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Commentary


Are Continued Efforts to Reduce Radiation
Exposures from X-Rays Warranted?


Paul A. Oakley1 and Deed E. Harrison2


Abstract
There are pressures to avoid use of radiological imaging throughout all healthcare due to the notion that all radiation is carci-
nogenic. This perception stems from the long-standing use of the linear no-threshold (LNT) assumption of risk associated with
radiation exposures. This societal perception has led to relentless efforts to avoid and reduce radiation exposures to patients at
great costs. Many radiation reduction campaigns have been launched to dissuade doctors from using radiation imaging. Lower-
dose imaging techniques and practices are being advocated. Alternate imaging procedures are encouraged. Are these efforts
warranted? Based on recent evidence, LNT ideology is shown to be defunct for risk assessment at low-dose exposure ranges
which includes X-rays and CT scans. In fact, the best evidence that was once used to support LNT ideology, including the Life Span
Study data, now indicates thresholds for cancer induction are high; therefore, low-dose X-rays cannot cause harm. Current
practices are safe as exposures currently encountered are orders of magnitude below threshold levels shown to be harmful. As
long as imaging is medically warranted, it is shown that efforts to reduce exposures that are within background radiation levels and
that are also shown to enhance health by upregulating natural adaptive protection systems are definitively wasted resources.
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Introduction


Throughout all healthcare there are pressures to reduce radi-


ological imaging, as well as to reduce the exposures to ionizing


radiation used when this type of imaging does occur.1-7 Exam-


ples of these efforts include the Image Gently (children),8


Image Wisely (adults),9 Choosing Wisely (various disci-


plines),10 and ACR Appropriateness criteria.11 This results


from the indoctrination of radiation fear (i.e. radiophobia) that


was spawned since the atomic bombings of Nagasaki and Hir-


oshima in 1945.12 In fact, the majority of the lay population are


knowledgeable about the link between radiation and cancer and


many would forgo medical imaging if it involves radiation (e.g.


X-ray and CT scans).13,14


In 2001 there was a special issue in the American Journal of


Radiology that featured several articles highlighting concerns


surrounding radiation exposures to pediatric patients from CT


imaging. One article in particular, Brenner et al.,15 calculated


theoretical future cancer mortality risks from childhood CT


exposures. Despite the risk being shown to be small, when


extrapolated throughout the pediatric population estimated to


receive CT imaging annually, as expected, the number got


magnified. The USA Today magazine published an article


featuring the projections from Brenner’s article stating: “Each


year, about 1.6 million children in the USA get CT scans to the


head and abdomen—and about 1,500 of these will die later in


life of radiation-induced cancer, according to research out


today.”16 Unfortunately, this message instilled fear but was


factually an unproven hypothesis.17


Despite the fact that the Brenner article has been criticized


for invalid use of the LNT model for low-dose radiation risk


assessment as well as inappropriately extrapolating from the


population down to the individual risk level,18-20 as the saying


goes, “the damage was done.” Two months following the USA


Today article a conference was organized to explore the


“crisis” of CT imaging and radiation doses in pediatrics.21,22
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This conference led the medical profession to adopt ALARA


“as low as reasonably achievable” as a radiation protection


principle. This first “ALARA conference” led to subsequent


conferences23,24 and involved scientists, physicians, technolo-


gists, manufacturers and representatives from governmental


agencies. Soon followed the creation of radiation reduction/


avoidance campaigns including Image Gently for children in


20068 and Image Wisely for adults in 2007.9


The Brenner article was soon followed by the National


Council on Radiation Protection and Measurements (NCRP)


report 160 (2006) that showed the near doubling of public


exposures to medical radiation (mostly due to CT scans).25


Subsequently, more recent long-term studies of children


cohorts who had received CT scans that showed increased


cancers in adulthood emerged (e.g. Pearce et al., 2012;26 Math-


ews et al., 201327). These articles have been heavily criticized


for suffering from “reverse causation” or how children who


require CT scans in childhood are more likely (i.e. predisposed)


to get more cancers than healthier children who do not get


imaged.28 Indeed, this criticism was confirmed in the study


by Journey et al. who showed that while initially there was a


significant correlation, after controlling for known cancer pre-


disposing risk factors, no significant association was found in


assessing cancer risk in adults who received CT scans prior to


the age of 10.29


Simultaneously, over the last 20 years the media has very


successfully amplified the message of cancers being linked to


essential radiological imaging.30 Cohen for example, has pre-


sented a table featuring headlines/quotes from mainstream


media outlets suggesting CT scans are associated with can-


cers.17 The media’s fear-mongering messaging to the public is


so successful that many now fear medically warranted X-rays


and CT scans; in fact, this is now a common and challenging


issue among doctors attempting to deliver efficient healthcare


to patients who require X-rays.31


The societal perception of future cancers being caused by


medical imaging has led to relentless efforts to avoid and


reduce radiation exposures to patients at great financial costs.


As well as radiation reduction campaigns, there are pressures to


use lower dose techniques and other procedures all in efforts to


decrease individual exposures, as well as the endorsement


to use alternate imaging methods (e.g. ultrasonography or


MRI) that do not use radiation. Campaigns and agencies pro-


mulgating radiation restriction also endorse full disclosure of


cancer risks and lead doctors and patients to fall prey to the


sunk-cost bias when considering radiological imaging. We will


discuss these key issues related to such efforts, and why these


efforts waste valuable resources. We summarize these efforts


into 5 main categories:


1. Promulgation of radiation reduction campaigns;


2. Endorsement of lower-dose techniques and practices;


3. Recommendation for alternative imaging;


4. Enthusiastic endorsement for informing patients of car-


cinogenic risks;


5. Succumbing to sunk-cost bias.


We will show that these efforts appear fruitless as they often


do not reduce exposures, they are costly, they often increase


radiation exposures as well as introduce other real harms. We


will argue that current practices are safe as the exposures cur-


rently encountered are orders of magnitude below levels that


may be harmful or carcinogenic.


Promulgation of Radiation Reduction
Campaigns


There are several radiation reduction campaigns including


Image Gently (children), Image Wisely (adults), and Choosing


Wisely (various disciplines). As described on their correspond-


ing websites and summarized by others,32 multiple organiza-


tions were involved in banding together to create and launch


the interdisciplinary message that pervades throughout all


healthcare; that is, to avoid and minimize patient radiation


exposures due to future cancer risks.


The main problem with these campaigns is that there is no


evidence that low-dose radiation as given by X-rays and CT


scans induce cancers.29,33-35 In fact, there is evidence to the


contrary, low-dose radiation exposures lowers cancer inci-


dence36,37 and extends cancer latency period.38,39 The studies


that have claimed that cancers are caused by radiological


imaging are either theoretical LNT-based projections (e.g.


Brenner et al. 200115/Brenner and Hall, 200740) which are


falsehood,34,41,42 or studies that have follow-up with cohorts


who were imaged in their childhood that suffer from “reverse


causation”28 (e.g. Pearce et al.;26 Mathews et al.27) because


healthy children do not need CT scans!35 In fact, Shibata et al.


state that because they determined children who required CT


scans had 13x the rate of congenital anomalies, “the popula-


tion of children undergoing CT is completely different from


that not undergoing CT. The 2 groups should not be


compared.”35


The historic evidence that has always been touted as the


main source or “proof” that radiation causes cancer is the Life


Span Study (LSS) data.43 In 2012, however, Ozasa et al.44


reported an update that upon correction for background cancer


incidence by Doss,45,46 clearly shows a non-linear or quadratic


dose-response curve; that is hormesis (Figure 1). The threshold


shown by Doss is at 700 mGy. Thus, the LSS does not support


the LNT ideology. Cuttler as well has re-analyzed data from


UNSCEAR (1958) and determined the threshold for leukemia


(Figure 2), the cancer that would first occur after a pathologic


radiation dose was higher than anticipated at 1100 mGy (95%
CI 530-2600 mGy).47,48 As Oakley and Harrison recently


stated: “even considering the lower threshold dose of 700 mGy,


this represents about 2 to 3 orders of magnitude greater than the


amount of radiation given from medical X-rays.”31


Decades of radiobiological research on animals and humans


show that on the molecular, cellular and whole-body levels


there are effects that occur that are not consistent with LNT


ideology.49-51 In fact, there are many adaptive defense mechan-


isms that get initiated and/or upregulated upon low-dose radia-


tion stimulation such as DNA repair systems, programed cell
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death, cell cycle delay, cellular senescence, adaptive memory,


bystander effects (exposed cells communicate to non-exposed


cells), epigenetics, immune stimulation and tumor suppres-


sion.52,53 These innate adaptive responses are very efficient


and effective (Figure 3).54-56 This is how low-dose irradiation


(LDI) therapy works.57 Many human diseases can be success-


fully treated by LDI therapy including inflammatory condi-


tions, infections and cancers.57-59 In fact, “LDIR therapy is


expected to decrease the risk of cancer because it stimulates


the immune system to destroy cancer cells more effectively


than it would without the LDIR stimulation.”57


The most current radiobiological data shows low-dose


radiation exposures decrease cancers and the most current LSS


analyses show high thresholds for harm and invalidates the


LNT for use in risk assessment from low exposures as from


X-rays and CT scans.


Endorsement of Lower-Dose Techniques and
Practices


Lower-dose techniques include reducing image parameters or


customizing image parameters to the size of the patient, par-


ticularly in accommodating children for CT scans. Use of


patient shielding to “protect” the gonads or thyroid is another


common practice. Other practices include triaging patients to


non-radiation tests such as MRI, or opting to skip radiological


testing without an alternative test. Each of these practice devia-


tions resulting from the attempt to avoid radiation exposures


may present harms in different ways.


Lower-dose techniques imply adjusting radiation exposure


parameters to lower the overall dose while attempting to cap-


ture an image that retains high diagnostic quality. The balan-


cing of image quality with lowest feasible exposure settings


presents challenges and often results in retakes—this obvi-


ously doubles the exposure!34 The outcome of a retake, of


course, results in self-defeat for LNT advocates attempting


to reduce radiation exposures, but in actuality only translates


into wasted time and resources according to the current reality


of radiation hormesis from low-doses. Alternatively, if an


image is considered ‘satisfactory’ when parameters were pur-


posefully lowered to reduce the exposure, and under tradi-


tional circumstances (not considering radiation exposure)


would normally warrant a re-take, then the chance of a missed


diagnosis occurs. Missing a diagnosis can be more actually


harmful than the imagined harm from the extra radiation


exposure resulting from ensuring an adequate image.60-62


As has been stated: “Missing a diagnosis due to poor image


quality resulting from suboptimal imaging parameters in the


attempt to reduce patient exposures by an infinitesimal


amount is practically negligent.”34


Practices encouraged to further reduce radiation exposures


includes use of gonadal shielding. Shielding however, is often


poorly placed leading to re-takes.34 Further, if enough of the


automatic exposure control photo timing cells are covered, it


has been shown to increase the radiation output from 63% to


147%.63 This has led McKenney et al. to state that gonadal


shielding is nothing more than “good intentions.”63 Shielding


cannot prevent internal scatter from the anatomy sought for


examination; thus, many have questioned its further use,64-66


and this includes the American Association of Physicists in


Medicine who recommend its discontinuation.66 Thus, efforts


to reduce exposures by lowering exposure parameters and


using shielding often result in repeated imaging as well as


increased exposures, which of course is only a significant con-


cern to those adhering to LNT and ALARA principles.


Another practice of avoiding radiation is the triaging of


patients to non-ionizing radiation imaging such as MRI


Figure 1. Excess relative risk (ERR) correcting for a 20% bias in
baseline cancer mortality rate for all solid cancers in atomic bomb
survivors from the original data from Ozasa et al.44 Error bars repre-
sent 95% confidence intervals. Threshold is at about 0.7 Gy (700
mGy).45,46


Figure 2. 1958 UNSCEAR data indicates a threshold of about 1.1 Gy
(1100 mGy; assuming RBE ¼ 1) for radiogenic leukemia in 95,819
persons exposed to A-bomb radiation from Hiroshima.48
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(we discuss in next section), or to “opt out” of radiological


imaging without an alternative test and to monitor the patient


which leads to “watch and wait” practice. This type of practice


obviously leads to increasing patient anxiety as they do not get


a definitive diagnosis, but also adds liability concerns for the


physician. Often the patient gets admitted for surveillance


which adds risks of nosocomial infections and hospital error;


in fact, it is much riskier to be admitted to the hospital than to


get an X-ray.67 Often taking an image also decreases hospital


admittances and unnecessary surgeries.34


Recommendation for Alternative Imaging


Traditional alternatives to X-ray imaging (X-ray/CT scans)


typically include the use of ultrasonography (US) or magnetic


resonance imaging (MRI).68 Often a doctor reluctant to order


an X-ray or a patient resistant to receive one will lead to the


choice of an alternate test that may be inferior as opposed to the


traditional and common triage of X-ray/CT use which would


provide the best and most direct assessment method (e.g. CT


for abdominal obstruction, head trauma etc.). This is a danger-


ous practice as it may lead to a missed diagnosis or misdiag-


nosis, either of which may result in more actual harm than the


imaginary risk from an X-ray34,60,61


Risks have been compared to hypothetical future cancers


from X-rays to more immediate acute risks from mismanaging


common medical emergency scenarios. Brody and Guillerman


discuss the fact that CT scans are often taken on patients with


life-threatening diseases; thus, they often would not live long


enough to suffer from the development of cancers thought to be


attributed to low-dose imaging.67 In fact, based on the LNT


hypothesis, the risk of death from a future cancer from a single


CT image is predicted to be 1 in 400067 and the likelihood of


diagnosing an acute clinically important traumatic brain injury


(ci-TBI) on CT after following appropriate clinical decision


rules for a head-injured pediatric patient is 1-8%.69 Thus, the


image should indisputably be taken.


The example above shows that to not perform a CT scan in


the relatively common clinical scenario of a child reporting


with head injury resulted in a risk that is between 40-320 times


more dangerous than simply taking the scan as ci-TBIs such as


an intracranial hemorrhage (i.e. brain bleed) can cause rapid


death such as in the case of Bryan Salinas.70 This 2-year old


boy fell out of a window hitting his head, the family rushed him


to the hospital, but after examination the doctor refused ima-


ging and sent him home with a clean bill of health despite the


fact he was vomiting. The boy died a few hours later from a


massive brain bleed that would have been easily detected by


CT, and timely imaging would have led to life-saving emer-


gency surgery. It is assumed the scan was not pursued as the


doctor was following a pediatric clinical decision rule algo-


rithm (that emergency physicians are expected to follow) that


aims to identify those children not at risk of ci-TBI for the


purpose of avoiding CT scans and “risks of radiation-induced


malignancy” that is universally assumed according to the pre-


vailing LNT notion.71


Another issue with using MRI over radiological imaging is


that although MRI does not expose the patient to ionizing


radiation, MRI is much more expensive. More judicious use


of X-ray is actually advocated in certain clinical scenarios72,73


as the economic cost savings can be substantial. Kim et al. for


example, found that triage to routine X-ray imaging versus


Figure 3. The adaptive response systems (aka DNA damage-control biosystem) very efficiently prevents, repairs, or removes virtually all DNA
alterations from mostly natural metabolic processes (e.g. breathing air).54


4 Dose-Response: An International Journal







advanced imaging (CT or MRI) resulted in less use of the more


costly advanced imaging. They found that although their pro-


gram incurred $109,720 from additional consultations and X-


rays, it saved over $2 million by avoiding advanced imaging.


When the authors extrapolated the findings from their study


site of Toronto Western hospital to the greater province of


Ontario, they estimated an annual savings of $25 million by


implementing a policy of routine initial X-ray use.73


Use of MRI also introduces other harms much more risky


than low-dose radiation exposures—that are not actually harm-


ful. For example, MRI often requires use of sedation for chil-


dren, seniors and others who cannot lie still. Performing MRI


exams often requires Gadolinium, a contrast agent that is toxic


and can adversely affect some patients, particularly those with


kidney issues. These examples illustrate potential real risks that


are definitively more harmful than the imagined risks hypothe-


tically attributed to low-dose radiation exposures. Regarding


infants, there is consensus that anaesthetic medications may


cause neurological injury. Jevtovic-Todorovic et al. found that


infants undergoing sedation had developmental delay or beha-


vioral problems up to 4 times greater than a control group.74


Newer “micro-dose” radiological imaging techniques are


being developed. This includes the slot-scanning device or


slit-beam digital radiography system (EOS Imaging®, Paris,


France) which is an x-ray technology that allows simultaneous


acquisition of coronal and lateral images of the entire body in a


natural, erect position, and is also capable of performing


three-dimensional reconstructions from these images.75 It is


primarily used in the evaluation of scoliosis, but can be used


for any spinal condition to assess spinopelvic biomechanical


parameters such as sagittal and coronal balance. This technol-


ogy is not yet widely available, is expensive and has not been


shown to be cost-effective;76 due to these reasons it is doubtful


it will replace traditional radiography.42 The pursuit of this type


of technology, however useful, should not be for reasons of


“less radiation exposure,”75 but for the technological superior-


ity for biomechanical analysis.


Enthusiastic Endorsement for Informing
Patients of Carcinogenic Risks


LNT supporters disseminating doom and gloom projections of


the “public health time bomb” of future cancers from medical


imaging enthusiastically endorse full disclosure for informing


the patient of the dangers of radiation exposures of medically


warranted and often life-saving medical imaging.77


There is nothing wrong with informed consent; however,


how is one to discuss (supposed) risks from medical imaging


when it is a highly debated issue and when there is not only a


lack of sufficient evidence of harm, but evidence of no harm,


and moreover, evidence of benefits (beyond the benefits due to


diagnostics)? The fact is doctors are not taught about the bipha-


sic dose-response model that more accurately describes radia-


tion effects versus the traditional LNT model that now many


consider defunct as applied to low-doses as from X-rays and


CT scans.34,36,37,41,42,57,60-62,78,79 Cuttler states “Physicians are


not taught the experience of the last 120 years that low doses of


radiation stimulate the protection systems, including the


immune system, which involve more than 150 genes.”57


There are serious issues related to communicating hypothe-


tical risks about radiological imaging to patients. First, the


doctor is not adequately trained in having this dialogue. Sec-


ond, it is argued that it may be inconceivable for a patient to


understand this complex topic.19 Third, when informed of can-


cer risks from medical imaging, many patients may raise con-


cerns and even refuse consent.13,14,30 This increased resistance


caused by the doctor initiating questionable dialogue obviously


results in constraining practice and for this reason patient resis-


tance to receive radiological imaging has been termed a front-


line health worker “crisis.”34


Ironically, as discussed by Harvey et al. true informed con-


sent over X-rays is circuitous. They state “To be truthful and


not misleading—fundamental principles of informed con-


sent—a practitioner would have to state that there is an


unproved possibility that the CT study could increase the risk


for cancer and then state that there is an unproved possibility


that it may not affect, or may even decrease, the risk for


cancer.”80 The fact is, real informed consent is not truly achiev-


able relative to the low-dose radiation exposures from medical


imaging.81,82 Although Harvey et al.80 makes the case for


informed consent over radiological imaging to be circuitous,


we contend that actually it is not, not because there is a lack of


evidence suggesting X-rays are harmful, but because there is a


large evidence-base showing low-dose radiation exposures are


healthful (e.g. prevents cancers).36-39,52-57,59,83


Although there is a push for “shared decision-making” ver-


sus traditional informed consent,81,82 involving the patient in


the decision process over warranted medical imaging will con-


tinue to constrain practice which the doctor has little time for.


Due to the uncertainty around projecting hypothetical harms


from X-rays there are also those who push for not disclosing


radiation risks.84 In the larger picture, and considering the evi-


dence of the lack of harm and even increased health effects


from low-doses, we argue that non-disclosure of hypothetical


(i.e. imagined) risks are the most ethical and evidence-based


approach that also frees physicians from difficult discussions


they are not well trained for.


Succumbing to the Sunk-Cost Bias


Pandharipande et al. conducted a survey of 578 radiologists


about imaging decisions based on knowledge of patient expo-


sure histories.85 They found that 92% of the respondents would


incorporate a patient’s past radiation exposure history (e.g.


number of CT scans experienced) into the decision process for


ordering a current radiological exam and the author’s suggested


that this may “lead to undesirable effects on decision making


regarding the use of imaging.”85 This is alarming and shows


that those in charge of medical management succumb to the


“sunk-cost bias.”


The sunk-cost bias is a human tendency to want to mitigate


or make up for past events, in this case past X-rays and CT
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scans, by altering future actions (e.g. not taking an X-ray).86


Eisenberg et al.87 illustrated how it is easy to fall prey to the


sunk-cost bias by describing 2 patients, A and B. Both patients


are male and 35 years of age, and report to the emergency with


possible appendicitis. Patient A is otherwise healthy with no


past X-rays. Patient B has a history of testicular cancer and


has received 20 past abdominopelvic CT scans for cancer


treatment and surveillance. When weighing the risks and ben-


efits it is an easy decision to order a CT for patient A, but


much more difficult to justify ordering a CT for patient B.36 In


reality sunk costs (previous X-rays) should not influence the


calculation of future risks or benefits and therefore,


“performing CT in patient A but not patient B is illogical.”87


Thus, falling prey to the sunk-cost is a bias stemming from the


falsehood of LNT ideology.


There have been movements to sync patient exposure his-


tories as a part of image ordering software.88,89 Although arm-


ing the physician with a more accurate knowledge of a patient’s


exposure history, this would exacerbate considerations of risks,


and would skew clinical judgement towards succumbing to the


sunk-cost bias. In reality, integrated patient exposure histories


should play no part in current practice of considering X-ray/CT


exams; it should always be based on the clinical scenario, the


best evidence, the clinician experience and the patient needs.


Conclusions


We have shown that radiation reduction campaigns, advocating


lower-dose techniques and practices, using alternative imaging,


endorsing full informed consent and falling prey to the sunk-


cost bias are all potentially harmful. These efforts do not neces-


sarily reduce patient radiation exposures as intended by LNT


advocates, but deprives the patient of radiation doses that could


enhance their health, not compromise it. Many of these efforts


actually cause harms by unintended consequences such as pre-


senting a new risk (e.g. sedation for MRI) that may introduce


real harms not just hypothetical harms. All these efforts cost


greatly and do not accomplish their intended purpose of


decreasing future cancers since X-rays and CT scans cannot


cause cancers as they prevent them.


Although the typical contemplation in choosing to take a


radiologic medical image is the weighing of the benefit-to-


risk trade-off, as in “does the benefits of the exam outweigh


the risk of the exam?” (risk referring to assumed carcinogenic


risks), we argue that this traditional risk trade-off notion is


false. Since low-dose ionizing radiation enhances health,


there is no benefit-to-risk trade-off from the traditional LNT


standpoint. The only realistic trade-off is whether the image is


worth the investment of resources sacrificed to take the image


(e.g. costs).


Once the best evidence that was used to support LNT ideol-


ogy, the Life Span Study data, now indicates that thresholds for


cancer induction are quite high (Figures 1; 2), and that expo-


sures to low-dose X-rays do not cause harm. Current practices


are safe as exposures currently encountered are on orders of


magnitude below threshold levels that have been shown to be


harmful. We have shown efforts to reduce exposures that are


within background radiation levels that are also shown to


enhance health by upregulating natural adaptive protection sys-


tems are definitively wasted resources. In the modern


evidence-based era, these fruitless radiation reduction efforts


need to stop as they are neither evidence-based nor effective,


but do constrain practice and cause harm.


Declaration of Conflicting Interests


The author(s) declared the following potential conflicts of interest


with respect to the research, authorship, and/or publication of this


article: P.A.O. is a paid research consultant for CBP NonProfit, Inc.;


D.E.H. teaches spine rehabilitation methods and sells products to phy-


sicians for patient care that require radiography for biomechanical


analysis.


Funding


The author(s) disclosed receipt of the following financial support for


the research, authorship, and/or publication of this article: This work


was supported by funds from CBP NonProfit, Inc.


ORCID iD


Paul A. Oakley https://orcid.org/0000-0002-3117-7330


References


1. Nagayama Y, Oda S, Nakaura T, et al. Radiation dose reduction at


pediatric CT: use of low tube voltage and iterative reconstruction.


Radiographics. 2018;38(5):1421-1440.


2. Yabuuchi H, Kamitani T, Sagiyama K, et al. Clinical application


of radiation dose reduction for head and neck CT. Eur J Radiol.


2018;107:209-215.


3. Higaki T, Nakamura Y, Fukumoto W, Honda Y, Tatsugami F,


Awai K. Clinical application of radiation dose reduction at


abdominal CT. Eur J Radiol. 2019;111:68-75.


4. Mohammadi M, Danaee L, Alizadeh E. Reduction of radiation


risk to interventional cardiologists and patients during angiogra-


phy and coronary angioplasty. J Tehran Heart Cent. 2017;12(3):


101-106.


5. Moser JB, Sheard SL, Edyvean S, Vlahos I. Radiation dose-


reduction strategies in thoracic CT. Clin Radiol. 2017;72(5):


407-420.


6. Narain AS, Hijji FY, Yom KH, Kudaravalli KT, Haws BE, Singh


K.Radiation exposure and reduction in the operating room: per-


spectives and future directions in spine surgery. World J Orthop.


2017;8(7):524-530.


7. Mazonakis M, Damilakis J. Estimation and reduction of the radia-


tion dose to the fetus from external-beam radiotherapy. Phys Med.


2017;43:148-152.


8. Image Gently Alliance. Alliance for radiation safety in pediatric


imaging. Image gently. 2007. Accessed February 11, 2021.


https://www.imagegently.org/


9. American Board of Internal Medicine. Choosing wisely.


Accessed February 11, 2021. https://www.choosingwisely.org


10. Joint Task Force on Adult Radiation Protection. The imaging


wisely campaign. 2009. Accessed February 11, 2021. https://


www.imagewisely.org/


6 Dose-Response: An International Journal



https://orcid.org/0000-0002-3117-7330

https://orcid.org/0000-0002-3117-7330

https://orcid.org/0000-0002-3117-7330

https://www.imagegently.org/

https://www.choosingwisely.org

https://www.imagewisely.org/

https://www.imagewisely.org/





11. American College of Radiology. Accessed February 11, 2021.


https://www.acr.org/Clinical-Resources/ACR-Appropriateness-


Criteria/About-the-ACR-AC


12. Cuttler JM. Remedy for radiation fear—discard the politicized


science. Dose Response. 2014;12(2):170-184.


13. Boutis K, Cogollo W, Fischer J, Freedman SB, Ben David G,


Thomas KE. Parental knowledge of potential cancer risks from


exposure to computed tomography. Pediatrics. 2013;132(2):


305-311.


14. Larson DB, Rader SB, Forman HP, Fenton LZ. Informing parents


about CT radiation exposure in children: it’s OK to tell them. AJR


Am J Roentgenol. 2007;189(2):271-275.


15. Brenner DJ, Elliston CD, Hall EJ, Berdon WE. Estimated risks of


radiation-induced fatal cancer from pediatric CT. Am J Roent-


genol. 2001;176(2):289-296.


16. Sternberg S. CT scans in children linked to cancer. USA Today,


June 19, 2001.


17. Cohen MD. Understanding the problem of a parent’s fear of their


child getting cancer from CT scan radiation. J Pediatr Surg. 2016;


51(7):1222-1227.


18. Hendee WR, O’Connor MK. Radiation risks of medical imaging:


separating fact from fantasy. Radiology. 2012;264(2):312-321.


19. Cohen MD. ALARA, image gently and CT-induced cancer.


Pediatr Radiol. 2015;45(4):465-470.


20. International Commission on Radiological Protection. The


2007 recommendations of the International Commission on


Radiological Protection: ICRP publication 103. Ann ICRP;


37:1-332.


21. Slovis TL. The ALARA concept in pediatric CT: myth or reality?


Radiology. 2002;223(1):5-6.


22. The ALARA (as low as reasonably achievable) concept in pedia-


tric CT intelligent dose reduction. Multidisciplinary conference


organized by the Society of Pediatric Radiology. August 18-19,


2001. Pediatr Radiol. 2002;32(4):217-313.


23. Proceedings of the Second ALARA Conference. February 28,


2004. Houston, Texas, USA. Pediatr Radiol. 2004;34(suppl 3):


S162-246.


24. Kaste SC. Proceedings of the 3rd ALARA Conference, 2006.


Pediatr Radiol. 2006;36(suppl 2):107-239.


25. National Council on Radiation Protection and Measurements.


Ionizing radiation exposure of the population of the United States.


2009. NCRP report 160.


26. Pearce MS, Salotti JA, Little MP, et al. Radiation exposure from


CT scans in childhood and subsequent risk of leukaemia and brain


tumours: a retrospective cohort study. Lancet. 2012;380(9840):


499-505.


27. Mathews JD, Forsythe AV, Brady Z, et al. Cancer risk in 680,000


people exposed to computed tomography scans in childhood or


adolescence: data linkage study of 11 million Australians. BMJ.


2013;346:f2360.


28. Walsh L, Shore R, Auvinen A, Jung T, Wakeford R. Risks from


CT scans—what do recent studies tell us? J Radiol Prot. 2014;


34(1):E1-5.


29. Journy N, Rehel JL, Ducou Le Pointe H, et al. Are the studies on


cancer risk from CT scans biased by indication? Elements of


answer from a large-scale cohort study in France. Br J Cancer.


2015;112(1):185-193.


30. Dauer LT, Thornton RH, Hay JL, Balter R, Williamson MJ, St


Germain J. Fears, feelings, and facts: interactively communicat-


ing benefits and risks of medical radiation with patients. AJR Am J


Roentgenol. 2011;196(4):756-761.


31. Oakley PA, Harrison DE. X-Ray hesitancy: patients’ radiophobic


concerns over medical X-rays. Dose Response. 2020;18(3):


1559325820959542.


32. Oakley PA, Harrison DE. Are restrictive medical radiation


imaging campaigns misguided? it seems so: a case example


of the American Chiropractic Association’s Adoption of


“Choosing Wisely”. Dose Response. 2020;18(2):1559325820


919321.


33. Schultz CH, Fairley R, Murphy LS, Doss M. The risk of cancer


from CT scans and other sources of low-dose radiation: a critical


appraisal of methodologic quality. Prehosp Disaster Med. 2020;


35(1):3-16.


34. Oakley PA, Harrison DE. Death of the ALARA radiation protec-


tion principle as used in the medical sector. Dose Response. 2020;


18(2):1559325820921641.


35. Shibata S, Shibamoto Y, Maehara M, Hobo A, Hottaz N, Ozawa


Y. Reasons for undergoing CT during childhood: can CT-exposed


and CT-naive populations be compared? Dose Response. 2020;


18(1):1559325820907011.


36. Siegel JA, Brooks AL, Fisher DR, et al. A Critical assessment of


the linear no-threshold hypothesis: its validity and applicability


for use in risk assessment and radiation protection. Clin Nucl Med.


2019;44(7):521-525.


37. Scott BR, Sanders CL, Mitchel REJ, Boreham DR. CT scans may


reduce rather than increase risk of cancer. J Am Phys Surg. 2008;


13(1): 8-11.


38. Lemon JA, Phan N, Boreham DR. Single CT scan prolongs sur-


vival by extending cancer latency in Trp53 heterozygous mice.


Radiat Res. 2017;188(4.2):505-511.


39. Lemon JA, Phan N, Boreham DR. Multiple CT scans extend life-


span by delaying cancer progression in cancer-prone mice. Radiat


Res. 2017;188(4.2):495-504.


40. Brenner DJ, Hall EJ. Computed tomography—an increasing


source of radiation exposure. N Engl J Med. 2007;357(22):


2277-2284.


41. Oakley PA, Navid Ehsani N, Harrison DE. 5 reasons why scolio-


sis x-rays are not harmful. Dose Response. 2020;18(3):


1559325820957797.


42. Oakley PA, Ehsani NN, Harrison DE. The Scoliosis quandary: are


radiation exposures from repeated X-Rays harmful? Dose


Response. 2019;17(2):1559325819852810.


43. National Research Council of the National Academies. Health


Risks From Exposure to Low Levels of Ionizing Radiation: BEIR-


VII Phase 2. The National Academies Press; 2006.


44. Ozasa K, Shimizu Y, Suyama A, et al. Studies of the mortality of


atomic bomb survivors, report 14, 1950-2003: an overview of


cancer and noncancer diseases. Radiat Res. 2012;177(3):229-243.


45. Doss M. Evidence supporting radiation hormesis in atomic bomb


survivor cancer mortality data. Dose Response. 2012;10(4):


584-592.


Oakley and Harrison 7



https://www.acr.org/Clinical-Resources/ACR-Appropriateness-Criteria/About-the-ACR-AC

https://www.acr.org/Clinical-Resources/ACR-Appropriateness-Criteria/About-the-ACR-AC





46. Doss M. Linear no-threshold model vs radiation hormesis. Dose


Response. 2013;11(4):480-497.


47. Cuttler JM. Evidence of a dose threshold for radiation-induced


leukemia. Dose Response. 2018;16(4):1559325818811537.


48. Cuttler JM. Evidence of dose threshold for radiation-induced leu-


kemia: absorbed dose and uncertainty. Dose Response. 2019;


17(1):1559325818820973.


49. Scott BR, Di Palma J. Sparsely ionizing diagnostic and natural


background radiations are likely preventing cancer and other


genomic-instability-associated diseases. Dose Response. 2006;


5(3):230-255.


50. Liu SZ. Cancer control related to stimulation of immunity by


low-dose radiation. Dose Response. 2006;5(1):39-47.


51. Feinendegen LE, Cuttler JM. Biological effects from low doses


and dose rates of ionizing radiation: science in the service of


protecting humans, a synopsis. Health Phys. 2018;114(6):


623-626.


52. Tharmalingam S, Sreetharan S, Brooks AL, Boreham DR.


Re-evaluation of the linear no-threshold (LNT) model using new


paradigms and modern molecular studies. Chem Biol Interact.


2019;301:54-67.


53. Hoffmann GR. A perspective on the scientific, philosophical, and


policy dimensions of hormesis. Dose Response. 2009;7(1):1-51.


54. Pollycove M, Feinendegen LE. Radiation-induced versus endo-


genous DNA damage: possible effect of inducible protective


responses in mitigating endogenous damage. Human Exp Toxicol.


2003;22(6):290-306.


55. Feinendegen LE, Pollycove M, Neumann RD. Hormesis by low


dose radiation effects: low-dose cancer risk modeling must recog-


nize up-regulation of protection. In: Baum RP, ed. Therapeutic


Nuclear Medicine. Springer; 2012:789-805.


56. Pollycove M. Radiobiological basis of low-dose irradiation in


prevention and therapy of cancer. Dose Response. 2006;5(1):


26-38.


57. Cuttler JM. Application of low doses of ionizing radiation in


medical therapies. Dose Response. 2020;18(1):155932581989


5739.


58. Calabrese EJ, Dhawan G, Kapoor R, Kozumbo WJ. Radiotherapy


treatment of human inflammatory diseases and conditions: opti-


mal dose. Hum Exp Toxicol. 2019;38(8):888-898.


59. Oakley PA. Is use of radiation hormesis the missing link to a


better cancer treatment? J Cancer Ther. 2015;6(7):601-605.


Accessed February 11, 2021. https://www.scirp.org/journal/pape


rinformation.aspx?paperid¼58005


60. Siegel JA, Welsh JS. Does imaging technology cause cancer?


Debunking the linear no-threshold model of radiation carcinogen-


esis. Technol Cancer Res Treat. 2016;15(2):249-256.


61. Siegel JA, Pennington CW, Sacks B. Subjecting radiologic


imaging to the linear no-threshold hypothesis: a non sequitur of


non-trivial proportion. J Nucl Med. 2017;58(1):1-6.


62. Cohen MD. CT radiation dose reduction: can we do harm by


doing good? Pediatr Radiol. 2012;42(4):397-398.


63. McKenney S, Gingold E, Zaidi H. Gonadal shielding should be


discontinued for most diagnostic imaging exams. Med Phys.


2019;46(3):1111-1114.


64. Karami V, Zabihzadeh M, Shams N, Saki Malehi A. Gonad


shielding during pelvic radiography: a systematic review and


meta-analysis. Arch Iran Med. 2017;20(2):113-123.


65. Kaplan SL, Magill D, Felice MA, Xiao R, Ali S, Zhu X. Female


gonadal shielding with automatic exposure control increases


radiation risks. Pediatr Radiol. 2018;48(2):227-234.


66. American Association of Physicists in Medicine. AAPM position


statement on the use of patient gonadal and fetal shielding. Policy


No. PP 32-A. 2019. Accessed February 11, 2021. https://www.aa


pm.org/org/policies/details.asp?id¼468&type¼PP&current¼true


67. Brody AS, Guillerman RP. Don’t let radiation scare trump patient


care: 10 ways you can harm your patients by fear of radiation-


induced cancer from diagnostic imaging. Thorax. 2014;69(8):


782-784.


68. Moreno MA, Furtner F, Rivara FP. Decreasing unnecessary radia-


tion exposure for children. Arch Pediatr Adolesc Med. 2011;


165(5):480.


69. Macias CG, Sahouria JJ. The appropriate use of CT: quality


improvement and clinical decision-making in pediatric emer-


gency medicine. Pediatr Radiol. 2011;41(suppl 2):498-504.


70. KIRO 7 News. Boy dies after ‘excellent’ diagnosis at hospital.


Tacoma, Washington. July 16, 2012. Accessed February 11, 2021.


https://www.kiro7.com/news/boy-dies-after-excellent-diagnosis-


hospital/246692640/


71. Kuppermann N, Holmes JF, Dayan PS, et al. Identification of


children at very low risk of clinically-important brain injuries


after head trauma: a prospective cohort study. Lancet. 2009;


374(9696):1160-1170.


72. Hunink MG, Bos JJ. Triage of patients to angiography for detec-


tion of aortic rupture after blunt chest trauma: cost-effectiveness


analysis of using CT. AJR Am J Roentgenol. 1995;165(1):27-36.


73. Kim JS, Dong JZ, Brener S, Coyte PC, Rampersaud YR. Cost-


effectiveness analysis of a reduction in diagnostic imaging in


degenerative spinal disorders. Healthc Policy. 2011;7(2):


e105-121.


74. Jevtovic-Todorovic V, Absalom AR, Blomgren K, et al. Anaes-


thetic neurotoxicity and neuroplasticity: an expert group report


and statement based on the BJA Salzburg Seminar. Br J Anaesth.


2013;111(2):143-151.


75. Pedersen PH, Petersen AG, Østgaard SE, Tvedebrink T, Eiskjær


SP. EOS micro-dose protocol: first full-spine radiation dose mea-


surements in anthropomorphic phantoms and comparisons with


EOS standard-dose and conventional digital radiology. Spine.


2018;43(22):E1313-E1321.


76. McKenna C, Wade R, Faria R, et al. EOS 2D/3D X-ray imaging


system: a systematic review and economic evaluation. In: NIHR


Health Technology Assessment Programme: Executive Summa-


ries. Southampton, England: NIHR Journals Library; 2003-2012.


Accessed February 11, 2021. https://www.ncbi.nlm.nih.gov/boo


ks/NBK91420/


77. Redberg RF. Cancer risks and radiation exposure from computed


tomographic scans: how can we be sure that the benefits outweigh


the risks? Arch Intern Med. 2009;169(22):2049-2050.


78. Cuttler JM. The LNT issue is about politics and economics, not


safety. Dose Response. 2020;18(3):1559325820949066.


8 Dose-Response: An International Journal



https://www.scirp.org/journal/paperinformation.aspx?paperid&frac14;58005

https://www.scirp.org/journal/paperinformation.aspx?paperid&frac14;58005

https://www.scirp.org/journal/paperinformation.aspx?paperid&frac14;58005

https://www.aapm.org/org/policies/details.asp?id&frac14;468&type&frac14;PP&current&frac14;true

https://www.aapm.org/org/policies/details.asp?id&frac14;468&type&frac14;PP&current&frac14;true

https://www.aapm.org/org/policies/details.asp?id&frac14;468&type&frac14;PP&current&frac14;true

https://www.aapm.org/org/policies/details.asp?id&frac14;468&type&frac14;PP&current&frac14;true

https://www.aapm.org/org/policies/details.asp?id&frac14;468&type&frac14;PP&current&frac14;true

https://www.kiro7.com/news/boy-dies-after-excellent-diagnosis-hospital/246692640/

https://www.kiro7.com/news/boy-dies-after-excellent-diagnosis-hospital/246692640/

https://www.ncbi.nlm.nih.gov/books/NBK91420/

https://www.ncbi.nlm.nih.gov/books/NBK91420/





79. Pennington CW, Siegel JA. The linear no-threshold model of low-


dose radiogenic cancer: a failed fiction. Dose Response. 2019;


17(1):1559325818824200.


80. Harvey HB, Brink JA, Frush DP. Informed consent for radiation


risk from CT is unjustified based on the current scientific evi-


dence. Radiology. 2015;275(2):321-325.


81. Brink JA, Goske MJ, Patti JA. Informed decision making trumps


informed consent for medical imaging with ionizing radiation.


Radiology. 2012;262(1):11-14.


82. Berlin L. Shared decision-making: is it time to obtain informed


consent before radiologic examinations utilizing ionizing radia-


tion? Legal and ethical implications. J Am Coll Radiol. 2014;


11(3):246-251.


83. Doss M. Are we approaching the end of the linear no-threshold


era? J Nucl Med. 2018;59(12):1786-1793.


84. Nievelstein RA, Frush DP. Should we obtain informed consent for


examinations that expose patients to radiation? AJR Am J Roent-


genol. 2012;199(3):664-669.


85. Pandharipande PV, Eisenberg JD, Avery LL., et al. Journal club:


How radiation exposure histories influence physician imaging


decisions: a multicenter radiologist survey study. AJR Am J


Roentgenol. 2013;200(6):1275-1283.


86. Arkes HR, Blumer C. The psychology of sunk cost. Organ Behav


Hum Dec Proc. 1985;35:124-140.


87. Eisenberg JD, Harvey HB, Moore DA, Gazelle GS, Pandhari-


pande PV. Falling prey to the sunk cost bias: a potential harm of


patient radiation dose histories. Radiology. 2012;263(3):


626-628.


88. Mezrich JL, Siegel EL. Dose reporting legislation in California:


are we placing the idea of patient safety ahead of reality? J Am


Coll Radiol. 2013;10(11):814-816.


89. FDA. Initiative to reduce unnecessary radiation exposure from


medical imaging. Updated April 19, 2019. Accessed February


11, 2021. https://www.fda.gov/radiation-emitting-products/radia


tion-safety/initiative-reduce-unnecessary-radiation-exposure-me


dical-imaging


Oakley and Harrison 9



https://www.fda.gov/radiation-emitting-products/radiation-safety/initiative-reduce-unnecessary-radiation-exposure-medical-imaging

https://www.fda.gov/radiation-emitting-products/radiation-safety/initiative-reduce-unnecessary-radiation-exposure-medical-imaging

https://www.fda.gov/radiation-emitting-products/radiation-safety/initiative-reduce-unnecessary-radiation-exposure-medical-imaging





<<
  /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






   


  


   


   
 


   


   


 


   


   Int. J. Low Radiation, Vol. 11, Nos. 3/4, 2020 173    
  


   Copyright © 2020 Inderscience Enterprises Ltd. 
 


   


   
 


   


   


 


   


       
 


The significance of the failed historical foundation  
of linear non-threshold model for cancer risk 
assessment 


Edward J. Calabrese 
Environmental Health Sciences, 
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University of Massachusetts, 
Amherst MA 01003, USA 
Email: edwardc@schoolph.umass.edu 


Abstract: The linear non-threshold (LNT) single-hit (SH) dose response model 
for cancer risk assessment is assessed with respect to its historical foundations. 
This paper examines and summarises how mistakes, ideological biases, and 
scientific misconduct by key scientists affected the acceptance, validity, and 
application of the LNT single-hit model for cancer risk assessment. This 
analysis concludes that the LNT single-hit model was inappropriately adopted 
for governmental risk assessment, regulatory policy and practices, and for risk 
communication. 


Keywords: dose response; linear dose response; cancer risk assessment; 
mutation; history of science; threshold dose response; Manhattan Project; 
National Academy of Sciences. 
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lead him to explore in considerable depth the historical foundations of the LNT 
dose response model resulting in major new revelations that are summarised in 
this issue of the journal. 
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of the linear non-threshold dose response model for cancer risk assessment’ 
presented at the ‘XVIII PTBR National Meeting Satellite Symposium. 
Applications of low radiation doses in medical diagnosis and therapy’,  
Jan Kochanowski University, Institute of Chemistry, Kielce, Poland,  
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The LNT model for cancer risk assessment emerged from the firm belief and assertion of 
the U.S. radiation genetics community of the 1930–1970s period (Calabrese, 2019a). 
This community built their beliefs on the conclusion of Muller (1927) that the induced 
transgenerational phenotypic changes in Drosophila via the use of high doses of X-rays 
he produced in his Nobel Prize research were due to gene mutation. Following the 
subsequent research of two students who showed that X-rays induced similar ‘gene’ 
mutations in a linear fashion, but also at very high doses, Muller claimed the existence of 
the Proportionality Rule, asserting that the dose response for X-ray induced gene 
mutation was linear down to a single ionisation (Calabrese, 2017c, 2019a). Some five 
years later a team of prominent physicists and radiation geneticists integrated target 
theory with Muller’s findings, creating the single-hit LNT model, providing a mechanism 
for the LNT model/Proportionality Rule (Timofeeff-Ressovsky et al., 1935). These 
actions would culminate in the recommendation of the U.S. National Academy of 
Sciences, Biological Effects of Atomic Radiation I (NAS BEAR I), Genetics Panel 
recommendation, some two decades later, of a switch from a threshold dose response  
to the LNT model based on the radiation geneticist mantra that all induced gene 
mutations were cumulative, non-repairable, irreversible, and displayed a linear dose 
response (Anonymous, 1956). This recommendation inspired the National Committee  
on Radiation Protection and Measurements (NCRPM) (1960) to generalise this 


recommendation for germ cells to somatic cells two years later, applying it to cancer risk 
assessment. It was this sequence of events that propelled the LNT cancer risk assessment 
model into the public health arena, transforming the fields of environmental health, food 
safety, radiation health, and occupational health. 


The 1956 NAS BEAR I Genetics Panel recommendation was embraced by the 
Biological Effects of Ionising Radiation (BEIR) 1972 Committee, which based their LNT 
belief on mega-mouse studies of William Russell at Oak Ridge National Laboratory. The 
BEIR 1972 Committee was officially charged with offering guidance/recommendations 
to the fledgling United States Environmental Protection Agency (U.S. EPA) which was 
created in 1970. In 1975, U.S. EPA adopted the U.S. BEIR LNT recommendation, noting 
that it was based on the research of Russell. The findings of Russell provided a beacon of 
scientific reliability as it was founded on such a massive amount of data derived from 
nearly two million mice and had a mechanistic basis (Calabrese, 2017a, 2017b). This 
scientific foundation of Russell was acknowledged by EPA as critical since the capacity 
of epidemiological research to clarify the nature of the dose response in the low dose 
zone is limited, not being able to adequately detect and resolve radiation risks below 100 
mSv due to numerous methodological problems, uncertainties and variations in risk 
factors within human populations. 


The ‘acceptance’ of LNT therefore was based on the findings and intellectual 
leadership of Muller and the radiation geneticist research community along with a 
transition to a mammalian model based on the Russell findings. The epidemiological 
literature was consistent with the LNT model at high doses but could not resolve the 
central issue of the nature of the dose response at low doses. This has been the LNT 
cancer risk assessment foundation for the past nearly half century. In fact, the NCRPM 
(1960) acknowledged that the LNT cancer risk assessment model was not based on a 
sound scientific foundation in contrast to the assertive position of the BEAR I Genetics 
Panel (Calabrese, 2019a). The NCRPM (1960) acknowledged that there are unresolved  
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uncertainties at low dose, basing their LNT recommendation/endorsement on their 
version of the ‘Precautionary Principle’. This uncertainty was also clearly asserted by the 
BEAR 1960 Genetics and Medical Panels in separate statements. Yet, when the EPA (see 
Calabrese, 2017b, 2019a) adopted the LNT from the BEIR (1972) committee, the BEIR 
(1972) report only recounted the unequivocal recommendation of the BEAR I Genetics 
Panel (1956) (Calabrese, 2019b), ignoring the uncertainty statements of the NCRPM and 
the two BEAR 1960 Panels. 


Thus, the fledgling EPA, without acknowledging the scientific weaknesses of the 
LNT model, moved forward with bureaucratic certainty, applying the LNT for ionising 
radiation and chemical carcinogens, giving the public false impressions of precise cancer 
estimates such as a dose causing a risk of 1/106, that could never be studied nor verified. 


Over the past ten years numerous papers have revealed many previously unknown 
details of the Muller-BEAR I and II and BEIR I era. These revelations have shown that: 


 Muller (1927) did not induce gene mutations in his 1927 major paper – but 
principally modest to mostly massive gene deletions (Calabrese, 2017c). 


 The single-hit LNT model was based on the false assumption of gene mutations 
induced by ionising radiation at high doses (Calabrese, 2017c). 


 The Manhattan Project genetics research at the University of Rochester with the 
leadership of Curt Stern has now been shown to have been presented in a 
deliberately deceptive manner to support LNT (Calabrese, 2011a, 2012). 


 Muller was deceptive in his Nobel Prize lecture, asserting that the threshold concept 
had no scientific standing and should be replaced by LNT, knowing all the while, 
that the Caspari and Stern (1948) study at the University of Rochester supported a 
threshold (Calabrese, 2011b). The new gold standard of BEIR I (1972) that was 
based on the massive experiments of William Russell was challenged Paul Selby 
who found major errors some 20 years later in Russell’s control group, forcing the 
Russells to increase its control group mutation value by 120% changing the linear 
estimate to a threshold response (Calabrese, 2017a, b). 


The point of this LNT recapitulation is to raise the philosophical, yet practical question, 
of what happens to a science hypothesis that becomes the basis for national and 
international regulation when its scientific basis is no longer reliable? Yet, the scientific 
culture, all the way from study design, to testing, to biostatistical modelling, to cost-
benefit and the overwhelming precautionary principle concerns, were based on false 
certitudes that created a broad and deep series of societal actions. 


The question arises concerning what to think and do when the basis of a fundamental 
societal scientific belief becomes discredited. How should society continue to think about 
the issue of cancer risk assessment in light of these current developments? A simple 
common sense solution, that is, that lower exposure almost always makes sense, is type 
of personalised precautionary principle. This approach is the equivalent of choosing 
caution over risk taking. While this may appear to be good advice for members of the 
general public, what posture should regulatory agencies take? In today’s world, such 
agencies should strive for greater transparency. They should share with the public what 
these new revelations concerning cancer risk assessment are and mean for regulatory  
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agencies, the public health, the risk communication message for the media, school 
systems and the public. To date, regulatory agencies appear to have ignored these 
scientific developments and have seemingly doubled down on their assertions to support 
LNT, holding to a belief without a credible history and scientific foundation. While this 
position may seem to work, in the end, it can’t. Why? The challenge will be factual. The 
EPA adopted the LNT in the mid-1970s, applying it to all sorts of regulations, claiming 
that 80% of human cancers were related to environment. Now 50 years later, with 
numerous strict and enforceable standards for carcinogens long in place, such regulations 
have not affected the tumour incidence (Calabrese, 2019c). Thus, after such a long period 
of time and with trillions of dollars spent to reduce such risks, the EPA actions have been 
a dismal public health failure. EPA’s predictive models and other methods of assessment 
have been in serious error. This development calls for a serious re-evaluation of the 
nature of the cancer risk assessment process, with the goal of deriving regulations that are 
finally based on sound science and a proper understanding of the cancer causation. 
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Commentary

Are Continued Efforts to Reduce Radiation
Exposures from X-Rays Warranted?

Paul A. Oakley1 and Deed E. Harrison2

Abstract
There are pressures to avoid use of radiological imaging throughout all healthcare due to the notion that all radiation is carci-
nogenic. This perception stems from the long-standing use of the linear no-threshold (LNT) assumption of risk associated with
radiation exposures. This societal perception has led to relentless efforts to avoid and reduce radiation exposures to patients at
great costs. Many radiation reduction campaigns have been launched to dissuade doctors from using radiation imaging. Lower-
dose imaging techniques and practices are being advocated. Alternate imaging procedures are encouraged. Are these efforts
warranted? Based on recent evidence, LNT ideology is shown to be defunct for risk assessment at low-dose exposure ranges
which includes X-rays and CT scans. In fact, the best evidence that was once used to support LNT ideology, including the Life Span
Study data, now indicates thresholds for cancer induction are high; therefore, low-dose X-rays cannot cause harm. Current
practices are safe as exposures currently encountered are orders of magnitude below threshold levels shown to be harmful. As
long as imaging is medically warranted, it is shown that efforts to reduce exposures that are within background radiation levels and
that are also shown to enhance health by upregulating natural adaptive protection systems are definitively wasted resources.

Keywords
X-rays, low-dose radiation, sunk-cost bias, choosing wisely, CT scan

Introduction

Throughout all healthcare there are pressures to reduce radi-

ological imaging, as well as to reduce the exposures to ionizing

radiation used when this type of imaging does occur.1-7 Exam-

ples of these efforts include the Image Gently (children),8

Image Wisely (adults),9 Choosing Wisely (various disci-

plines),10 and ACR Appropriateness criteria.11 This results

from the indoctrination of radiation fear (i.e. radiophobia) that

was spawned since the atomic bombings of Nagasaki and Hir-

oshima in 1945.12 In fact, the majority of the lay population are

knowledgeable about the link between radiation and cancer and

many would forgo medical imaging if it involves radiation (e.g.

X-ray and CT scans).13,14

In 2001 there was a special issue in the American Journal of

Radiology that featured several articles highlighting concerns

surrounding radiation exposures to pediatric patients from CT

imaging. One article in particular, Brenner et al.,15 calculated

theoretical future cancer mortality risks from childhood CT

exposures. Despite the risk being shown to be small, when

extrapolated throughout the pediatric population estimated to

receive CT imaging annually, as expected, the number got

magnified. The USA Today magazine published an article

featuring the projections from Brenner’s article stating: “Each

year, about 1.6 million children in the USA get CT scans to the

head and abdomen—and about 1,500 of these will die later in

life of radiation-induced cancer, according to research out

today.”16 Unfortunately, this message instilled fear but was

factually an unproven hypothesis.17

Despite the fact that the Brenner article has been criticized

for invalid use of the LNT model for low-dose radiation risk

assessment as well as inappropriately extrapolating from the

population down to the individual risk level,18-20 as the saying

goes, “the damage was done.” Two months following the USA

Today article a conference was organized to explore the

“crisis” of CT imaging and radiation doses in pediatrics.21,22
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This conference led the medical profession to adopt ALARA

“as low as reasonably achievable” as a radiation protection

principle. This first “ALARA conference” led to subsequent

conferences23,24 and involved scientists, physicians, technolo-

gists, manufacturers and representatives from governmental

agencies. Soon followed the creation of radiation reduction/

avoidance campaigns including Image Gently for children in

20068 and Image Wisely for adults in 2007.9

The Brenner article was soon followed by the National

Council on Radiation Protection and Measurements (NCRP)

report 160 (2006) that showed the near doubling of public

exposures to medical radiation (mostly due to CT scans).25

Subsequently, more recent long-term studies of children

cohorts who had received CT scans that showed increased

cancers in adulthood emerged (e.g. Pearce et al., 2012;26 Math-

ews et al., 201327). These articles have been heavily criticized

for suffering from “reverse causation” or how children who

require CT scans in childhood are more likely (i.e. predisposed)

to get more cancers than healthier children who do not get

imaged.28 Indeed, this criticism was confirmed in the study

by Journey et al. who showed that while initially there was a

significant correlation, after controlling for known cancer pre-

disposing risk factors, no significant association was found in

assessing cancer risk in adults who received CT scans prior to

the age of 10.29

Simultaneously, over the last 20 years the media has very

successfully amplified the message of cancers being linked to

essential radiological imaging.30 Cohen for example, has pre-

sented a table featuring headlines/quotes from mainstream

media outlets suggesting CT scans are associated with can-

cers.17 The media’s fear-mongering messaging to the public is

so successful that many now fear medically warranted X-rays

and CT scans; in fact, this is now a common and challenging

issue among doctors attempting to deliver efficient healthcare

to patients who require X-rays.31

The societal perception of future cancers being caused by

medical imaging has led to relentless efforts to avoid and

reduce radiation exposures to patients at great financial costs.

As well as radiation reduction campaigns, there are pressures to

use lower dose techniques and other procedures all in efforts to

decrease individual exposures, as well as the endorsement

to use alternate imaging methods (e.g. ultrasonography or

MRI) that do not use radiation. Campaigns and agencies pro-

mulgating radiation restriction also endorse full disclosure of

cancer risks and lead doctors and patients to fall prey to the

sunk-cost bias when considering radiological imaging. We will

discuss these key issues related to such efforts, and why these

efforts waste valuable resources. We summarize these efforts

into 5 main categories:

1. Promulgation of radiation reduction campaigns;

2. Endorsement of lower-dose techniques and practices;

3. Recommendation for alternative imaging;

4. Enthusiastic endorsement for informing patients of car-

cinogenic risks;

5. Succumbing to sunk-cost bias.

We will show that these efforts appear fruitless as they often

do not reduce exposures, they are costly, they often increase

radiation exposures as well as introduce other real harms. We

will argue that current practices are safe as the exposures cur-

rently encountered are orders of magnitude below levels that

may be harmful or carcinogenic.

Promulgation of Radiation Reduction
Campaigns

There are several radiation reduction campaigns including

Image Gently (children), Image Wisely (adults), and Choosing

Wisely (various disciplines). As described on their correspond-

ing websites and summarized by others,32 multiple organiza-

tions were involved in banding together to create and launch

the interdisciplinary message that pervades throughout all

healthcare; that is, to avoid and minimize patient radiation

exposures due to future cancer risks.

The main problem with these campaigns is that there is no

evidence that low-dose radiation as given by X-rays and CT

scans induce cancers.29,33-35 In fact, there is evidence to the

contrary, low-dose radiation exposures lowers cancer inci-

dence36,37 and extends cancer latency period.38,39 The studies

that have claimed that cancers are caused by radiological

imaging are either theoretical LNT-based projections (e.g.

Brenner et al. 200115/Brenner and Hall, 200740) which are

falsehood,34,41,42 or studies that have follow-up with cohorts

who were imaged in their childhood that suffer from “reverse

causation”28 (e.g. Pearce et al.;26 Mathews et al.27) because

healthy children do not need CT scans!35 In fact, Shibata et al.

state that because they determined children who required CT

scans had 13x the rate of congenital anomalies, “the popula-

tion of children undergoing CT is completely different from

that not undergoing CT. The 2 groups should not be

compared.”35

The historic evidence that has always been touted as the

main source or “proof” that radiation causes cancer is the Life

Span Study (LSS) data.43 In 2012, however, Ozasa et al.44

reported an update that upon correction for background cancer

incidence by Doss,45,46 clearly shows a non-linear or quadratic

dose-response curve; that is hormesis (Figure 1). The threshold

shown by Doss is at 700 mGy. Thus, the LSS does not support

the LNT ideology. Cuttler as well has re-analyzed data from

UNSCEAR (1958) and determined the threshold for leukemia

(Figure 2), the cancer that would first occur after a pathologic

radiation dose was higher than anticipated at 1100 mGy (95%
CI 530-2600 mGy).47,48 As Oakley and Harrison recently

stated: “even considering the lower threshold dose of 700 mGy,

this represents about 2 to 3 orders of magnitude greater than the

amount of radiation given from medical X-rays.”31

Decades of radiobiological research on animals and humans

show that on the molecular, cellular and whole-body levels

there are effects that occur that are not consistent with LNT

ideology.49-51 In fact, there are many adaptive defense mechan-

isms that get initiated and/or upregulated upon low-dose radia-

tion stimulation such as DNA repair systems, programed cell
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death, cell cycle delay, cellular senescence, adaptive memory,

bystander effects (exposed cells communicate to non-exposed

cells), epigenetics, immune stimulation and tumor suppres-

sion.52,53 These innate adaptive responses are very efficient

and effective (Figure 3).54-56 This is how low-dose irradiation

(LDI) therapy works.57 Many human diseases can be success-

fully treated by LDI therapy including inflammatory condi-

tions, infections and cancers.57-59 In fact, “LDIR therapy is

expected to decrease the risk of cancer because it stimulates

the immune system to destroy cancer cells more effectively

than it would without the LDIR stimulation.”57

The most current radiobiological data shows low-dose

radiation exposures decrease cancers and the most current LSS

analyses show high thresholds for harm and invalidates the

LNT for use in risk assessment from low exposures as from

X-rays and CT scans.

Endorsement of Lower-Dose Techniques and
Practices

Lower-dose techniques include reducing image parameters or

customizing image parameters to the size of the patient, par-

ticularly in accommodating children for CT scans. Use of

patient shielding to “protect” the gonads or thyroid is another

common practice. Other practices include triaging patients to

non-radiation tests such as MRI, or opting to skip radiological

testing without an alternative test. Each of these practice devia-

tions resulting from the attempt to avoid radiation exposures

may present harms in different ways.

Lower-dose techniques imply adjusting radiation exposure

parameters to lower the overall dose while attempting to cap-

ture an image that retains high diagnostic quality. The balan-

cing of image quality with lowest feasible exposure settings

presents challenges and often results in retakes—this obvi-

ously doubles the exposure!34 The outcome of a retake, of

course, results in self-defeat for LNT advocates attempting

to reduce radiation exposures, but in actuality only translates

into wasted time and resources according to the current reality

of radiation hormesis from low-doses. Alternatively, if an

image is considered ‘satisfactory’ when parameters were pur-

posefully lowered to reduce the exposure, and under tradi-

tional circumstances (not considering radiation exposure)

would normally warrant a re-take, then the chance of a missed

diagnosis occurs. Missing a diagnosis can be more actually

harmful than the imagined harm from the extra radiation

exposure resulting from ensuring an adequate image.60-62

As has been stated: “Missing a diagnosis due to poor image

quality resulting from suboptimal imaging parameters in the

attempt to reduce patient exposures by an infinitesimal

amount is practically negligent.”34

Practices encouraged to further reduce radiation exposures

includes use of gonadal shielding. Shielding however, is often

poorly placed leading to re-takes.34 Further, if enough of the

automatic exposure control photo timing cells are covered, it

has been shown to increase the radiation output from 63% to

147%.63 This has led McKenney et al. to state that gonadal

shielding is nothing more than “good intentions.”63 Shielding

cannot prevent internal scatter from the anatomy sought for

examination; thus, many have questioned its further use,64-66

and this includes the American Association of Physicists in

Medicine who recommend its discontinuation.66 Thus, efforts

to reduce exposures by lowering exposure parameters and

using shielding often result in repeated imaging as well as

increased exposures, which of course is only a significant con-

cern to those adhering to LNT and ALARA principles.

Another practice of avoiding radiation is the triaging of

patients to non-ionizing radiation imaging such as MRI

Figure 1. Excess relative risk (ERR) correcting for a 20% bias in
baseline cancer mortality rate for all solid cancers in atomic bomb
survivors from the original data from Ozasa et al.44 Error bars repre-
sent 95% confidence intervals. Threshold is at about 0.7 Gy (700
mGy).45,46

Figure 2. 1958 UNSCEAR data indicates a threshold of about 1.1 Gy
(1100 mGy; assuming RBE ¼ 1) for radiogenic leukemia in 95,819
persons exposed to A-bomb radiation from Hiroshima.48
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(we discuss in next section), or to “opt out” of radiological

imaging without an alternative test and to monitor the patient

which leads to “watch and wait” practice. This type of practice

obviously leads to increasing patient anxiety as they do not get

a definitive diagnosis, but also adds liability concerns for the

physician. Often the patient gets admitted for surveillance

which adds risks of nosocomial infections and hospital error;

in fact, it is much riskier to be admitted to the hospital than to

get an X-ray.67 Often taking an image also decreases hospital

admittances and unnecessary surgeries.34

Recommendation for Alternative Imaging

Traditional alternatives to X-ray imaging (X-ray/CT scans)

typically include the use of ultrasonography (US) or magnetic

resonance imaging (MRI).68 Often a doctor reluctant to order

an X-ray or a patient resistant to receive one will lead to the

choice of an alternate test that may be inferior as opposed to the

traditional and common triage of X-ray/CT use which would

provide the best and most direct assessment method (e.g. CT

for abdominal obstruction, head trauma etc.). This is a danger-

ous practice as it may lead to a missed diagnosis or misdiag-

nosis, either of which may result in more actual harm than the

imaginary risk from an X-ray34,60,61

Risks have been compared to hypothetical future cancers

from X-rays to more immediate acute risks from mismanaging

common medical emergency scenarios. Brody and Guillerman

discuss the fact that CT scans are often taken on patients with

life-threatening diseases; thus, they often would not live long

enough to suffer from the development of cancers thought to be

attributed to low-dose imaging.67 In fact, based on the LNT

hypothesis, the risk of death from a future cancer from a single

CT image is predicted to be 1 in 400067 and the likelihood of

diagnosing an acute clinically important traumatic brain injury

(ci-TBI) on CT after following appropriate clinical decision

rules for a head-injured pediatric patient is 1-8%.69 Thus, the

image should indisputably be taken.

The example above shows that to not perform a CT scan in

the relatively common clinical scenario of a child reporting

with head injury resulted in a risk that is between 40-320 times

more dangerous than simply taking the scan as ci-TBIs such as

an intracranial hemorrhage (i.e. brain bleed) can cause rapid

death such as in the case of Bryan Salinas.70 This 2-year old

boy fell out of a window hitting his head, the family rushed him

to the hospital, but after examination the doctor refused ima-

ging and sent him home with a clean bill of health despite the

fact he was vomiting. The boy died a few hours later from a

massive brain bleed that would have been easily detected by

CT, and timely imaging would have led to life-saving emer-

gency surgery. It is assumed the scan was not pursued as the

doctor was following a pediatric clinical decision rule algo-

rithm (that emergency physicians are expected to follow) that

aims to identify those children not at risk of ci-TBI for the

purpose of avoiding CT scans and “risks of radiation-induced

malignancy” that is universally assumed according to the pre-

vailing LNT notion.71

Another issue with using MRI over radiological imaging is

that although MRI does not expose the patient to ionizing

radiation, MRI is much more expensive. More judicious use

of X-ray is actually advocated in certain clinical scenarios72,73

as the economic cost savings can be substantial. Kim et al. for

example, found that triage to routine X-ray imaging versus

Figure 3. The adaptive response systems (aka DNA damage-control biosystem) very efficiently prevents, repairs, or removes virtually all DNA
alterations from mostly natural metabolic processes (e.g. breathing air).54
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advanced imaging (CT or MRI) resulted in less use of the more

costly advanced imaging. They found that although their pro-

gram incurred $109,720 from additional consultations and X-

rays, it saved over $2 million by avoiding advanced imaging.

When the authors extrapolated the findings from their study

site of Toronto Western hospital to the greater province of

Ontario, they estimated an annual savings of $25 million by

implementing a policy of routine initial X-ray use.73

Use of MRI also introduces other harms much more risky

than low-dose radiation exposures—that are not actually harm-

ful. For example, MRI often requires use of sedation for chil-

dren, seniors and others who cannot lie still. Performing MRI

exams often requires Gadolinium, a contrast agent that is toxic

and can adversely affect some patients, particularly those with

kidney issues. These examples illustrate potential real risks that

are definitively more harmful than the imagined risks hypothe-

tically attributed to low-dose radiation exposures. Regarding

infants, there is consensus that anaesthetic medications may

cause neurological injury. Jevtovic-Todorovic et al. found that

infants undergoing sedation had developmental delay or beha-

vioral problems up to 4 times greater than a control group.74

Newer “micro-dose” radiological imaging techniques are

being developed. This includes the slot-scanning device or

slit-beam digital radiography system (EOS Imaging®, Paris,

France) which is an x-ray technology that allows simultaneous

acquisition of coronal and lateral images of the entire body in a

natural, erect position, and is also capable of performing

three-dimensional reconstructions from these images.75 It is

primarily used in the evaluation of scoliosis, but can be used

for any spinal condition to assess spinopelvic biomechanical

parameters such as sagittal and coronal balance. This technol-

ogy is not yet widely available, is expensive and has not been

shown to be cost-effective;76 due to these reasons it is doubtful

it will replace traditional radiography.42 The pursuit of this type

of technology, however useful, should not be for reasons of

“less radiation exposure,”75 but for the technological superior-

ity for biomechanical analysis.

Enthusiastic Endorsement for Informing
Patients of Carcinogenic Risks

LNT supporters disseminating doom and gloom projections of

the “public health time bomb” of future cancers from medical

imaging enthusiastically endorse full disclosure for informing

the patient of the dangers of radiation exposures of medically

warranted and often life-saving medical imaging.77

There is nothing wrong with informed consent; however,

how is one to discuss (supposed) risks from medical imaging

when it is a highly debated issue and when there is not only a

lack of sufficient evidence of harm, but evidence of no harm,

and moreover, evidence of benefits (beyond the benefits due to

diagnostics)? The fact is doctors are not taught about the bipha-

sic dose-response model that more accurately describes radia-

tion effects versus the traditional LNT model that now many

consider defunct as applied to low-doses as from X-rays and

CT scans.34,36,37,41,42,57,60-62,78,79 Cuttler states “Physicians are

not taught the experience of the last 120 years that low doses of

radiation stimulate the protection systems, including the

immune system, which involve more than 150 genes.”57

There are serious issues related to communicating hypothe-

tical risks about radiological imaging to patients. First, the

doctor is not adequately trained in having this dialogue. Sec-

ond, it is argued that it may be inconceivable for a patient to

understand this complex topic.19 Third, when informed of can-

cer risks from medical imaging, many patients may raise con-

cerns and even refuse consent.13,14,30 This increased resistance

caused by the doctor initiating questionable dialogue obviously

results in constraining practice and for this reason patient resis-

tance to receive radiological imaging has been termed a front-

line health worker “crisis.”34

Ironically, as discussed by Harvey et al. true informed con-

sent over X-rays is circuitous. They state “To be truthful and

not misleading—fundamental principles of informed con-

sent—a practitioner would have to state that there is an

unproved possibility that the CT study could increase the risk

for cancer and then state that there is an unproved possibility

that it may not affect, or may even decrease, the risk for

cancer.”80 The fact is, real informed consent is not truly achiev-

able relative to the low-dose radiation exposures from medical

imaging.81,82 Although Harvey et al.80 makes the case for

informed consent over radiological imaging to be circuitous,

we contend that actually it is not, not because there is a lack of

evidence suggesting X-rays are harmful, but because there is a

large evidence-base showing low-dose radiation exposures are

healthful (e.g. prevents cancers).36-39,52-57,59,83

Although there is a push for “shared decision-making” ver-

sus traditional informed consent,81,82 involving the patient in

the decision process over warranted medical imaging will con-

tinue to constrain practice which the doctor has little time for.

Due to the uncertainty around projecting hypothetical harms

from X-rays there are also those who push for not disclosing

radiation risks.84 In the larger picture, and considering the evi-

dence of the lack of harm and even increased health effects

from low-doses, we argue that non-disclosure of hypothetical

(i.e. imagined) risks are the most ethical and evidence-based

approach that also frees physicians from difficult discussions

they are not well trained for.

Succumbing to the Sunk-Cost Bias

Pandharipande et al. conducted a survey of 578 radiologists

about imaging decisions based on knowledge of patient expo-

sure histories.85 They found that 92% of the respondents would

incorporate a patient’s past radiation exposure history (e.g.

number of CT scans experienced) into the decision process for

ordering a current radiological exam and the author’s suggested

that this may “lead to undesirable effects on decision making

regarding the use of imaging.”85 This is alarming and shows

that those in charge of medical management succumb to the

“sunk-cost bias.”

The sunk-cost bias is a human tendency to want to mitigate

or make up for past events, in this case past X-rays and CT
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scans, by altering future actions (e.g. not taking an X-ray).86

Eisenberg et al.87 illustrated how it is easy to fall prey to the

sunk-cost bias by describing 2 patients, A and B. Both patients

are male and 35 years of age, and report to the emergency with

possible appendicitis. Patient A is otherwise healthy with no

past X-rays. Patient B has a history of testicular cancer and

has received 20 past abdominopelvic CT scans for cancer

treatment and surveillance. When weighing the risks and ben-

efits it is an easy decision to order a CT for patient A, but

much more difficult to justify ordering a CT for patient B.36 In

reality sunk costs (previous X-rays) should not influence the

calculation of future risks or benefits and therefore,

“performing CT in patient A but not patient B is illogical.”87

Thus, falling prey to the sunk-cost is a bias stemming from the

falsehood of LNT ideology.

There have been movements to sync patient exposure his-

tories as a part of image ordering software.88,89 Although arm-

ing the physician with a more accurate knowledge of a patient’s

exposure history, this would exacerbate considerations of risks,

and would skew clinical judgement towards succumbing to the

sunk-cost bias. In reality, integrated patient exposure histories

should play no part in current practice of considering X-ray/CT

exams; it should always be based on the clinical scenario, the

best evidence, the clinician experience and the patient needs.

Conclusions

We have shown that radiation reduction campaigns, advocating

lower-dose techniques and practices, using alternative imaging,

endorsing full informed consent and falling prey to the sunk-

cost bias are all potentially harmful. These efforts do not neces-

sarily reduce patient radiation exposures as intended by LNT

advocates, but deprives the patient of radiation doses that could

enhance their health, not compromise it. Many of these efforts

actually cause harms by unintended consequences such as pre-

senting a new risk (e.g. sedation for MRI) that may introduce

real harms not just hypothetical harms. All these efforts cost

greatly and do not accomplish their intended purpose of

decreasing future cancers since X-rays and CT scans cannot

cause cancers as they prevent them.

Although the typical contemplation in choosing to take a

radiologic medical image is the weighing of the benefit-to-

risk trade-off, as in “does the benefits of the exam outweigh

the risk of the exam?” (risk referring to assumed carcinogenic

risks), we argue that this traditional risk trade-off notion is

false. Since low-dose ionizing radiation enhances health,

there is no benefit-to-risk trade-off from the traditional LNT

standpoint. The only realistic trade-off is whether the image is

worth the investment of resources sacrificed to take the image

(e.g. costs).

Once the best evidence that was used to support LNT ideol-

ogy, the Life Span Study data, now indicates that thresholds for

cancer induction are quite high (Figures 1; 2), and that expo-

sures to low-dose X-rays do not cause harm. Current practices

are safe as exposures currently encountered are on orders of

magnitude below threshold levels that have been shown to be

harmful. We have shown efforts to reduce exposures that are

within background radiation levels that are also shown to

enhance health by upregulating natural adaptive protection sys-

tems are definitively wasted resources. In the modern

evidence-based era, these fruitless radiation reduction efforts

need to stop as they are neither evidence-based nor effective,

but do constrain practice and cause harm.

Declaration of Conflicting Interests

The author(s) declared the following potential conflicts of interest

with respect to the research, authorship, and/or publication of this

article: P.A.O. is a paid research consultant for CBP NonProfit, Inc.;

D.E.H. teaches spine rehabilitation methods and sells products to phy-

sicians for patient care that require radiography for biomechanical

analysis.

Funding

The author(s) disclosed receipt of the following financial support for

the research, authorship, and/or publication of this article: This work

was supported by funds from CBP NonProfit, Inc.

ORCID iD

Paul A. Oakley https://orcid.org/0000-0002-3117-7330

References

1. Nagayama Y, Oda S, Nakaura T, et al. Radiation dose reduction at

pediatric CT: use of low tube voltage and iterative reconstruction.

Radiographics. 2018;38(5):1421-1440.

2. Yabuuchi H, Kamitani T, Sagiyama K, et al. Clinical application

of radiation dose reduction for head and neck CT. Eur J Radiol.

2018;107:209-215.

3. Higaki T, Nakamura Y, Fukumoto W, Honda Y, Tatsugami F,

Awai K. Clinical application of radiation dose reduction at

abdominal CT. Eur J Radiol. 2019;111:68-75.

4. Mohammadi M, Danaee L, Alizadeh E. Reduction of radiation

risk to interventional cardiologists and patients during angiogra-

phy and coronary angioplasty. J Tehran Heart Cent. 2017;12(3):

101-106.

5. Moser JB, Sheard SL, Edyvean S, Vlahos I. Radiation dose-

reduction strategies in thoracic CT. Clin Radiol. 2017;72(5):

407-420.

6. Narain AS, Hijji FY, Yom KH, Kudaravalli KT, Haws BE, Singh

K.Radiation exposure and reduction in the operating room: per-

spectives and future directions in spine surgery. World J Orthop.

2017;8(7):524-530.

7. Mazonakis M, Damilakis J. Estimation and reduction of the radia-

tion dose to the fetus from external-beam radiotherapy. Phys Med.

2017;43:148-152.

8. Image Gently Alliance. Alliance for radiation safety in pediatric

imaging. Image gently. 2007. Accessed February 11, 2021.

https://www.imagegently.org/

9. American Board of Internal Medicine. Choosing wisely.

Accessed February 11, 2021. https://www.choosingwisely.org

10. Joint Task Force on Adult Radiation Protection. The imaging

wisely campaign. 2009. Accessed February 11, 2021. https://

www.imagewisely.org/

6 Dose-Response: An International Journal

https://orcid.org/0000-0002-3117-7330
https://orcid.org/0000-0002-3117-7330
https://orcid.org/0000-0002-3117-7330
https://www.imagegently.org/
https://www.choosingwisely.org
https://www.imagewisely.org/
https://www.imagewisely.org/


11. American College of Radiology. Accessed February 11, 2021.

https://www.acr.org/Clinical-Resources/ACR-Appropriateness-

Criteria/About-the-ACR-AC

12. Cuttler JM. Remedy for radiation fear—discard the politicized

science. Dose Response. 2014;12(2):170-184.

13. Boutis K, Cogollo W, Fischer J, Freedman SB, Ben David G,

Thomas KE. Parental knowledge of potential cancer risks from

exposure to computed tomography. Pediatrics. 2013;132(2):

305-311.

14. Larson DB, Rader SB, Forman HP, Fenton LZ. Informing parents

about CT radiation exposure in children: it’s OK to tell them. AJR

Am J Roentgenol. 2007;189(2):271-275.

15. Brenner DJ, Elliston CD, Hall EJ, Berdon WE. Estimated risks of

radiation-induced fatal cancer from pediatric CT. Am J Roent-

genol. 2001;176(2):289-296.

16. Sternberg S. CT scans in children linked to cancer. USA Today,

June 19, 2001.

17. Cohen MD. Understanding the problem of a parent’s fear of their

child getting cancer from CT scan radiation. J Pediatr Surg. 2016;

51(7):1222-1227.

18. Hendee WR, O’Connor MK. Radiation risks of medical imaging:

separating fact from fantasy. Radiology. 2012;264(2):312-321.

19. Cohen MD. ALARA, image gently and CT-induced cancer.

Pediatr Radiol. 2015;45(4):465-470.

20. International Commission on Radiological Protection. The

2007 recommendations of the International Commission on

Radiological Protection: ICRP publication 103. Ann ICRP;

37:1-332.

21. Slovis TL. The ALARA concept in pediatric CT: myth or reality?

Radiology. 2002;223(1):5-6.

22. The ALARA (as low as reasonably achievable) concept in pedia-

tric CT intelligent dose reduction. Multidisciplinary conference

organized by the Society of Pediatric Radiology. August 18-19,

2001. Pediatr Radiol. 2002;32(4):217-313.

23. Proceedings of the Second ALARA Conference. February 28,

2004. Houston, Texas, USA. Pediatr Radiol. 2004;34(suppl 3):

S162-246.

24. Kaste SC. Proceedings of the 3rd ALARA Conference, 2006.

Pediatr Radiol. 2006;36(suppl 2):107-239.

25. National Council on Radiation Protection and Measurements.

Ionizing radiation exposure of the population of the United States.

2009. NCRP report 160.

26. Pearce MS, Salotti JA, Little MP, et al. Radiation exposure from

CT scans in childhood and subsequent risk of leukaemia and brain

tumours: a retrospective cohort study. Lancet. 2012;380(9840):

499-505.

27. Mathews JD, Forsythe AV, Brady Z, et al. Cancer risk in 680,000

people exposed to computed tomography scans in childhood or

adolescence: data linkage study of 11 million Australians. BMJ.

2013;346:f2360.

28. Walsh L, Shore R, Auvinen A, Jung T, Wakeford R. Risks from

CT scans—what do recent studies tell us? J Radiol Prot. 2014;

34(1):E1-5.

29. Journy N, Rehel JL, Ducou Le Pointe H, et al. Are the studies on

cancer risk from CT scans biased by indication? Elements of

answer from a large-scale cohort study in France. Br J Cancer.

2015;112(1):185-193.

30. Dauer LT, Thornton RH, Hay JL, Balter R, Williamson MJ, St

Germain J. Fears, feelings, and facts: interactively communicat-

ing benefits and risks of medical radiation with patients. AJR Am J

Roentgenol. 2011;196(4):756-761.

31. Oakley PA, Harrison DE. X-Ray hesitancy: patients’ radiophobic

concerns over medical X-rays. Dose Response. 2020;18(3):

1559325820959542.

32. Oakley PA, Harrison DE. Are restrictive medical radiation

imaging campaigns misguided? it seems so: a case example

of the American Chiropractic Association’s Adoption of

“Choosing Wisely”. Dose Response. 2020;18(2):1559325820

919321.

33. Schultz CH, Fairley R, Murphy LS, Doss M. The risk of cancer

from CT scans and other sources of low-dose radiation: a critical

appraisal of methodologic quality. Prehosp Disaster Med. 2020;

35(1):3-16.

34. Oakley PA, Harrison DE. Death of the ALARA radiation protec-

tion principle as used in the medical sector. Dose Response. 2020;

18(2):1559325820921641.

35. Shibata S, Shibamoto Y, Maehara M, Hobo A, Hottaz N, Ozawa

Y. Reasons for undergoing CT during childhood: can CT-exposed

and CT-naive populations be compared? Dose Response. 2020;

18(1):1559325820907011.

36. Siegel JA, Brooks AL, Fisher DR, et al. A Critical assessment of

the linear no-threshold hypothesis: its validity and applicability

for use in risk assessment and radiation protection. Clin Nucl Med.

2019;44(7):521-525.

37. Scott BR, Sanders CL, Mitchel REJ, Boreham DR. CT scans may

reduce rather than increase risk of cancer. J Am Phys Surg. 2008;

13(1): 8-11.

38. Lemon JA, Phan N, Boreham DR. Single CT scan prolongs sur-

vival by extending cancer latency in Trp53 heterozygous mice.

Radiat Res. 2017;188(4.2):505-511.

39. Lemon JA, Phan N, Boreham DR. Multiple CT scans extend life-

span by delaying cancer progression in cancer-prone mice. Radiat

Res. 2017;188(4.2):495-504.

40. Brenner DJ, Hall EJ. Computed tomography—an increasing

source of radiation exposure. N Engl J Med. 2007;357(22):

2277-2284.

41. Oakley PA, Navid Ehsani N, Harrison DE. 5 reasons why scolio-

sis x-rays are not harmful. Dose Response. 2020;18(3):

1559325820957797.

42. Oakley PA, Ehsani NN, Harrison DE. The Scoliosis quandary: are

radiation exposures from repeated X-Rays harmful? Dose

Response. 2019;17(2):1559325819852810.

43. National Research Council of the National Academies. Health

Risks From Exposure to Low Levels of Ionizing Radiation: BEIR-

VII Phase 2. The National Academies Press; 2006.

44. Ozasa K, Shimizu Y, Suyama A, et al. Studies of the mortality of

atomic bomb survivors, report 14, 1950-2003: an overview of

cancer and noncancer diseases. Radiat Res. 2012;177(3):229-243.

45. Doss M. Evidence supporting radiation hormesis in atomic bomb

survivor cancer mortality data. Dose Response. 2012;10(4):

584-592.

Oakley and Harrison 7

https://www.acr.org/Clinical-Resources/ACR-Appropriateness-Criteria/About-the-ACR-AC
https://www.acr.org/Clinical-Resources/ACR-Appropriateness-Criteria/About-the-ACR-AC


46. Doss M. Linear no-threshold model vs radiation hormesis. Dose

Response. 2013;11(4):480-497.

47. Cuttler JM. Evidence of a dose threshold for radiation-induced

leukemia. Dose Response. 2018;16(4):1559325818811537.

48. Cuttler JM. Evidence of dose threshold for radiation-induced leu-

kemia: absorbed dose and uncertainty. Dose Response. 2019;

17(1):1559325818820973.

49. Scott BR, Di Palma J. Sparsely ionizing diagnostic and natural

background radiations are likely preventing cancer and other

genomic-instability-associated diseases. Dose Response. 2006;

5(3):230-255.

50. Liu SZ. Cancer control related to stimulation of immunity by

low-dose radiation. Dose Response. 2006;5(1):39-47.

51. Feinendegen LE, Cuttler JM. Biological effects from low doses

and dose rates of ionizing radiation: science in the service of

protecting humans, a synopsis. Health Phys. 2018;114(6):

623-626.

52. Tharmalingam S, Sreetharan S, Brooks AL, Boreham DR.

Re-evaluation of the linear no-threshold (LNT) model using new

paradigms and modern molecular studies. Chem Biol Interact.

2019;301:54-67.

53. Hoffmann GR. A perspective on the scientific, philosophical, and

policy dimensions of hormesis. Dose Response. 2009;7(1):1-51.

54. Pollycove M, Feinendegen LE. Radiation-induced versus endo-

genous DNA damage: possible effect of inducible protective

responses in mitigating endogenous damage. Human Exp Toxicol.

2003;22(6):290-306.

55. Feinendegen LE, Pollycove M, Neumann RD. Hormesis by low

dose radiation effects: low-dose cancer risk modeling must recog-

nize up-regulation of protection. In: Baum RP, ed. Therapeutic

Nuclear Medicine. Springer; 2012:789-805.

56. Pollycove M. Radiobiological basis of low-dose irradiation in

prevention and therapy of cancer. Dose Response. 2006;5(1):

26-38.

57. Cuttler JM. Application of low doses of ionizing radiation in

medical therapies. Dose Response. 2020;18(1):155932581989

5739.

58. Calabrese EJ, Dhawan G, Kapoor R, Kozumbo WJ. Radiotherapy

treatment of human inflammatory diseases and conditions: opti-

mal dose. Hum Exp Toxicol. 2019;38(8):888-898.

59. Oakley PA. Is use of radiation hormesis the missing link to a

better cancer treatment? J Cancer Ther. 2015;6(7):601-605.

Accessed February 11, 2021. https://www.scirp.org/journal/pape

rinformation.aspx?paperid¼58005

60. Siegel JA, Welsh JS. Does imaging technology cause cancer?

Debunking the linear no-threshold model of radiation carcinogen-

esis. Technol Cancer Res Treat. 2016;15(2):249-256.

61. Siegel JA, Pennington CW, Sacks B. Subjecting radiologic

imaging to the linear no-threshold hypothesis: a non sequitur of

non-trivial proportion. J Nucl Med. 2017;58(1):1-6.

62. Cohen MD. CT radiation dose reduction: can we do harm by

doing good? Pediatr Radiol. 2012;42(4):397-398.

63. McKenney S, Gingold E, Zaidi H. Gonadal shielding should be

discontinued for most diagnostic imaging exams. Med Phys.

2019;46(3):1111-1114.

64. Karami V, Zabihzadeh M, Shams N, Saki Malehi A. Gonad

shielding during pelvic radiography: a systematic review and

meta-analysis. Arch Iran Med. 2017;20(2):113-123.

65. Kaplan SL, Magill D, Felice MA, Xiao R, Ali S, Zhu X. Female

gonadal shielding with automatic exposure control increases

radiation risks. Pediatr Radiol. 2018;48(2):227-234.

66. American Association of Physicists in Medicine. AAPM position

statement on the use of patient gonadal and fetal shielding. Policy

No. PP 32-A. 2019. Accessed February 11, 2021. https://www.aa

pm.org/org/policies/details.asp?id¼468&type¼PP&current¼true

67. Brody AS, Guillerman RP. Don’t let radiation scare trump patient

care: 10 ways you can harm your patients by fear of radiation-

induced cancer from diagnostic imaging. Thorax. 2014;69(8):

782-784.

68. Moreno MA, Furtner F, Rivara FP. Decreasing unnecessary radia-

tion exposure for children. Arch Pediatr Adolesc Med. 2011;

165(5):480.

69. Macias CG, Sahouria JJ. The appropriate use of CT: quality

improvement and clinical decision-making in pediatric emer-

gency medicine. Pediatr Radiol. 2011;41(suppl 2):498-504.

70. KIRO 7 News. Boy dies after ‘excellent’ diagnosis at hospital.

Tacoma, Washington. July 16, 2012. Accessed February 11, 2021.

https://www.kiro7.com/news/boy-dies-after-excellent-diagnosis-

hospital/246692640/

71. Kuppermann N, Holmes JF, Dayan PS, et al. Identification of

children at very low risk of clinically-important brain injuries

after head trauma: a prospective cohort study. Lancet. 2009;

374(9696):1160-1170.

72. Hunink MG, Bos JJ. Triage of patients to angiography for detec-

tion of aortic rupture after blunt chest trauma: cost-effectiveness

analysis of using CT. AJR Am J Roentgenol. 1995;165(1):27-36.

73. Kim JS, Dong JZ, Brener S, Coyte PC, Rampersaud YR. Cost-

effectiveness analysis of a reduction in diagnostic imaging in

degenerative spinal disorders. Healthc Policy. 2011;7(2):

e105-121.

74. Jevtovic-Todorovic V, Absalom AR, Blomgren K, et al. Anaes-

thetic neurotoxicity and neuroplasticity: an expert group report

and statement based on the BJA Salzburg Seminar. Br J Anaesth.

2013;111(2):143-151.

75. Pedersen PH, Petersen AG, Østgaard SE, Tvedebrink T, Eiskjær

SP. EOS micro-dose protocol: first full-spine radiation dose mea-

surements in anthropomorphic phantoms and comparisons with

EOS standard-dose and conventional digital radiology. Spine.

2018;43(22):E1313-E1321.

76. McKenna C, Wade R, Faria R, et al. EOS 2D/3D X-ray imaging

system: a systematic review and economic evaluation. In: NIHR

Health Technology Assessment Programme: Executive Summa-

ries. Southampton, England: NIHR Journals Library; 2003-2012.

Accessed February 11, 2021. https://www.ncbi.nlm.nih.gov/boo

ks/NBK91420/

77. Redberg RF. Cancer risks and radiation exposure from computed

tomographic scans: how can we be sure that the benefits outweigh

the risks? Arch Intern Med. 2009;169(22):2049-2050.

78. Cuttler JM. The LNT issue is about politics and economics, not

safety. Dose Response. 2020;18(3):1559325820949066.

8 Dose-Response: An International Journal

https://www.scirp.org/journal/paperinformation.aspx?paperid&frac14;58005
https://www.scirp.org/journal/paperinformation.aspx?paperid&frac14;58005
https://www.scirp.org/journal/paperinformation.aspx?paperid&frac14;58005
https://www.aapm.org/org/policies/details.asp?id&frac14;468&type&frac14;PP&current&frac14;true
https://www.aapm.org/org/policies/details.asp?id&frac14;468&type&frac14;PP&current&frac14;true
https://www.aapm.org/org/policies/details.asp?id&frac14;468&type&frac14;PP&current&frac14;true
https://www.aapm.org/org/policies/details.asp?id&frac14;468&type&frac14;PP&current&frac14;true
https://www.aapm.org/org/policies/details.asp?id&frac14;468&type&frac14;PP&current&frac14;true
https://www.kiro7.com/news/boy-dies-after-excellent-diagnosis-hospital/246692640/
https://www.kiro7.com/news/boy-dies-after-excellent-diagnosis-hospital/246692640/
https://www.ncbi.nlm.nih.gov/books/NBK91420/
https://www.ncbi.nlm.nih.gov/books/NBK91420/


79. Pennington CW, Siegel JA. The linear no-threshold model of low-

dose radiogenic cancer: a failed fiction. Dose Response. 2019;

17(1):1559325818824200.

80. Harvey HB, Brink JA, Frush DP. Informed consent for radiation

risk from CT is unjustified based on the current scientific evi-

dence. Radiology. 2015;275(2):321-325.

81. Brink JA, Goske MJ, Patti JA. Informed decision making trumps

informed consent for medical imaging with ionizing radiation.

Radiology. 2012;262(1):11-14.

82. Berlin L. Shared decision-making: is it time to obtain informed

consent before radiologic examinations utilizing ionizing radia-

tion? Legal and ethical implications. J Am Coll Radiol. 2014;

11(3):246-251.

83. Doss M. Are we approaching the end of the linear no-threshold

era? J Nucl Med. 2018;59(12):1786-1793.

84. Nievelstein RA, Frush DP. Should we obtain informed consent for

examinations that expose patients to radiation? AJR Am J Roent-

genol. 2012;199(3):664-669.

85. Pandharipande PV, Eisenberg JD, Avery LL., et al. Journal club:

How radiation exposure histories influence physician imaging

decisions: a multicenter radiologist survey study. AJR Am J

Roentgenol. 2013;200(6):1275-1283.

86. Arkes HR, Blumer C. The psychology of sunk cost. Organ Behav

Hum Dec Proc. 1985;35:124-140.

87. Eisenberg JD, Harvey HB, Moore DA, Gazelle GS, Pandhari-

pande PV. Falling prey to the sunk cost bias: a potential harm of

patient radiation dose histories. Radiology. 2012;263(3):

626-628.

88. Mezrich JL, Siegel EL. Dose reporting legislation in California:

are we placing the idea of patient safety ahead of reality? J Am

Coll Radiol. 2013;10(11):814-816.

89. FDA. Initiative to reduce unnecessary radiation exposure from

medical imaging. Updated April 19, 2019. Accessed February

11, 2021. https://www.fda.gov/radiation-emitting-products/radia

tion-safety/initiative-reduce-unnecessary-radiation-exposure-me

dical-imaging

Oakley and Harrison 9

https://www.fda.gov/radiation-emitting-products/radiation-safety/initiative-reduce-unnecessary-radiation-exposure-medical-imaging
https://www.fda.gov/radiation-emitting-products/radiation-safety/initiative-reduce-unnecessary-radiation-exposure-medical-imaging
https://www.fda.gov/radiation-emitting-products/radiation-safety/initiative-reduce-unnecessary-radiation-exposure-medical-imaging


   

  

   

   
 

   

   

 

   

   Int. J. Low Radiation, Vol. 11, Nos. 3/4, 2020 173    
  

   Copyright © 2020 Inderscience Enterprises Ltd. 
 

   

   
 

   

   

 

   

       
 

The significance of the failed historical foundation  
of linear non-threshold model for cancer risk 
assessment 

Edward J. Calabrese 
Environmental Health Sciences, 
Morrill I, N344, 
University of Massachusetts, 
Amherst MA 01003, USA 
Email: edwardc@schoolph.umass.edu 

Abstract: The linear non-threshold (LNT) single-hit (SH) dose response model 
for cancer risk assessment is assessed with respect to its historical foundations. 
This paper examines and summarises how mistakes, ideological biases, and 
scientific misconduct by key scientists affected the acceptance, validity, and 
application of the LNT single-hit model for cancer risk assessment. This 
analysis concludes that the LNT single-hit model was inappropriately adopted 
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The LNT model for cancer risk assessment emerged from the firm belief and assertion of 
the U.S. radiation genetics community of the 1930–1970s period (Calabrese, 2019a). 
This community built their beliefs on the conclusion of Muller (1927) that the induced 
transgenerational phenotypic changes in Drosophila via the use of high doses of X-rays 
he produced in his Nobel Prize research were due to gene mutation. Following the 
subsequent research of two students who showed that X-rays induced similar ‘gene’ 
mutations in a linear fashion, but also at very high doses, Muller claimed the existence of 
the Proportionality Rule, asserting that the dose response for X-ray induced gene 
mutation was linear down to a single ionisation (Calabrese, 2017c, 2019a). Some five 
years later a team of prominent physicists and radiation geneticists integrated target 
theory with Muller’s findings, creating the single-hit LNT model, providing a mechanism 
for the LNT model/Proportionality Rule (Timofeeff-Ressovsky et al., 1935). These 
actions would culminate in the recommendation of the U.S. National Academy of 
Sciences, Biological Effects of Atomic Radiation I (NAS BEAR I), Genetics Panel 
recommendation, some two decades later, of a switch from a threshold dose response  
to the LNT model based on the radiation geneticist mantra that all induced gene 
mutations were cumulative, non-repairable, irreversible, and displayed a linear dose 
response (Anonymous, 1956). This recommendation inspired the National Committee  
on Radiation Protection and Measurements (NCRPM) (1960) to generalise this 

recommendation for germ cells to somatic cells two years later, applying it to cancer risk 
assessment. It was this sequence of events that propelled the LNT cancer risk assessment 
model into the public health arena, transforming the fields of environmental health, food 
safety, radiation health, and occupational health. 

The 1956 NAS BEAR I Genetics Panel recommendation was embraced by the 
Biological Effects of Ionising Radiation (BEIR) 1972 Committee, which based their LNT 
belief on mega-mouse studies of William Russell at Oak Ridge National Laboratory. The 
BEIR 1972 Committee was officially charged with offering guidance/recommendations 
to the fledgling United States Environmental Protection Agency (U.S. EPA) which was 
created in 1970. In 1975, U.S. EPA adopted the U.S. BEIR LNT recommendation, noting 
that it was based on the research of Russell. The findings of Russell provided a beacon of 
scientific reliability as it was founded on such a massive amount of data derived from 
nearly two million mice and had a mechanistic basis (Calabrese, 2017a, 2017b). This 
scientific foundation of Russell was acknowledged by EPA as critical since the capacity 
of epidemiological research to clarify the nature of the dose response in the low dose 
zone is limited, not being able to adequately detect and resolve radiation risks below 100 
mSv due to numerous methodological problems, uncertainties and variations in risk 
factors within human populations. 

The ‘acceptance’ of LNT therefore was based on the findings and intellectual 
leadership of Muller and the radiation geneticist research community along with a 
transition to a mammalian model based on the Russell findings. The epidemiological 
literature was consistent with the LNT model at high doses but could not resolve the 
central issue of the nature of the dose response at low doses. This has been the LNT 
cancer risk assessment foundation for the past nearly half century. In fact, the NCRPM 
(1960) acknowledged that the LNT cancer risk assessment model was not based on a 
sound scientific foundation in contrast to the assertive position of the BEAR I Genetics 
Panel (Calabrese, 2019a). The NCRPM (1960) acknowledged that there are unresolved  
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uncertainties at low dose, basing their LNT recommendation/endorsement on their 
version of the ‘Precautionary Principle’. This uncertainty was also clearly asserted by the 
BEAR 1960 Genetics and Medical Panels in separate statements. Yet, when the EPA (see 
Calabrese, 2017b, 2019a) adopted the LNT from the BEIR (1972) committee, the BEIR 
(1972) report only recounted the unequivocal recommendation of the BEAR I Genetics 
Panel (1956) (Calabrese, 2019b), ignoring the uncertainty statements of the NCRPM and 
the two BEAR 1960 Panels. 

Thus, the fledgling EPA, without acknowledging the scientific weaknesses of the 
LNT model, moved forward with bureaucratic certainty, applying the LNT for ionising 
radiation and chemical carcinogens, giving the public false impressions of precise cancer 
estimates such as a dose causing a risk of 1/106, that could never be studied nor verified. 

Over the past ten years numerous papers have revealed many previously unknown 
details of the Muller-BEAR I and II and BEIR I era. These revelations have shown that: 

 Muller (1927) did not induce gene mutations in his 1927 major paper – but 
principally modest to mostly massive gene deletions (Calabrese, 2017c). 

 The single-hit LNT model was based on the false assumption of gene mutations 
induced by ionising radiation at high doses (Calabrese, 2017c). 

 The Manhattan Project genetics research at the University of Rochester with the 
leadership of Curt Stern has now been shown to have been presented in a 
deliberately deceptive manner to support LNT (Calabrese, 2011a, 2012). 

 Muller was deceptive in his Nobel Prize lecture, asserting that the threshold concept 
had no scientific standing and should be replaced by LNT, knowing all the while, 
that the Caspari and Stern (1948) study at the University of Rochester supported a 
threshold (Calabrese, 2011b). The new gold standard of BEIR I (1972) that was 
based on the massive experiments of William Russell was challenged Paul Selby 
who found major errors some 20 years later in Russell’s control group, forcing the 
Russells to increase its control group mutation value by 120% changing the linear 
estimate to a threshold response (Calabrese, 2017a, b). 

The point of this LNT recapitulation is to raise the philosophical, yet practical question, 
of what happens to a science hypothesis that becomes the basis for national and 
international regulation when its scientific basis is no longer reliable? Yet, the scientific 
culture, all the way from study design, to testing, to biostatistical modelling, to cost-
benefit and the overwhelming precautionary principle concerns, were based on false 
certitudes that created a broad and deep series of societal actions. 

The question arises concerning what to think and do when the basis of a fundamental 
societal scientific belief becomes discredited. How should society continue to think about 
the issue of cancer risk assessment in light of these current developments? A simple 
common sense solution, that is, that lower exposure almost always makes sense, is type 
of personalised precautionary principle. This approach is the equivalent of choosing 
caution over risk taking. While this may appear to be good advice for members of the 
general public, what posture should regulatory agencies take? In today’s world, such 
agencies should strive for greater transparency. They should share with the public what 
these new revelations concerning cancer risk assessment are and mean for regulatory  
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agencies, the public health, the risk communication message for the media, school 
systems and the public. To date, regulatory agencies appear to have ignored these 
scientific developments and have seemingly doubled down on their assertions to support 
LNT, holding to a belief without a credible history and scientific foundation. While this 
position may seem to work, in the end, it can’t. Why? The challenge will be factual. The 
EPA adopted the LNT in the mid-1970s, applying it to all sorts of regulations, claiming 
that 80% of human cancers were related to environment. Now 50 years later, with 
numerous strict and enforceable standards for carcinogens long in place, such regulations 
have not affected the tumour incidence (Calabrese, 2019c). Thus, after such a long period 
of time and with trillions of dollars spent to reduce such risks, the EPA actions have been 
a dismal public health failure. EPA’s predictive models and other methods of assessment 
have been in serious error. This development calls for a serious re-evaluation of the 
nature of the cancer risk assessment process, with the goal of deriving regulations that are 
finally based on sound science and a proper understanding of the cancer causation. 
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