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False Alarm or Public Health
Hazard?: Chronic Low-Dose
External Radiation Exposure 

Ionizing radiation from external sources,
and the biological effects of such radia-
tion, have been studied for more than a
century. While acute health effects (e.g.,

burns, nausea, hair loss, bleeding, etc.) occur
only at high-dose exposures, various official
radiation commissions [1,2] now generally
accept that delayed detriment due to muta-
tions in the cellular DNA has been estab-
lished at low doses, down to about 20 cSv

(rem) for adults and less than 1 cSv for fetus-
es. 

These mutational (or stochastic) biolog-
ical effects, in which the level of dose deter-
mines the level of probability or likelihood
of occurrence of the effect, can lead to initia-
tion or promotion of malignancies (somatic
effects such as cancers and leukemia) or to
genetic defects in subsequent generations.

Some recent reviewers of radiation
health effects have asserted the existence of
an “effective” or “practical” threshold for
radiogenic risk below about 10-20 cSv [3,4,5].
In doing so, however, they have:

§ ignored epidemiological
findings of excess cancers among
workers occupationally exposed to
doses comparable to natural back-
ground, and 

§ generalized from in vitro
(laboratory) studies of DNA repair
mechanisms in animal and human
cells mostly at rather high doses.
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Proponents of a practical threshold for radiogenic risk have ignored epidemiological
findings of excess cancers among workers and have generalized about the effects of
high doses from in vitro studies of DNA repair mechanisms. Aggregate studies of
occupational exposures and of children x-rayed in utero show  that the proposition of
a safe dose range or dose rate is false. The repair system of the mammalian cell is
never perfect.  Epidemiological studies of exposed persons that have been accepted
in the scientific literature show a statistically significant increase in cancer incidence
in the exposed population, supporting the claim that  very low doses cannot be
regarded as safe with respect to cancer induction. [M&GS 1998;5:14-21]
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The Presumed Safe Dose
Threshold: Downward to Zero?

These experts argue that current radia-
tion standards cost too much while provid-
ing no benefit to public health. For all practi-
cal purposes, such an assertion implies per-
fect repair of radiogenic DNA damage at
low doses of low-LET (linear energy trans-
fer) radiation (beta, gamma, or X-rays).

Historically, the presumed safe dose
threshold has had to be adjusted downward
several times, following updates in epidemi-
ological findings of cancer mortality at low
doses, primarily among A-bomb survivors.
These adjustments have led to revisions of
the “allowable” occupational exposures
from 30 cGy/year at the start of the
Manhattan Project in 1942 to 2 cGy/year in
1990 (Figure 1) [6,7]. Thus, the notion of a
safe dose threshold for stochastic radiation
effects is a historical legacy passed on from
scientists who were active during that era to
those they trained.

Defining “Safe Dose”
Such a tradition has led some scientists to

suggest the existence of a practical dose
threshold for low-LET radiation [3,4,5,8,9].
Others have expressed the opinion that the
data have been inconclusive on the question
of whether a safe dose threshold exists or not
[2,10].

A safe dose and safe dose rate of ioniz-
ing radiation (i.e., zero radiogenic risk)
means that all exposed persons remain
unharmed during and after the exposure. In
other words, no one will suffer from a radia-
tion induced cancer or die prematurely from
other radiogenic disease. A non-zero risk at
any dose or dose rate, on the other hand,
means that no one is safe during exposure
and afterward; a certain fraction of exposed
persons will suffer from radiation induced
cancer and die prematurely, whereas the rest
will remain unharmed.

Much is at stake in considering the exis-
tence of a harmless dose threshold. If this
notion is a fallacy, as is asserted here, then
raising the present radiation safety stan-
dards—as advocated by the Health Physics
Society [11]—would lead to an even larger
increase of cancers and genetic defects
worldwide over those already initiated by
past radioactive releases. Such an action
would be indefensible.

In contrast, the present authors con-
clude that the proposition of a safe dose
range, a safe dose rate, or a reduced biologi-

cal effectiveness at protracted low-dose
exposures has been shown to be false. This
firm conclusion is based on an aggregate of
independent and diverse findings, such as
studies of excess cancers (including
leukemias and thyroid cancers) in nuclear
workers exposed to accumulated occupa-
tional doses comparable to natural back-
ground or in children who had been x-rayed
in utero at acute doses of a few tenths of cGy
(rem) [12,13]. 

From a worldwide perspective, genetic
effects are of even greater potential conse-
quence for public health than the induction
of somatic malignancies discussed above.
Ample evidence is accumulating of chromo-
some aberrations induced by low doses with-
out threshold that carry a high probability for
transmitting detriment to future generations
[12,13,14,15]. Recent studies found evidence
for generationally delayed detriment as a
consequence of radiogenically induced
genomic instability [16]. Radiobiological
studies on human cell models in vitro, at low
doses and at varying dose rates, have also
been consistent with epidemiological studies
in contradicting both a conjectured reduced
biological effectiveness at low doses and low
dose rates and a safe dose threshold [17,18].

The conclusion reached here is that any
increase in radiation exposure above
unavoidable background leads to significant
added risks for somatic and/or genetic
health detriment whether for populations at
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Figure 1: The evolution of health protection standards for nuclear work-
ers is shown. It can be seen that international and national radiation
protection commissions have had to revise their recommendations
repeatedly in the past.Source: U.S. Department of Energy, Office of
Environmental Management [7].
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large (e.g., from venting or fallout from
weapons tests and from releases from
nuclear production sites or waste reposito-
ries) or for individuals (e.g., from occupa-
tional or medical exposures).
Comprehensive and independent assess-
ment of risks versus expected benefits will
pose enormous ethical, economic, and polit-
ical challenges to present national and inter-
national institutions, both public and pri-
vate, which constitutionally or by interna-
tional agreements have been entrusted with
serving the people’s well being.

A Microdosimetric Argument
By combining microdosimetric consid-

erations for the induction of mutations in the
cell nucleus with low-dose epidemiological
findings, an even more compelling argu-
ment against the existence of a safe dose
threshold can be made as follows [19].

1. The dose from low-LET ionizing radi-
ation is delivered by high speed electrons
(Compton-electrons and photo-electrons)
traveling through human cells and creating
primary ionization tracks. One such track is
the least possible disturbance that can occur
at the cellular level. A “high dose” means
many tracks per cell; “low dose” means few
tracks per cell; “low dose rate” means few
tracks per cell per unit time. At any dose,
including background, some cells and cell
nuclei are being transversed by ionizing
tracks.

2. Radiation-induced carcinogenic alter-
ations are alterations in the genetic material of
the cell, the DNA. Cancer initiation or promo-

tion is a unicellular process, following the
rules of chance. Every track, independently of
every other track, has a chance of inducing
cancer by creating such alterations. The ener-
gy deposited by a primary interaction is a
multiple of characteristic chemical binding
energies in organic molecules.

3. This implies that there is a non-zero
likelihood for cancer initiation or promotion
at any dose or dose rate. If every potentially
carcinogenic alteration induced by tracks at
low doses or low rates were successfully and
invariably “undone” by repair processes,
however, then there would be an inherently
safe dose and dose rate. The key question is:
Does repair of carcinogenic injuries operate
flawlessly when the dose is sufficiently low
and slow?

4. If a radiation dose is received at a low
enough rate, i.e. in the time frame required
for repair, and if repair were to operate flaw-
lessly and were to leave no carcinogenic or
genetic damage, then the net effect of that
radiation dose relative to a detrimental effect
would obviously be zero by definition and
many such small doses, allowing for repair
in between, could be absorbed without
increasing radiogenic risk.

5. Epidemiological evidence shows,
however, that repair fails to prevent radia-
tion induced cancers, even at doses where
the repair system has to deal with only one
or a few tracks per cell at a time, and even at
dose rates that allow ample time for repair
before the arrival of additional tracks. By
any reasonable standard such evidence is
proof that there exists no perfectly safe dose
or dose rate.

Tracking Imperfections of Cell
Repair

In order to consider the meaning of dose
at the cellular level we must relate the num-
ber of primary ionization tracks traversing a
cell nucleus to a given dose. The smallest pos-
sible dose is not a fraction of a Gray but a sin-
gle traversal of an ionizing track through the
cell nucleus.

As we know, the energy of x-rays and
gamma-rays is deposited in biological mate-
rial via Compton-electrons and photo-elec-
trons. One can, therefore, use the calcula-
tions of Paretzke and a recursion method
[20] to convert the energy of an x-ray or
gamma-ray into a number of electrons and
their energy distribution. Thus, it is possible
to convert the original photon energy to elec-
trons and to calculate their summarized
range [21,22].

Table 1: Tissue Dose in Centi-Gray when the Average Track-
Rate per Cell Nucleus is One

Origin of Electron Average Nuclear Dose in cGy
Packets Traversals per when Average

per Nucleus in Track-Rate per
Delivery of 1 cGy Nucleus is one

30 keV X-rays 1.34 0.75 cGy

250 keV X-rays 2.30 0.43 cGy

596 keV gammas
Radium-226 2.94 0.34 cGy

662 keV gammas
Cesium-137 3.16 0.32 cGy

1608 keV gammas
A-Bomb 5.41 0.19 cGy
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With help of the relation 1cGy = 6.24 x
1010 keV/g one can now determine how
many photons of a given energy are required
to deposit a dose of 1 cGy. With this infor-
mation the corresponding number of elec-
tron tracks is obtained.

Since the average dimensions of a
mammalian cell and its nucleus are known
[23], we can calculate the number of nuclear
traversals per dose unit for X- and gamma-
radiation of different origin [Table 1].

Gaps in the Repair Process
We know from numerous experiments

with model systems that enzymatic repair
processes are seen to work without impair-
ment even at doses of a few Grays
[24,25,26,27,28]. Furthermore, it has been
confirmed repeatedly in studies with human
cells in vitro that repair is achieved within
six hours or less even after doses of several
Grays [29,30,31,32]. There is also confirmed
information on the number and type of DNA
lesions.

There are, however, numerous refer-
ences in the literature supporting the asser-
tion that certain DNA lesions are not
repaired or are misrepaired1. For example: 

§ The UNSCEAR-Report 1986 [33]
states the following about repaired, unre-
paired, and misrepaired carcinogenic lesions
induced by radiation: “The error-free repair
of the DNA, the most likely target involved,
leaves some fraction of the damage unre-
paired and the error-prone repair may pro-
duce misrepaired sequences in the DNA-
structure.”

§ Kellerer describes a type of radiation-
induced DNA damage that would be diffi-
cult to repair [25]: “A simple example would
be neighboring single-strand breaks in com-
plementary strands of DNA, which interfere
with excision repair.” 

§ This is confirmed by Feinendegen et
al [30] who, reporting on irradiated cells, say
“not all double-strand breaks are fully
repaired.”

With the information discussed so far,
we can examine whether there is or is not

any safe dose.

Challenging the Notion of a Safe
Threshold

Imagine the following scenario, in
which the repair processes are presumed to
work flawlessly up to a certain dose of a few
cSv (100 cSv = 1 Sv). 

1. A number of individuals are exposed
to a small dose no greater than this limit on
Monday. All induced lesions in the DNA are
flawlessly repaired within a few hours. No
increase of cancer risk results from this expo-
sure.

2. On Tuesday there is another expo-
sure with the same small dose. Since we
assume that the repair systems are working
free of error, there is no increase in cancer
risk after the first two doses. On the follow-
ing days additional dose fractions are given,
and so on, until a certain accumulated dose
is reached.

In this scenario the individuals could
accumulate rather high doses in many small
dose fractions. No increased cancer risk
should be detectable, however, in a long
term follow up. Since it is acknowledged
that the accumulated high dose, given all at
once, will increase the cancer risk, we would
have to conclude that each of the small dose
fractions is harmless and that a dose thresh-
old and a safe dose rate would indeed be
real.

If, however, the long term followup
studies were to reveal increased cancer inci-
dence in the population exposed only to
small dose fractions over a long time period,
then the presumption of an error-free repair
system, even at low doses, would be unten-
able. Also, the idea of a safe dose threshold
would be wrong. 

Dose fractions or doses, respectively,
and the derived number of tracks per cell
nucleus per exposure, drawn from a number
of epidemiological studies of exposed per-
sons that have been accepted in the scientific
literature, are compiled in Table 2. In all nine
studies a statistically significant increase in
cancer incidence was observed in the
exposed population.

These studies show that the following
doses cannot be regarded as safe with
respect to cancer induction:

9 cSv, 7.5 cSv, 4.6 cSv, 1.6 cSv, 1 cSv,
0.9 cSv, 0.5 and 0.1 cSv

We can conclude, therefore, that when-
ever an ionizing track traverses a nucleus of

1. There are many repair pathways in a normal
and transformed mammalian cell. The enzymes
responsible for detecting and eliminating
lesions like strand breaks, base loss and so on
depend on the correct information in the com-
plementary DNA strand. If, however, radiation
damage affects both strands at the same place
and at the same time, enzymes no longer can
repair such lesions although the enzymes mol-
ecules themselves are completely intact. These
so-called sites of multiple damage are frequent-
ly induced by ionizing radiation. Repair of
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a mammalian cell there is always a non-zero
chance that it will cause a carcinogenic lesion
and that the lesion will remain unrepaired,
will be inherently unrepairable, or will be
misrepaired. In short, there is an intrinsic
failure rate in the repair system even at the
lowest conceivable doses and rates.

§
The Flawed Case for a Safe Dose

In summary, for the essential stochastic
end points of radiation damage (cancer
induction and mutation) the idea of a safe
dose threshold and of a safe dose range must
be given up. According to present epidemio-
logical data, only the linear (curve 3) or the
supralinear (curve 4) dose-effect relationships
shown in Figure 2 are consistent with scientif-
ic evidence from human data. Recently,
radiobiologists have also come to the conclu-
sion that cancer can be initiated as a result of
a single radiation track through a single cell
nucleus [44].

The proponents of dose thresholds and
even of hormetic effects will argue that there
are many studies in which no statistically
significant radiation effect was found by the
authors. These studies are, however, unsuit-

ed for deciding whether there is a dose
threshold or not. Inability to find a signifi-
cant effect can never be an argument for a
safe dose. In many of these studies the fol-
lowup periods were too short, the size of the
cohorts was too small, or important con-
founding factors were not properly taken
into account. 

A group of independent scientists
(physicians and epidemiologists), assembled
and sponsored by Physicians for Social
Responsibility, have critically reviewed 124
epidemiological studies supported or
financed by the U.S. Department of Energy
and/or by the British Government and have
found that they are decisively flawed and
“tend to produce false negative results”[45].

It is no surprise, therefore, that a large
number of government-sponsored epidemi-
ological mortality studies show no signifi-
cant association between cancer induction
and low dose radiation exposure.

Conclusions
Combining the known mechanism of

low-LET interactions in human cells with
findings from several independent epidemi-
ological studies clearly shows that the repair

Table 2: Average Tracks per Cell Nucleus from each Exposure in Nine Human studies

Nr. Study Organdose Tracks per Average Number of Tracks
[cSv]/Exposure Cell Nucleus per Cell Nucleus from each

at 1 cSv Exposure

1 Nova Scotia Fluoroscopy [31] 7.5 1.34 10.03
Rounded : 10

2 Israeli Scalp-Irradiation [32] 7.5 1.34 10.03
(Authors’ revised estimate) 9.0 Rounded : 10

12.04
Rounded : 12

3 Massachusetts Fluoroscopy [33] 4.6 1.34 6.15
Rounded : 6

4 Canadian Fluoroscopy [34] 4.6 1.34 6.15
Rounded : 6

5 Stewart In-Utero 0.5 1.34 0.67
Series [35-37] <one ; 51% with one track

6 MacMahon In-Utero 0.9 1.34 1.20
Series [38] ~ one

7 British Luminizers [39] 0.1 2.94 0.29
< one; 75% with no track

8 Harvey Twins In-Utero 1.0 1.34 1.34
Series [40] ~ one

9 Israeli Breast-Cancer in 1.6 1.34 2.1
Scalp-Irradiation Study [32] ~ 2
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system of the mammalian cell is imperfect
and that there is no harmless dose threshold.

This conclusion, drawn from the aggre-
gate of scientific evidence, has complex ethi-
cal, economic, and political implications for
continuing radioactive contamination of our
soil, water, and atmosphere. The following
two facts have to be faced:

1. There exists no confirmed or scientifi-
cally reliable method of ascertaining perma-
nent isolation of radioactive wastes from the
biosphere (measured in geological time
spans).

2. Future statistically predictable reactor
accidents, such as Chernobyl, will add
worldwide somatic and genetic health detri-
ment.

From this perspective, the authors deem
continued application of nuclear technology
for energy production, whether in the U.S. or
as an export to developing nations, a viola-
tion of the fundamental spirit of the
Universal Declaration of Human Rights.

How should the application of nuclear
technology be managed and are there viable
alternatives?

As radiologists and physicians in gener-
al become better informed about the lack of
any risk-free threshold and about the magni-
tude of radiogenic risks, they will and should
opt to minimize the use of radiation in diag-
nostic and therapeutic procedures. The saga
of the early embrace of x-raying pregnant
women and the ultimate warnings against
such a procedure can serve as an object les-
son [12,13]. It is essential, however, that
physicians include better informed patients
in meaningful risk-benefit assessments. 

The argument is now being made by the
nuclear energy industry and its government
and corporate supporters that nuclear energy
generation is the only solution to forestall
global warming. Studies by respected scien-
tists, however, have shown that energy con-
servation, using state-of-the-art improve-
ments in the efficiency of energy-driven
devices, combined with the development of
community-based alternative energy tech-
nologies including solar power, wind, bio-
mass, and fuel cells, can meet the energy
needs of both developed and developing
nations [46]. In addition, these technologies
can also provide employment in both small
and large enterprises, including jobs for
those with advanced technical skills who
presently work in the nuclear industries.

What is needed is a well-integrated pol-
icy  that must include a reordering of nation-
al priorities. Such redirection of the enor-
mous public and private resources presently
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Figure 2: Various models for the shape of dose effect curves have
been proposed, mainly to allow extrapolation from effects found at
higher doses to effects in the low dose range relevant to occupation-
al exposure and radiation protection. The model represented by the J-
shaped curve (1) presumes that at low doses detrimental effects are
even lower as compared to those occuring in the unexposed popula-
tion. This so-called “hormetic” effect has, however, no scientifically
credible foundation for stochastic effects such as radiogenic mutation
and cancer induction. Model 2 (curve 2) assumes no detrimental effect
up to a dose threshold T, followed by a linear increase at higher doses.
No supporting data can be found for this model as long as stochastic
effects of radiation are considered. Model 3 (curve 3), the most widely
accepted, assumes a linear relationship between absorbed dose and
detrimental effect without threshold. Numerous supporting data can
be found in the relevant literature. In the linear-quadratic relation
(curve 5) the assumption is made that a linear extrapolation from high
to low doses would overestimate the detrimental effects and that dose
rate effectiveness factors (DREF) between 2 and 5 have to be
employed to describe the detrimental effects at the low dose region. In
the BEIR V Report [2] the committee states: “There are scant human
data that allow an estimate of the dose rate effectiveness factor” and
“for most other cancers in the life span study (LSS) the quadratic con-
tribution is nearly zero, and the estimated DREF’s are near unity.” The
supralinear model (curve 4) describes the observation made by sever-
al investigations in the low dose range in model systems as well as
epidemiological research. There is evidence that the supralinear curve
correctly describes the excess cancer risk of the A-bomb survivors
exposed to doses below 20 cGy [48].
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invested in industries responsible for pollut-
ing the earth with chemicals and radiation
can only be brought about by the effective
commitment of informed citizens.

References
1. International Commission on Radiological
Protection. Publication 60: Recommendations of
the ICRP. Oxford: Pergamon. 1991.
2. Committee on the Biological Effects of
Ionizing Radiation (BEIR V), National Research
Council. Health effects of exposure to low levels
of ionizing radiation. Washington, DC: National
Academy Press. 1990.
3. Galas DJ. Important unanswered questions
concerning radiation risk estimates. Rad Res 1993;
136:139-143.
4. Mossman KL. A brief history of radiation bio-
effects. In: Hendee WR, Edwards FM (eds).
Health effects of exposure to low-level ionizing
radiation. Philadelphia, PA: Inst. of Physics Pub.
1996:1-26.
5. Goldman M. Cancer risk of low-level exposure.
Science 1996;271:1821-1822.
6. Hacker BC. The dragon’s tail: Radiation safety
in the Manhattan project, 1942-1946. Berkeley,
CA: University of California Press. 1987.
7. U.S. Department of Energy. Closing the circle
on the splitting of the atom. Washington, DC:
Office of Environmental Management, USDOE.
January 1995:38.
8. Gilbert ES, Omohundro E, Buchanan JA,
Holter NA. Mortality of workers at the Hanford
site: 1945-1986. Health Phys 1993;64:577-590.
9. Cardis E, Gilbert ES, Carpenter L, Howe G, et
al. Direct estimates of cancer mortality due to low
doses of ionising radiation: An international
study. Lancet 1994;344:1039-1043.
10. Land CE. Estimating cancer risks from low
doses of ionizing radiation. Science
1980;209:1197-1203.
11. Mossman KL, Goldman M, Massé F, Mills
WA, et al. Radiation risk in perspective. Health
Physics Society Newsletter 1996;24:3
12. Nussbaum RH, Köhnlein W. Inconsistencies
and open questions regarding low-dose health
effects of ionizing radiation. Environ Health
Perspec 1994;102:656-667.
13. Nussbaum RH, Köhnlein W. Health conse-
quences of exposures to ionizing radiation from
external and internal sources: Challenges to radi-
ation protection standards and biomedical
research. Med & Global Survival 1995;2:198-213.
14. Messing K, Ferrais J, Bradley WEC, Swartz J,
Seifert AM. Mutant frequency of radiotherapy
technicians appears to be associated with recent
dose of ionizing radiation. Health Phys
1989;57:537-544.
15. Scheid W, Weber J, Traut H. Chromosome
aberrations induced in the lymphocytes of pilots

and stewardesses. Naturwissenschaften
1993;80:528-30.
16. Edwards R. Radiation Roulette. New Scientist
October 11, 1997:36-40.
17. Grosovsky AJ, Little JB. Evidence for linear
response for the induction of mutations in human
cells by x-ray exposures below 10 rads. Proc Nat
Acad Sci USA 1985;82:2092-2095.
18. Waldren C, Correl L, Sognier MA, Puck TT.
Measurement of low levels of x-ray mutagenesis
in relation to human disease. Proc Nat Acad Sci
USA 1986;83:4839-3843.
19. Gofman JW. Radiation induced cancer from
low-dose exposure: An independent analysis. San
Francisco: Committee for Nuclear Responsibility,
Inc. (POB 421993, San Francisco, CA, 94142 USA).
1990.
20. Paretzke HG. Radiation track structure theory
(Chapter 3:89-169). In: Freeman GR (ed). Kinetics
of nonhomogeneous processes. New York: John
Wiley and Sons. 1987.
21. Evans RD. Stopping of electrons by thick
absorbers (Chapter 21:611-631). In: The atomic
nucleus. New York: McGraw Hill. 1955
22. Hutchinson F. Formation of two double-
strand breaks in the same DNA molecule by a sin-
gle high-energy photon or ionising particle. Int. J.
Radiat. Biol. 1996;70:505-512.
23. Brackenbusch LW, Braby LA.Microdosimetric
basis for exposure limits. Health Phys 1988;55:251-
255.
24. Virsik RP, Blohm R, Herman KP, Modler M,
Harder D. Proceedings of the eighth symposium
of microdosimetry. Luxemburg: Euratom 8395.
1982:409-422.
25. Kellerer AM. Models of cellular radiation
action (Chapter 7:305-375). In: Freeman GR (ed).
Kinetics of non-homogeneous processes. New
York: John Wiley & Sons. 1987.
26. Frankenberg D, Goodhead DT, Frankenberg-
Schwager M, Harbich R, et al. Effectiveness of 1,5
keV aluminium and 0,3 keV carbon K characteris-
tics x-rays at inducing DNA double-strand breaks
in yeast cells. lnternat J of Radiat Biol 1986;50:727-
741.
27. Frankenberg-Schwager M, Frankenberg D,
Harbich R, Adamczyk R.A comparative study of
rejoining of DNA double-strand breaks in yeast
irradiated with 3.5 MeV a-particles or with 30
MeV electrons. Int J Radiat Biol 1990;57:1151-
1168.
28. Peak MJ, Wang L, Hill CK, Peak JG.
Comparison of repair of DNA double-strand
breaks caused by neutron or gamma radiation in
cultured human cells. Int. J Radiat Biol
1991;60:891-898.
29. Bender MA. Significance of chromosome
abnormalities. In: Boice JD and Fraumeni JF (eds).
Radiation carcinogenesis: Epidemiology and bio-
logical significance. New York: Raven Press. 1984.
30. Feinendegen LE, Victor PB, Booz J,

§



Chronic Low-Dose Exposures Köhnlein/Nussbaum 21

Muhlensiepen H. Biochemical and cellular mech-
anisms of low-dose effects. Int J of Radiat Biol
1988;53:23-37.
31. Burns FJ, Sargent EV. The induction and
repair of DNA breaks in rat epidermis irradiated
with electrons. Radiat Res 1981;87:137-144.
32. Frankenberg-Schwager M. Review of repair
kinetics for DNA damage induced in eukaryotic
cells in vitro by ionising radiation. Radiother
Oncol 1989;14:307-320.
33. United Nations Scientific Committee on the
Effects of Atomic Radiation. Genetic and somat-
ic effects of ionising radiation. New York: United
Nations. 1986.
34. Myrden JA, Hiltz JE. Breast cancer following
multiple fluoroscopies during artificial pneu-
mothorax treatment of pulmonary tuberculosis.
Canadian Medical Ass J 1969;100:1032-1034.
35. Modan B, Alfandry E, Cherit A, Katz L.
Increased risk breast cancer after low dose irradi-
ation. Lancet 1989;8639:629-631.
36. Boice JD, Monson RR, Rosenstein M. Cancer
mortality in women after repeated fluoroscopic
examinations of the chest. Journal of the National
Cancer Institute 1981;66:863-867. 
37. Miller AB, Howe GR, Sherman GJ, Lindsay
JP, et al.Mortality from breast cancer after irradi-
ation during fluoroscopic examinations in
patients being treaded for tuberculosis. New
England Journal of Medicine 1989;321:1285-1289. 
38. Knox EG, Stewart AM, Kneale GW, Gilman
EA. Prenatal irradiation and childhood cancers. J
Soc Radiol Prot 1987;7:3-15.
39. Muirhead CR, Kneale GW. Prenatal irradiation

and childhood cancer. J. Radiol. Prot. 1989;9:209-
212.
40. Bithell JF, Stiller CA.A new calculation of the
radiogenic risk of obstetric x-raying. Stat
Medicine 1988;7:857-864.
41. MacMahon B. Prenatal x-ray exposure and
childhood cancer. Journal of the National Cancer
Institute 1962;28:1173-1191. 
42. Baverstock KF, Papworth DG. The UK radi-
um luminizer survey. Brit J of Radiology
Supplemental Report 21 1987:71-76.
43. Harvey EB, Boice JD Jr., Honeyman M,
Flannery JT. Prenatal x-ray exposure and child-
hood cancer in twins. New England Journal of
Med 1985;312:541-545. 
44. Slather J, Muirhead C, Cox R. Radiation
induced cancer at low dose rates. Radiat Protect
Bull 1995;167:8-12.
45. Geiger JH, Rush D, Michaels D, Baker DB, et
al. Dead reckoning: A critical review of the
Department of Energy’s epidemiological
research. Washington DC: Physicians for Social
Responsibility. 1992.
46. Berger JJ. Charging ahead: The business of
renewable energy and what it means for America
New York: Holt & Co. 1997.
47. Brower M. Cool Energy: Renewable Solutions
to Environmental Problems. Cambridge, MA:
MIT Press. 1992.
48. Pierce DA, Shimizu Y, Preston DL, Vaeth M, et
al. Studies of mortality of atomic bomb survivors.
Report 12, part 1. Cancer: 1950-1990. Radiat Res
1996;146:1-27.


