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Abstract

Many scientists and regulators utilize the linear no-threshold (LNT) relationship to estimate the likelihood of carcinogenesis. The
LNT model is incorrect and was adopted based upon false pretenses. The use of the model has been corrupted by many to claim
that even the smallest ionizing radiation dose may initiate carcinogenesis. This claim has resulted in societal harm.
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Introduction

The linear no-threshold (LNT) model is based upon the pro-
portionality of radiation dose and cancer risk. This model is
supported by flawed scientific and epidemiological data. For
example, the scientific data, based upon YH2AX foci as a mar-
ker for DNA double-strand breakage, demonstrate linearity
between dose and DNA damage from 1 mGy to 100 Gy. The
hypotheses follow: (1) Each double-strand break has an equal
probability at inducing transformation irrespective of the num-
ber of double-strand breaks simultaneously within the cell and
(2) each transformed cell has the same probability of develop-
ing into a cancer irrespective of the tissue environment and/or
health of the organism.'? However, YH2AX is a nonspecific
marker and may result from single-strand breaks.’

From the scientific data, one must conclude that dose and
carcinogenic risk is nonlinear if one views the organism in a
hierarchical approach. Organisms are made up of systems, sys-
tems are made up of tissues, tissues are made up of cells, and
cells are made up of their constituents. At each level mechan-
isms exist to prevent and/or mitigate damage.*®

Cellular Defenses

Three types of defenses that immediately combat DNA damage
have been identified.” (1) Defenses against reactive oxygen
species (ROS)—Oxygen metabolism, infection, physical exer-
cise, ionizing radiation, ultraviolet light, chemicals, and others
result in ROS. Potential damage is mitigated by scavengers and
antioxidant molecules within cells. (2) DNA repair—There are
cellular sensor molecules that detect DNA damage which even-
tually result in cell cycle arrest, DNA repair, and upregulation

of defense mechanisms. DNA repair is dependent upon the
dose and dose rate. (3) Elimination of damaged cells—Cells
are eliminated through apoptotic, mitotic, and senescent cell
death.

Adaptive responses. When cells undergo radiogenic or nonradio-
genic genotoxic damage, an increase in protective mechanisms
are observed in the cells and nearby cells (bystander effects).
These defenses include ROS scavengers, damaged cell
removal, and DNA repair. The upregulation of these factors
can last for hours to months.”

Tissue Defenses

The surrounding environment protects and controls cellular
proliferation when functional. If the microenvironment is
impaired through physical, chemical agents, or disease, the
cells are more likely to undergo DNA alterations with subse-
quent neoplastic transformation. Tissue disorganization also
facilitates escape of preneoplastic subclones from microenvir-
onmental barriers. For example, fibrosis increases the risk for
cancer of the lung, liver, and skin. Immune mechanisms are
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also potent regulators in the prevention of cancer. Currently,
there are many therapies that modulate the immune system for
the treatment of cancer.

Although an imperfect system, life has evolved to protect
itself from genotoxic damage. When cellular and/or tissue
repair mechanisms are damaged, the risk of cancer increases.
Organisms are constantly undergoing genotoxic stresses. Small
insults are fairly well addressed and may be beneficial; how-
ever, with large insults, the cell, the tissue, the system, and the
body are unable to compensate appropriately and the risk of
cancer exceeds a threshold above which cancer risk increases.

Too often, epidemiological evidence is used inappropriately
to support the LNT model. For example, the atomic bomb data
have been frequently used to demonstrate the concept of the
LNT model. However, the atomic bomb survivors were
exposed to other carcinogenic agents including trauma from
nonradioactive insults such as burns, nonradioactive toxins
from the explosion, and subsequent fires, which contaminated
the food, water, and air.® Environmental stressors unrelated to
ionizing radiation increase the risk for carcinogenesis or other
adverse health effects. For example, the World Trade Center
Disaster on September 11, 2001, released a number of toxins
into the environment possibly resulting in an increased risk of
certain cancers.’ Also, the incidence of all cancers was higher
among Israeli Jews who were exposed to the extreme stressors
of the Holocaust than among those who were not.'® These
nonradioactive stressors should be considered by those claim-
ing that low doses of radiation are carcinogenic. Furthermore,
the stigma associated with the radioactive exposure may have
resulted in many atomic bomb survivors who were exposed to
higher doses to claim that they were further away from the
explosion, resulting in incorrect dose estimates. To further
complicate the matter, the estimated doses do not include that
from residual radiation thereby underestimating those (includ-
ing the “not in the city” control population) who were thought
to have received, for example, less than 100 mGy.''"'? Further-
more, the atomic bomb survivors and the “not in the city”
controls have a longer life span and reduced cancer mortality
relative to unirradiated Japanese.'? There are many good
reviews that provide critiques of the epidemiological
studies.”'*!*

Hormesis

Compelling scientific and epidemiological data for hormesis
exist.">'” Small insults, whether from radiation or other geno-
toxic stressors, result in upregulation of protective mechanism
at the cell and tissue level. These defenses more than compen-
sate for any potential (or real) damage that the organism
incurred from the original insult; thereby decreasing the risk
of carcinogenesis from future genotoxic insults.

Conclusion

Data for ionizing radiation induced carcinogenesis support the
existence of a hormetic response at low doses with a threshold.

The dose from current diagnostic studies (eg, 10 mGy) is well
below the threshold. Those who estimate radiation induced
cancer risks should consider confounding effects of coexisting
nonradiation carcinogenic risks. The fear of carcinogenesis that
has been propagated due to those grossly overestimating the
cancer risks from low doses of ionizing radiation is unethical
and has resulted in medical, economic, and other societal
harm.?** The LNT model should not be applied for cancer
risks in the low-dose range. The regulatory bodies including the
Nuclear Regulatory Commission should change from an LNT-
model based risk assessment to the integrated LNT-Hormesis
model as Calabrese describes.*’

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with respect to
the research, authorship, and/or publication of this article.

Funding

The author(s) received no financial support for the research, author-
ship, and/or publication of this article.

ORCID iD

Joseph M. Kaminski (2 https://orcid.org/0000-0002-7518-4962

References

1. NCRP. Evaluation of the Linear-Nonthreshold Dose-Response
Model for lonizing Radiation. Bethesda, MD: NCRP, 2001:
NCRP Report No. 136.

2. NCRP. Implications of Recent Epidemiological Studies for the
Linear-Nonthreshold Model and Radiation Protection. Bethesda,
MD: NCRP, 2018: NCRP Commentary No. 27.

3. Katsube T, Mori M, Tsuji H. Most hydrogen peroxide-induced
histone H2AX phosphorylation is mediated by ATR and is not
dependent on DNA double-strand breaks. J Biochem. 2014;
156(2):85-95.

4. Feinendegen LE, Pollycove M, Neumann RD. Whole-body
responses to low-level radiation exposure: new concepts in mam-
malian radiobiology. Exp Hematol. 2007;35(4 suppl 1):37-46.
doi:10.1016/j.exphem.2007.01.011.

5. Trosko JE. Hierarchical and cybernetic nature of biologic systems
and their relevance to homeostatic adaptation to low-level expo-
sures to oxidative stress-inducing agents. Environ Health Per-
spect. 1998;106(suppl 1):331-339. doi:10.1289/ehp.98106s1331.

6. Ulsh BA. Checking the foundation: recent radiobiology and the
linear no-threshold theory. Health Phys. 2010;99(6):747-758. doi:
10.1097/HP.0b013e3181e32477.

7. Tubiana M, Feinendegen LE, Yang C, Kaminski JM. The linear
no-threshold relationship is inconsistent with radiation biologic
and experimental data. Radiology. 2009;251(1):13-22. doi:10.
1148/radiol.2511080671.

8. Institute of Medicine (US) Steering Committee for the Sympo-
sium on the Medical Implications of Nuclear War. Solomon F,
Marston RQ, eds. The Medical Implications of Nuclear War.
Washington, DC: National Academies Press (US); 1986. Possible
Toxic Environments Following a Nuclear War. https://www.ncbi.
nlm.nih.gov/books/NBK219160/. Accessed March 16, 2020.


https://orcid.org/0000-0002-7518-4962
https://orcid.org/0000-0002-7518-4962
https://orcid.org/0000-0002-7518-4962
https://www.ncbi.nlm.nih.gov/books/NBK219160/
https://www.ncbi.nlm.nih.gov/books/NBK219160/

Kaminski et al

9.

10.

11.

14.

16.

17.

Lieberman-Cribbin W, Tuminello S, Gillezeau C, et al. The
development of a Biobank of cancer tissue samples from World
Trade Center responders. J Trans! Med. 2018;16(1):280. doi:10.
1186/s12967-018-1661-x.

Keinan-Boker L, Vin-Raviv N, Liphshitz I, Linn S, Barchana M.
Cancer incidence in Israeli Jewish survivors of World War II.
J Natl Cancer Inst. 2009;101(21):1489-1500.

Sutou S. Rediscovery of an old article reporting that the area
around the epicenter in Hiroshima was heavily contaminated with
residual radiation, indicating that exposure doses of A-bomb sur-
vivors were largely underestimated. J Radiat Res. 2017;58(5):
745-754. doi:10.1093/jrr/rrx029.

. Sutou S. Low-dose radiation from A-bombs elongated lifespan

and reduced cancer mortality relative to un-irradiated individu-
als [published correction appears in Genes Environ. 2019 Apr
19;41:12]. Genes Environ. 2018;40:26. doi:10.1186/s41021-
018-0114-3.

. Scott BR. A critique of recent epidemiologic studies of cancer

mortality among nuclear workers. Dose Response. 2018;16(2):
1559325818778702. doi:10.1177/1559325818778702.
Shibamoto Y, Nakamura H. Overview of biological, epidemiolo-
gical, and clinical evidence of radiation hormesis. Int J Mol Sci.
2018;19(8):2387. doi:10.3390/ijms19082387.

. Calabrese EJ. Hormesis: path and progression to significance. Int

J Mol Sci. 2018;19(10):2871. doi:10.3390/ijms19102871.
Cardarelli JJ II, Ulsh BA. It is time to move beyond the linear no-
threshold theory for low-dose radiation protection. Dose
Response. 2018;16(3):1559325818779651. doi:10.1177/155932
5818779651.

Cuttler JM, Feinendegen LE. Commentary on inhaled (239)PUO2
in Dogs—a prophylaxis against lung cancer? Dose Response.

18.

19.

20.

21.

22.

23.

24.

25.

2015;13(1).pii: dose-response.15-003.Cuttler. doi:10.2203/
dose-response.15-003.Cuttler.

Cuttler JM, Sanders CL. Threshold for radon-induced lung cancer
from inhaled plutonium data. Dose Response. 2015;13(4):
1559325815615102. doi:10.1177/1559325815615102.
Pennington CW, Siegel JA. The Linear no-threshold model of low-
dose radiogenic cancer: a failed fiction. Dose Response. 2019;
17(1):1559325818824200. doi:10.1177/1559325818824200.
Akabayashi A, Hayashi Y. Mandatory evacuation of residents
during the Fukushima nuclear disaster: an ethical analysis. J Pub-
lic Health (Oxf). 2012;34(3):348-351. doi:10.1093/pubmed/
fdrl114.

Hasegawa A, Tanigawa K, Ohtsuru A. Health effects of radiation
and other health problems in the aftermath of nuclear accidents,
with an emphasis on Fukushima. Lancet. 2015;386(9992):
479-488. doi:10.1016/S0140-6736(15)61106-0.

Murakami M, Ono K, Tsubokura M. Was the risk from nursing-
home evacuation after the Fukushima accident higher than the
radiation risk? PLoS One. 2015;10(9):e0137906. doi:10.1371/
journal.pone.0137906.

Wigg DR. Radiation: facts, fallacies and phobias. Australas
Radiol. 2007;51(1):21-25. doi:10.1111/j.1440-1673.2006.01650.
X.

Yasumura S, Goto A, Yamazaki S, Reich MR. Excess mortality
among relocated institutionalized elderly after the Fukushima
nuclear disaster. Public Health. 2013;127(2):186-188. doi:10.
1016/j.puhe.2012.10.019.

Calabrese EJ. Model uncertainty via the integration of hormesis
and LNT as the default in cancer risk assessment. Dose Response.
2015;13(4):1559325815621764. doi:10.1177/15593258156
21764.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 175
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


