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ABSTRACT
Extrapolating from data on atomic bomb survivors on the basis
of the linear no-threshold (LNT) model as applied to radiation
exposure, a recent paper concludes that within a few decades
1.5–2 percent of all cancers in the U.S. population could be caused
by current rates of use of computed tomography (CT). This paper
ignores the other war-related exposures of the Japanese
population, which would be expected to shift the dose-response
relationship for cancer induction to the left. Moreover, the LNT
model is shown to fail in four tests involving low-dose radiation
exposures. Considering the available information, we conclude
that CT scans may reduce rather than increase lifetime cancer risk.

Introduction
In a Nov 29, 2007, article in the New England Journal of
Medicine1 Brenner and Hall argue that the potential carcinogenic
effects from using computed tomography (CT) may be
underestimated and that one-third of all CT scans performed in the
United States may not be medically necessary. They estimated that
more than 62 million CT scans per year are currently done in the
United States as compared to 3 million in 1980.1 With such an
increased rate Brenner and Hall speculate, based on extrapolations
from cancer data derived from survivors of the atomic bombings in
Hiroshima and Nagasaki, that in a few decades about 1.5–2 percent
of all cancers in the United States may be the result of current CT
scan usage. Their calculation uses the linear-no-threshold (LNT)
method of adding up small, hypothetical individual risks (none of
which may be real) over a large irradiated population.
Such speculation aggravates the widespread worry about
undergoing routine CT scans, which is unfortunate given that many
lives have been saved because of medical problems revealed by
these scans.
Brenner and Hall1 correctly point out that x-ray doses from CT
scans are much higher than those from dental and chest
radiography. In discussing the biologic effects of low doses of
ionizing radiation, the authors, while mentioning the potential
cancer-inducing implications of DNA double-strand breaks and
their misrepair, do not consider the adaptive response of humans to
ionizing radiation. Low doses and low dose-rates of some forms of
radiation (e.g., x-rays and gamma rays) stimulate the body’s natural
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defenses. This effect has been called radiation activated natural
protection (ANP).2 Radiation ANP includes selective removal of
aberrant cells (e.g., precancerous cells) via apoptosis and
stimulated immunity against cancer cells. Thus, radiation ANP can
prevent some cancers (sporadic and hereditary) that would
otherwise occur in the absence of radiation exposure.3
Recent papers by Bauer4 and by Portess et al.5 describe how lowdose radiation activates the selective removal of precancerous cells
via apoptosis. The selective removal is mediated via intercellular
signaling involving reactive oxygen and nitrogen species and
specific cytokines (e.g., transforming growth factor ß).
Numerous papers have been published related to low-dose
radiation stimulating immunity against cancer cells.6-8 Because of
radiation ANP, low doses and low dose-rates of x-rays and gamma
rays can actually reduce rather than increase cancer occurrences.3
Conversely, high radiation doses suppress immunity and inhibit
selective removal of aberrant cells via apoptosis, leading to an
increase in the number of cancer cases to a rate greater than the
spontaneous level.3,6-8
Extrapolating Observed Radiation Effects
from High to Low Doses
In order to obtain lifetime cancer risk predictions from small
radiation doses such as those received from CT scans, many
researchers extrapolate the risk from observed effects after
moderate and high radiation doses using the LNT model. With this
model, any amount of radiation is considered to cause some cancer
fatalities in any large irradiated population. Doubling the radiation
dose doubles the number of cancer fatalities.
When the lifetime attributable risk estimates of radiationinduced cancer after high doses fall around an LNT function with
slope α, a hypothetical risk R at a low dose D can be calculated with
the LNT model as:
R = αD.
Only the radiation-associated risk (i.e., attributable risk) is
counted in this equation, which can be applied to both cancer
incidence and cancer mortality. To obtain the total risk, the
spontaneous risk R0 must also be accounted for. Here, the focus is on
attributable risk as defined by the equation above, which differs from
attributable risk as used in addressing multiple risk factors. Brenner
and Hall1 evaluated what corresponds to R by using age-specific
values for cancer mortality based onA-bomb survivor data.
To assess risk, Brenner and Hall used special dose units (valid
only for LNT-type responses and based on dose weighting for
different radiation types) that supposedly allow for converting the
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effects of mixed neutron and gamma irradiation (as occurred for the
A-bomb survivors) to equivalent harm from x-rays from CT scans.
One such unit is the millisievert (mSv).1 For radiation such as xrays and gamma rays, a mSv is the same as a milligray (mGy).
Further, 1 mSv received from combined exposure to neutrons and
gamma rays can be hypothetically equated to 1 mSv of x-ray
exposure from CT scans.
Brenner and Hall first extrapolated from A-bomb survivor data
based on dose in mSv for combined neutron and gamma irradiation.
The dose in mSv was then equated to the dose in mGy of CT scan xrays. This is how they arrived at their Figure 4, which presents
hypothetical lifetime attributable risk of death from lung or colon
cancer per million patients exposed to 10 mGy of x-rays from a CT
scan. Hypothetical results are presented for exposure at different
ages from birth to 80 years.
1
No adjustments were made by Brenner and Hall to account for
the influences of combined injuries suffered by survivors in
Hiroshima and Nagasaki or for differing genetic susceptibilities to
radiation in the Japanese and U.S. populations. When an atomic
bomb is detonated on a city, there are blast-propelled projectiles
and thermal waves in addition to radiation. The mode of damage is
one of combined injuries (radiation + toxins + wounds + burns +
infection) to those people in demolished cities (a highly stressful
and unsanitary environment). Such combined injuries are known to
shift the radiation effect dose-response curve to the left, with higher
risks coming from combined injuries than from radiation exposure
9-11
alone. Further, some genetic risk factors, such as defects in DNA
repair mechanisms, are known to influence susceptibility to
cancer.12-16 The LNT model does not address combined injuries
under stressful environments or population variability in genetic
risk factors. These issues were also not addressed by Brenner and
Hall1 in their extrapolation of cancer risk from A-bomb victims in
Japan (moderate- and high-dose data) to CT scan exposures (low
doses) in clinical settings in the United States.
Brenner and Hall1 recognized that radiation dose distribution
over the body is quite different for A-bomb survivors, who received
total-body irradiation, than for persons receiving CT scans. They
simply assert, without evidence, that the cancer risk for one organ is
not substantially influenced by the radiation exposure to other
organs. Significant damage to the immune system is known to
increase the risk of cancer.7 Wounds and thermal (or radiation)
burns would be expected to adversely affect the immune system.

exposures, a small dose was added each hour or each day. With the
LNT model any small dose increases the hypothetical risk of
cancer. Each hourly or daily additional dose increases the
hypothetical risk so that the risk of cancer is postulated to continue
to increase under conditions of chronic, low-rate exposure.
Neoplastic Transformation and Low Doses
According to the LNT model, a low dose of x-rays or gamma rays
is predicted to increase the risk of neoplastic transformation. The predicted increase was not supported by studies conducted by Redpath
et al.17 and by Azzam et al.,18 who showed that for doses < 100 mGy
(100 mGy being the equivalent of several CT scans), the frequency of
neoplastic transformation was reduced below the spontaneous level,
presumably because of gamma-ray ANP with selective removal of
aberrant cells via apoptosis.3-5 Recall that high doses and high dose
rates are considered to inhibit ANP.3, 7 Redpath et al.,17 when
expressing their transformation frequency data as relative risk (RR),
found the dose-response curves for neoplastic transformation were
similar to and overlapped those for breast cancer and leukemia
induction in humans, supporting the occurrence of radiation ANP
against human cancers.
Neoplastic Transformation and Protracted Exposure
According to the LNT model, each small increment in radiation
dose increases the risk of neoplastic transformation under
circumstances of protracted exposure at a low rate. The predicted
increase was, however, not supported by studies conducted by
Elmore et al.19 Low-rate exposure for doses up to at least 1,000 mGy
(equivalent to multiple CT scans separated in time) suppresses
rather than increases neoplastic transformation risk. The indicated
suppression and extension of the protective dose range is
considered to relate to the repeated activation of transient gammaray ANP during protracted exposure.3 Similar gamma-ray ANP has
also been reported against lymphomas in cancer-prone mice.20 Low,
single gamma doses of 10 or 100 mGy administered at a low rate
extended the lifespan of the cancer-prone mice and reduced the
cancer incidence at given follow-up times.20 Similar studies with
repeated exposures to low-dose x-rays, now being carried out by
Boreham, will have implications for assessing risk from multiple
CT scans. Because the biological processes that contribute to
radiation ANP are transient, appropriate time intervals between
exposures should also be determined.

Tests of the LNT Model
Four plausible tests of the LNT model are summarized below.
They are based on recent studies of brief exposures to low doses
(<100 mGy) of x-rays or gamma rays, or of protracted exposures to
similar or higher doses of gamma rays over extended periods at low
rates. Chemical carcinogen exposure in combination with low-rate
gamma-ray exposure is also considered. Endpoints are neoplastic
transformations and cancer. For the brief exposures, the dose can be
presumed to be essentially instantaneous. For the protracted
Journal of American Physicians and Surgeons Volume 13
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Combined Exposure of Lung to Low-dose-rate
Alpha and Gamma Radiation
According to the LNT model, adding a low-rate, low-dose
gamma-ray exposure on top of a low-rate alpha-radiation exposure
increases the risk of lung cancer. The predicted increase was not
supported by the study by Sanders.21 Adding a very small (1-2 mGy)
gamma-ray dose to the protracted alpha radiation dose prevented
alpha-radiation-induced lung cancers in rats that inhaled the alphaemitting radionuclide plutonium-239 in an insoluble dioxide form,
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Figure 1. Lung Cancer Incidence in Wistar Rats: after inhalation exposure to
the alpha radiation source 239PuO2 (squares) or 239PuO2 labeled with a
ytterbium-169 gamma-emitting tag (diamonds). The added gamma
exposure (1-2 mGy) prevented alpha-radiation-induced lung cancers,
presumably via gamma-ray ANP. None of the 1877 animals receiving gamma
rays (diamonds) in addition to their alpha radiation exposure developed lung
21
cancer for the indicated dose range. The data are from Sanders, and for the
indicated dose range a total of 3793 animals were used. Error bars are 95%
CI, assuming a binomial distribution of cancer cases.

239

PuO2 (Figure 1). The plutonium aerosols were labeled with a
gamma-emitting ytterbium-169 tag. Complete cancer prevention
occurred even for alpha radiation doses up to about 600 mGy. The
prevention is thought to relate to gamma-ray ANP, which includes
selective apoptosis of precancerous cells3-5 and enhanced immunity
to cancer cells.6-8 Gamma-ray ANP against 239Pu alpha-radiationinduced lung cancer has also been reported for humans.3 An average
of 86 percent of lung cancer cases were estimated to be avoided by
chronic-gamma-irradiationANP.3

Combined Exposure to Chemical Carcinogens and
Low-dose-rate Gamma Rays
According to the LNT model, adding low-rate gamma rays to a
chemical carcinogen exposure increases the cancer risk as the
radiation dose increases. The predicted increase was not supported
in the study by Sakai et al.22 The protracted low-dose-rate gammaray exposure reduced rather than increased the risk of skin cancers
from methylcholanthrene injected into mice.22
In many additional published tests of the LNT model, reduced
rather than increased harm was found to be associated with doses
similar to those from CT scans.3, 23

Influence ofAge at Exposure

Failure to Report Radiation-ANP-related
Suppression of Cancer
Most epidemiologic studies of radiation-induced cancer do not
report radiation-related ANP. The designs of epidemiologic studies
of radiation-induced cancer are largely influenced by the
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presumption that the LNT model is valid. Some approaches used in
such epidemiologic studies that make it difficult to demonstrate or
recognize radiation adaptive response and thresholds for excess
cancers are as follows:
1. Dose lagging (ignoring some of the radiation dose), which
shifts the dose-response curve to the left,24 as was done in the
analyses of Cardis and colleagues discussed by Brenner and Hall1
as supporting evidence for increased cancer risk at low doses;
2. Averaging risk over wide dose intervals in cohort studies,24, 25
as was done for A-bomb survivor cancer data cited by Brenner and
Hall1 to infer increased risk for the entire weighted dose interval
10–150 mSv;
3. Averaging odds of cancer over very wide dose intervals
before calculating the odds ratio in case-control studies;24
4. Including individuals who received low-dose radiation in the
unexposed group in cohort and case-control studies;24
5. Employing linear extrapolation from high to low doses after
dose lagging and risk or odds averaging over wide dose intervals;
6. Not adjusting for the impact of combined injuries and
differences in genetic susceptibilities when using A-bomb survivor
data to assess cancer risk for another population; and
7. Ignoring radiation ANP (which is supported by low-dose
data) for no apparent reasons other than it does not fit the LNT
model.
Employing such approaches can cause one to conclude that an
LNT-type dose-response curve is real when actually there is a
reduced risk at low doses and dose rates and/or a threshold dose for
excess risk.26, 27
Dose lagging, a potential flaw in epidemiologic study design, is
based on the assumption that some radiation dose is wasted.
Assuming an LNT dose-response curve and using dose lagging is a
contradiction because with the LNT model each unit-dose
increment (e.g., each 1 mGy increment) is presumed equally
effective in adding to the cancer risk. Actually, no wasting occurs
when each fixed increment in dose (e.g., each 100 mGy increment)
shortens the latency period for cancer occurrence as is implied by
existing data for the cumulative incidence of cancer vs. time for
different radiation dose groups.20 Additionally, no dose is wasted
when added dose increments contribute to suppression of
neoplastic transformation and cancer as was demonstrated for
extended low-rate protracted exposure.19, 22 No evidence of dose
wasting has been reported for inducing DNA double-strand breaks,
mutations, or neoplastic transformations. Discarding radiation
dose under the presumption of dose wasting could mistakenly
support an LNT-type dose response for cancer induction with a
corresponding slope parameter (α in the equation above).

Brenner and Hall1 point out that children are at higher risk than
are adults for cancer induction by radiation. Based on the published
data of Nystöm et al.28 from Swedish randomized controlled trials
of breast cancer mortality after multiple mammography-related x-

Journal of American Physicians and Surgeons Volume 13

Number 1

Spring 2008

Acknowledgments: The preparation of this commentary was supported by
Lovelace Respiratory Research Institute. We are grateful to Dr. J.L. Redpath
for reviewing the initial version of this paper, to V. Fisher and J. Orient for
editorial assistance, and to journal reviewers for their comments.

REFERENCES
1

2

3

4

5

Figure 2. Radiation ANP and Age. Bars show upper-bound estimates of the
proportion of breast cancer cases prevented by radiation ANP as a function
of age at exposure to diagnostic x-rays (multiple mammograms), based on
26
breast cancer mortality data of Nyström et al.

6

7

8

rays, the level of x-ray ANP appears to be age dependent (Figure 2).
Figure 2 presents upper-bound estimates of the proportions of
breast cancer cases among those that would occur normally that are
calculated not to occur as a result of radiation ANP. With such age
dependencies, children may benefit much less from low-dose x-ray
ANP than adults. However, radiation ANP benefits are known to
vary for different body organs; thus, age dependencies for radiation
ANP may vary with cancer sites.20 New adaptive-response research
is needed to address such issues.

9

10

11

12

13

14

15

Conclusions
16

There is no credible evidence to support the contention that
current routine usage of CT scans in clinical settings in the United
States will cause future cancers. Rather, the available data indicate
that occasional exposure to diagnostic x-rays could possibly reduce
the risk of future cancers among irradiated adults. The impact of CT
scans on future cancers among persons irradiated as children is less
clear. However, LNT-model-based risk estimates derived for
children by extrapolating from A-bomb survivors cannot be
considered valid, especially when no adjustment is made to remove
the influence of combined injuries or to account for differing
genetic susceptibilities of Japanese and U.S. populations, or when
radiation adaptive response is not addressed.
Bobby R. Scott, Ph.D., is a senior scientist at Lovelace Respiratory
Research Institute, 2425 Ridgecrest Drive SE, Albuquerque, NM 87108, Tel.
(505) 348-9470, Fax (505) 348-8567, e-mail bscott@LRRI.org. Charles L.
Sanders, Ph.D., is a visiting professor in the Department of Nuclear and
Quantum Engineering at the Korean Advanced Institute of Science and
Technology (KAIST), Daejeon, Republic of Korea. Ron E.J. Mitchel, Ph.D.,
is a consulting scientist for Atomic Energy of Canada, Ltd., Chalk River
Laboratories, Chalk River, Canada. Douglas R. Boreham, Ph.D., is an
associate professor in the Department of Medical Physics and Applied
Radiation Sciences, McMaster University, Hamilton, Ontario, Canada.

17

18

19

20

21

22

23

24

25

26

27

28

Potential Conflict of Interest: Authors report no conflict of interest related
to the contents of this paper.
Journal of American Physicians and Surgeons Volume 13

Number 1

Brenner DJ, Hall EJ. Computed tomography—an increasing source of
radiation exposure. N Engl J Med 2007;357:2277-2284.
Scott BR. Low-level radiation and health. Presented at 25th Annual Meeting
of Doctors for Disaster Preparedness, Oakland, Calif., Aug 3, 2007.
Available at: www.ddponline.org/scott07.pdf. Accessed Dec 18, 2007.
Scott BR, DiPalma J. Sparsely ionizing diagnostic and natural
background radiations are likely preventing cancer and other genomicinstability-associated diseases. Dose-Response 2006;5:230-255.
Bauer G. Low dose radiation and intercellular induction of apoptosis:
potential implications for the control of oncogenesis. Int J Radiat Biol
2007;83:873-888.
Portess DI, Bauer G, Hill MA, O’Neill P. Low-dose irradiation of
nontransformed cells stimulates the selective removal of precancerous cells
via intercellular induction of apoptosis. Cancer Res 2007;67:1246-1253.
Liu S-Z. Biological defense and adaptation induced by low dose radiation.
Hum Ecol Risk Assess 1998;4:1217-1254.
Liu S-Z. Cellular and molecular changes induced by low- versus highdose radiation. International Congress Series 2002;1225:179-188.
Liu S-Z. Cancer control related to stimulation of immunity by low-dose
radiation. Dose-Response 2007;5:39-47.
Alpen EL, Sheline GE. The combined effects of thermal burns and wholebody X irradiation on survival time and mortality. Ann Surg 1954;140:113-118.
Brooks JW, Evans EI, Ham WT, Reid JD. The influence of external body
radiation on mortality from thermal burns. Ann Surg 1952;136:533-545.
Yan Y, Ran X, Wei S. Changes of immune functions after radiation, burns
and combined radiation-burn injury in rats. Chin Med Sci J 1995;10:85-89.
Ottman R. Gene-environment interaction and public health. Am J Hum
Genet 1995;56:821-823.
Schaid DJ, Sommer SS. Genotype relative risk: methods for design and
analysis of candidate-gene association studies. Am J Hum Genet
1993;53:1114-1126.
Calabrese, EJ. Ecogenetics: Genetic Variation in Susceptibility to
Environmental Agents. New York, N.Y.: Wiley; 1984.
Butkiewicz D, Rusin M, Enewold L, et al. Genetic polymorphisms in DNA
repair genes and risk of lung cancer. Carcinogenesis (London)
2001;22:593-597.
Ott J. Statistical properties of the haplotype relative risk. Genet Epidemiol
1989;6:127-130.
Redpath JL, Liang D, Taylor TH, et al. The shape of the dose-response
curve for radiation-induced neoplastic transformation in vitro: evidence
for an adaptive response against neoplastic transformation at low doses
of low-LET radiation. Radiat Res 2001;156:700-707.
Azzam EI, de Toledo SM, Raaphorst GP, Mitchel RE. Low-dose ionizing
radiation decreases the frequency of neoplastic transformation to a level
below the spontaneous rate in C3H 10T1/2 cells. Radiat Res
1996;146:369-373.
Elmore E, Lao XY, Kapadia R, Redpath JL. The effect of dose rate on
radiation-induced neoplastic transformation in vitro by low doses of lowLET radiation. Radiat Res 2006;166:832-838.
Mitchel REJ. Low doses of radiation reduce risk in vivo. Dose-Response
2007;5:1-10.
Sanders CL. Inhibition of 239Pu alpha radiation-induced pulmonary
carcinogenesis by low dose 169Yb gamma radiation. J Nucl Soc Thailand,
in press.
Sakai K, Hoshi Y, Nomura T, et al. Suppression of carcinogenic process in
mice by chronic low dose rate gamma-irradiation. Int J Low Radiat
2003;1(1):142-146.
Boreham DR, Dolling J-A, Somers C, Quinn J, Mitchel REJ. The adaptive
response and protection against heritable mutations and fetal
malformation. Dose-Response 2006;4:317-326.
Scott BR. It’s time for a new low-dose-radiation risk assessment
paradigm—one that acknowledges hormesis. Dose-Response, in press.
Kauffman JM. Malignant Medical Myths. West Conshohocken, Pa.:
Infinity; 2006.
Scott BR. Comment on: Risk of thyroid cancer after exposure to 131I in
childhood. J Natl Cancer Inst 2006;98(8):561.
Redpath JL, Mitchel REJ. Comment on: Enhanced biological
effectiveness of low energy x-rays and implications for the UK breast
screening programme. Br J Radiol 2006;79:854-855.
Nyström L, Andersson I, Bjurstam N, et al. Long-term effects of
mammography screening: updated overview of the Swedish randomized
trials. Lancet 2002;359:909-919.

Spring 2008

11

