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Abstract: A concept of the complete dose-response curve of ionising radiation
will allow us to live in harmony with this ubiquitous agent. Convincing data
show ionising radiation is essential for life. Ambient levels of ionising radiation
(about 2 mSv/y without medical and cosmic radiation) are adequate for life but
insufficient for abundant health. We live with a partial deficiency of ionising
radiation. Thousands of people have lived for generations with 2–20 times the
ambient levels of radiation without showing ill health. A conservative threshold,
the maximum safe level of radiation, was estimated from abundant rodent
data to be about 8000 mSv/y. When human and rodent data were collated,
a conservative optimum of 60 mSv/y was obtained. Radiation levels greater
than the threshold are harmful. The facts suggest that radiobiologists
and governments should abandon the ‘linear no threshold’ (LNT) paradigm
and accept natural and industrial low level sources of ionising radiation in order
to promote abundant health.
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1 Introduction

To live in harmony with ionising radiation we must consider the complete dose-effect

relationships for continuous exposures. The average background level of ionising

radiation for the world is about 2 mSv/y; this does not include medical or cosmic
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radiation (Luckey, 1991). Most population centres occur on coasts which have low

levels of ionising radiation.

Dose rate is tremendously important. Large and small doses elicit opposite effects.

For example, most of the pills we take daily provide reasonable health; if we took a years

supply in one day, we would be in great danger. This truth applies to ionising radiation.

Physiological responses to different dose rates are formidable (Figure 1). Death and

disease characterise both doses below ambient levels and doses greater than the (second)

threshold, the zero equivalent point (ZEP). Ambient radiation provides reasonable health.

This is a minimum; less than this would induce a radiation deficiency. Dose rates between

ambient and the threshold are considered to be ‘low doses’; these are biopositive.

Un-imagined health is promised for increased amounts of irradiation. The optimum is that

level which produces the most abundant health. At the threshold, any parameter measured

is comparable with that at ambient levels. The threshold is the highest level that can be

reasonably considered to be safe. Radiation levels greater than the threshold are harmful.

Information will be reviewed to provide a quantitative estimate of deficient, optimum

and safe (threshold) levels for chronic exposures of ionising radiation. Such information

is necessary in order to live in harmony with ionising radiation. There are no significant

studies in English which show harm (increased cancer mortality rates or decreased

average lifespan) from low dose irradiation of humans or rodents with normal genetic

constitutions.

Without significant evidence of harm in normal humans or other vertebrates,

national and international committees promulgate the concept that ‘all radiation is

harmful’ and the paradigm of a linear no threshold (LNT) response to ionising

radiation. For half a century, radiobiologists have refused to accept scientific evidence

and remove LNT as their guide. The concept and the paradigm are challenged by

data showing biopositive effects induced by low dose irradiation in 3000 scientific

studies (Luckey, 1980; Muckerheide, 2000) and, as documented here, many thousands

of humans live with more than 4 mSv/y of radiation. It is time to accept the findings

of the elite committee from the French Academies of Sciences and the National Academy

of Medicine: ‘In conclusion, this report doubts the validity of using LNT in the evaluation
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Figure 1 Complete dose-response curve for an essential agent



of the carcinogenic risk of low doses (<100 mSv) and even more for very low doses

(10 mSv)’ (Aurengo et al., 2005), and finally, ‘With regard to radiation leukaemias,

the dose-effect relationship is statistically incompatible with an LNT relationship’.

The collective mass of data and sentiment against LNT show that the biopositive

effects of low dose irradiation need to be expressed in rational revisions of national

and international laws. National laws should not abrogate natural law.

2 Characterisation of an essential agent

The characteristics of an essential agent are outlined graphically in Figure 1.

Beginning at the left side, disease and death characterise a deficiency of an essential agent.

Supplementation with a specific material identifies the deficient agent. Ambient levels

of the agent establish an ‘ambient threshold’ which may involve a partial deficiency.

From these, optimum and safe levels can be established. The second threshold is the

threshold of contention; it is called the ‘zero equivalent point’ (ZEP) because the

examined parameter at this does is equivalent to that found with no added radiation.

As the dose increases beyond the second threshold, an excess of the agent induces an

acute toxicity and death ensues. This threshold varies with the conditions of the study

as well as the parameter being studied.

The complete dose-response curve applies to about 40 essential nutrients

(Luckey, 1977). For each of these a deficiency was well defined, a specific agent

was found to cure the deficiency, an optimum established and safe and harmful

levels were determined. These characteristics of an essential agent are pivotal to our

understanding of the role of ionising radiation in our lives.

The term nurture and the complete dose-response curve apply to other essential

agents of our environment. Examples include heat, gravity and light as well as

ionising radiation. There is adequate information for quantitative estimates of deficient,

ambient, optimum, threshold and toxic levels of ionising radiation for humans.

Evidence of ionising radiation as an essential agent is reviewed.

3 Radiation as an essential agent

Studies with a variety of species have consistently shown that ionising radiation is

essential for life (Table 1). In one example, a heterotrophic bacterium, Escherichia coli,
(#1, Table 1) showed a decreased growth rate when it was deprived of internal

ionising radiation from natural potassium; the non-radioactive 39KCl was substituted

(Luckey, 1983).

Swiss researchers worked for a decade to prepare a special ‘low cosmic radiation’

room (almost 3000 m underground) with steel boxes (to reduce background radiation) and

aged water and air (lowered radon content) to determine the effect of a deficiency of

ionising radiation in plants and an invertebrate (Eugaster, 1964). Their three experiments

(#2, an alga; #4, barley; and #8, shrimp eggs, shown in Table 1) are impressive

because they continued until the deficient cultures had zero viability. They used natural

(radioactive) potassium in the media.
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Planel et al. (1987) led the French team at Toulouse to explore the effects of subambient

levels of ionising radiation. Under full illumination, the blue-green alga (#3, Table 1) grew

at a reduced rate when grown in lead boxes. The protozoan (#5, Table 1) grew less than

that of the control cultures outside the box (p < 0.001). They ignored radon, used natural

(radioactive) KCl in their media and took no precautions to reduce radon.
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Table 1 Evidence of a deficiency of ionising radiation

% success

Organism Days Effect Deficient Control Ref

1 bacteria 0.6 growth 25 100 Luckey (1983)

2 alga 30 viability 0 50 Eugaster (1964)

3 alga 5 growth 75 100 Planel et al. (1987)

4 barley 180 viability 0 85 Eugaster (1964)

5 paramecium 8 growth 42 100 Planel et al. (1987)

6 paramecium 7 growth 6 100 Luckey et al. (1978)

7 protozoan 6 growth 41 100 Luckey (1986)

8 shrimp eggs 263 viability 0 65 Eugaster (1964)

9 rat 30 growth ~50 100 Kuzin and Krymskya (1994)

10 mouse 42 growth <50 100 Kuzin and Krymskya (1994)

Notes: 1 Escherichia coli – these experiments were performed in ambient levels of ionising
radiation at Argonne National Laboratory (ANL) with non-radioactive potassium, 39K,
in the medium (Luckey, 1983)

2 Mastigocladus laminosus – experiments #2, #4 and #8 were performed within a 10 cm
steel box with light in a room at the middle of the Simlon Tunnel, about 8000 feet below
Mt Leone-Massive, France (Eugaster, 1964)

3 Synechococcus lividus – when housed in a 10 cm lead box with light in a surface
laboratory, the level of ionising radiation was only 17% that of the control (Planel et al., 
1987)

4 Hordeum bonus – the conditions were those described in #2 (Eugster, 1964)

5 Paramecium tetraurelia – conditions were as in #3, without light and with bacteria as
a food source (Planel et al., 1987)

6 Paramecium bursaria – cultures were maintained in a surface laboratory within a 10 cm
lead box inside an incubator (Luckey et al,. 1978). The medium was sterilised wheat
extract and contained unidentified bacteria as a food source

7 Tetrahymena pyriformis – ambient radiation was reduced with a 1 cm lead box, within
a room with 21 cm old-steel walls; this was under 3 m dirt and 21 cm special cement at
Argonne National Laboratory. Pure cultures of this protozoan were fed a chemically
defined medium with non-radioactive 39KCl and low radon air and water (Luckey, 1986)

8 Brine shrimp, Artemia salina – the conditions were as described in #2 (Eugster, 1964)

9 Rattus rattus – rats were reared within a 9 cm lead box which reduced background
radiation to about 15% of ambient. Weaned rats were fed diets with 39KCl in place of
naturally radioactive KCl (Kuzin, 1984)

10 Mus sp – Kuzin and associates kept young mice in about 15% of ambient radiation
(with low radon and within a 9 cm lead box). They were fed diets with 39KCl in place of
naturally radioactive KCl (Kuzin, 1984; Ruda and Kuzin, 1991)



The experiments of Luckey and associates (1978) showed reduced replication in

protozoa (#6, Table 1); these were performed, with medical students, in a 10 cm lead box

at the University of Missouri, Columbia, MO (Luckey et al., 1978). The media contained

natural KCl and no precautions were taken to reduce radon.

More sophisticated experiments with pure cultures of the paramecium Tetrahymena
pyriformis (#7, Table 1), were performed in the low radiation laboratory at ANL

(Luckey, 1986). The decreased growth (p < 0.01) in this 30-fold reduction of ambient

radiation was eliminated in control cultures maintained in the same box, behind a lead

barrier, with radiation from a 137CsNO3 source. In the absence of human data

‘Experimental data from laboratory organisms must be used’ (p. 94, BEIR III, 1980).

Data from early Russian research have been neglected. Planel et al. (1987) reported

that, when compared with unshielded controls, the protozoa Colpoda grew at a lower

rate when shielded from ambient radiation (Kozlov, 1972). The experiments reported in

Table 1 followed previous studies with rats and mice (Kuzin, 1984, Ru 91). The radiation

deficient rats and mice (#9 and #10, Table 1) were fed with the non-radioactive

potassium-39 (Kuzin and Krymskaya, 1994).

The results of Eugster (#2, #4, and #8, Table 1), Planel et al. (#3 and #5, Table 1) and

Luckey (#1 and #7, Table 1) indicate natural potassium is inadequate as the sole source

of ionising radiation. The data from paramecia (#7, Table 1) and mammals (#9 and #10,

Table 1) indicate radioactive potassium can counteract a radiation deficiency.

The consistency of the phylogenetic evidence from bacteria, algae, land plants,

protozoa, invertebrates and mammals (Table 1) allows extrapolation to suggest that

humans require ionising radiation. Further evidence of such a requirement can be inferred

from the very positive response of humans to increased levels of ionising radiation.

As shown in the next section, the good health of humans exposed to unusual levels of

ionising radiation is evidence of a partial deficiency at ambient levels. These data support

the hypothesis that humans require ionising radiation.

4 Life with increased radiation

In contrast to the above data showing a deficiency of radiation, hundreds of thousands

of people have lived in good health with unusually high levels of ionising radiation.

These come from four unrelated arenas:

� Many populations have lived, in apparent good health, through many generations with

ten times the world average radiation. Many thousands of people in small villages

receive five, ten, and up to 100 times the world average of 2 mSv/y. Documentation of

these people shows they come from all over the world (Appendix). No studies show

unusual health problems or reduced average lifespan for any of these people.

� Cohen (1995) measured radon in 272,000 homes in 1729 counties selected to

represent 90% of the population of the US. There was a strong negative correlation

between radon concentration and lung cancer mortality. Although smoking was

an independent variable, none of over 50 socioeconomic variables could account

for the results. High levels of home radon protect humans from lung cancer

(p < 0.0001). Several studies concluded that the leukaemia death rate in was

inversely proportional to background radiation in the US (Craig and Seidman, 1961;

Frigerio and Stowe, 1976; Saur, 1980; Webster, 1983).
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� Radiation contaminated nuclear workers had cancer death rates which decreased in

direct proportion to the dose (Figure 2). An estimate of the most healthy dose for

continuous human exposure to ionising radiation involves meta analysis of these

cohorts which involve over seven million person-years. Eight studies, with some

overlap, compared the cancer death rate in 123,846 exposed nuclear workers with

that of carefully selected unexposed control workers for a weighted average of

34.2 years. There was no ‘healthy worker effect’. The weighted average cancer

death rate at 2 cSv lifetime radiation dose was used to extrapolate to zero cancer

deaths. This value is about 50 cSv lifetime exposure. This extrapolation indicates

that 15 mSv/y would eliminate cancer mortality as a major cause of death.

� Rowland (1997) noted that radium dial painters with less than 16 Gy total intake

had no bone tumours. The great majority of radium dial painters, those who were

exposed to less than the threshold dose of 16 Gy, lived in health. During the next

48 years they had a death rate which was only 88% that of controls. This indicates

that persons who received up to 33 mGy/y had a somewhat longer average lifespan

(p = 0.05) than the control group. Those who received more than the threshold

value, a lifetime dose of about 20 cGy, had bone cancers in proportion to the dose.

This study of radium dial painters is unique in showing a threshold with continuous

exposure to ionising radiation in humans.

This wide range of evidence showing no harm from increased radiation levels has not gone

unnoticed. Statements from independent researchers are provided in the discussion.
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Figure 2 Ten year lagged cancer mortality rates of contaminated (film badge record) nuclear
workers as a percent of unexposed controls from the same plant with each judged to
have the same socio-economic characteristics (Luckey, 2000). There is some
duplication within almost eight million person-years experiences: 1 – 3,237,378
person-years at British weapons plants (Kendall et al., 1992), 2 – 419,467 person-years
included in the data of #1 (Beral et al., 1988), 3 – 705,395 person-years at Oak Ridge
National Laboratory (Gilbert et al., 1989), 4 – 286,320 person-years at Canadian power
plants (Gribbin et al., 1983), 5 – 291,130 person-years at Oak Ridge National
Laboratory (Wing et al., 1991), 6 – 1,591,832 person-years in nuclear shipyards
(Matanoski, 1991), 7 – 268,320 person-years at a Canadian nuclear power plant
(Abbatt et al., 1983), 8 – 456,637 person-years at Los Alamos National Laboratory
(Wiggs et al., 1994)



5 Threshold

The threshold is the zero equivalent point (ZEP), the dose at which any given

parameter is indistinguishable from the control group at ambient levels. Since there is

no bionegative effect at any dose greater than the ZEP, this is the maximum safe level

for exposure to ionising radiation.

Excepting the radium dial painter study, there are no data showing a threshold for

continuous exposure to ionising radiation in humans. Of many studies which show a

threshold with acute doses of ionising radiation, some show how closely human and

rodent values match (Figure 3) (Luckey, 1991, 2003). In this example, the thresholds

for humans and mice were both about 10 cSv. This agreement indicates it is reasonable

to collate rodent and human data to estimate a threshold for chronic radiation exposure

in humans. In the absence of human data ‘Experimental data from laboratory organisms

must be used’ (p. 94, BEIR III, 1980).

The effects of daily irradiation in rodents is plotted on the right side of Figure 4.

Each experiment has been reported separately (Luckey, 1991). The parameters are cancer

mortality (inversion makes decreased cancer a biopositive effect), growth, average

lifespan and reproduction. In contrast to the rainbow curve in Figure 1, the abscissa in

Figure 4 provides radiation as a logarithmic function. Since the effects of radiation

are directly proportional to the logarithm of the dose, the average can be expressed as

a straight line. A least squares approach would make the threshold about 10 Sv/y.

There is a more acceptable alternative to the least squares approach. It is usual to set

limits for health effects at a most conservative condition. When a very conservative

line is drawn, the threshold is 8000 mSv/y. Therefore, 8000 mSv/y is the value of choice

for a conservative, maximum safe level of ionising radiation for humans. This provides

a safety factor of about 4000 times ambient radiation levels.
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Figure 3 Leukaemia mortality following acute irradiation of humans and mice. The human data
are from Japanese atomic bomb survivors (Shimizu et al., 1992). The mice were
exposed to acute doses of gamma radiation (Upton et al., 1970)
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6 Optimum

A documented optimum is obtained by collating human and rodent data. Of the

many examples of people living with increased levels of ionising radiation, few have

been examined with specific evaluation of cancer mortality, growth, average lifespan

or reproductive capacity. The few data available (Luckey, 1991) are combined with

information about deficiencies to provide an important element for an estimate of

the optimum for humans with continuous exposure to ionising radiation (Figure 4).

The straight line on the left side of the figure represents the human data. Extension of

this line to its intersection with the line from right, the rodent data, forms a lambda

curve. The tip of this lambda curve represents the optimum dose, a minimum yearly

radiation allowance (MYRA), for humans.

Using the least squares method or the mean of all the data from each side, the optimum

is about 90 mSv/y. A more viable alternative, with concern for a most conservative

estimate, places the peak of the lambda curve at about 60 mSv/y. This is a best estimate.

Luckey (1997) previously suggested ‘The evidence supports a minimum yearly

allowance (MYRA) of seven centiGrey/year (70 mGy/y) for adult males.’
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Figure 4 Collated human and rodent data showing major effects of radiation: deficiency,
ambient, hormesis, threshold and excess



The safety factor between the conservative optimum (60 mSv/y) and a conservative

maximum safe level (8000 mSv/y) for ionising radiation is 133. This is considerably

more than the safety factors for some of our essential nutrients: vitamin A, 5; iron, 7;

and selenium, 9 (Luckey, 1981).

7 Discussion

Collated evidence from humans and rodents shows that ionising radiation is beneficial.

Appreciation of the complete dose-response curve will allow us to live in harmony with

ionising radiation. The complete dose response curve indicates:

� a radiation deficiency can be induced

� we live in a partial deficiency of ionising radiation

� the optimum for ionising radiation is 60 mSv/y, about 30 times ambient levels

� the threshold, the maximum safe level, is 8000 mSv/y, about 4,000 times the ambient

level for most people.

The complete dose-response curve indicates most people live with a radiation deficiency.

Supplementation would produce bountiful health (Luckey, 2003). The main mechanism is

the activation of the immune system by ionising radiation. Luckey (1991) discussed the

increased efficiency of cellular immunity and Liu (1997, 2003), Ina and Sakai (2004)

and Shawn et al. (2006) show increased enzymes and cytokines following low doses

of irradiation in rodents. The benefits have been enumerated previously: better health,

increased fertility, activated immune system, lower death rates from cancer and infectious

disease and longer average lifespan. For example, adequate ionising radiation may

decrease the cancer death rate to below 5% of that of today. This example of abundant

health is promised by extrapolation of the data in Figure 2 and evidence from Taiwan

(Chen et al., 2004); three US weapons plants (Gilbert et al., 1989); the Canadian

nuclear workers (Abbatt et al., 1983); England nuclear workers (Beral et al., 1985, 1988;

Kendall et al., 1992); and home radon in Saxony, Germany (Becker, 2002).

The many studies presented here negate the LNT paradigm which has no scientific

data based upon low dose irradiation of whole, normal individuals. For half a century

radiobiologists have advised governments and governments responded with laws

based upon the paradigm, ‘all radiation is harmful’; these are without factual support.

You are challenged to find one study in English in which the leukaemia death rate,

the solid cancer death rate or the average lifespan of human populations or normal

laboratory animals show significant harm from chronic exposures to low dose irradiation.

Many scientists suggest that government regulations should conform to the

amounts of radiation to which populations are exposed whether the radionuclides

occur naturally or were manipulated in the workplace. Each of the following comments

was based upon factual information. Luckey (1980) wrote: ‘Thousands of individual

observations of stimulation by ionising radiation fit a single concept.’ Luckey (1991)

also noted: ‘Ionising radiation appears to be required for maximum physiologic

functions in microbes, invertebrates and vertebrates, including humans.’ In his book,

Health Effects of Low Dose Radiation, Kondo (1993) stated ‘The collected data strongly
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suggest that low-level radiation is not harmful and is, in fact, frequently beneficial

for human health.’ Jaworowski (1994) called ‘all radiation is harmful’ a false dogma:

‘This is the greatest hoax of the twentieth century.’ Muckerheide (1995) noted that

government standards, which are not based upon protecting public health, cost taxpayers

over $1 trillion. Muckerheide and Rockwell (1997) noted that government radiation

policies spent about a trillion dollars to ‘decontaminate locations that are well below the

natural radiation levels where people have lived healthily for generations’. Luckey (1997)

stated: ‘Low doses of ionising radiation promote optimal health’. Commenting on the

activities of WHO, IAEA and ICRP, Luckey (1998) stated: ‘Their recommendations are

counterproductive for the environment, industry, medicine and humanity.’ Becker (2003)

noted: ‘The benefits in the adequate use of low-dose radon exposure far exceed the

hypothetical lung cancer risk attributed to the inhalation of low radon concentrations’.

Due to the ignorance of officials about ‘the mistaken attribution of many ill health

conditions to radiation exposure’, about seven million persons are still receiving

government compensation from the Chernobyl accident (Kinley, 2005). Hattori and

Sakai (2005) discussed raising the dose for exemption of members of the public from

0.01 mSv/y to 0.1, 0.5 or 1.0 mSv/y. Mortazavi and Karam (2005) state: ‘Given the

apparent lack of ill effects to the populations of these high dose rate areas, these

data further suggest that the current dose limits are overly conservative.’

Mortazavi and Karam (2005) also stated: ‘We further suggest that the lack of

apparent ill effects in Ramsar inhabitants may indicate that the current standards

are too stringently set and may be relaxed without detriment to public health’.

Indeed, Dr B. Comby (2007) noted that the structures of one home in Ramsar emitted

over 1300 mSv/y. He estimated the residents received about 100 mSv/y with no known

cancer deaths. Steinhausler (2005) suggests levels up to 10 mSv/y be considered

normal exposure and levels 2–220 mSv/y be acceptable. A definitive study by the

French Academy of Science and Medicine unanimously accepted the concept that

low dose irradiation was beneficial (Aurengo et al., 2005).

Various professional groups have protested the use of LNT in limiting worker

and public radiation. The Health Physics Society: ‘Below this dose, 10 rem, estimation of

adverse health effects is speculative.’(Mossman, et al., 1996). ‘It is the position of

the American Nuclear Society that there is insufficient scientific evidence to support

the use of the Linear No Threshold Hypothesis (LNTH) in the projection of the health

effects of low-level radiation’. American Nuclear Society (2001). An elite French

committee stated: ‘These data show that the use of a linear no-threshold relationship is

not justified for assessing by extrapolation the risk of low doses (Aurengo et al., 2005).

They also state: ‘However, the use of LNT in the low dose or dose rate range is not

consistent with the current radiobiological knowledge’.

These experts speak from a wealth of evidence. This is in stark contrast to repeated

dogma with no evidence from long established committee proclamations and government

regulations. The information presented here makes it obvious that restrictive laws need

to be changed in order to increase the health of most people.

Radiation supplementation should be encouraged. Nuclear wastes provide a ready

source of radiation (Luckey, 1999). Other proposals include: convert old nuclear power

plants into well supervised radiation health centres, encourage use of radiation spas

(this has been done in Europe for centuries (Becker, 2003)) and add artificial radiation

spas to existing hospitals.
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Documentation of the elements of the complete dose-response curve for ionising

radiation has included:

� a deficiency below ambient levels

� a partial deficiency for most people

� increased health with more radiation

� an optimum for maximum health

� the threshold, the maximum safe exposure

� harm with exposures greater than the threshold.

In order to attain the goal of greater health with increased ionising radiation, a massive

educational programme must begin and laws must be changed. People need to be freed

from radiobiologist, medical, media and government policies that bind them to live in a

partial deficiency of ionising radiation.
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Appendix

Humans in levels of ionising radiation above background
International

� Homes in northern Europe (Helsinki, Stockholm, Hamburg and Frankfurt) have

almost two times more radon than those in southern Europe (Arvela, 2005).

� Over one billion persons are exposed to radiation from consumer products – Pa05.

� Radiation from coal is >100 times higher than that from oil, gas or nuclear fuel

(Steinhausler and Paschoa, 2005). The use of coal ash in buildings produces

insignificant radiation above natural sources (Puch et al., 2005).

� From the mother’s drinking water, the fetus receives about 25% of the external radon

concentration (Robbins and Harley, 2005).

� Cosmic neutrons dominate all commercial aviation radiation, up to

0.001 mSv/h – Ha05.

� Crews of supersonic jets receive about 3 mSv/y from cosmic radiation

(Steinhausler and Paschoa, 2005). Regular jet crew members receive 2–4 mSv/y

(Irvine and Flower, 2005).

� Astronauts in low space orbit, about 300 Km, receiveabout 0.2 mSv/d; in deep space

they receive about 1 mSv/d (Walchuk, 1996). During extravehicular activity,

astronauts receive 0.06–0.2 mGy/h from cosmic radiation (Deme et al., 2005).

� Men involved with depleted Uranium (DU) buildings or vehicles may receive 500

mSv per entry (Steinhausler and Paschoa, 2005).

Austria

� A maximum of radon is absorbed from bathing in warm radon waters in 20 min;

maximum absorption from radon in air took about 40 min (Tempfer et al., 2005).

Effective radon doses (in mSv) for thermal/vapor baths are skin 0.8/1.3,

lung 0.13/1.87 and kidney 0.04/0.1, respectively.

� The average radon dose to underground miners was 3.5 mSv/y in 1975; this was

reduced to 2.4 in 1985 and was further reduced to 1.7 in 1995 and 0.9 in 2001

(Annanmaki et al., 2005).
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� Drinking water has 0.02 mg/l of U – Ge05. Bockstein spa had 0.8 mg/l of U.

� Air radon in Bad Gastein is 2–10 pCi/l indoors (Uzunov et al., 1981).

� Bad Gastein mine attendants work where the mean concentration of radon is

3000 pCi/l; this may expose them to 40 WLM/y (280 mSv/y) (Uzunov et al., 1981).

� Film badges show the staff at Bad Gastein receive a maximum of 20 mSv/y

(Koestinger, 2006). Added to this is about 10 mSv/y (6 WLM/y) at home, a total of

30 mSv/y (Uzunov et al., 1981).

Australia

� The Darling scarp area, east of Perth, is a high radiation area; the average exposure

rate is 4.56 mSv/y which compares with 1.87 mSv/y on the coastal plain – To05.

Balkans

� Human exposures to natural and depleted uranium (DU) in soil near towns are:

Han Pjesak, 1.6; Borovac, 2.0; Uzice, 2.4; Kalna, 4.7; Gornja Stubla, 17; and

Niska Banja, 29 mSv/y (Zunic et al., 2005).

Brazil

� Several towns receive 2–20 mSv/y from radon. Due to monazite sands underlying its

surface, Guarapari has an average radiation level of 6 mSv/y (Penna Franka, 1977).

Some of the population receives more than 9–11 mSv/y – Cu77, (Eisenbud and

Gesell, 1997). A few hundred workers at the monazite mantle works receive

12 mSv/y. No unusual sickness or mortality is reported (Eisenbud and Gesell, 1997).

� Monazite releases 220Rn with progeny having short half-lives. Homes in Guarapari

have 55 mSv/y – Pa05.

� Excluding aneuploid cells and chromatid aberrations, the people of Guarapari had

more chromosomal breaks than controls (Penna Franka, 1977).

� When compared with control populations, the cancer standard mortality rates

(SMR) are high for Guarapari (SMR = 1.09 with 6 mSv/y) and Pocos de Caldas

(SMR = 1.41 with 7.2 mSv/y) and not for Araxa (SMR = 1.00 with 1–6 mSv/y)

which is in a high natural radiation area (Veiga and Koifman, 2005), see also

Elizabeth (2005).

� Although exposed to 13–67 mSv/y, rats living in tunnels at Moro do Ferro showed

no gross or cellular lung pathology (Eisenbud and Gesell, 1997).

Canada

� During nuclear bomb tests, there was an inverse relationship between 90Sr from

fallout and infant mortality rates (Shaw and Smith, 1970).

� Several years of multiple x-ray treatments for tuberculosis in 31,700 women clearly

shows 15 cGy provided protection (p <0.01) from breast cancer (Miller et al., 1989).
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� No increase in cancers was found in 46,700 pilots exposed to 1.5–6 mSv/y

(Band et al., 1996).

� The cancer mortality rate of 4000 nuclear energy workers (7 cSv/lifetime) was only

2% that of the controls, 21,000 workers in hydro-energy plants (Abbatt et al., 1983).

� In Canadian nuclear workers, the SMR (standard mortality rate) was found to be

0.6 for leukemia and 0.75 for solid cancer mortality rates – Gr93.

China

� The average natural radiation level in China is 2.4 mSv/y, about the world average

(Wang, 2002).

� About one million people live in caves where the average radiation is ten times that

of the homes of China (Wang, 2002). Radon in caves in Shaanxi znd Shanxi

provinces average about 5.4 pCi/l with many as high as 16 pCi/l – To05.

� In a three decades long study, 74,000 peasants receiving 3.3 mSv/y were found to

be as healthy as 77,000 peasants receiving 1.04 mSv/y (HBRRG, 1981). Air radon

concentration was seven times higher in the high background group than in the controls.

� Excepting the age at involution of the thymus (20± years), leukaemia death rates

were definitely lower in the high background group (Luckey, 1991), see also

Akiba et al. (2002). The cancer mortality rate was somewhat less in the high

background group, p <0.04 (Kondo, 1993). When compared with 27,900 controls

who received 0.68 mSv/y from external sources, the relative rate (RR) of cancer

deaths of 23,718 people who received 2.46 mSv/y external radiation was 0.91

(Wei and Sugahara, 2002). There was no statistically significant increase in either

total cancer or non-cancer mortality attributable to radiation (Zou et al., 2005).

� All abnormal cell types showed a downward trend with an odds ratio of 0.7 for the

high radon group (>_8 pCi/l) (Blot et al., 1990). Down’s syndrome and chromosomal

abnormalities were higher in the high background children – Ko93. Radiation does

not contribute to the induction of chromosomal aberrations and/or congenital

diseases (Hayata et al., 2002; Wang et al., 2005; Wei and Sugahara, 2002).

� Infertility, spontaneous abortions and neonatal fatalities were lower in the high

background women (Kondo, 1993).

Czech Republic

� The discovery of cancer in Joachimsthal miners was based on two false premises

(Luckey, 1991). Firstly, cancer incidence in retired miners (all over 65 years old)

was compared with that of the general population where the average lifespan was

55 years. Secondly, there were no cancers in the 323 active miners.

� The standard mortality risk (SMR) from residential radon was: lung cancer, 1.10;

other cancers, 0.81; all cancers, 0.88 and all causes, 0.94 (Tomasek et al., 2002).

� There appears to be a linear relationship between residential radon and lung cancer

for both non-smokers and smokers (Heribanova and Tomasek, 2005). Dusts and

noxious gases were not considered.
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� There appears to be a linear relation between radon in mines and miner lung

cancer – To05.

� Produce from the Czech Republic is banned due to detectable levels of radioactivity

from U depleted bombs in the fields. Compare this with the tons of fertilisers taken

from Morro do Ferro which has 100 Gy/y of gamma radiation at its surface

(Eisenbud and Gesell, 1997).

Egypt

� People in the Nile valley receive twice the world average radiation, 5 mSv/y

(Luckey, 1991).

England

� The average radiation of England is about 2 mSv/y (Green et al., 1992).

� When controlled for smoking, diet, social class and population density, there was a

negative correlation between Rn in homes of England and Wales and lung cancer

mortality rates (Hanes, 1988).

� The burned reactor at Sellafield produced no leukemia and, when compared with

children who moved into the area after the burnout, no excess thyroid cancer

mortality (Gardner et al., 1987).

� A 33 year study of 3154 plutonium contaminated workers found statistically

significant fewer (p < 0.01) cancer deaths than in the general population

(Beral et al., 1985).

� Given a 15 year lag period between 1946–1979, the total cancer mortality rate of

39,546 employees of the UK Atomic Energy Authority decreased with increasing

exposure; the 1759 employees who received >100 mSv had only 1.7% the cancer

death rate as carefully selected unexposed workers (Beral et al., 1985).

� The cancer death rate decreased linearly with dose for 59,000 exposed nuclear

workers (Kendall et al., 1992).

� When corrected for age, 70,600 nuclear workers, who were exposed to more than

2 cSv (lifetime), had significantly less, p < 0.001, total cancer mortality than 24,500

unexposed workers in the same plants (Kendall et al., 1992).

� The leukaemia death rate in nuclear workers exposed to >20 mSv was less than 5%

that of selected controls (Beral et al., 1988). When exposed to >5 cSv (lifetime),

the leukemia death rate in 32,000 exposed nuclear workers was only 2.5% that

of 59,000 unexposed workers – Ke92. No leukaemia deaths were found among

22,552 nuclear workers who were exposed for 2–30 years to >10 mSv Pu

(Beral et al., 1988).

� Radium dial painters had no leukaemia (Baverstock et al., 1989). Women who

worked <_2 years (average lifetime dose = 40 cGy) had an SMR for non-cancer

deaths of 0.72, p < 0.01 (Kondo, 1993).
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Europe

� Over 100,000 radiophobia abortions followed detectable radiation from Chernobyl

(Ketchum, 1987).

� About 75,000 patients per year undergo radon therapy for a variety of diseases

(Becker, 2002). Double-blind studies show the effectiveness of radon therapy

(Deetjen and Falkenbach, 1999).

Finland

� Drilled wells have 2–30 ug U/kg; some have almost 2 mg/l (McLaughlin et al., 2005).

� The average background radiation for the people of Finland is 7 mSv/y (Green et al.,

1992).

� Many people receive >20 mSv/y (range 0.3–27) from indoor radon – Ma05.

� Radon levels in homes were inversely proportional with lung cancer deaths from

1.1–11 pCi/l; above this Rn may have adverse effects (Auvenin et al., 1996).

More than 10% of the homes have indoor radon concentrations of 3 mSv/y;

5% have 4 mSv/y; the range is 0.2–350 (Arvela, 2002).

� The average gamma radiation in homes is 0.47 mSv/y; the range was 0.2–1.0 mSv/y

(Arvela, 2002).

France

� Gamma radiation in south-west France is about 2.6 mGy/y (Delpoux et al., 1997).

� The French Academies of Sciences and Medicine note that epidemiologic studies of

populations exposed to less than 100 mSv ‘have not been able to detect significant

(cancer) risk even in large cohorts or populations’ (Aurengo et al., 2005).

Germany

� Non-smoking women living in high radon areas had lower lung cancer death rates

than the controls in studies in Saxony, Schneeberg and Sheniang – Be03.

� About 10% of the Bavarian water supply workers received >20 mSv/y from radon

(Trautmannsheimer et al., 2002).

� Genomic instability, a decreased micronuclei with centromeres in lymphocytes

develops in uranium miners after decades of exposure to mine dust and high levels

of radiation (Streffer et al., 2002).

� Using a few case-controlled homes, the high radon levels in both East and West

Germany were found to be associated with increased risk of death from lung cancer

(Wichmann et al., 2002). Another small case-control study showed under-estimation

of smoking was a major confounding factor; low levels of radon caused no lung

cancer (Conrady et al., 2002).
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� No childhood leukaemia occurred in Schneeberg where gamma radiation is

1–7 mSv/y and radon levels are 10–100 mSv/y – Be02.

� Although radon in homes of southern Saxony exceeded 400 pCi/l, lung cancer death

rate was less than 0.5% before cigarette factories started in Germany – Be02.

Greece

� Only 1% of the population lives with more than 11 pCi/l radon (Nikolopoulos et al.,

2005).

� Residents near the spa in Ikaria receive 0.2–3.3 mSv/y – Ge05. Attendants receive

5–35 mSv/y.

Himalaya

� Indoor radon, thorium and progeny expose residents to an average of 8.4 mSv/y;

the high level was 16.6 mSv/y (Ramola, 2005).

India

� Cancer death rates in state hospitals are inversely related to background radiation

levels, p <0.05 (Nambi and Soman, 1987).

� Villages in Kerala have background radiation levels of 4–13 mSv/y (Luckey, 1991).

� The effective dose of gamma rays plus radon in Tamil Nadu and Kerala was

4–22 mSv/y (average = 9.3) – To05.

� The people of Kerala are the most healthy of any Indian state with the lowest

sterility and the lowest neonatal death rate (Luckey, 1991).

� Over 14,000 newborn babies in Kerala with 1.5–35 mSv/y radiation from thorium

and progeny were comparable in all respects with almost 20,000 control babies from

low radiation areas – Th02.

� Summarising the Kerala results, Eisenbud stated: ‘These studies did not reveal any

statistically significant differences in fertility index, sex ratio among offspring,

infant mortality rate, pregnancy terminations, multiple births or gross genital

abnormalities,’ (Eisenbud, 1977). There was no correlation between background

radiation and chromosomal aberrations in lymphocytes or constitutional anomalies

(Th02, Thampi et al., 2005).

� When exposed to >2 mSv/y, no significant increase in lung cancer was reported

in a case control study for males in Karunagappally in Kerala (Binu et al., 2005;

Elizabeth, 2005).

� Down’s syndrome was associated with the age of the mothers but not with

background radiation – Th02. Down’s syndrome in not unusually high in the

monazite area around New Delhi (Eisenbud, 1977).

� Small areas on the southeast tip of India, Kanyakumari District, have high levels of

gamma radiation; the average is 4.8 mSv/y with the maximum about seven times

that value – Ma05.
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� Thorium in the soil of the southeast coast of India records an average effective

gamma ray dose of 101 cGy/y (Meenakshisundaram et al., 2005).

� People on the beach of Chhatrapur in Orissa receive up to 10 mSv/y – Se05.

Iran

� Nine spas and 50 hot springs provide 30% of the population of Ramsar with an

average of 1–5 mSv/y; 20% receive 5–20 mSv/y (Sohrabi and Esmaili, 2002).

Gamma radiation adds about 0.85 mSv/y to 77% of the people. The mean effective

dose is 6 mSv/y (the range is 0.7–131 mSv/y).

� Individuals in Ramsar receive up to 132 mSv/y; some may receive twice this

amount – So02.

� When compared with residents in normal background radiation areas (NBRA),

people in HBRA have normal immune functions, average lifespan and no increased

leukaemia, solid cancer, hereditary diseases, congenital malformations or

chromosomal aberrations – Mo05.

� Radon exposures (mSv/y) of different areas of Ramsar are: Katalom, 2.38;

Chaboksar, 2.48; Lamtar, 2.76; Tonekabon, 2.78; Javaherdeh, 2.82; Sefid Tomeshk,

3.52; Lapasar, 3.54; Sadat Maahalleh, 7.14; Ghaemieh, 7.96; Chaparsar, 11.1;

Ramak, 14.1; and Telesh Magalleh, 71.7 (Sohrabi and Babapouran, 2005). Radium

levels in the bedroom of one home averaged 237 mSv/y (Ghiassi-Nejad et al., 2002).

� The average air/water intakes of 210Po and 210Pb are 4.4 pCi and 6.5 pCi,

respectively – Sa05.

� Physicians see no evidence of any health hazard in Ramsar – Gh05. Residents of

Ramsar had no increased death, malignancies, abortion, mental disability, mental

depression and no physical disabilities – Ha05.

� Male cancer mortality in high radiation areas of Ramsar was no greater than that of

controls; the slight increase in female cancer rates was not significant – Mo05.

Ireland

� A retrospective study of 210Pb and 210Po of an old dwelling in Castleisland indicated

the residents were exposed to 1.5 Sv/y (McLaughlin et al., 2005).

Italy

� Several schools in northern Italy have high radon concentrations (Giovani et al.,

2005). Some exceed 100 mSv/y assuming continuous occupancy.

Japan

� Radon in the air mass from China is less important than local sources of radon

(Aoshima et al., 2005).

� Atmospheric radon increased precipitously for two months prior to the January 17,

1995, earthquake at Kobe – Yan05.
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� The cancer mortality rate of radon rich Misasa was only 67% that of surrounding

villages which had no unusual Rn concentrations (Mifune et al., 1992).

� Although only five studies were available in this meta-analysis, we conclude that

there is no evidence for an association between residential radon and childhood

leukaemia (Yoshinaga et al., 2005).

Kazakhstan

� Air in some homes exceeds160 pCi/l of radon; air in some mines exceeds 5 Sv/l – Se05.

Kosovo

� Soils with 1 g depleted uranium (DU) per kg soil may provide 15 mSv/ y by

geophagia (McLaughlin et al., 2005). Water and stock from these fields will have

some U from DU in them.

Kyrgyzstan

� Urban homes average 5.2 mSv/y from radon and thoron; due to more thoron,

rural homes receive 7.4 mSv/y (Zhukovsky and Termechikova, 2005).

Malaysia

� Miners receive up to 180 mSv/y – St05.

Nigeria

� Mine workers at the Jos Plateau were exposed to levels as high as 180 mSv/y

(Funtua and Elegba, 2005).

Poland

� Indoor exposure to radon in the Kowary region is 9.5 mSv/y (Jankowski et al., 2005).

Romania

� The average exposure of the population is 2 mSv/y (1.65 from radon progeny and

0.35 from thoron progeny (Iacob and Grecca, 2005). The revised total radon

component was 22 mSv/y (Iacob et al., 2005).

Russia, Ukraine and Belarus

� The average exposure to radon is 1.4 mSv/y – Ma05. About one million people

receive <5 mSv/y. External gamma radiation is 0.75 mSv/y.

� A study of contaminated Mayak nuclear workers and controls concluded: ‘We find

no evidence that chronic low doses of gamma rays are associated with liver

cancer occurrence’ – T006. Workers at the plutonium plant had significantly lower

lung cancer mortality rates than the general population of Mayak (Tokarskaya et al.,

1997).
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� The 1986 Chernobyl accident showed little harm in lightly exposed adults.

‘Direct radiation-epidemiological studies performed since 1986 have so far

revealed no radiation-induced increase in mortality of the general population due,

in particular, to causes such as leukaemia and solid cancer (other than thyroid

cancer in children (some received > 1 Sv (Aurengo et al., 2005)) or non-cancer

diseases above the spontaneous level’ (Kinley, 2005, p.11).

� The rate of congenital malformations ‘does not appear to be radiation related’

(Kinley, 2005, p.14). In contrast, fear of all radiation caused over 100,000

deaths by suicide and abortions over northern Russia and Europe

(Ketchum, 1987).

� Elite international committees from IAEA, WHO, FAO, UNDP, UNEP, UN-OCHA,

UNSCEAR and World Bank Group have evaluated Chernobyl’s legacy: health,

environmental and socio-economic impacts (Kinley, 2005). The focus was on

two decades of the health experiences of the people of Belarus, The Russian

Federation and Ukraine. The committee concluded: except for increased thyroid

tumors, socio-economic disruptions and much psychologic harm, doses up to

5 cGy/y were without observable harm. For persons who received <1 Gy

‘follow-up programmes are unlikely to be cost effective or beneficial to patients’

(Kinley, 2005, p.39). ‘Experience with protection of the public after the

Chernobyl accident has clearly shown the need for further international

harmonisation of appropriate radiological and safety standards’ (Kinley, 2005,

p.45).

� The present (2005) average exposure to Russians from radon is much greater than

that from external gamma radiation – Ma05. About 4300 people in Moscow

receive >5 mSv/y.

� People who receive <3 mSv/y have less lung cancer than the control

population – Ya05.

Scotland

� Because they had barely detectable levels of radionuclides in them, over 4 million

sheep were slaughtered in southwest Scotland (Metivier, 1996, p.76).

Serbia

� Soils with 1 g depleted uranium (DU) per kg soil may provide 15 mSv/y by

geophagia (McLaughlin, 2005). Water and stock from these fields will have some

U from DU in them.

Spain

� The average exposure of IBERIAN flight crews is 1.3–2.2 mSv/y – Sa05.
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Sweden

� No increased lung cancer was found for persons living with <3 pCi/l radon

(Mjones and Falk, 2005).

� Excess leukemia in young people was 1.26 cases per 100,000 person years in

U-shale concrete homes; this yields 1.5–6 mSv/y from radon (Akerblom et al.,

2005).

Taiwan

� When children and students were excluded, the cancer death rate of people exposed

to 1–5 mSv/y for 9–20 years was only 2.7% that of the general population

(Chen et al., 2004).

Thailand

� Miners receive up to 180 mSv/y – St05.

Tibet

� Absorbed cosmic radiation is 1.02 mGy/y, four times the world average

(Wang, 2002).

Turkey

� Radon exposures in spa areas of Turkey varied between 1.7 and 3.1 mSv/y – Ya05.

United States of America

� Both leukaemia and total death rates in the contiguous 48 states are inversely

proportional to background radiation levels, p <0.003 (Craig and Seidman, 1961;

Frigerio and Stowe, 1976; Luckey, 1991; Saur, 1980; Webster, 1983).

� The total infant death rate fell during the increased radionuclide fallout from nuclear

bomb testing, 1955–1965 (Fuchs, 1981).

� Radium dial painters who received <30 Gy had a longer average lifespan than

the population around them; the SMR was 0.88 for all causes of death, p <0.05;

0.75 for all circulatory diseases, p < 0.01 and 0.48 for cardiovascular diseases,

p <0.01 (Rowland, 1994). Radium dial painters who received less than 30 Gy

(the lifetime threshold) had no increased cancer death rate and a leukaemia

death rate which was only 20% that of a control population – Ro98. ‘However,

the great majority of exposed individuals went through life with no recognisable

consequences of their exposures. They lived as long as and apparently in as

good health as their unexposed neighbors’ – Ro98.
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� The total cancer death rate of plutonium contaminated workers was 57% that of the

general population – Vo87. None of the 17 women contaminated with Pu died with

cancer (Voelz, 1983). A 33 year followup of 241 heavily contaminated plutonium

workers found the total cancer mortality rate was about 50% that of the general

population (Voelz et al., 1985).

� Lung cancer deaths in plutonium workers who were exposed to about 10 mSv/y

were below the national average – Te87.

� The 18 ‘terminally ill’ patients who were injected with up to 0.9 mCi Pu lived

2–44 years. None died from cancer (Moss and Eckhardt, 1995).

� Voelz and Lawrence found remarkable health among 26 nuclear workers who were

contaminated with 7–230 nCi of Pu for 40 years (Voelz and Lawrence, 1991).

Their SMR was: 0.41 for all deaths, 0.45 for all cancer deaths and 0.21 for all

circulatory deaths.

� In 2935 contaminated nuclear workers at Los Alamos Nuclear Laboratory, the total

cancer mortality rate was 77% that of carefully selected controls; the leukaemia

mortality rate was 35% that of controls (Wiggs et al., 1994).

� The SMR for lung cancer deaths in different nuclear weapons laboratories were:

Rocky Flats Nuclear Weapons Plant, 0.14; Los Alamos Nuclear Laboratory,

0.20 and the Hanford site, 0.29 (Tietjen, 1987).

� The cancer mortality rate of 38,000 contaminated nuclear shipyard workers

(up to 7 cSv lifetime from film badges) was 65% that of 32,000 carefully selected

control shipyard workers (Matanoski, 1991). The total death rate was 24% that of

the controls (p <0.001).

� Between 1941 and 1984, the total death rate of 5868 contaminated nuclear workers

(mean dose = 17 mSv) at Oak Ridge National Laboratory was 37% that of 2129

carefully selected uncontaminated workers; the cancer death rate was 50% of

controls (Wing et al., 1991). The total death rate of 321 workers who received

0.1–1.1 Gy was 34% that of unexposed workers.

� Over 15,000 exposed workers had a cancer death rate that was 60% that of 20,619

unexposed workers at three nuclear weapons plants (Gilbert et al., 1989). Note, the

1412 workers exposed to 20 cSv (lifetime) had a cancer death rate which was only

2.35% that of the controls.

� Lung cancer death rates are inversely proportional with the log of the Rn

concentration in almost one million homes in the United States, p <0.0001

(Cohen, 1995). Except for smoking, none of over 50 other parameters showed any

correlation.

� Radon concentrations show no correlation with lung cancer deaths in US and other

mines (BEIR, 1990).

� Attendants at the Free Enterprise Radon Health Mine at Boulder, MT, receive an

estimated 150 mSv/y – Le06. The radon concentration in the mine is 2200 pCi/l.
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Conversion factors used here

1 WL = 100 pCi from short lived 222Rn progeny (Beral et al., 1988, p.585)

1 WLM = 170 hr at 1WL = 1 rad = 10 mGy (Eisenbud and Gesell, 1997, p.29)

1 WLM~5 mSv (ICRP)

1 WLM/y = 250 Bq/m3 = 7 pCi/l air with 222Rn progeny (BE99, p.12)

1 Bq/m3 = 0.233 mSv/y (whole body) (Eisenbud and Gesell, 1997, p.156)

1 mSv = 37 Bq

SMR = standard mortality rate, a comparison with the general population.
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