked to transient changes in the activity of the G,
cell cycle checkpoint [56]. Another mechanism in this category of damage removal is known
to occur in a number of tissue culture cell types by way of hypersensitivity to low-dose
radiation that disappears at higher doses [57, 58]. This hypersensitivity in some cells was
linked to the cell cycle [59, 60] and it disappeared in a number of culture cells within about 4
hours, but not immediately, after a single low-dose, low-LET irradiation [61]. Radiation-
induced predisposition to genetic instability in culture cells also declined following low-dose
irradiation [62]. These data indicate prevention of damage removal by way of low-dose

induced DNA repair.

Reduction of carcinogenesis

The coordinated action of these protective responses, in one form or another may be
responsible for the observation of a reduction of spontaneously occurring cancers. In fact,
single low doses of low-LET radiation in tissue culture cells initiated with a delay of 1 day,
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but not immediately, a significant reduction of spontaneous clonogenic transformation to
about one third of control [63, 64, 65]. There is indication that this low-dose suppression of
oncogenic transformation is not in response to cellular glutathione [66]. It can involve
bystander phenomena likely through extra-cellular signaling exchange [67]. In mice
heterozygous for the Trp-53 gene, a single low dose of low-LET radiation given at the age of
about 2 months significantly delayed the appearance of “spontaneous” lymphoma and spinal
osteosarcoma later in life [68]. A review on tumor development following low-dose, low-
LET irradiation in rodents showed the existence of a threshold dose [69]. This is supported
by a recently published study of induction of lymphomas, solid tumors, and ovarian tumors in
BC3F1 female mice that at the age of 1 month or 3 months received single whole body doses
up to 32 ¢cGy of low-LET radiation; the threshold dose was 4 cGy [70]. Several human
epidemiological studies also indicate either a threshold or a reduced cancer incidence below

control following a single low-dose irradiation [5, 15, 16, 40].

Low-dose induced changes in gene expression

The above listed categories of adaptive protection involve changes in gene expression [4, 25,
26,37, 71]. An example for DNA repair gene activation refers to the telangiectasia gene [37].
Human fibroblasts in culture showed DNA repair in the course of adaptive protection against
micronucleus formation following acute high-dose irradiation; the repair was more effective
in the gene poor chromosome than in the gene rich chromosome of the cells [72]. Another
data set showed that exposure of human skin fibroblasts in culture to a single dose of 20 mGy
y-radiation caused more than 100 genes to change their expression within 2 hours. This gene
group included stress response genes and was different from the group of genes in parallel
cultures that concomitantly responded to 500 mGy [73]. A similar pattern of expression
amongst a total of 1574 genes developed in the y-irradiated mouse brain more at 30 min. than

at 4 hours, with 30 % of the genes exclusively affected by 0.1 Gy [74].

A common pattern

Despite the disparity of the examined systems and responses, there appears to be a common
pattern in the data. In fact, adaptive protection following low doses of low-LET radiation
appears to be the consequence of changed cellular signaling and to be ubiquitous.

Adaptive protection is a physiological expression of cellular capabilities to maintain integrity
of tissue structure and function in the face of various exposures to potentially toxic agents

including ROS, be they from endogenous sources or from ionizing radiation [5, 75, 76]. One
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might speculate that DNA damage accumulation from any source eventually conditions a cell
to become susceptible to apoptosis induced by low doses including that from background
radiation exposure [2]. In this sense, background radiation exposure comes into focus as a

possible trigger for maintaining tissue homeostasis.

Regarding their dependence on absorbed dose, the above listed categories of adaptive
protection are schematically summarized in Figure 1. Except for apoptosis and terminal cell
differentiation, all the above protective responses to single exposures tend to be expressed
maximally after less than 0.1 and not after more than 0.5 Gy X- or y- radiation [10, 77, 78]
and to increasingly fail with higher doses depending on type of adaptive protection in a given
cell system, as summarized previously [5, 10, 11, 12]; in most mammalian cells so far

examined, the expression of adaptive protection had a maximum above 5 mGy and below

about 200 mGy.
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Fig. 1:

Single low-dose induced adaptive responses have a protecting function through various
mechanisms. Note that mechanisms of DNA damage prevention and repair and the immune
stimulation decrease after a maximum at doses between 0.1 — 0.2 Gy, in contrast to apoptosis
incidence that increases with dose. Absorbed dose is in Gy and also in terms of
microdosimetry, in that the mean energy deposition per particle traversal per defined
micomass (specific energy z;) (ICRU 1983) is multiplied by the number of such events (Nu)
in the number of exposed micomasses (NEg).
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Regarding the duration of their effectiveness, Figure 2 gives a schematic summary of
available published data. The time scales of duration of adaptive protection of various kinds
are crucially important for the assessment of dose rate effects [79]. Depending on radiation
type and dose rate, energy deposition events per defined miocromass such as a cell happen at
certain average time intervals. The time interval between repetitive energy deposition events
in a defined biological target at a given dose rate may determine to what degree damage or

adaptive protection prevails.
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Fig. 2:

Single low-dose induced adaptive responses have different times of duration depending on
protective mechanisms, that begin with a delay of several hours and may last for up to months
regarding immune response. Note that repair in response to radiation damage begins
immediately after damage has occurred.

Since DNA damage and cancer in mammals arise mainly from non-radiogenic sources, it is
justified to relate the low-dose induced various adaptive protection mechanism mainly to non-
radiogenic, i.e., “spontaneous” DNA damage and cancer in addition to their potential effect
against radiogeneic damage and cancer, as presented in more detail in a model elsewhere [3,
11,12, 17]. A summarizing graphical display applying the model of risk evaluation after
single low-dose irradiation is shown in Figure 3. It illustrates in principle that low-doses
induce adaptive protection against DNA damage and its accumulation in tissue, mainly from

endogenous, i.e., “spontaneous” sources and thus counterbalances effects from radiation
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exposure. The net risk of cancer, then, becomes lower than predicted by the LNT-hypothesis,

or even negative with more benefit than damage to the low-dose exposed system.

Dual Effect of Low Dose lonizing Radiation
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Fig. 3:

The dual effect of single low-dose irradiation is schematically analyzed according to a
simplified model (see also text). This encompasses as a function of dose D, i.e. of Ny/Ng for a
given radiation quality, the following probabilities: a) of DNA damage induction per energy
deposition event z; (see Fig. 1), pind, With a potential contribution from bystander effect, in
red; this function appears linear with dose beyond the contribution from bystander effect; b)
of the net protection provided by dose dependent mechanisms, ppmt(fNH), plus of apoptosis
Papo, - both against spontaneous cancer with the probability pgy, per affected cell, in green.
The net cancer risk derives from the difference between cancer induction and prevention at
the various dose levels; the solid curve of net cancer risk is without protection from apoptosis,
and the dotted curve of net cancer risk is with protection from apoptosis.

Summary

1) Ionizing radiation causes DNA damage in mammalian cells proportional with dose with
additional possible bystander effects. 2) At background radiation exposure levels, DNA
damage comes overwhelmingly from non-radiation sources. 3) The probability of radiation
induced adaptive protection measurably outweighs that of damage from doses well below 200
mGy low-LET radiation. 4) The delayed and temporary adaptive protection at low doses
involves damage prevention, damage repair, and immune responses. They appear to operate
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primarily against DNA damage from non-radiation sources. Moreover, apoptosis and
terminal cell differentiation also occur at higher doses and tend to remove susceptible
damaged cells as does the low-dose induced stimulation of the immune system. Cell removal
reduces genomic instability and mutated cells from tissue. 5) At higher absorbed doses in
tissue, cell and DNA damage appear increasingly to overrule, negate, or annihilate the more
subtle signaling effects seen after low doses that lead to adaptive protection, whereas
apoptosis and terminal cell differentiation continue to function. 6) The linear-dose-risk
function appears invalid and should be replaced by a function that includes both linear and
non-linear terms. Basic research data and human epidemiological data conform to threshold

or hormesis in the low-dose range.
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3.4 Health Effects of Low Dose Radiation
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Abstract

Studies of 30,000 children born to atomic bomb survivors exposed to an average of 400 mSv
revealed no statistically significant increase in the genetic indicators when compared with 40,000
control children. Nevertheless, UNSCEAR reports in 2001 gave estimates of hereditary effects of
radiation using experimental data on mice. Four cases (people living at a high background radiation
area in China, British radiologists, European airline pilots and children in Belarus exposed to high
level of radioactive fallout from the Chernobyl accident) of epidemiologic data are presented to
show that cancer incidences after chronic exposure to radiation at the level of a few mSv to 100
mSv are not higher than those after exposure to the normal level of natural radiation. Radiation,

when given at a low dose, is safe.

249291

20 AL OFRE XHRRO IR Z LA 2 MEED S TICBIT S ) —~VEIL. 40%05
BEESBOWRICEZSNTVS, BHHBERFHIRDISHARINLHRTDH %,
ULinLanis, B8 - RIEOFBRENRDICDEKRTH 20T, REEXKFOERI,
LS UBENTWERBESCHERTH Y KbhhDET, BEREVWSBUOIERATH
FREBLTWBEANE N, 51, ATHHEBRO —BRANOHITIE 1mSv LATICRS X
SIEMIZE L < BHlTN TS, 207D, —RIZIE, BHRIZ 1ImSv THIRUTD L
BIZEBMINTWS, NEIIBEETFEINCH EICHEL TLOR, BbROERMHEZE
BN ERES LTE. 5L T BETHEFEHMN 70 FORFEERL TN,
HABSEOEMORIX 1 mSy 24 L LRES. HAHEDBOFT 2 Z OREOHKUFHN
MEIZEBRTH 21T, AERs, ABRIOBRBFRICI D AEEEITH LT
3. BEAEMOELDOBE T, HEHELZEEL TWIICEVZLASTHDY. L
L. BmSv OBEHBROHII MR ICERMNEE, BENRETHLNS, BREHNR
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DEFEZEICET 2EENATICE DV TEHBICKRA L T nER 520, BF. 20K
DIRRAERROER Z5IHL T, ZOMBZRENITHRIT .

L FERSROBEREE Y

FEHIK EO _HOANBIIHTETY > U—h

[

REICE T, 4 AT L ARERZR
WTERENWDIZETHD, I ZHDE<D, BOEREIE< OBENERZENHS
BIZREELTHNIDDBDANBNWELELTESLS L TNHENI ZETH S,
FURBEHROBEMNEZEOREIL. JRBO Atonic Bomb Casualty Commission (ABCC)
TIMS FHEEEEHE L THWO LTS, 1975 412, ABCC 2% RERF (Radiation Effects
Research Foundation: MR EM A LHBEASINTNS D, Mk, 40 FiZ
bz D BIREN 2SN, NEEERFEE L TRABABROFETHL 9,
FIRBEHROBENEEORTIL. HIT<EFOF, I =) 972b5, Exposed F,
(F;= first filial generation) &#EIE< L TWaWRHREHED T [&B 1t (Control F)
EORT, WYEEOIEE (genetic indicator) BT 2 EREHE DB ThRaI N/,

Tablel WHEREZREBEL TRT VY,

Tablel Genetic effects of atomic bomb radiation®; comparison of abnormality
frequencies between children (F1) of control parents and F1 of exposed parents b

FI#MaE» OBENEE Rt HE< oMo REREEDLE D

Genetic Translocations Sex chromosome | Mutations in blood
indicators of chromosomes | abnormalities proteins
BB R RAARY | BRAKBORYE | MREABOER
Control Fi 0.31% | 0.30% 0.00064%

pagic it (25/7976) (24/7976) (3/(4.7x105))
Exposed Fi 0.22% 0.23% 0.00045%

Wi < it (18/8322) (19/8322) (3/(6.7x105))
Genetic Childhood Congenital defects | Childhood
Indicators leukemia and stillbirths deaths
EIRRYHER A=Y R RE ST INBHI DTS
Control F1 0.05% 4.99% 7.38%

xtHE it (21/41,069) (2,257/45,234) (2,451/33,361)
Exposed Fq 0.05% 5% 7.08%

X< (16/31,159) (503/10,069) (989/13,969)

a) Average value of parental exposure doses was 0.4 Sv

b) Awa et al (1989), Neel et al (1988), Yoshimoto et al (1991), Otake et al (1990),

Yoshimoto et al (1991)
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REEOREVBEHERFEOEELL TE—FS DT, Table 1 IZ/RT LD IZ.
HERAKDEEORE TIIHIE ZHOME 0.22% 3B OME 0.31%& DS, Hhij
OO REHE T, #E< D 0.23% 3Bt DOE 0.30% & D /hE D,
MEHR TEEINLSEAEZEET 2BETICHRIE< S E I3 B TRAZT R
FETDE, BHEORENRE LU THENSGENDRL W, ZOXIBREHEE
BT 5720, i< ZHEMBHOBEANITDNT, MERMROENE 3 0 BEORKHY
WELFERICRAE S NZ 0, HIZ< T, FAESNBETOBR B 67 AEYZD
SEICERBEREMRININ/ZOT, 1 HOBETHZDOERBEEL 0.000456% TH D,
MO MREAZEERRTOERBED 0.00064% XK D/hE W (Table 1 Z18) . O
BHEHIEI 0D, TOFTHABEIMEZA TWSAREENH 2, 2 0BMETIKEEL
Fe A MRS E TR #EIE< St b BB 0.05% THHAMICEMN /2N 5% 19 (Table 1),
BOWI NIRRT, FHElc TRAERE - SLE1 7 ik VNEMORET) 0 End
BERENDH D, WTHORETHHIE S HEMBE ot TREICARDET 2> 7.

2. HREFHHRO®MWHK SRR OMNATETROLLE 49

E R R BRI B A #0038 #i X (Control Area) X U #) 3 5 & Wi [X
(HBRA: High Background Radiation Area) 733 %. WitXDERDAIETROLEZ
Table 2 IZR9 . ZOMROAEIX 1970 FiIZHB I N, BEDREBFIIMEINTNS,
AHICEBEITZ WAL, BARSBRBEENIFE < THRAY X7I3E <z,

Table 2 Comparison of cancer death rates in control and high background radiation areas in
China ®»
HEDBRBHBOE WX (HBRA) & BMK O AFET RO g

Radiation dose b | Cancer death rates | Relative cancer death
rates IMASETHE rates
7 BAKRRERE M AFET Rt
Control Area | 0.7mSv/year 6.8x10" */year 1
it HE Hh X
HBRA 2.2mSv/year 5.7x10 */year 0.96 (0.8~1.2)

a) Wei, L.X. and Sugahara, T. : J. Radiat. Suppl. Vol. 41 (2000)
b External natural radiation dose only ; 7MEBB A GHEHEED H
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3. HEMNHRPEE —REREDEEDILE 2

REOKGHREIESE LT 1955 4F~1979 FE O RICHD TEER L ERID 1955~1997 £
DFCHO L BB ZBRRE THEA L2 \W—REREOHFLTHE OLO/E %2 SMR
(standardized mortality ratio BE¥E{LIE T H) E WD, HIRFETRIIRRICE > TRD S :
E=nmPi1+nsPa+ - - - +nxPx (1)
2 ni BHHBRBEEFO i FROFBEROAR. P 3—RERED i BHOFEH
MR DR, kIIHEEFATERA L EBHEEETH S,

Table 3 IZHABBEOBEILTH, —MRERKEOHIFAETH, REMFECHERT.

Table 3 Observed (O) deaths in British radiologists and expected deaths (E) in medical
practitioners and SMR(standardized mortality ration) stratified by cause of death =

ZEICB T DRBPRBEL -REKREDIE CEOFEEN L Mtk SMR

Cause of death JEH 0O BZw#H. E WK | SMR (ZE#{ETL
All cancers £0A 32 45.03 0.71
All non-cancer diseases | 77 120.66 0.64%**
IR DR

*%% p<0.001

a) Berrington, A. et al. Br J Radiol 74: 507-519 (2001)
The death rates given in this table are for radiologists, who entered the profession during
1955 and 1979, and have been annually exposed to an estimated dose of 5 mSv.

ZDOFEIX, 1955~1979 FEICHEHREEIZ/R D . £/ 5mSv 2B U - NEEDT—4,

Table 3 IZ L NE, BHBREDNALRIT - REBREOVPAETEIZS 5X0.71 T\ 29%
EWDHFHICEBOE T TIda . h. BALSORRIELCED T, HEBEOM
WE—MRERREDMBEIZHEN 0.64 LK<, ZOBEIIHANICTEREDE FTH S, BHHBRRER
FER 5mSv D XM EATHEREHIIS L LEEIN TS,

4. BRMOEMHZEMEA Oy b OFHEBII BERTROZEREIET I & ORRE
FEWMZE D/ Oy MIEER mSy OFHBRZRERITOLZDIZBOITNS, D

FHAHI ENM EO—BRADFHERFIEI<SELIVEML TWSED, BAFEINH LD

—MAXDEOWATREENEELRALEITR S Tnd. BIN 7 EORTHE/ST Oy FOREE

FE5R % Table 4 1277,
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Table 4 Standardized mortality ratios (SMR) stratified by cumulative dose of cosmic
radiation in European airline pilots 2

BINDE AR ZE /N1 Oy - OFREE(LIE T XL SMR & BEFHEE L < BOBEF

Cumulative dose (mSv) 0~4.9 5~14.9 15~24.9 25.0+
RIEHE (mSv)

SMR for all cause deaths 0.97 0.66 0.64 0.46
2RRFEIZHT 5 SMR (0.89~1.06) (0.58~0.74) (0.57~0.72) (0.39~0.53)
SMR for all cancer deaths 0.91 0.67 0.71 0.6
MMAIEIZRT 5 SMR (0.72~1.09) (0.53~0.87) (0.58~0.91) (0.45~0.77)

a) Langner, L et al.: Radiat Environ Biophys 42:247-256 (2004)
Pilots were exposed to annual cosmic radiation doses of 2~5 mSv..
XA By MIER 2~5 mSv OFHBEIB N,

Table 4 13, BRMOEIMMZE/N Oy b &, FHEKI REGROKS IITLAEN
TABIIHBEIL T, SEM LI, 2FRRETEZIINAETICXNT S SMR #EZ, #i Lo
—MMEROFETERELBEL TRLEDDTH S, FIZIENASELTIZHNT S SMRHEID.
FHEWIZI< 2 4.9mSv LFOHEFETIZ 091 THO, 0O REREDIETREH W
WEBZIIZ V.. i, FHEEIE BN 25 mSv U LOBRE T, BAETEDOSMRE
1106 EREETL., ZOBITHAMCTHFREDETTHS. /205, BHBIT2Z 5
mSvEBIBREILRSE, BRENRERWIZAN, NARECERZETIEL2H58E1H

L ENRRENTNDS,

5. FEBBREII< &L /NRAMBEEDRER S

BRI ICLBATHE, MNEOBmMAEM IS BE—BES<ERL. Lird
FREELEV. FBOMIKKIZLISRUTTH- T, #HIE<HB6~1 0EMICAaN) >~
JXMEFMYE (ALL: acute lymphoblastic leukemia) % F5% L7- A3 248 & ALL %
WHEDRR%E Table 5 IZ/RT .

Table 513, #E< BAT0.03 ~ 0.3 Sv OIEKREH TIZ, Al >/ A MK O EMFER
FiX, EWIT<BOTHE 0.3x10 5/4EIZ< 5, 1~1.3x10 SMEEMIBLZT EE2RT,
BIEL< B 1Gy BAEIZ /25 3 ME O FIREIIHHEVICHEIET 2 (Table 5). /NEDAIM
JRDOBEEIIRE 0.03 Sv T TIZEML/ZNT, LEWENS Z EMWRBEINSH, Table
5 DF—4 T, BEZEMED L, UEWED 30 mSv (TiEikdH 5 Z LIdMETE
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2. BEEFERDRAMFIIL EVERSS0ENE. bo LEROMNEOEREHKIT

R DF—% BWE UL NISEREZET I EIITER N,

Table 5 Incidence rates of acute lymphoblastic leukemia (ALL) in children 0-15 years
old at the time of atomic bombings stratified by dose of atomic bomb radiation 2

FRERREE<BEAEOREY MR AR EL DMK

Atomic bomb radiation dose | 0 0.03 03 1 >15
(Sv)

FIRBSREI<KERE Sy

Incidence rates (10~ °/year) Lo e 23 149

AmEDFEIRE (10™ 3/4F)

» Tomonaga, M et al : RERF TR-9-91, RERF, Hiroshima (1993)
Leukemia incidence rates given are average rates during 6 ~10 years after the atomic

bombings.

B i 5 A= IR # S < £ 6~10 FRIDEHfE,

6. Fx)v/ TA)EEIT & DB R T 8BS Rt 0 /N B F L% D IR 9
NIIN—ETE. 1982 FLAFE 1 5 RBO/NEDHMFFERHIZBEHENFEIE I /2> T
Lo ZOEE, FxIv /) T4 VEHIC K SR TER THA S BE THER LN H 5,
FIZ i dGome 1 fHElE, BHEC s 137 OFBEBERMTH D, FIEH 370kBg/m? T
Holz. ZOMED 15 ZABMDIEDT 1 6 FANITB 2 BIEOEMAEERIT, 1982 F

~1994 F£DBITiE Table 6 D LS L8 % L=,

Table 6 IZX N, Fx)b /) T+ VEKSFEE L /2 1986 DR & B OERH MFERHE
DFEI(3.98 + 1.94) x 1075 &(4.45 + 2.09)x10 5 TH V., WMEORICHZDEITRN.
o T, FoI/ TA VB THBINHAEC s 1 3 TREBBRICIIBERN4
mSVIEDHHFREHIES LZBOF (XOFOEED. AMFERRRIZ1 9 8 6 EDRlE
BRTHANEREDOERL) CEAMKBOAEDO LRIIBI S o/, Tihabb, B
WX 2/NEAMEOFERIIEEER 4 mSv4ETIHRE Z SZWEEIAN X 5=,
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Table 6 Annual childhood leukemia incidence rates for boys aged <15 years in Gomel,
Belarus plotted against calendar years

NIN—EIANOBITE2BOTF (15 FERM) OAMKDOEBMBREORIEL(L»

Calendar year 198283 84 85 86 87 88 89 90 91 92 93 94
B fuis 2 R U 72

Tocidense (107 Hens) 45 5 5 14 68 6 34 3 64 35 73 1 5

FRE (107 °/4F)

a) Ivanov, EP et al: Radiat Environ Biophys 35: 75-80 (1996)

b) The average of leukemia incidence rates for the period before and after the year of
Chernobyl accident (1986) is (3.98 + 1.94) x 10™° and (4.45 + 2.09)x10~ %, respectively.
Gomel was polluted with radicactive Cs-137 at ca. 370 kBg/m2 (= 4 mSv/year)
TA)MRE DO EEHE Cs-137 EHBE =37 /7 Bg/m? (= 4 mSv/4E)

O

IR T 1591 400 mSv #1E< L A b OFH T AZicid, BEWEEERED
MEtWICEBER EFIIR SN Bho . ZOHRIL. SHAAOHIIL it 475 AN
Bt Z& 4 0 ERBHRAE L /2 AREOMBRICE > TASNLbDTHD. TOREH
FE, —RICEHEVLENTWRERLST, HFACDIORELEROBRITFZEALLEHE
fRINTWIRW,

BRI, R mSv BEOHIIS THHL5. BETREMADERIIRL T, LI
UIRBEICERTH S, ZOmT. EEOMEHERIE, BMNOERMRZEE/ 1oy b,
F )/ T VERTHRHE SN KREDIEDKRN S DB % B0z Belarus ED /MR
WKDOWT, AT AMERBOEENREEZT O ERNSASNEHDTH S,

BT U SENIZWGERAS, LR OBIO L S ICEHBEET 2010, ERRKEHR
PiEZERCNBAEEOY P, COXIEAELEEL. MERIROEEZRD
T3, ZORER BEOBRETIE, BEHBRIEIEARRKHMETHRRIZEEVNIEZEINY
kU, BEBREELHN5RENEEFIEHEINTNS,

— 181 —



JAERI-Conf 2005-001

References 2% 3k
1) Awa, A.A. et al. (1989): Cytogenetic Study of the Offspring of Atomic Bomb urvivors,
Hiroshima and Nagasaki. RERF TR 21-88, Radiation Effects Research
Foundation,Hiroshima, pp. 1-20.
2) Berrington, A. et al (2001) 100 years of observation on British radiologists: mortality
from cancer and other causes 1897-1997. Br. J. Radiol. 74:507-519.
3) Ivanov, E.P. et al. (1996) Childhood leukemia in Belarus before and after the
Chernobyl accident. Radiat. Environ. Biophys. 35:75-80.
4) IERT (199 8) TANIHFRICAEER WY T —Nv I R, #d, B
5) Langner, 1. et al (2004) Cosmic radiation and cancer mortality among airline pilots:
results from European cohort study (EECAPE). Radiat. Environ. Biophys.
42:247-256.
6) Neel, J.V. et al. (1988) Search for mutations altering protein charge and/or function
in children of atomic bomb survivors: final report. Am. J. Hum. Genet. 42:663-676.
7) Otake, M. et al (1990) Congenital malformations, stillbirths and early mortality
Among the children of atomic bomb survivors: reanalysis. Radiat. Res. 122:1-11.
8) Tomonaga, M. et al. (1993) Differential Effects of Atomic Bomb Irradiation
in Inducing Major Leukemia Types: Analysis of Open-City Cases Including the Life
Span Study Cohort Based upon Updated Diagnostic Systems and the Dosimetry
System 1986 (DS86), RERF TR9-91. Radiation Effects Research Foundation,
Hiroshima
9) Wei, L.X. and Sugahara, T. (Eds) (2000) High Background Radiation Area. J. Radiat.
Res. Suppl. Vol. 41, pp. 1-76.
10) Yoshimoto, Y. et al. (1991) Mortality among the Offspring (F1) of Atomic Bomb
Survivors, 1946-85 (RERF TR 1-91) Radiation Effects Research Foundation,

Hiroshima, pp. 1-27.

— 182 —



JAERI-Conf 2005-001

3.5 Recent Advances in Research on Radiation Adaptive Responses
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The radiation adaptive responses have been typically demonstrated as an acquired resistance
induced by a low dose of radiation to a large (challenge) dose administered after some interval. The
responses have been demonstrated in various types of cultured cells; the endpoints include
micronucleus formation, sister chromatid exchange, mutation induction, /n vitro transformation, and
cell death. The adaptive response has been also demonstrated in the whole body system; mice
irradiated with a small dose developed a resistance against a lethal irradiation. The response was also
demonstrated in terms of radiation and carcinogen induced tumors.

The adaptive responses seem to work in a protective way against radiation damage and
contradicts what is assumed in the current radiation protection system: radiation is harmful, no matter

how low the dose is.

1. XCHIZ

I E AR B TH-TOAEE THHEESbND, DN 2 ZTNRHARGHEDT-D
DIRE THHZLZ2FBBET, HENLFEOIDITZ T IO TODIHFENE, T HERBRITS
THRMRDO K EGHRRD, HFER, BROEHREL—RETOEEOPITIIBIRBREZ AR O
DOREFELLTHVE, B B5L50 R TR, Y

ERBORFBNEETHE LI RERNRTHEI THEN, BRETOEEDA AT
IDIHVRBROFKRDOOEDEEZHND, BREDHEORBIZAPEDN TWHd, K#
BIO B BROEMERMCETAEEOB R ITES B, UL, [EEEKNBROAMIER R’ FE
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3.6 Concerns on the health effects of low-dose ionizing radiations
from naturally occurring radioactive materials (NORM)

Mary N. Mohankumar

Radiological Safety Division, Indira Gandhi Centre for Atomic Research,
Kalpakkam 603102, India

Abstract
It is a widely known fact that man evolved in a naturally radioactive environment. Even today life

exists in an atmosphere of cosmic and terrestrial radiation. Radionuclides are found naturally in air,
water and soil. They are even found in us, we being the products of our environment. Every day, we
ingest and inhale radionuclides in our air and food and the water. Natural radioactivity is common in
the rocks and soil that makes up our planet, in water and oceans, and in our building materials and
homes. There is nowhere on earth that one cannot find natural radioactivity. Radioactive materials
which occur naturally and expose people to radiation occur widely, and are known by the acronym
‘NORM' (Naturally Occurring Radioactive Materials). Besides, around the globe there are some areas
with an elevated background radiation. These areas include parts of Brazil, Iran, India and China. The
sources of radiation in these areas include monazite containing beach sands and radium from hot
springs. On the southwest coast of India, there are large deposits of thorium bearing monazite sands
that contribute to an extemal radiation dose of about 5 - 6 mGy/yr, but in some parts doses up to 32.6
mGy/yr have been reported. Nevertheless, most general public associate ionising radiations only with
the nuclear industry. Antinuclear activists often fail to accept the fact that coal-fired power stations
and the oil and gas exploration operations may emit more radioactivity than an operating nuclear
reactor. Another NORM issue relates to radon exposure in homes, particularly those built on granite
grounds. The solid airborme Rn-222 progeny, particularly Po-218, Pb-214 and Bi-214 are of health
importance because they can be inspired and retained in the lung causing cancer. Man-made
operations like oil and gas production and processing operations result in technologically enhanced
naturally occurring radioactive materials (TENORM) to accumulate at elevated concentrations in by-
product waste streams. The concern arises because of the very large amounts of TENORM needing
recycling or disposal from many sources. The largest TENORM waste stream is coal ash. In India and
Australia mining of beach minerals is a profitable industry. The beach sands along the south Indian
coast are rich sources of minerals such as ilmenite, rutile, zircon, silimanite and garnet. The tailings
obtained after the extraction of the above minerals get enriched with monazite, a thorium bearing
mineral that is radioactive. Recent studies show that the activities in the tailings are somewhat more
than the natural background levels in some parts of south India. Studies on health effects (cancer)
from doses arising from these levels of natural radiation exposure are contradictory, some reporting
adverse effects, others null and a few others beneficial hormetic effects. Systematic and large-scale
epidemiological studies and laboratory investigations are called for in order to resolve this issue.
Concerns on biological effects of radiations from NORM are growing and efforts are on to implement
radiation protection standards in TENORM industries in the same way as in the nuclear industry.

Introduction
Radiation is ubiquitous. It is naturally present in our environment and has been since the birth

of this planet. In fact life has evolved in an environment which had significant levels of ionizing
radiation. It comes from outer space (cosmic), the ground (terrestrial), and even from within our own
bodies. It is present in the air we breathe, the food we eat, the water we drink, and in the construction
materials used to build our homes. Foodstuffs like bananas and ice-creams contain significant amounts
of radioactive potassium.

The major radionuclides contributing to NORM are uranium, thorium, and potassium. These
radioactive elements are found in granite, sandstone, cement, limestone concrete, sandstone
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concrete, dry wallboard, and gypsum by-product. Another source of radiation exposure in dwelling
places is radon gas, which may be present in the soil beneath the dwelling. This gas can diffuse into a
building and together with its radioactive decay products (polonium-214 and polonium-218), cause
large radiation doses to the lungs of the occupants. This is especially true in closed or poorly
ventilated indoor areas. Radon has been identified by the EPA as the second leading cause of lung
cancer. (1) Radon in domestic water supplies can be released into the air within a home. Water
obtained from wells and other groundwater sources can contain high radon concentrations. Besides,
due to the presence of large deposits of thorium bearing sands, people residing in some parts of India,
Brazil and China are exposed to more natural radiation than those living in other parts of the globe.
Improper ventilation in homes and mines and more recently the radioactive mineral content in tailings
of beach sand mining has raised concerns on elevating natural background radiation levels.

Technologically Enhanced naturally Occurring Radioactive Materials (TENORM)

Uranium-238, radium-226, and other members of the uranium decay series are present in
varying amounts in nearly all rocks, soils, and water. Sometimes human activities, such as mining and
milling of ores, extraction of petroleum and natural gas resources, use of groundwater for domestic
purposes may alter the natural background radiation environment, either by moving NORMs from
inaccessible locations to places where humans are present or by concentrating them. Situations due to
anthropogenic activities causing an enhancement of NORM result in TENORM.

Mining and processing of phosphate for fertilizer is another major source of TENORM. The
currently used process generates large piles of phosphogypsum, in which naturally occurring radium is
concentrated. NORM is also technologically enhanced in the course of producing and processing oil
and gas. Although in the early *70s there were concerns about radioactive material associated with oil
and gas operations, a series of investigations resulted in a conclusion that radioactivity was not a
serious health threat thus, any concern about it dissipated until the 1980s. In the early 1980s, it was
discovered that large production facilities in the North Sea were generating concentrated quantities of
NORM wastes that required special management techniques. In 1986, NORM was identified in tubing
in a Mississippi well by Chevron during routine maintanance (2). Ra-226, an alpha emitter, is a
potential internal hazard to workers from the inhalation and ingestion of the dust produced during
descaling or pipe cleaning operations. The largest TENORM waste stream is coal ash, with 280
million tonnes arising globally each year, and carrying uranium-238 and all its non-gaseous decay
products, as well as thorium-232 and its progeny. Most coal contains uranium and thorium, as well as
potassium-40, lead-210, and radium-226.

Radon exposures from NORM also include visit to caves and spas. In a recent study, the
annual exposure of cave tour guides was estimated to fall between 3 and 10 mSv, which is the range
of action levels recommended by the ICRP (3).

In India and Australia mining of beach minerals is a profitable industry. The south Indian
coast beach sands are rich sources of minerals such as ilmenite, rutile, zircon, silimanite and garnet.
The tailing obtained after the extraction of the above minerals get enriched with monozite, a thorium
bearing mineral that is radioactive. Recent studies show that the activities in the tailings are somewhat
more than the natural background levels (4).

Regulations and Regulatory Issues:

Due to strict measures, radiation exposures to workers are stringently measured and kept far
below the permissible limits in the nuclear industry. However, as a result of TENORM industries and
certain tourism related activities a new group of radiation workers in the non-nuclear industry now
emerge. These include maintenance workers in the oil and gas industry, miners, cave tour guides and
spa workers. Americans living near coal-fired power plants are exposed to higher radiation doses,
particularly bone doses, than those living near nuclear power plants that meet government regulations
(5). The Marina 11 study revealed that as a result of the activities discharged and the higher
biological effectiveness of alpha radiation, phosphate and oil production currently are the major
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contributors to collective dose to the population of the European Union from industrial activities (6).
Nevertheless, in many European countries double standards operate for radiation doses emitted from
non-nuclear operations compared to those from nuclear industries. In these countries 0.3 to 1.0 mSv/yr
individual dose constraint is applied to oil and gas recyclables, and 0.01 mSv/yr for release of
materials with the same kind of radiation from the nuclear industry. Decommissioning experts are
increasingly concerned about these double standards (7).

It is now being strongly felt among radiation protectionists that radionuclides must be
regulated in a uniform and consistent manner on the basis of the following:

"If a radionuclide is a hazard at a given concentration, it is a hazard regardless of the
regulatory environment;
- If an atom of uranium poses a hazard at a licensed site, then the atom of uranium poses the same
hazard at an alumina or rare earth production site"(8).

Following radiation measurements in TENORM industries, radiation protection agencies
worldwide are now implementing similar guidelines to workers in the TENORM industries . Table 1
is an example of the type of control measures proposed to be implemented in the European Union.

Table 1. Control Bands for Radiation Protection (9)

‘ Effective Dose
Control  |Level of Control L
Band Normal Unlikely
!1 B lNo regulations |<1 mSv/y |< 6 mSv/y ‘
ﬁ2 - Iiower level regﬁli:itiioni 7 [_l_rnS_v/y_ » | 6 mSv/y
- ' ’ o mSwy-

3 iHigher level regulation ‘ 6 mSv/y ‘S_gnq?v‘:’;y

Process not permitted T
4 unless dose can be > 20 mSvly =50 mSv/y

\ reduced |

In India, the Atomic Energy Regulatory Board’s (AERB) recommendations are based on ICRP for
both occupational and public exposure categories. A stringent watch is also maintained on the beach
sand mineral industry and control bands are currently being worked out.

Health effects of low-dose ionising radiations

A typical breakdown between natural background radiation and artificial sources of radiation
is shown in the pie chart below. It shows natural radiation contributes about 82% of the annual dose to
the population while medical procedures contribute most of the remaining 18%. Both natural and
artificial radiations affect us in the same way.

Although mutations are the basis for cancer initiation, the association between radiation
exposure and the development of cancer has been well established only with high dose exposures (>
0.5 Gy). Cancers associated with such high dose exposure include leukemia, breast, bladder, colon,
liver, lung, esophagus, ovarian, multiple myeloma, and stomach cancers (10). Reports on the health
effects of low dose ionising radiations are contradictory. The EPA has identified radon as the major
cause of lung cancer among non-smokers and based on current exposure and risk estimates, radon
exposure in single-family houses may be a cause of as many as 20,000 lung cancer fatalities each year
(1). Besides, a dose-response relationship between chromosome aberrations and increased levels of
radon has been reported among miners (11). Although the presence of chromosomal aberrations is a
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biomarker of effect, the potential range of chemicals which could cause this effect is so great that it
would not necessarily be considered radon-specific.

Sources of Radiation Exposure
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Fig.1. Sources of Radiation Exposures (NCRP 93)

For low levels of radiation exposure, the biological effects are so small they may not be
detected. The body has repair mechanisms against damage induced by radiation as well as by
chemical carcinogens. Consequently, injured or damaged cells can repair themselves, resulting in no
residual damage, some may die, much like millions of body cells do every day, being replaced through
normal biological processes. Sometimes, cells incorrectly repair themselves resulting in mutations.

Extensive studies have been undertaken on populations residing in areas with high natural
background radiation and among nuclear employees. While there are a few reports that relate cancer
incidence and mortality to background radiation and occupational exposures (12, 13), most surveys
have frequently indicated decreased rates in cancer mortality (14,15,16,17). Others show no adverse
biological effects (18,19).

Reports from our laboratory (20,21) and elsewhere (22,23,24) show that DNA repair
capacities are enhanced when human lymphocytes are exposed to low doses of gamma radiations and
this phenomenon popularly termed as radio adaptive response (RAR) is though to occur via error-free
repair mechanism. However, compared to gamma rays, the penetrating power of alpha particles is low
and if alpha emitters are inhaled, ingested or absorbed into the blood stream, sensitive living tissue can
be exposed to alpha radiation. Also, due to the high linear energy transfer (LET), alpha radiation may
have a adverse biological effect at low doses.

Taking into considerations these controversies, the radiation protection community
conservatively assumes that any amount of radiation may pose some risk for causing cancer and
hereditary effect, and that the risk is higher for higher radiation exposures. A linear, no-threshold
(LNT) dose response relationship is used to describe the relationship between radiation dose and the
occurrence of cancer. This dose-response model suggests that any increase in dose, no matter how
small, results in an incremental increase in risk. However, contenders to the LNT hypothesis are those
supporting hormesis and adaptive responses on one hand and those who support an inverse dose/rate
effect claiming disproportionately higher risks at lower doses on the other (Fig 2).

The studies conducted so far on the Indian population residing in HNBRA for over 1000 years
indicate that high level natural radiation has no discernible impact on the health of population and in
fact may provide valuable input to understand the biological mechanism of response to radiation at
low dose rates. Cytogenetic studies were done using cord blood samples from nearly 23,000 newborns.
Rate of constitutional anomaly was around 0.5% which is comparable to the international value.
Cytogenetic preparations from over 10,000 children were also screened for detection of chromosomal
aberration. Frequency of aberration was 1.87/10,000 celis for dicentrics, 3.42/10,000 cells
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for stable aberrations and 7.72/10,000 cells for total chromosomal type aberrations (25). These figures
are comparable to those in published literature from other parts of the world.

o0l — Dose
a Linear model ¢ Disproportionately lower risks
b. Threshold effect d Disproportionately higher risks

Fig 2. The low dose controversy

In summary, none of these approaches has provided unambiguous evidence of cancer
induction at low dose levels, and the issue remains highly controversial. Moreover, the complexity of
the biological effects induced by alpha emitting radionuclides poses a problem in estimating risks due
to low dose radiation.

Long-term systematic studies on occupationally exposed personnel and epidemiological

surveys of areas with high natural background radiation together with laboratory investigations are
therefore required before meaningful conclusions could be drawn and influence current radiation
protection standards. The existence of inter-individual differences in radiation sensitivity governed by
genetic factors making some individuals more sensitive to radiation-induced damage remains a
confounding factor in relaxing radiation protection norms (26). Although it may be not too early to
accept the beneficial or null biological effects of low doses of ionising radiation, it is certainly so to
set standards and threshold doses for purposes of cancer risk estimates and radiation protection.
If low levels of radiation turn out to have a threshold below where there really is no risk to speak of,
then laws may be loosened. However, if low levels of radiation actually are proven to be carcinogenic,
or have mutagenic, teratogenic, or some other detrimental effects, then current regulatory efforts may
fall short of protecting the public and workers. Until then it may be prudent to follow the LNT model
for purposes of radiation protection for those engaged in both nuclear and non-nuclear industries.

Regarding NORM and TENORM we are in the enviable position, given that a potential health
concern is being identified ahead of any visible problem among workers. By recognizing a potential
problem, it is now possible for industries with some level of risk to protect their workers using fairly
simple, low-cost methods.
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3.7 Ramsar Hot Springs: How Safe is to Live in an Environment
with High Level of Natural Radiation

S. M. J. Mortazavi

Medical Physics Department, Rafsanjan University of Medical Sciences,
Rafsanjan, Iran

Abstract

Ramsar in northern Iran is among the world’s well-known areas with highest levels of
natural radiation. Annual exposure levels in areas with elevated levels of natural
radiation in Ramsar are up to 260 mGy y"' and average exposure rates are about 10
mGy y' for a population of about 2000 residents. Due to the local geology, which
includes high levels of radium in rocks, soils, and groundwater, Ramsar residents are
also exposed to high levels of alpha activity in the form of ingested radium and radium
decay progeny as well as very high radon levels (over 1000 MBq m™) in their dwellings.
In some cases, the inhabitants of these areas receive doses much higher than the current
ICRP-60 dose limit of 20 mSv y'. As the biological effects of low doses of radiation
are not fully understood, the current radiation protection recommendations are based on
the predictions of an assumption on the linear, no-threshold (LNT) relationship between
radiation dose and the carcinogenic effects. Considering LNT, areas having such levels
of natural radiation must be evacuated or at least require immediate remedial actions.
Inhabitants of the high level natural radiation areas (HLNRAs) of Ramsar are largely
unaware of natural radiation, radon, or its possible health effects, and the inhabitants
have not encountered any harmful effects due to living in their paternal houses. In this
regard, it is often difficult to ask the inhabitants of HLNRAs of Ramsar to carry out
remedial actions. Despite the fact that considering LNT and ALLARA, public health in
HLNRAs like Ramsar is best served by relocating the inhabitants, the residents’ health
seems unaffected and relocation is upsetting to the residents. Based on the findings
obtained by studies on the health effect of high levels of natural radiation in Ramsar, as
well as other HLNRAs, no consistent detrimental effect has been detected so far.
However, more research is needed to clarify if the regulatory authorities should set
limiting regulations to protect the inhabitants against elevated levels of natural radiation.
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1. Introduction

Humans, animals and plants have been exposed to cosmic radiation since the beginning
of life. The level of cosmic radiation varies in different parts of the world due to
differences in elevation and the geomagnetic latitude, and of terrestrial radiation due to
geochemical diversity. About 4 billion years ago, when the living organisms appeared
on the Earth, the level of natural radiation was about 3-5 times higher than its current
level (Jaworowski 1997, Karam 1999, Karam 2001). The annual level of radiation from
internal potassium-40 has decreased to 1/8 while the external radiation from geologic
materials has decreased from about 1.6 mGy to 0.66 mGy since the beginning of life.
Thus, the annual background radiation exposure from these two sources has decreased
from about 7.0 to 1.35 mGy (Karam and Leslie 1999). The annual per caput effective
dose from natural and man-made sources for the world’s population is currently about
2.8 mSv. Nearly 85% of this dose (2.4 mSv) comes from natural background radiation
(UNSCEAR 2000). People who live in high-altitude areas such as Tibet in China, Andes
in South America, or cities like Denver, Colorado, are exposed to higher levels of
cosmic radiation due to a thinner atmosphere than people living in areas at sea level.
Also astronauts, pilots and cabin crew are exposed to higher than normal levels of
cosmic radiation. The study of these population groups may reveal information on
adaptive responses (AR) induced by exposure to higher than normal levels of natural
radiation.

When living organisms are exposed to a variety of DNA damaging stresses such as UV,
alkylating or oxidizing agents and heat, adaptive responses (AR) are induced which
cause resistance to the agent (Samson and Cairns 1977). The early investigations of
Olivieri and his colleagues (1984) showed that cultured human lymphocytes, which
were exposed to a low dose of ionizing radiation had fewer chromatid aberrations
induced by a subsequent high dose as compared to the lymphocytes that have not been
exposed to a low dose. Since 1984, many investigators have demonstrated AR in plant
cells (Cortes et al. 1990), insects (Fritz-Niggli and Schaeppi-Buechi 1991), Chinese
hamster V79 cells (Ikushima 1987), cultured human lymphocytes (Wiencke et al. 1986,
Shadley and Wolff 1987, Wolff et al. 1988, Shadley and Wiencke 1989,
Sankaranarayanan et al. 1989), human embryonic and HelLa cells (Ishii and Watanabe
1996), occupationally exposed persons (Barquinero et al. 1995, Gourabi and Mozdarani
1998), cultured animal lymphocytes (Flores et al. 1996), and in vivo studies on
laboratory animals (Wojcik and Tuschl 1990, Cai and Liu 1990, Liu et al. 1992, Farooqi
and Kesavan 1993). Mortazavi et al. (2003¢) have recently reported that the inter-
individual variability of adaptive response in humans is much greater than what is
usually expected. Recent data on different aspects of adaptive response, obligate us to
reevaluate the current conservative radiation protection regulations (Pollycove and
Feinendegen 2001, Mortazavi et al. 2002, Mortazavi 2002). In this paper, studies on
adaptive responses related to natural radiation levels are shortly reviewed.

2. Adaptation after Exposure to Cosmic and Terrestrial Radiation

2.1. Underground Studies

Early experiments carried out on single cell organisms shielded against background
radiation showed that at the levels of natural radiation lower than normal, the
proliferation of these organisms can be inhibited. Interestingly, this inhibitory effect
disappeared when shielded cells were exposed to very low doses of gamma radiation
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close to background levels (Planel et al. 1987). Later it was shown that yeast cells
cultured in a low background environment were less protected from mutational damage
induced by methyl methane sulfonate than the cells grown in a normal background
radiation environment (Satta et al. 1995). The results of a recent study on mammalian
cells showed an increase in both the basal sprt mutation frequency and sensitivity to the
mutagenic effects of gamma rays in cells grown in an underground laboratory, compared
to the cells grown in a laboratory with natural radiation environment (Satta et al. 2002).

2.2, High Altitude Areas

The people who live in Tibet, “the roof of the world”, are exposed to high levels of
cosmic radiation. At the mean elevation of about 4000 meters above the sea level, the
atmosphere is less thick, and the residents are exposed to external annual radiation doses
up to 2.12 mSv (Shouzhi 2000). This dose is 3.5 times higher than that at the sea level.
Recently the Glycophorin A-based somatic mutation assay was carried out on the
residents of high-altitude areas and on those who lived at low-altitude. The life time
cumulative doses for the high-altitude and low-altitude areas were 111 mSv and 27 mSv
respectively. This study showed no significant difference between the Glycophorin A-
based somatic mutation frequencies in these two populations (Jensen et al. 1997). An
epidemiological study on mortality due to cancer (Xin 1983) showed that the
standardized mortality of cancer (56.26 x 107) in the high-altitude area of Tibet was
lower than those of the whole country (66.92 x 107%). The mean annual dose equivalent
for high altitude area was 1.8 mSv that is a few times higher than that of areas at sea
level. The mortality from leukemia in the high-altitude area was lower than those of the
whole country either.

In an old paper, Frigerio and Stowe (1976) reported that in the United States they found
a consistent and continuous inverse relationship between levels of natural background
radiation and cancer mortality-rates in 50 states. Again in the Unites States a negative
correlation of normal background radiation with overall cancer death was observed in a
more recent study. In Rocky Mountain States, where the level of natural radiation is 3.2
times higher than that in Gulf States, the age adjusted overall cancer death was 79% of
that in Gulf States (Jagger 1998).

2.3. Flights and Space Journeys

Zwingmann et al. (1998) recently measured the DNA damages in 23 flight engineers.
Despite that oxidative DNA damage in flight engineers was higher than the control
ground personnel, it was observed that DNA damage in flight engineers who had a
relatively longer flight time (>7,500 hr) and a higher cumulative radiation dose (53.6
mSv) was less than that of the flight engineers with a shorter flight history (<7,500 hr)
and a lower cumulative radiation dose (30.7 mSv). They also observed that frequencies
of hprt mutations and micronuclei also tend to be higher in flight engineers with a
shorter flight history. These findings are in keeping with the results of another study that
was performed on flight crew using the chromosomal aberrations as the end point
(Zwingmann et al. 1998). It was indicated that pilots and stewardesses with a flight
history of only 1-6 years had more chromosome aberrations compared to crew with
more than 20 years of intercontinental flights. The frequency of chromosome aberrations
in the pilots and stewardesses who were exposed to cosmic radiation for a long-term, i.e.
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more than 20 years of intercontinental flights, and those who had been flying only 1-6
years were 1.4 x 102 and 3.2 x 107, respectively.

In a recent study on the frequency of chromosome aberrations in eighteen supersonic
Concorde pilots (Heimers 2000), it was indicated that the dicentric yield in pilots who
were employed over 28 years was about 50% of that observed in pilots with 16-26 years
of occupation (1.3£0.5 x 102 and 2.9+0.5 x 107 respectively). Also the frequency of
cells with translocations in pilots with 28-34 years of flight occupation was 78% of that
in pilots with 16-26 years of flight occupation (2.8+0.7 x 102 and 3.6+0.6 x 107
respectively). Despite the fact that there are statistical uncertainties in these data, this
kind of adaptive response has been well documented in eukaryotes such as yeast.
Deorukhakar and Rao (1995) investigated the radiation induced genetic damage in yeast
by culturing the cells continuously at a radiation level of 0.383 — 1.275 pSv h! by
selecting appropriate concentrations of tritiated water in the growth medium. It was
shown that cells which were incubated at higher radiation levels and for longer duration
had a higher conversion frequency. However, when subculturing continued beyond 900h,
the gene conversion frequency reverted back to normal value. Such a response could not
be detected when the cells were exposed to an acute high dose. The authors concluded
that chronic exposure of yeast to low dose radiation might induce an AR.

In a recent study on 6061 male cockpit personnel which yielded 105,037 person-years
of observation it was shown that cockpit crew had a low overall and cancer mortality
(Zeeb et al. 2002). This result is consistent with the results obtained from previous
studies on Canadian (Band et al. 1996) and British Air Ways pilots (Irwin et al. 1999).
That this is not a healthy worker effect, suggests mortality from all cancers, which in
cabin crew who received 5-14.99 mSv cumulative radiation dose, was lower than in
those who received either 0-4.99 or 15-29.99 mSv (Zeeb et al. 2002).

Results of a cytogenetic study on 22 cosmonauts who stayed on average 4-6 months in
MIR station shows that the after mission percentage of chromosomal aberrations in 6
cosmonauts is less than that of the scored frequency before the mission (Fedorenko et al.
2001). Also the after mission frequency of the cells with dicentrics and centric rings in
four cosmonauts was less than that of before mission. Interestingly, in one case, the after
mission frequency of chromosomal aberrations was about 1/3 of the before mission
value.

2.4. Very High Levels of Natural Terrestrial Radiation

People in some areas around the world live in dwellings with radiation and radon levels
as much as 100 times the global average. Inhabited areas with high levels of natural
radiation are found in different areas around the world including Yangjiang, China;
Kerala, India; Guarapari, Brazil and Ramsar, Iran. (Figure. 1).
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Figure 1. Ramsar hot springs. White-colored sediments at the streams’ bed have high
concentrations of Radium-226. In some cases, residents of these hot areas have used the
residue of the hot springs as building materials to construct their houses.

Ramsar in northern Iran is among the world’s well-known areas with highest levels of
natural radiation. Annual exposure levels in areas with elevated levels of natural
radiation in Ramsar are up to 260 mGy y"' and average exposure rates are about 10 mGy
y™' for a population of about 2000 residents.

Biological Findings on HLNRAs of Ramsar

Chromosome Aberrations. Preliminary results showed no significant
difference even in the case of the inhabitants who lived in houses with
extraordinarily elevated levels of natural radiation.

Dose-Effect Relationship. There is a great controversy about the dose-effect
relationship in published reports on the frequency of chromosome aberrations
induced by chronic exposure to elevated environmental levels of radiation. This
controversy exists in studies of residents in areas with elevated levels of natural
radiation as well as the residents of areas contaminated by nuclear accidents.
Using chromosomal aberrations as the main endpoint, an experiment to assess
the dose-effect relationship in the residents of high level natural radiation areas
of Ramsar was carried out. A cytogenetical study was performed on 21 healthy
inhabitants of the high level natural radiation areas and 14 residents of a nearby
control area. Preliminary results showed no positive correlation between the
frequency of chromosome aberrations and the cumulative dose of the
inhabitants.

Hematological Alterations. It has been reported that in mice and rats total body
exposure to moderate doses decreases the number of circulating erythrocytes,
platelets, granulocytes, lymphocytes etc. However, data on hematopoieses as a
result of exposure to very low doses of ionizing radiation are scarce.
Hematological parameters such as counts of leukocytes (WBC), lymphocytes,
monocytes, granulocytes, red blood cells (RBC), hemoglobin (Hb), hematocrit
(Ht), MCV, MCH, MCHC, RDW, PLT, and MPV were studied in all of the
individuals. The results of this study indicated that there was no any statistically
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significant alteration in hematological parameters of the inhabitants of HLNRAs
of Ramsar compared to those of the neighboring control area.

¢ Immunological Changes. It is well known that high doses of ionizing radiation
suppress the activity of the immune system. On the other hand, the low-level
whole body irradiation (WBI) can enhance the immunological response. To
assess whether relatively high doses of natural radiation can alter humoral
immune parameters, an experiment was conducted on the inhabitants of
HLNRAs of Ramsar, permanently living in houses with elevated levels of
natural radiation. Immunological factors such as the concentration of serum
immunoglobulins of IgA, IgG, IgM and C3, C4 components of the complement
system in healthy donors from HLNRAs and a neighboring NBRA were studied.
Preliminary findings indicate that there is a slight increase in IgA and IgG levels
of the inhabitants of HLNRAs compared to those of matched controls. IgM, C3,
and C4 complements were in the normal range. In spite of the fact that the
increase in IgA and IgG were not so marked to show probable enhanced
immunological capability, it can be concluded that relatively high doses of
natural radiation are not immunosuppressive. More research is needed to clarify
the immunological alterations induced by different levels of natural radiation.

e Radioadaptive Response It has been shown that in high level natural radiation
areas (HLNRAs) of Ramsar, the blood cells of inhabitants whose cumulative
radiation doses were 170 times higher than of those living in a nearby control
area (2,550 mSv and 15 mSv respectively) were significantly more radioresistant
to chromosomal damage when subjected to 1.5 Gy challenge dose (Ghiassi-nejad
et al. 2002, Mortazavi et al. 2002, Mortazavi 2002). The relationship between
the degree of AR (as indicated by the k-value?) and cumulative lifetime dose is
an important finding. The AR of the residents of Iranian HLNRAs is more
pronounced at higher cumulative doses, except for 2 residents, whose
cumulative doses are much higher than those of the others (Mortazavi et al.
2002).

The results of the adaptive responses observed in the residents of high level natural
radiation areas of Ramsar are summarized here:

e Individuals whose cumulative radiation doses were up to 950 mGy, showed a
significant AR after exposure of their cultured lymphocytes to 1.5 Gy gamma
radiation . These doses are much higher than those received by astronauts during
a six-month space mission that has been reported to be 90 mGy absorbed dose
and 180 mSv equivalent dose. The radiation dose of these astronauts ranged 95-
455 mGy (Testard et al. 1996).

? The k-value is the coefficient of induced adaptive response (k) that shows the
magnitude of the adaptive response and can be calculated as the ratio of the observed
frequency to the expected frequency of chromosome aberrations.
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e There is a controversy over the induction of AR in resting cells (Cai and Liu
1990, Shadley et al. 1987, Azzam et al. 1992). Ramsar results showed that high
levels of natural radiation might enhance radiation-resistance in non-cycling
lymphocytes. Since the majority of the lymphocytes in the body are in the
resting phase of the cell cycle (Gy), any implication of AR strongly depends on
the possibility of induction of AR in Gy stage.

e ARSs have been usually observed in experiments by exposing the cells to a low
dose radiation in the range of 10-100 mGy. These doses are considerably lower
than the lifetime doses that induced AR in the inhabitants of HLNRAs of
Ramsar.

e It was suggested that aging could cancel the AR (Gadhia 1998). This is contrary
to findings in Ramsar population which show that aging does not influence the
induction' of AR.

The cumulative doses and the magnitudes of the induced adaptive response in cultured
lymphocytes of residents of Ramsar HLNRAs are shown in Figure 2.

2.5. Potential Implications of Radioadaptation in Radiation Protection

It was generally believed that the presence of AR does not mean that the low dose
radiation is beneficial to living organisms (Sagan 1989, Wolff 1989). Even in its 1994
report on adaptive responses to radiation in cells and organisms (UNSCEAR 1994),
after reviewing experimental and epidemiological studies showing increased longevity
and lower-than-expected incidence of tumors, UNSCEAR stated that “it would be
premature to conclude that cellular adaptive response could convey possible beneficial
effects to the organism that would outweigh the detrimental effects of exposure to low
doses of low-LET radiation”. However, more recent worldwide studies on the different
aspects of AR, have lead to recognition of its positive health effects, and to a more
realistic assessment of the risk of radiation. The preliminary studies of the Ramsar
residents (Mortazavi et al. 2001), suggest that the induced AR might have considerable
implications for radiation protection, and that the chronic low dose radiation may be
protective against accidental high dose radiation (Pollycove and Feinendegen 2001).

2.6. Radioadaptation and Deep Space Manned Missions

Based on Ramsar findings, it has been recently reported that adaptive response studies
may have implications in radiation protection. It was proposed that individuals who
failed to show an adaptive response would not be good candidates for space travel
(Mortazavi et al. 2003a, Mortazavi et al. 2003b). These authors suggested that all
potential crew members for a deep space mission had their adaptive response measured.
The space crew should show a high magnitude of adaptive response. The chronic
exposure to elevated levels of space radiation during a long-term mission can
considerably decrease their radiation susceptibility and protect them against the
unpredictable exposure to sudden and dramatic increase in flux due to solar flares and
coronal mass ejections.
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