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ISSUES AND CONTROVERSIES 

Are We Approaching the End of the Linear No-Threshold 
Era? 

Mohan Doss 

Diagnostic Imaging, Fox Chase Cancer Center, Philadelphia, Pennsylvania 

The linear no-threshold (LNT) model for radiation-induced cancer 
was adopted by national and international advisory bodies in the 
1950s and has guided radiation protection policies worldwide since 
then. The resulting strict regulations have increased the compliance 
costs for the various uses of radiation, including nuclear medicine. 
The concerns about low levels of radiation due to the absence of a 
threshold have also resulted in adverse consequences. Justification 
of the LNT model was based on the concept that low levels of 
radiation increase mutations and that increased mutations imply 
increased cancers. This concept may not be valid . Low-dose 
radiation boosts defenses such as antioxidants and DNA repair 
enzymes. The boosted defenses would reduce the endogenous 
DNA damage that would have occurred in the subsequent period, 
and so the result would be reduced DNA damage and mutations. 
Whereas mutations are necessary for causing cancer, they are not 
sufficient since the immune system eliminates cancer cells or keeps 
them under control. The immune system plays an extremely 
important role in preventing cancer, as indicated by the substantially 
increased cancer risk in immune-suppressed patients. Hence, since 
low-dose radiation enhances the immune system, it would reduce 
cancers, resulting in a phenomenon known as radiation hormesis. 
There is considerable evidence for radiation hormesis and against 
the LNT model, including studies of atomic bomb survivors, 
background radiation, environmental radiation, cancer patients, 
medical radiation, and occupational exposures. Though Commen­
tary 27 published by the National Council on Radiation Protection 
and Measurements concluded that recent epidemiologic studies 
broadly support the LNT model, a critical examination of the studies 
has shown that they do not. Another deficiency of Commentary 27 
is that it did not consider the vast available evidence for radiation 
hormesis. Other advisory body reports that have supported the LNT 
model have similar deficiencies. Advisory bodies are urged to 
critically evaluate the evidence supporting both sides and arrive at 
an objective conclusion on the validity of the LNT model. Consid­
ering the strength of the evidence against the LNT model and the 
weakness of the evidence for it, the present analysis indicates that 
advisory bodies would be compelled to reject the LNT model. 
Hence, we may be approaching the end of the LNT model era. 
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The cancer risk attributable to radiation is known to increase 
linearly with radiation dose for high levels of radiation, as ob­
served, for example, in a study of the atomic bomb survivors (J). 

However, there has long been disagreement in the scientific com­
munity about the carcinogenicity of low levels of radiation (2). 
The prevailing view, supported almost unanimously by national 
and international advisory bodies since the 1950s, is the linear no­
threshold (LNT) model for radiation-induced cancers (3). Justifi­
cation of the LNT model was based on the concept that even a 
small amount of radiation increases DNA damage and muta­
tions and that increased mutations imply increased cancers (4). 
The atomic bomb survivor data, which are generally regarded as 
the most important for estimating the health effects of radiation, 
were consistent with the LNT model until recently (J) and were 
used to justify the continuing use of the LNT model by advisory 
bodies (5). 

A contradictory point of view on the health effects of low-dose 
radiation is that it has benefits. This concept, known as radiation 
hormesis, was proposed by Luckey in 1980 (6). Justification of 
radiation hormesis is based on the concept that low radiation doses 
stimulate bodily defenses, resulting in beneficial health effects 
including reduction of cancers (7) . However, most advisory bodies 
have not accepted this view and continue to support the LNT 
model (5). 

The LNT model and the consequent concerns about the smallest 
amounts of radiation have resulted in strict radiation safety 
regulations that have increased the compliance costs for all uses 
of radiation, including nuclear medicine. The concerns about low 
radiation doses have also resulted in adverse consequences in 
many areas, including diagnostic imaging (8- 10). Hence, it is 
important that we periodically evaluate the validity of the LNT 
model. 

Whereas many studies have supported the LNT model over the 
years, others have supported radiation hormesis, and the controversy 
over low-dose radiation carcinogenicity remains unresolved. In fact, 
in contemporaneous reports, 2 advisory bodies took opposite stances 
on the LNT model, with Biologic Effects of Ionizing Radiation 
report VII (BEIR Vil) by the National Acaden:iies of Sciences (5) 
supporting its use and a report by the French Academy of Sciences 
(11) opposing it. 

BEIR VII concluded that the LNT model is consistent with 
available evidence, quoting the cancer data from the atomic bomb 
survivors (J) and a 15-country study of radiation workers (/ 2). 
However, the shape of the dose- response curve in a subsequent 
update to the cancer mortality data for the atomic bomb survivors 
(/ 3) was inconsistent with the LNT model because of the signif­
icant curvature in the 0- to 2-Gy dose range. When a correction 
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was applied for the likely negative bias in the baseline cancer rates 
used in processing the data, these data become consistent with 
radiation hormesis (14). In addition, because of a reanalysis of 
the Canadian data, the IS-country study of radiation workers no 
longer shows significantly increased cancer risk in the irradiated 
workers (] 5). Hence, the main studies quoted by BEIR VII to 
support the LNT model do not support it any longer. 

Since the time of BEIR VII, several studies have supported the 
LNT model (16,17). However, major deficiencies have been iden­
tified in such studies, making their conclusions not credible 
(9,18,19). On the other hand, several studies have supported radi­
ation hormesis (20,21), and such studies have not been refuted. 
Thus, a resolution of the controversy over low-dose radiation car­
cinogenici ty appears to be imminent. In view of this situation, it 
was surprising that the National Council on Radiation Protection 
and Measurements (NCRP), in its Commentary 27, reviewing 29 
epidemiologic studies, concluded that it supports the continued 
use of the LNT model (22). In this article, I will review the current 
state of knowledge in this field and discuss whether the NCRP is 
justified in its conclusion. 

CURRENT STATE OF KNOWLEDGE ON THE CAUSE 
OF CANCER AND THE CARCINOGENICITY OF 
LOW-DOSE RADIATION 

It is now widely accepted that cancer is the result of the gradual 
accumulation of driver gene mutations that successively increase 
ce11 proliferation (23). However, such mutations may not be suf­
ficient to cause cancer. For example, though mutations accumulate 
at the highest rates in the spleen from conception to maturity, there 
is no increase in lymphomas during that period, as observed in a 
mouse study (24). For humans also, cancers occur at the lowest 
rates at a young age (25), when mutations would be accumulating 
at the highest rates. Mutations are necessary but may not be suf­
ficient to cause clinical cancer, since the immune system would 
eliminate or control cancer cells, resulting in covert cancers (26). 
A recent analysis has concluded that clonal expansion of cancer­
associated mutations is an extremely common, if not universal, 
condition in somatic tissues (27). It has been estimated that almost 
everyone develops covert cancers, but only a small percentage of 
those who have covert cancer develop clinical cancer (28). When 
the immune system is suppressed, such as in organ-transplant 
patients or AIDS patients, cance_r risk increases substantially 
(29). In young organ-transplant patients, the cancer mortality rate 
is increased by a factor of about 60 (30), and in young AIDS 
patients, cancer incidence is increased by a factor of about 40 
(3 I). Such large increases in cancer rates when the immune system 
is suppressed indicate that the immune system plays a major role 
in preventing covert cancers from developing into clinical cancers. 

Now let us examine the current state of knowledge on the health 
effects of low-dose radiation . It is well known that exposure to low 
levels of radiation results in increased DNA damage (32) . How­
ever, even in the absence of radiation, DNA damage does occur 
from endogenous causes and is much more than the damage 
caused by low levels of radiation (33). Low-dose radiation also 
boosts defenses such as antioxidants and DNA repair enzymes (7). 
With the boosted defenses, there would be less endogenous DNA 
damage and mutations in the subsequent period, and the ultimate 
result would be reduced DNA damage and mutations (9,33). This 
result has been observed in studies of fruit flies (34) and mice (35). 
In addition, low-dose radiation enhances the immune system (36). 

Considering the important role played by the immune system in 
preventing cancers, the boosted immune system would reduce 
cancers. Evidence against the LNT model or for radiation horm­
esis has been observed in a variety of human studies. The graphs 
in Figures 1- 3 illustrate some of this evidence in chronologic 
order of publication date to highlight the availability of the evidence 
over several decades. The evidence includes studies of atomic bomb 
survivors (Figs. IA and 3C) (/4,37), background radiation (Fig. 2B) 
(38), cancer patients (Figs. IC and 2C) (39,40), environmental ra­
diation (Figs. 2A and 3D) (19,41), medical radiation (Figs. ID and 
3B) (20,42), and occupational exposure (Figs. IB, 2D, and 3A) 
(21 ,43,44). 

Notwithstanding the above state of knowledge in this field , 
NCRP Commentary 27 (22) concluded that recent epidemiologic 
studies support the continued use of the LNT model. 

DISCUSSION OF NCRP COMMENTARY 27 

NCRP Commentary 27 stated that some studies provided strong 
support for the LNT model, some provided weak or moderate 
support, and others provided no support or were inconclusive. The 
conclusion was that the data are broadly supportive of the LNT 
model. I will now discuss in some detail the 5 studies that the 
NCRP claimed provided strong support for the LNT model. 

The first is the study of solid cancer incidence among atomic 
bomb survivors (45) . The abstract of this publication states : "un­
certainties in the shape of the dose response preclude definitive 
conclusions to confidently guide radiation protection policies." 
With such an indeterminate conclusion by the authors, this study 
should not be considered supportive of the LNT model. 

One problem with the atomic bomb survivor data, as tradition­
ally reported, is the shape of the dose-response function that the 
data analysis used to extract excess relative risks (ERRs). Since 
low radiation doses have resulted in decreased cancers in many 
studies (Figs. 1-3), and since high radiation doses would increase 
cancer risk (/) , a J-shaped dose-response function should have 
been used while processing the data. However, an LNT dose­
response function was used in analyzing the data, and so the re­
sultant ERRs may not be reliable and should not be used to draw 
conclusions on the dose- response relationship for radiation. Not­
withstanding this reasoning, if these ERRs are used, the ERRs as a 
function of radiation dose show a linear increase for low doses 
near zero. However, the dose-response function also shows a sig­
nificant curvature for the dose range of 0-2 Gy, and the significant 
curvature would be inconsistent with the LNT model because it 
would imply that cancer risk decreases or remains unchanged as 
radiation dose increases. For the above reasons, this study does not 
support the LNT model. 

The second study is the International Nuclear Workers (INWORKS) 
study of nuclear industry workers in France, the United Kingdom, 
and the United States during 1945- 2005 (46). The relative rate for 
sol id cancer mortality in the workers was reported to be consistent 
with a linear dose-response shape (Fig. 4), with ERR/Gy being 0.48 
(90% confidence interval [Cl], 0.20-0.79). Smoking prevalence de­
clined considerably between the 1940s and 2000s in these countries 
(47,48). Since smoking increases all cancer risk (49), and the high­
est occupational radiation doses were in the earlier years (50) , con­
siderable confounding of the cancer mortality dose- response data 
due to smoking is likely. For French nuclear workers, a study re­
ported that lung cancer rate is substantially confounded by smoking 
(5/). The INWORKS study stated that contrary to the pattern that 
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FIGURE 1. Evidence against LNT model or for radiation hormesis from 1950s to 1980s. (A) Leukemia in Hiroshima survivors as function of radiation 
dose, using data from Table 7, Annex F, of UNSCEAR report (37). Dashed line is LNT model fit to high-dose data. Data show reduction in leukemia at 
low doses with threshold dose exceeding -0.5 Gy. Error bars are 95% Cls. (B) Bone sarcomas in radium dial painters (44). Error bars are SDs. No 
bone sarcomas were observed for doses below -10 Gy. (C) Survival of lymphosarcoma patients treated with low-dose total-body irradiation (TBI) (10 
cGy 15 times in 5 wk) vs. cyclophosphamide, vincristine, and prednisone (COP) (39). Survival curves do not significantly differ. TBI had cancer 
therapeutic effect equivalent to chemotherapy. (D) SMRs for all cancers in Massachusetts tuberculosis patients who underwent repeated fluoros­
copy vs. those who did not (42). Error bars are 95% Cls. Patients undergoing fluoroscopy had lower all-cancer risk. (Note: threshold dose in A and B 
is inconsistent with LNT model. Cancer preventive or therapeutic effect observed in C and D after exposure to low levels of radiation contradicts LNT 
model and is consistent with radiation hormesis). 

would be expected if there was confounding by smoking, the mag­
nitude of the estimated ERR/Gy for solid cancers was essentially 
unchanged after excluding lung cancer. However, the use of such 
negative control outcomes to detect confounding also requires the 
assumption that the exposure of interest does not cause the negative 
control outcome (51) . There is evidence that low-dose radiation 
prevents lung cancer in animal studies (52). Also, reduction of lung 
cancers has been reported in tuberculosis patients who underwent 
fluoroscopy, in comparison to patients not undergoing fluoroscopy 
(42). Therefore, the use of a negative control to exclude confound­
ing by smoking in the INWORKS study may not be appropriate. 
The INWORKS study stated that when all smoking-related cancers 
were excluded, the ERR/Gy for solid cancers was 0.37 (90% 
CI, - 0.14 to 0.95), which is consistent with no increased cancer 
risk in the irradiated workers. Hence, the INWORKS study does not 
support the LNT model. 

The third is the study of breast cancer risk in Massachusetts 
tuberculosis patients who underwent repeated fluoroscopic examinations 

(53). In this study, the bin size used for radiation dose in the un­
derlying data (54) was large, covering the range of 1-99 cGy, and so 
included both low and high doses, likely masking any hormetic 
reduction of breast cancer at low doses. A Canadian study of tuber­
culosis patients who underwent repeated fluoroscopy (55) used a 
smaller bin size and did observe a reduction in the breast cancer 
mortality rate for low doses, but a later study (56) with a larger bin 
size masked the horrnetic reduction. Another problem with the 
Massachusetts study (53) is that it examined breast cancer only. 
An earlier study on the same cohort (42) stated that for female 
fluoroscopy patients, standardized mortality ratios (SMRs) for 
breast cancer were significantly increased, at 1.4 (95 % Cl, 1.05-
1.75), but SMRs for all cancers were not significantly increased, at 
I. I (95% Cl, 0.95- 1.24), indicating that other cancers had de­
creased, with no overall increase in cancer mortality. For male 
and female tuberculosis patients not undergoing fluoroscopy, SMRs 
for all cancers were significantly elevated, at 1.28 (95 % CI, 1.18-
1.38), whereas for the patients who underwent fluoroscopy, SMRs 
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FIGURE 2. Evidence against LNT model or for radiation hormesis from 1990s to 2000s. Error bars are 95% Cls. {A) Cancer mortality rates in 
residents of evacuated villages near Mayak nuclear weapons facility after accident that released radioactivity into environment, as function of 
radiation dose (41). Data point at zero dose is from control population. {B) Relative risk for lung cancer mortality of males in counties of United States 
as function of residential radon levels, corrected for smoking (38). {C) Survival of non-Hodgkin lymphoma patients having radiation therapy {R1) to 
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reduced cancer rates compared with male physicians, consistent with radiation hormesis. {Note: All these data show reduction of cancers after low 
radiation exposures, contradicting LNT model and consistent with radiation hormesis). 

for all cancers showed no increase, at 1.05 (95% CI, 0.95- 1.15), 
indicating a reduction in the all-cancer mortality rate after the fluo­
roscopy. Radiation hormesis can explain the decrease in all cancers 
in this cohort. Though the breast received high radiation doses from 
the fluoroscopic examinati ons, other parts of the body would have 
received lower doses resulting in the reduction of other cancers and 
all cancers. Examining only breast cancer risk would misrepresent 
the overall health effect of the irradiation by ignoring the reduction 
of other and all cancers. Therefore, the Massachusetts study does 
not provide evidence for the LNT model. 

The fourth one is the study of solid cancer incidence in the 
atomic bomb survivors exposed in utero or in childhood (57). As 
discussed earlier, the use of an LNT dose-response shape while 
extracting ERRs is not justified because of the large observed 
evidence for radiation hormesis (Figs . 1- 3). Therefore, the extracted 
ERRs would not be reliable for determining the dose- response 
relationship. Notwithstanding this reasoning, if we use the ERRs 
as reported, the dose- response shape in this study also shows 

significant curvature (P = 0.09) fo r the dose range of 0- 2 Gy, 
and significant curvature would be inconsistent with the LNT 
model, as discussed earlier. 

The fifth study is the pooled analysis of thyroid cancer 
incidence after childhood radiation exposures (58). One issue with 
this study is that thyroid cancer incidence is subject to consider­
able overdiagnosis. A sign of such overdiagnosis is that despite the 
large increase in thyroid cancer incidence due to increased imag­
ing and screening over the past few decades, there has been little 
change in thyroid cancer mortality rates in the United States and 
South Korea (59,60). A recent review has concluded that most 
thyroid cancers are self-limiting and do not metastasize and, so, 
has recommended against screening for thyroid cancer (61). 
Hence, the pooled analysis of thyroid cancer incidence would also 
likely be subject to large overdiagnosis, and conclusions based on 
such studies would not provide useful information on the shape of 
the dose- response curve. Therefore, thi s study also does not sup­
port the LNT model. 
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FIGURE 4. Relative risk of cancer mortality as function of radiation 
dose in nuclear industry workers from INWORKS study (46). Error bars 
indicate 95% Cls. Solid line is linear model fit to data. 

The above discussion shows that none of the studies claimed by 
the NCRP to strongly support the LNT model actually do support 
the model, nor do the studies claimed to provide moderate support 
or weak-to-moderate support (Table I). Therefore, the conclusion 
of NCRP Commentary 27 that recent epidemiologic studies 
broadly support the LNT model may not be justifiable. 

CONCLUSION 

For some issues such as the carcinogenicity of low levels of 
radiation, a substantial number of publications may reach opposite 
conclusions, making the issues controversial. It is clear that two 
studies reaching opposing conclusions cannot both be correct and 
that the study reaching the wrong conclusion would likely have 
major shortcomings. Therefore, when advisory bodies consider 
such controversial issues, they should critically examine the 
studies supporting both sides so that they can identify the studies 
with major shortcomings and discard them. This procedure would 
allow an objective conclusion to be reached. Hence, a major 
deficiency of NCRP Commentary 27 is that it did not consider the 
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TABLE 1 
Comments on Epidemiologic Studies that NCRP Commentary 27 Claimed to Provide Moderate, or Weak-to-Moderate, 

Support for LNT Model 

Study 

Mayak nuclear workers (62) 

Chernobyl fallout , Ukraine and 
Belarus thyroid cancer (63) 

Breast cancer studies, after 
childhood exposure (64) 

In utero exposure, Japan atomic 
bombs (57) 

Techa River, nearby residents (67) 

In utero exposure, medical (68) 

Japan nuclear workers (69) 

Chernobyl cleanup workers, 
Russia (70) 

U.S. radiologic technologists 
(71,72) 

Mound nuclear workers (73) 

Rocketdyne nuclear workers (74) 

French uranium processing 
workers (75) 

Medical x-ray workers, China (76) 

Taiwan radiocontaminated 
buildings, residents (17) 

Background radiation levels and 
childhood leukemia (77) 

Comments 

For radiation doses less than 0.5 Gy, ERR is consistent with no increased cancer risk (Fig. 2 
of the publication). 

Like Massachusetts tuberculosis study (53), this study has flaw of considering thyroid 
cancer incidence, which is subject to large overdiagnosis, and considering thyroid cancer 
only. 

According to the publication, 3% of women in whole cohort had breast doses exceeding 1 
Gy, and mean dose was 0.18 Gy. Thus, cohort included patients with highly carcinogenic 
doses, even though average dose was much lower. Increased cancers would occur in 
patients with high breast doses and should not be attributed to low radiation doses. 
Dose-response data from earlier publication on same cohort (65) show no significantly 
increased breast cancer risk for breast doses less than 1 Gy (Table 3 of the publication). 

Data ·shown in Table 4 of the publication indicate no significant increase in relative risk of 
cancer for low-dose category (0.005--0.2 Sv) for in utero or childhood exposure. Next 
dose range (> 0.2 Sv) shows significantly increased relative risk for a few categories. 
Because this dose range includes high doses, increased relative risk for this dose range 
may not be attributable to low radiation doses. A review of a large number of studies 
(57,66) indicated that no definitive conclusion can be drawn on carcinogenic effect of in 
utero exposure. 

Data in Table 3 of the publication indicate no significant increase in cancer risk for any dose 
range. 

This is a review article. A later review of a large number of studies (66) indicated that no 
definitive conclusion can be drawn on carcinogenic effect of in utero exposure. 

The publication stated that data are likely confounded by alcohol drinking. Data in Table 2 of 
the publication indicate that this study does not show significantly increased cancer risk 
in radiation workers when alcohol-related cancers are excluded. 

SMR for all cancers is 0.95 (95% Cl , 0.92--0.99) (from Fig. 5 of the publication), indicating 
reduction of cancer in this cohort after radiation exposure. 

Overall cancer mortality rate for radiologic technologists was significantly lower, with SMR 
of 0.82 (95% Cl, 0.80--0.84), as reported in Table A2 of supplementary materials of one 
publication (71). The other publication (72) studied breast cancer only. Studying single 
type of cancer does not provide complete information on carcinogenic effect of low 
radiation doses, as hermetic reductions of other cancers would not be considered. 

Overall cancer mortality rate was significantly lower in radiation workers, with SMR of 0.86 
(95% Cl , 0.79-0.93). 

Overall cancer mortality rate was significantly lower in radiation workers, with SMR of 0.88 
(95% Cl, 0.81--0.94), and relative risk for all cancer mortality did not significantly increase. 

Overall cancer mortality rate was significantly lower in radiation workers, with SMR of 0.79 
(95% Cl, 0.72-0.87). 

Data below 0.15 Gy are consistent with no increase in cancer risk (Fig . 2 of the publication). 
Shape of dose-response curve cannot be determined reliably from these data because of 
large errors. 

As explained in the publication (19), Standardized incidence ratios for all cancers, calculated 
using data in the publication, are significantly reduced in irradiated residents of 
radiocontaminated buildings. • 

Breastfeeding and child-care attendance are known to be important factors in childhood 
leukemia (78,79) but were not considered confounding factors in the study. Because 
relative risk per millisievert for leukemia was 1.07 (95% Cl, 1.01-1 .13), small changes in 
these confounding factors could make increase in risk not significant. We should await 
better studies that account for such major confounding factors. 
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studies that supported radiation hormesis. If the NCRP had 
considered such studies and had critically evaluated publications 
supporting both sides, it would not have reached its present 
conclusion. Previous advisory body reports that have supported 
the LNT model, such as BEIR VII, have the same deficiency of not 
considering publications that support radiation hormesis and not 
critically examining the publications. Hence, notwithstanding the 
almost unanimous support of the advisory bodies for the LNT 
model, their recommendations are questionable. The advisory 
bodies are urged to critically evaluate the available evidence on 
both sides to draw an objective conclusion. Considering the strength 
of the evidence against the LNT model (Figs. 1-3) and the weak­
ness of the evidence for it (Fig. 4 ), the present analysis indicates 
advisory bodies would be compelled to reject the LNT model. 
Hence, we may be approaching the end of the LNT model era. 
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Regulatory policy to protect the public and the environment from radiation is universally based on the linear, no­
threshold model (LNT) of radiation effects. This model has been controversial since its inception over nine 
decades ago, and remains so to this day, but it has proved remarkably resistant to challenge from the scientific 
community. The LNT model has been repeatedly endorsed by expert advisory bodies, and regulatory agencies in 
tum adopt policies that reflect this advice. Unfortunately, these endorsements rest on a foundation of institu­
tional inertia and numerous logical fallacies. These include most significantly setting the LNT as the null hy­
pothesis, and shifting the burden of proof onto LNT skeptics. Other examples include arbitrary exclusion of 
alternative hypotheses, ignoring criticisms of the LNT, cherry-picking evidence, and making policy judgements 
without foundation. This paper presents an evaluation of the National Council on Radiation Protection and 
Measurements' (NCRP) Commentary 27, which concluded that recent epidemiological studies are compatible 
with the continued use of the LNT model for radiation protection. While this report will likely provide political 
cover for regulators' continued reliance on the LNT, it is a missed opportunity to advance the scientific discussion 
of the effects of low dose, low dose-rate radiation exposure. Due to its Congressionally chartered mission, no 
organization is better positioned than the NCRP to move this debate forward , and recommendations for doing so 
in future reviews are provided. 

"A scientist, having selected some challenging field which interests 
him, tries to read all of the literature pertinent to his problem, 
carefully identifying those portions which are theory or postulation 
and those which are strongly or weakly supported by experimental 
evidence or facts. Upon digesting this, he then maps out a course of 
action, but one thing a scientist never does is to start out with a pre­
conceived idea of what the final results will be" (Taylor, 1980). 

Lauriston S. Taylor, the first Chairman of the National Council on 
Radiation Protection and Measurements 

I. Introduction 

This paper examines the longevity of the linear, no-threshold (LNT) 
model as applied to low dose, low dose-rate (LDDR) radiation effects on 
human health and the environment, and considers the question of why, 
over nine decades after its introduction, the LNT model continues to 
divide the radiation sciences community. The LNT model has been 
controversial from its earliest days but has so far survived significant 
challenge. Factors contributing to the longevity of the LDDR radiation 
effects debate are identified and illustrated by a detailed examination in 
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this paper of the most recent commentary on the topic by the National 
Commission on Radiation Protection and Measurements (NCRP). In its 
Commentary 27 (NCRP, 2018), the 

"NCRP concludes that, based on current epidemiologic data, the 
LNT model [perhaps with excess risk estimates reduced by a dose 
and dose-rate effectiveness factor (DDREF) or a DREF] should con­
tinue to be used for radiation protection purposes. This is in accord 
with judgments by other national and international scientific com­
mittees, based on somewhat older data than in the present 
Commentary (ICRP, 2007; NA/NRC, 2006; UNSCEAR, 2008), that 
no alternative dose-response relationship appears more pragmatic or 
prudent for radiation protection purposes than the LNT model". 

I was asked by the American Academy of Health Physics (AAHP) to 
review a draft of the NCRP's commentary, and I submitted 117 critical 
comments (plus a few complimentary comments that suggested no 
changes). The AAHP requested that the NCRP provide a written dis­
position of these comments, however this request was declined. The 
NCRP's unresponsiveness to this request seems to contradict recent 
guidance by the International Commission on Radiological Protection 
on the ethical foundations of radiation protection (ICRP, 2018), which 
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recommends transparency in radiation protection decisions. In the ab­
sence of an explanation of the NCRP's disposition of these comments, I 
compared the draft report to the final commentary and determined that 
the NCRP addressed four of my submitted comments, partially ad­
dressed five comments, and did not address 108 of them in any obvious 
way. This also seems to contradict the ICRP's advice, which re­
commended seriously considering the concerns of stakeholders (I CRP, 
2018). This paper was constructed in large part from my comments on 
the draft NCRP commentary. It reflects my own opinions and not ne­
cessarily those of the AAHP. 

The NCRP plays a unique and influential role in radiation protection 
in the United States. Since its organization in 1929 as the Advisory 
Committee on X-Ray and Radium Protection (Taylor, 1971), the NCRP 
has served as the preeminent American national advisory body on ra­
diation protection matters (Mossman, 2009). In light of the importance 
of NCRP guidance, and in the belief that the scientific enterprise is best 
served by transparency and constructive engagement on controversial 
issues, a main purpose of this paper is to present my evaluation of the 
latest NCRP commentary in a peer-reviewed forum, for consideration 
and discussion by the larger radiation sciences community. 

2. The LNT model as the basis for radiation protection: from 
murky origins to current inertia 

The origin of the LNT model has been traced by (Calabrese, 2013) 
back at least as far as 1928, when A.R. Olson and G.N. Lewis proposed 
genetic mutations induced by naturally occurring radiation as the en­
gine of evolution (Olson and Lewis, 1928). Since this paper deals with 
the NCRP's views of the evidence on LDDR radiation effects, the writ­
ings ofLauriston Taylor, the first Chairman of the NCRP, are considered 
especially relevant from a historical perspective. Dr. Taylor noted, 

"In a report to the League of Nations in 1930, Wintz and Rump 
(1931) enunciated the first philosophical concepts of radiation ef­
fects, which were agreed to by both the ICRP and the NCRP at that 
time. In discussing the amount of radiation which tissue would be 
able to tolerate, the report said: 

"The above observations show that the tolerance dose is never a 
harmless one and that tolerance doses can in no case be read­
ministered indefinitely to any particular piece of tissue after the 
visible effects have disappeared on each occasion .... We thus reach 
the conclusion that a really harmless dose of radiation can only be 
said to be given if it is incapable either of destroying or damaging 
the cells or of exercising any stimulating action .. . " (pp. 1 and 8)" 

This has been the guiding tenet for both the NCRP and JCRP since 
1930. It explicitly states the lack of belief in the concept of a threshold 
of dose effect, yet it does not use the word threshold; nor was such a 
word used until the NCRP did so in the late 1940s" (Taylor, 1988). 

A pivotal moment in the history of the LNT model was the National . 
Academy of Science's Biological Effects of Atomic Radiation (BEAR I) 

Committee's report, released on 12 June 1956, which recommended the 
abandonment of a threshold model, and the adoption the LNT model as 
the basis for radiation protection (Calabrese, 2015). The BEAR I Com­
mittee's recommendations were met with initial acceptance by the ra­
diation protection community. For example, just two years after the 
BEAR I report was released, Taylor explained, 

"But before a maximum permissible dose of radiation can be set for 
man, there must be an unequivocal answer to one question: "what 
amount of radiation may man receive in either chronic or acute 
exposure without any harm to himself or his progeny?" At present 
the only answer to this question is: "none". There is today little or no 
direct, positive proof that there does or does not, exist some level of 
exposure below which harm will not result" (Taylor, 1958). 

The BEAR I Committee was dominated by geneticists, so it is not 
surprising that its recommendation to adopt the LNT model was based 
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on concern about genetic harm in the human descendants of a popu­
lation exposed to fallout from radioactive testing. As described by 
Taylor, 

" ... at the time of the study by the National Academy of Sciences on 
the Biological Effects of Atomic Radiation, the committee making 
the first report was dominated by geneticists. They convincingly set 
forth the genetics hazard problem in such a way that the NCRP and 
the ICRP revised their protection philosophy and recommendations 
so that for all practical purposes the genetic factor was the con­
trolling factor" (Taylor, 1965). 

and 

"In January 1957, the as the controlling factas the controlling fac­
tadiation workers was again changed-now to an average value of 5 
rems/yr. This value was introduced primarily for reasons then 
thought to be valid for a reasonable minimization of genetic injury" 
(Taylor, 1971 ). 

However, it didn't take long for doubts about this policy shift to 
begin to surface. In 1958, the very year the NCRP recommended the 
adoption of the LNT model for assessing cancer risk, the work of 
William and Liane Russell of Oak Ridge National Laboratory using the 
single locus test in mice was published in Science (Russell et al., 1958). 
Their work revealed the existence of a dose-rate effect in mouse sper­
matogonia and oocytes, which challenged the LNT model's assertion 
that mutation rate depended only on total dose (Calabrese, 2017a). The 
later revelation that the Russells had significantly underestimated the 
mutation rate in their control animals not only strengthened the finding 
of a dose-rate effect, but had this error not occurred, it would have 
revealed the existence of thresholds and hormetic dose-responses in the 
Russells' mouse data (Calabrese, 2017b), and quite possibly would have 
changed the course of radiation protection history. 

Evidence of genetic harm in humans - the primary justification 
presented for adoption of the LNT model for radiation protection - has 
since failed to materialize (Brent, 2015). Indeed, Taylor noted, 

"In the 1940s, it was thought that the genetic effects of irradiation 
might be the controlling concern. It was, indeed, the controlling 
concern in 1956, when the National Academy of Sciences proposed 
lowering the occupational permissible dose level to 5 rem y- 1

. 

However, by 1960, the work of William Russell threw considerable 
doubt on this conclusion and even indicated the existence of some 
thresholds of effect under certain conditions" (Taylor, 1988). 

These doubts proved insufficient to prevent the expansion of the 
LNT model beyond estimating genetic harm in humans to include es­
timation of the carcinogenic risk of radiation, as explained by Taylor 
just two years after the BEAR I report, 

"The new levels have been dictated mainly for reasons of genetic 
damage, but it must now be recognized that somatic damage pos­
sibilities are assuming equivalent importance. As already men­
tioned, the direct evidence of genetic damage to man is abnost totally 
lacking, and that of somatic damage is very scant at best'' (Taylor, 
1958)(emphasis added). 

The justification for continuing to use a radiation protection model 
undercut by existing and developing scientific evidence was summed up 
by Taylor 47 years ago, 

"Throughout the decade since 1959, there have been only two or 
three major developments that might seriously influence the basic 
protection criteria. One of these was the demonstration by Russell of 
the dose-rate dependence of certain genetic effects. For the first time 
this marked a clear deviation from the single, linear dose-effect re­
lationship-no threshold assumptions which all protection bodies had 
been using for many years ... The trends in the genetic information, 
together with other bits and pieces of information in the somatic 
area have mostly been in the direction of indicating that radiation 
exposure at low doses and low dose rates was probably less serious 
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than assumed in the 1950's. However, in spite of this trend, the 
magnitude of the differences did not appear to be great enough to 
warrant any serious consideration of an upward revision of the al­
ready existing standards. However in retrospect one might suppose 
that if, 10 yr ago, we had had today's knowledge of genetic effects we 
might not have made some of the changes which we did" (Taylor, 1971) 
(emphasis added). 

Though Taylor's writings do not indicate that he ever completely 
repudiated the adoption of the LNT model for radiation protection 
purposes, his cautious retreat from his initial unqualified acceptance 
continued over the next decade. 

"Today we know enough about dose-effect relationships to state un­
equivocally that at least for low LET radiations the relationships cannot 
be strictly linear over the whole dose range -and that even for high doses 
they are probably not linear. In general, the deviation from linearity 
has been such as to make our radiation protection standards more 
conservative or more restrictive than predicted by the linear re­
lationship alone. The difficulty, of course, is that since we do not 
know the precise relationship-and perhaps it doesn't make much 
difference anyway-it is assumed, as a matter of cautious procedure, 
that the dose-effect relationships are linear throughout the entire 
dose range. This assumption is constantly being subjected to hard 
scrutiny because, if taken too literally, it leads to unnecessary and 
unjustifiable restrictions on the use of ionizing radiations". (Taylor, 
1980)(emphasis added) 

Despite Taylor's personal qualms, the use of the LNT model for ra­
diation protection has been repeatedly reaffirmed by various advisory 
committees and regulatory agencies in the intervening years (Jones, 
2005; Kathren, 1996), even by the organization he chaired - the NCRP. 
Today, the Environmental Protection Agency (EPA) is primarily re­
sponsible for protecting the American public and the environment from 
negative effects of radiation exposure, and the EPA has endorsed the 
use of the LNT to estimate risks from LDDR radiation exposure (USEPA, 
2011 ). The EPA's endorsement and application of LNT has been 
strongly criticized (Cardarelli and Ulsh, 2018; Miller et al., 2017; Siegel 
et al., 2017b). Following suit, the use of the LNT model for radiation 
protection is endorsed by the Nuclear Regulatory Commission (NRC), 
for which it too has been criticized (Doss et al., 2015b; Marcus, 2015; 
Miller, 2015), and by the Department of Energy (DOE). The accuracy of 
the LNT model has also been endorsed by the National Academy of 
Sciences (NAS) Biological Effects of Ionizing Radiation (BEIR VII) 
Committee (National Research Council, 2005), but questioned by the 
French National Academies of Medicine and Sciences (Aurengo et al. , 
2005), the Health Physics Society (HPS, 2016), the Society for Pediatric 
Radiology (SPR, 2001 ), the International Organization for Medical 
Physics (Pradhan, 2013), the American Academy of Physicists in 
Medicine (AAPM, 2017), Australasian Radiation Protection Society 
(ARPS, 2008), and by a majority of scientists who believe a threshold 
model more accurately describes LDDR effects (Jenkins-Smith et al., 
2009; Silva et al., 2007). 

Objective criteria have been promulgated to determine when epi­
demiological evidence is sufficient to infer causality, rather than simply 
an association, between a putative agent and an observed health effect 
(Hill, 1965; Weed and Gorelic, 1996). The LNT model has survived 
despite failing to satisfy these criteria and thereby establish causation 
between LDDR radiation exposure and increased cancer risk (Ulsh, 
2012). This paper argues that the explanation for the longevity of the 
debate surrounding the LNT model, which has spanned at least nine 
decades and has significantly fractured the radiation sciences commu­
nity, is in large part related to what Sacks termed paradigm blindness 
(Sacks et al., 2016), supported by logically fallacious reasoning by ad­
visory bodies, regulators and policy makers who follow their advice 
(Sacks and Siegel, 2017). This is amply illustrated in the NCRP's latest 
commentary on the LNT model (NCRP, 2018), which is examined in 
depth in the following text. 
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3. Shifting the burden of proof: setting LNT as null hypothesis 

In epidemiological studies, the null hypothesis is defined as, "there 
is no relationship between the agent under study (e.g. radiation ex­
posure) and the effect of interest (e.g. cancer)". As explained by Green 
and colleagues in a report published by the National Research Council, 

"Formal procedures for statistical testing begin with the null hy­
pothesis, which posits that there is no true association (Le., a relative 
risk of 1.0) between the agent and disease under study. Data are 
gathered and analyzed to see whether they disprove the null hy­
pothesis. The data are subjected to statistical testing to assess the 
plausibility that any association found is a result of random error or 
whether it supports rejection of the null hypothesis". (Green et al. , 
2011 ) 

The most significant factor in the persistence of the LNT model is the 
subtle, and logically fallacious practice in radiation epidemiological 
studies, and reviews of these studies, of setting the LNT as the null 
hypothesis, instead of the scientifically valid no-effect null, against 
which an arbitrarily limited set of alternatives (e.g. linear quadratic 
without threshold, and occasionally threshold models, but never hor­
metic models) are tested (Ulsh, 2012). This is a clear example of the 
logical fallacy known as is argumentum ad ignorantiam - argument from 
ignorance - also known as shifting the burden of proof (Cardarelli and 
Ulsh, 2018; Hansen, 2015; Ulsh, 2012; Walton, 1999). In simplistic 
terms, this argument takes the form: 

Proponent: makes claim C, which requires justification; 
Skeptic: requests justification for C; 
Proponent: demands justification for the opposite of C; 
Skeptic: refuses or cannot comply; 
Proponent: therefore concludes C is true. 

In terms of the LNT debate, this fallacy takes the form: 

LNT proponent: There is no safe dose of radiation - even the 
smallest dose carries some risk! 
Skeptic: What's the evidence of that? 
LNT proponent: Can you prove there's absolutely zero risk from 
low doses? 
Skeptic: No, epidemiological studies cannot prove an absolute ab­
sence of risk because of statistical power limitations, and it is im­
possible to prove a negative assertion. 
LNT proponent: Then there is some risk from even the smallest 
doses. 

Regulatory agencies and advisory bodies rely heavily, if not ex­
clusively, on human epidemiological studies in developing radiation 
protection standards. While epidemiology studies have the great benefit 
of directly studying human health risks, they are observational rather 
than experimental, and they are fundamentally limited by imprecision 
and lack of statistical power to determine effects at low doses (Brenner 
et al., 2003; Land, 1980). Indeed, observational studies have been de­
scribed as "dull scalpels" (Tau bes, 1995) because of possible systematic 
errors (Le. bias and confounders) which can be hard to detect, and can 
significantly compromise a study's ability to accurately characterize 
small effects. Many prominent epidemiologists have cautioned against 
placing too much confidence in observational studies asserting causa­
tion between a particular health effect and an environmental factor 
when observed relative risks (RRs) are less than about three (Taubes, 
I 995). Even the "gold-standard" of radiation epidemiological studies -
the Lifespan Study of the Japanese Atomic Bomb Survivors - observed 
excess relative risks (ERRs) Gy- 1 values less than 1.5 [see Figure 3.2 of 
(NCRP, 2018)]. Since RR= ERR+ 1, all of the corresponding RR va­
lues for individual cancer sites, and for all solid cancers combined the 
LSS study [as shown in Figure 3.2 of (NCRP, 2018)] are less than about 
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2.3. These estimates are reported at 1 Gy - an acute dose on the order of 
1000 times higher than typical environmental or occupational doses. 
Even so, as reported in Table 4.3 of (NCRP, 2018), most of the studies 
evaluated by the NCRP, including several studies the NCRP character­
ized as providing strong support for the LNT model, had ERR Gy- 1 

values less than 1.5 - well below the minimum level prominent epi­
demiologists have cautioned may indicate reliable evidence of causa­
tion. 

In a 1995 article in Science that interviewed several well-respected 
epidemiologists, Taubes concluded, 

"So what does it take to make a study worth taking seriously? Over 
the years, epidemiologists have offered up a variety of criteria, the 
most important of which are a very strong association between 
disease and risk factor and a highly plausible biological mechanism. 
The epidemiologists interviewed by Science say they prefer to see 
both before believing the latest study, or even the latest group of 
studies". 

These epidemiologists' preference for considering both the epide­
miological data and biological data before concluding causation is 
especially noteworthy, as NCRP Commentary 27 was limited to epide­
miological data only, and did not consider biological data (see further 
discussion in Section 4 below). 

Furthermore, observational epidemiology studies are critically de­
pendent on assumptions about dose-response models (Land, 1980). 
Because of imprecision and low statistical power, there is almost never 
strong enough evidence to reject an improperly defined LNT null hy­
pothesis in favor of one of the limited set of alternative hypotheses, so 
the LNT persists. And why is the LNT improperly set as the null? Be­
cause it is currently the basis of the existing system of radiation pro­
tection, and benefits from the inexorable pull of institutional inertia 
initiated by the BEAR I Committee in 1956, and promulgated by ad­
visory committees ever since. However, in a hopeful sign, as of the time 
of this writing, the EPA has issued a proposed rule (USEPA, 2018) that 
recognizes, 

" ... there is growing empirical evidence of non-linearity in the con­
centration-response function for specific pollutants and health ef­
fects . The use of default models, without consideration of alter­
natives or model uncertainty, can obscure the scientific justification 
for EPA actions. To be even more transparent about these complex 
relationships, EPA should give appropriate consideration to high 
quality studies that explore: A broad class of parametric con­
centration-response models with a robust set of potential con­
founding variables; nonparametric models that incorporate fewer 
assumptions; various threshold models across the exposure range; 
and spatial heterogeneity. EPA should also incorporate the concept 
of model uncertainty when needed as a default to optimize low dose 
risk estimation based on major competing models, including linear, 
threshold, and U-shaped, J-shaped, and bell-shaped models." 

Should this proposed rule ultimately be implemented, it would re-
present a profound break with EPA's historical pro-LNT bias, and would 
be a very positive step toward returning EPA's rules on low dose ra­
diation to solid scientific foundations. 

The policies of the EPA and other regulatory agencies is heavily 
influenced by advice from the NCRP. The many examples of shifting the 
burden of proof throughout (NCRP, 2018) range from overt and ex­
plicit, to subtle and implicit. Similar examples are grouped together 
below, followed by an analysis: 

Page 1: " . .. in developing its basic recommendations, as currently given in 
NCRP Report No. 116 ... , the Council reiterated its acceptance of the 
LNT model for the purposes of radiation protection. The purpose of this 
Commentary is to provide a review of recent data from studies with low 
dose rates and from the Life Span Study of atomic-bomb survivors to 
determine whether these epidemiologic studies broadly support the LNT 
model of carcinogenic risk or, on the contrary, whether there is sufficient 
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evidence that the LNT model is inappropriate for the purposes of radia­
tion protection" (emphasis added). 

Page 6: "The Committee also rated each study or group of studies on their 
strength of support for the LNT model .. . ". 

Page 8: " ... all studies have limitations, ranging from minor to serious, in 
their contribution to the quantitative evaluation of the LNT model". 

Page 10: "Indeed, in developing its basic radiation protection re­
commendations, as currently given in NCRP Report No. 116 ... , the 
Council reiterated its acceptance of the LNT for the dose-risk relation­
ship. Specifically, "based on the hypothesis that genetic effects and some 
cancers may result from damage to a single eel~ the Council assumes 
that, for radiation-protection purposes, the risk of stochastic effects is 
proportional to dose without threshold, throughout the range of dose and 
dose rates of importance in routine radiation protection. Furthermore, 
the probability of response (risk) is assumed, for radiation protection 
purposes, to increase linearly with dose. " 

Page 10: "As in previous reviews by the NCRP ... the Council concluded 
that there was no conclusive evidence on which to reject the assumption 
of a LNT dose-response relationship for many of the risks attributable to 
low-level ionizing radiation . .. ". 

Page 12: "It is important to note that the use of an LNT extrapolation 
model is really a default approach because of a lack of definitive evidence 
to the contrary (Preston, 2003 )". 

Page 12: "The purpose is to determine whether these epidemiologic stu­
dies broadly support the LNT model of carcinogenic risk as used in ra­
diation protection or, on the contrary, whether there is sufficient evidence 
that the LNT model is inappropriate"? 

Page 22: "The primary question to be addressed is whether the new 
epidemiologic evidence sufficiently supports a LNT model as a reasonable 
basis for radiation protection". 

Page 22: "The critique includes an assessment of the comprehensiveness, 
quality and uncertainties in the dosimetry used in each study, whether 
the analytic methods were appropriate and whether each study con­
sidered statistical alternatives to a linear dose-response trend". 

Page 128: "The Committee further rated each study or group of studies 
on their strength of support for the LNT model (Table 7.1)". 

Page 139: "This report has examined the evidence for or against the 
appropriateness of using LNT as a practical approach for managing ra­
diation exposures to individuals". 

Rather than providing a neutral and objective evaluation of which 
dose-response model is optimal for radiation protection, and following 
the scientific method, where the null hypothesis is no effect, and var­
ious alternatives (e.g. the LNT, linear with threshold, hormetic, etc.) are 
tested against the null, the stated purpose of the Commentary sets up 
the LNT model as the default, or null hypothesis, and assumes it is 
acceptable unless contrary evidence is sufficient to disprove it. This 
approach is inconsistent with basic scientific principles by shifting the 
burden of proof onto the null hypothesis [Le., no effect at low doses 
(Green et al., 2011; Rothman and Greenland, 1998; Seiler and Alvarez, 
1994). This inappropriately shift the burden of proof to proving that 
LNT is not valid, which is not possible (Hansen, 2015). The argument 
can always be made that a small, undetectable risk consistent with the 
LNT model may actually exist, and such an argument inoculates the 
LNT hypothesis from falsification. Basic scientific hypothesis testing 
dictates that compelling evidence must be provided that the true null 
(Le. no effect at low doses) should be rejected in favor of an alternative 
hypothesis (e.g., increases in cancer risk at low doses, as predicted by 
the LNT model). If the evidence supporting the tested alternative hy­
pothesis is insufficient, the null stands. 

The argument that some cancers may result from damage in a single 
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cell, and this somehow implies a LNT relationship for carcinogenesis, is 
a non sequitur. It ignores all the biology that occurs between initial 
damage and development of cancer years later. The NCRP's own prior 
evaluation of the LNT theory (Report No. 136), stated of this micro­
dosimetric argument: 

"Application of this argument to complex endpoints such as radia­
tion-induced carcinogenesis is, however, more uncertain. Based on 
these biophysical considerations about the shape of the dose-re­
sponse relation for low-dose radiation-induced carcinogenesis, 
conclusions can be drawn if: (1) radiogenic cancer induction is 
causally related to radiation induced damage in a single cell and (2) 
the ways in which other cells or cell systems subsequently modify 
the probability that any given initially radiation-damaged cell be­
comes the clonal origin of a cancer do not vary with dose in a 
nonlinear fashion." 

The current Commentary has omitted these prior caveats without 
explanation. 

Speaking of the latest update to the Lifespan Study (LSS) of the 
Atomic Bomb Survivors cancer incidence data, the Commentary stated, 

Page 4 7: "The lowest dose range that showed a statistically significant 
dose response using the sex- averaged linear ERR model was 
0-lOOmGy ... ". 

I interpret this statement as the authors asserting that when their 
analysis was restricted to the low-dose data (a dose range with a lower 
bound 0, and upper bound variable), they didn't observe a significantly 
elevated ERR until the upper bound of the restricted dose range reached 
100 mGy. If the upper bound of the restricted dose range was less than 
100 mGy (e.g. a range of 0-50 mGy, or 0-75 mGy, etc.), the ERR was not 
significantly elevated. This is a clear example of a practice that conceals 
possible thresholds by employing wide dose intervals in the low-dose 
region (Scott, 2018). As discussed above, if the LDDR data are in­
sufficient to reject the no-effect null while the high dose, high dose-rate 
(HDDR) data are sufficient to reject the null, then this supports a 
threshold model. It is evident that statistical power limitations preclude 
the selection of one alternative hypothesis over the other (e.g., LNT vs. 
linear quadratic). A threshold model is consistent with both the latest 
solid cancer incidence and mortality data (Doss, 2012; Furukawa et al. , 
2015; Sasaki et al., 2014; Siegel and Welsh, 2015; Socol and 
Dobrzynski, 2015), yet the Commentary's language here shows a con­
firmation bias favoring the LNT, and inappropriately shifts the burden 
of proof onto the null hypothesis of no effect (Siegel et al., 2017a), 
which at low doses corresponds to a threshold. 

Continuing with its examination of the LSS data, the NCRP states, 

Page 6: "To stimulate radiation epidemiology efforts to address the LNT 
model and low-dose risks ... ". 

Page 6: "An examination is needed of whether the dose-response LNT 
model applies to tumors of various organs or organ systems, insofar as 
statistical limitations permit, which will provide evidence regarding the 
generality of the LNT model across tumor sites". 

Page 43: "The LSS cohort of atomic-bomb survivors ... has provided im­
portant data because it is a large cohort (-86,000 survivors of all ages) 
with... over 1000 excess cancer cases associated with radiation ex­
posure". 

Page 132: "Evaluation of LNT for various organs or organ systems. 
Evaluate whether dose-response LNT is similar for tumors of various 
organs or organ systems, insofar as statistical limitations permit This will 
provide evidence regarding the generality of the LNT model and the need 
for a low-dose effectiveness factor (LDEF) across tumor sites". 

Page 135: "Future dose response analyses should include dose un­
certainties in the analysis of ERR Gy-1 

". 

Page 138: "Analyzing epidemiologic data in conjunction with relevant 

476 

Environmental Research 167 (2018) 472-487 

radiobiological concepts and data also has the potential to provide in­
sights into LNT that go beyond those gained from merely analyzing the 
empirical epidemiologic data in isolation ... ". 

Rather than testing whether the evidence supporting the LNT al­
ternative hypothesis is sufficient to reject the no-effect null, the 
Commentary presents an estimate of excess cancer cases in the LSS 
cohort, which was calculated using the LNT, as an established fact. The 
suggestion that future analyses evaluate uncertainties in ERR Gy-1, 
implicitly assumes a LNT dose-response, rather than appropriately 
treating the LNT as an alternative to be tested against the no-effect null. 
Limiting future radiation epidemiology to focus exclusively on the LNT 
model inappropriately elevates LNT above other competing alternative 
dose-response models. 

The NCRP did not completely ignore the possibility of thresholds, 
but rather shifted the burden of proof from the LNT model to the 
threshold model (which corresponds to the no effect null at low doses): 

Page 2: "Formal dose threshold analyses for both solid cancer incidence 
and mortality are compatible with no dose threshold ... ". [referring to the 
latest updates to the Lifespan Studies of the Atomic Bomb Survivors] 

Page 9: "Nevertheless, most large and high quality low- dose studies show 
positive risk coefficients (Shore et aL, 2017), suggesting there may be 
cancer effects at low doses, which is consistent with, though not ne­
cessarily proving, the applicability of the LNT model for radiation pro­
tection". 

Page 46: "The 95% confidence band is broad and compatible with no 
excess risk below about 150 mGy but is more compatible with the LNT 
model throughout the lower dose range". 

Page 139: " .. . most large and high quality low- dose studies show positive 
risk coefficients (Shore et aL, 2017), suggesting there may be cancer 
effects at low doses, which is consistent with, though not necessarily 
proving, the applicability of the LNT model for radiation protection". 

Page 139: "Several studies also performed explicit dose-threshold ana­
lyses and found the estimates of dose thresholds to be compatible with 
zero dose (Le., no threshold)". 

Page 140: "While the LNT model is an assumption that likely cannot be 
scientifically validated by radiobiologic or epidemiologic evidence in the 
low-dose range, the preponderance of epidemiologic data is consistent 
with the LNT assumption ... ". 

These statements reverse the burden of proof by suggesting the data 
are "consistent" or "compatible" with the LNT. Due to imprecision at 
low doses, multiple alternative dose-response models could be con­
sistent with the data at low doses. The appropriate question is, are the 
data for any alternative dose-response model sufficient to reject the no­
effect null, or not? If the LDDR data are insufficient to reject the no­
effect null while the HDDR data are sufficient to reject the null, then 
this supports a threshold model. In fact, the most recent LSS update on 
cancer mortality states, "the estimated lowest dose range with a sig­
nificant ERR [excess relative risk] for all solid cancer was 0-0.20 Gy" 
(Ozasa et al. , 2012b). Similar to the conclusions of the LSS incidence 
data, I interpret this statement as the authors asserting that when their 
analysis was restricted to the low-dose data (Le. a dose range with a 
lower bound 0, and upper bound variable), they didn't observe a sig­
nificantly elevated ERR until the upper bound of the restricted dose 
range reached 200 mGy. If the upper bound of the restricted dose range 
was less than 200 mGy, the ERR was not significantly elevated. This 
interpretation is consistent with the authors' later conclusion, 

"The lowest dose range with a significant ERR for all solid cancer 
was 0-0.20 Gy with an estimated ERR/Gy of 0.56 (95% CI: 0.15, 
1.04, P = 0.01) and included 74,444 persons with 9063 solid cancer 
deaths. For the range of 0-0.18, the ERR!Gy was 0.43 (95% CI: 
-0.0047, 0.91, P = 0.052) and included 8920 deaths" (emphasis 
added). 
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The authors also concluded that, " ... statistically significant upward 
curvature was observed when the dose range was limited to 0-2 Gy .. 
The curvature over the 0-2 Gy range has become stronger over time". 

Page 9: " . .. no alternative dose-response relationship appears more 
pragmatic or prudent for radiation protection purposes than the LNT 
model". 

Page 46: "Their semiparametric analysis indicated clear excess risk 

above 100 mGy, but below 100 mGy the confidence bounds did not ex­
clude either no risk or a linear dose response, though the slope was 
generally positive below 200 mGy". 

Page 139: "NCRP concludes that, based on current epidemiologic data, 
the LNT model (perhaps modified by a DDREF) should continue to be 
utilized for radiation protection purposes. This is in accord with judgment 
by other national and international scientific committees, based on 
somewhat older data than in the present report (ICRP, 2007; NA/NRG, 
2006; UNSCEAR, 2008), that no alternative dose-response relationship 
appears more pragmatic or prudent for radiation protection purposes 
than the LNT modeL " 

Page 140: "The current data are not precise enough to exclude other 
models ... ". 

Page 140: "The current judgment by national and international scientific 
committees is that no alternative dose-response relationship appears more 
pragmatic or prudent for radiation protection purposes than the LNT 
model . .. ". 

Alternative dose-response models (e.g. linear with threshold, hor­
metic, etc. ) don't have to be "more pragmatic or prudent" than the LNT. 
Rather, they have to be tested against the appropriate no effect null 
hypothesis. If the evidence in favor of any tested alternatives is in­
sufficient to reject the no-effect null, then the null stands. Furthermore, 
when testing the other, non-LNT alternative hypotheses, the correct 
null of no-effect has to be excluded in favor of one (or more) alternative 
hypotheses. 

4. Cherry-picking: arbitrarily excluding alternative dose-response 
models suggested by biological data 

The fallacy of suppressed evidence (Dowden, 2018), more com­
monly known as cherry-picking the evidence, is also committed by 
regulatory agencies and advisory bodies in defense of LNT. An obvious 
example is arbitrarily excluding any consideration of the substantial 
body of evidence for hormesis - the biphasic dose response model 
which predicts a beneficial effect (or reduction in harmful effects below 
background levels) from low radiation doses or dose-rates, and harmful 
effects at higher doses or dose-rates (Upton, 2001; Vaiserman, 2010; 
van Wyngaarden and Pauwels, 1995) (Fig. 1). Hormesis is an alter­
native dose-response model which is mutually exclusive with the LNT 
model. 
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Fig. 1. Alternative dose-response models. 
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Fig. 2. Comprehensive hormesis references (Luckey, 1980, 1991). 

There are numerous modem references that have observed a high 
frequency of hormetic dose-responses in toxicology [e.g. (Calabrese, 
2005, 2006)] , and the most comprehensive and authoritative radiation 
hormesis references are (Luckey, 1980), which cites 1269 supporting 
documents, and (Luckey, 1991 ), which cites 1018 supporting docu­
ments (Fig. 2). These references were neither cited nor acknowledged in 
either of the two most recent NCRP reports on LDDR radiation dose­
responses (NCRP, 2001, 2018), or in the BEIR VII report by the NAS 
(National Research Council, 2005). The latest NCRP commentary 
(NCRP, 2018) did not even use the words "hormesis" or "adaptive re­
sponse" a single time. To the best of this author's knowledge, none of 
the NCRP or NAS reports has systematically and objectively evaluated 
this significant body of evidence supporting hormesis . There is also 
evidence of genomic instability, and supralinear dose-responses in some 
cellular and molecular endpoints. The interpretation of these endpoints 
in terms of effects at the organismal level are unclear, but should be 
part of a comprehensive and objective analysis of the totality of the 
evidence on the biological effects of LDDR radiation exposure. 

Regulatory agencies have also disregarded evidence of nonlinear 
dose-responses, especially hormesis. For example, the EPA has ex­
plicitly excluded any consideration of beneficial effects in risk assess­
ment, stating, " ... as the purpose of a risk assessment is to identify risk 
(harm, adverse effect, etc. ), effects that appear to be adaptive, non­
adverse, or beneficial may not be mentioned" (emphasis added) (USEPA, 
2004), an arbitrary policy for which they have been heavily criticized 
(Calabrese, 2012; Cardarelli and Ulsh, 2018). The NRC's disregard of 
evidence for nonlinear dose-responses has also been criticized (Doss 
et al., 2015b; Marcus, 2015). 

Unfortunately, epidemiological model selection is rarely informed 
by modem biological data. Just three years ago, (NCRP, 2015) called 
for " ... understanding of low-dose specific mechanisms based on radia­
tion biology data should be incorporated where possible into the pro­
cess of extrapolating from epidemiologic data at higher doses to predict 
responses at low doses and low dose rates", but (NCRP, 2018) gave only 
passing mention to biological data. There is much work to do to in­
tegrate radiation biology and epidemiology, but there is already an 
overabundance of biological data to suggest the prudence of routinely 
considering dose-responses beyond the typical LNT model (e.g. 
threshold and hormetic models) in epidemiological studies. In parti­
cular, most epidemiological studies start with a predetermined set of 
parametric dose-response models that are tested over the entire range 
of doses. These invariably include LNT models, and sometimes linear­
quadratic and/or linear with threshold, but almost never hormetic 
models. In the cases where multiple models (typically LNT vs. linear 
quadratic) are tested, procedures like Aikake Information Criteria or a 
likelihood ratio test is applied to determine whether or not any 
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improvement in model fit compared to a LNT model is justified by the 
additional complexity of more highly parameterized models. 

The assumption that one parametric model is sufficient to cover the 
entire dose range from zero to lethal, is a critical, implicit assumption 
(personal communication with Bill Sacks). The consequences of im­
proper model selection can be significant, particularly at low doses . It is 
common in epidemiological studies that the slope of an LNT model is 
most substantially determined by high dose data, while low dose data 
have relatively little impact, and this results in low dose risk estimates 
with unreliable uncertainty estimates (Fumkawa et al., 2015). Arbi­
trarily limiting possible model selection to, for example, LNT and 
linear-quadratic (LQ) ignores evidence demonstrating that the biolo­
gical responses to LDDR are distinct from those in response to HDDR. 
This contradicts the underlying assumption of the LNT model that there 
is no qualitative difference in responses across doses, only a quantita­
tive difference (Paunesku et al., 2017; Ulsh, 2010). In an attempt to 
rescue the LNT model from its failure to accurately describe LDDR ef­
fects, proponents introduce a post-hoc data manipulation in the form of 
a DDREF, which in effect converts the overall dose-response from LNT 
to sublinear at low doses (Fig. 1) without the admission of having done 
so. 

These qualitatively different biological response regions sever the 
link between LDDR and HDDR, undermine the basis for extrapolating 
effects from HDDR to LDDR (Mothersill and Seymour, 2004), and imply 
that the dose-responses in these regions should be evaluated in­
dependently. Critically, it cannot be concluded that the existence of 
sufficient data to reject the no-effect null in favor of a positive risk from 
HDDR exposures (which is widely accepted), says anything at all about 
the effects of LDDR exposures. If an independent evaluation of LDDR 
effects fails to reject the no-effect null while the null is rejected in the 
HDDR region, then this is consistent with a threshold dose-response. If 
the LDDR evaluation is sufficient to reject the no-effect null in favor of 
an increased risk, then this would be consistent with a LNT or LQ 
without threshold model. If the LDDR evaluation rejects the no-effect 
null in favor of decreased risks, then this would be consistent with a 
hormetic dose-response. 

Examples of cherry-picking by ignoring or dismissing evidence for 
nonlinear dose-responses in (NCRP, 2018) include: 

Page 2: "This Report represents an update of the guidance provided in 
NCRP Report No.136, Evaluation of the Linear-Nonthreshold Dose­
Response Model for Ionizing Radiation (NCRP, 2001)". 

The NCRP's previous assessment (NCRP, 2001 ) acknowledged sev­
eral dose-response models, including but not limited to supralinear, 
LNT, threshold, and hormetic (Fig. 3), and Section 9.3.8.1 of that report 
gave at least cursory consideration of the hormetic model. Since Com­
mentary 27 is presented as an update of NCRP Report No. 136, it is 
notable that it arbitrarily excludes the hormetic (and supralinear) 
model, even from the figure on the cover illustrating various dose-re­
sponse models (Fig. 3). Note that the left panel in Fig. 3, from (NCRP, 
2001 ), includes a hormetic dose-response model. The right panel is on 
the cover of (NCRP, 2018), and the hormetic dose-response has been 
omitted. Most of the studies evaluated considered only LNT and 
sometimes linear quadratic models, and some considered a possible 
threshold (but inappropriately shift the burden of proof onto the no­
effect null). None of the studies reviewed considered the possibility of a 
hormetic model, and similarly, Commentary 27 completely ignores this 
possibility, and there is no explanation for this apparently arbitrary 
exclusion. The omission of the hormetic dose-response model as an 
alternative to the LNT is not consistent with an objective and neutral 
evaluation of the various alternative dose-response hypotheses, instead 
inappropriately establishing a confirmation bias favoring the LNT. 

The NCRP's minimization of the possibility of nonlinear dose-re­
sponses is evident in their evaluation of the Mayak studies: 

Page 3: "After adjusting for plutonium exposure, the ERR Gy- 1 was 0.12 
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(95% CI: 0.03, 0.21) for solid cancer based on the external dose to the 
colon, and there was no indication of nonlinearity (p > 0.5) 
(Sokolnikov et al. , 2015)". 

Page 38: The Commentary asserts that Mayak studies, "Showed good 
correspondence with a linear model". 

Page 49: "For external dose to the colon and mortality from all solid 
cancers excluding lung, liver and bone (i.e., excluding cancers at the 
major sites of plutonium deposition), ERR Gy-1 = 0.12 (95% CI: 0.03, 
0.21) adjusted for plutonium exposures with no indication of non­
linearity (p > 0.5)". 

Examination of the Mayak solid cancer incidence data (Fig. 4) 
shows that seven of the eight data points (and all of them < 1 Gy) had 
relative risk confidence intervals that included 1.0, and the 95% con­
fidence interval on the linear fit included negative slopes. 

Table 4.3 in (NCRP, 2018) lists a threshold of 0.2 Gy for the Mayak 
solid cancer mortality data. Examination of the data for solid cancers 
excluding lung, liver and bone (Fig. 5 ) reveals that for the solid cancer 
mortality ERR three of the four lowest data points have central esti­
mates less than zero, and for the lowest dose category is significantly 
less than zero. Yet the possibility of a threshold has been excluded, and 
hormetic model was not considered or even mentioned. The assertion 
that there was no indication of nonlinearity is misleading. 

Evidence for nonlinearity was also ignored for the Techa River 
studies: 

Page 4: "The recent studies of the Techa River cohort have found 

associations between radiation dose and incidence and mortality rates 
for solid cancers and leukemia ( other than CLL) that they report are 
linear in dose response (Davis et al., 2015; Krestinina et al., 2013; .. . ) 
(Section 4.3.1). For the 2300 deaths from solid cancers the linear ERR 
Gy-1 was 0.61 (95% CI: 0.04, 1.27), but there was uncertainty as to the 
shape of the dose response, especially at low doses (Schonfeld et al , 
2013)". 

Page 4: "For non-CLL leukemia incidence the ERR Gy-1 was 2.2 (95% 
CI: 0.8, 5.4) and the linear model provided the best fit (Krestinina et al., 
2013)". 

There is also possible evidence of hormesis in the solid cancers data 
from the Techa River Cohort (Davis et al., 2015), as discussed in 
(Cardarelli and Ulsh, 2018). Once again, the authors claimed, 

"There is a statistically significant (P = 0. 02) linear trend in the 
smoking-adjusted all-solid cancer incidence risks". 

The data in Fig. 6 shows that the two lowest dose categories have 
ERR estimates lower than the zero dose controls, consistent with a 
hormetic dose-response. It cannot be determined whether the data is 
sufficient to reject the no-effect null in the low dose region, as the au­
thors did not include any analysis of this possibility, and no error bars 
were included in their graphical presentation of the data (Fig. 6). This is 
not discussed in (NCRP, 2018). This study cannot be presented as 
providing support for the LNT model when a hormetic model wasn't 
even considered. 

As discussed in (Cardarelli and Ulsh, 2018), the low dose leukemia 
data from the Techa River cohort also shows evidence of a hormetic 
dose response, but this was not acknowledged or discussed by the au­
thors. The total leukemia rates reported for the five lowest dose groups 
were lower than the control group (those who received < 0.01 Gy). 
Only the two highest dose groups (those receiving 0.5-1 Gy and 1 + 
Gy) exceeded controls [Table 4 of (Krestinina et al., 2013), reproduced 
here as Fig. 7]. For leukemia excluding CLL, the rates for two of the 
three lowest dose groups were below that for the control group (Fig. 7), 
suggesting a threshold or hormetic effect, which was not discussed in 
(NCRP, 2018). Instead, the authors claimed that their data, " ... are 
consistent with a linear dose response ... ". Given the appearance of a 
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Fig. 3. Dose-response models. The left panel is Figure 2.1 from (NCRP, 2001). Red arrow added for emphasis showing a hormetic model. This graph was described as, 
"Schematic representation of contrasting types of dose-response relationships. (a) linear-nonthreshold dose-response relationship over the entire dose range, down to 
zero dose; (b) linear-nonthreshold relationship only at low-to-intermediate levels of dose, above which the curve bends upward (as is characteristic of the linear­
quadratic type of relationship); (c) threshold dose-response relationship, in which no effect is produced at doses below the threshold indicated on the intercept; (d) 
supralinear response in which the effects per unit dose at low doses exceeds that of higher doses; (e) hormetic response in which the frequency of effect is reduced at 
low doses and increased only at higher doses". (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this 
article.). The right panel is the cover image from NCRP Commentary 27. 
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Fig. 4. Data from [(Hunter et al. , 2013), Fig. 2, which was reproduced as Figure 
4.3 in (NCRP, 2018)]. Dashed oval added for emphasis. The authors described 
this data as, "Relative risks of other solid cancer incidence in relation to ex­
ternal exposure categories and the linear trend (and 95% CI), having adjusted 
for internal exposure (based on 0-year lag)". 

hormetic dose-response, but the lack of any related analyses, the 
Commentary should not cite these results as supporting the LNT model 
and excluding the threshold or hormetic models. 

The NCRP continued to ignore evidence of nonlinearity in their 
recommendations for future research: 

Page 6: "The large bank of blood and tissue samples should be studied 
more robustly by the biomedical community to identify bioindicators of 
drivers of adverse outcome pathways that mediate between radiation and 
disease development". 

Page 8: "For radiation-induced adverse health outcomes, a clear need is 
to identify bioindicators that define the pathway from normal to malig­
nant cells that can be used for developing biologically based dose-re­
sponse models. Analyzing epidemiologic data in conjunction with re­
levant radiobiological concepts and data has the potential to provide 
insights about low-dose risk that augment knowledge gained from the 
empirical epidemiologic data in isolation (NCRP, 2015)." 

The study of bioindicators should not be arbitrarily limited to pos­
sible adverse outcomes. No rationale for excluding possible protective 
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Fig. 5. Mayak mortality data for solid cancers other than lung, liver, and bone 
from Fig. 2 of (Sokolnikov et al. , 2015), reproduced as Figure 4.4 in (NCRP, 
2018). Dashed oval added for emphasis. The authors described this data as, 
External exposure dose response for solid cancers other than lung liver and 
bone .... for doses below 1.5 Gy. The solid line is the fitted linear dose response, 
the points are ERR estimates in dose categories. The thick dashed line is a non­
parametric smooth fit to the categorical estimates while the thin dashed lines 
indicate plus or minus one standard error from the smoothed curve. The models 
used in this analysis included no adjustment for plutonium exposure". 

outcomes consistent with adaptive or hormetic responses is presented. 
The NCRP's consideration of confounding also ignores the potential 

for thresholds: 

Page 14: "Because a risk factor correlates with a disease ( e.g., smoking 
and lung cancer) does not necessarily mean it confounds the radiation 
association with that disease. It can confound the radiation-disease as­
sociation only insofar as the risk factor is also correlated with the amount 
of radiation exposure". 

While this is strictly true, the Commentary seems to implicitly dis­
count potential biases unless they are correlated with recorded radia­
tion dose. However, the "NT" part of the LNT model can be incorrectly 
indicated if important sources of radiation dose are neglected, whether 
they are correlated with radiation dose or not, by shifting the linear part 
of the dose-response toward the origin. It appears that this possibility 
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Fig. 6. Techa River solid cancer incidence data from [(Da vis et al., 2015) Fig. l, 
reproduced as Figure 4.7 in (NCRP, 2018)] . Dashed oval added for emphasis. 
The authors described this data as, "Solid cancer dose response. All results 
shown are based on models with adjustment for smoking in the baseline rates. 
The green lines are the fitted linear (solid) and quadratic (dash-dot-dot) dose­
response curves. The orange points are ERR estimates in dose categories while 
the thick-blue-dashed curve is a nonparametric smooth fit to these points. The 
outer blue-dashed curves represent approximate (pointwise) 6 standard error 
limits on the nonparametric smooth". (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of this 
article.). 
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Fig. 7. Techa River leukemia incidence data from Table 4 of (Krestinina et al. , 
201 3). Dashed ovals added for emphasis. 

was not considered. 

Page 16: " ... unshared classical error (Le., random individual dosimetry 
error), if present, can bias the dose-response slope toward the null [Le., 
zero (Stram et al., 2015); .. . ]. However, adjustment for shared, Berkson 
and random measurement uncertainties is unlikely to change a sig­
nificant dose response to a nonsignificant response (Le., if the confidence 
bound for a risk estimate does not include the null value, the uncertainty­
adjusted bound usually will not include the null value either)(Stram 
et al. , 2015). There does not seem to be a reasonable case that the po­
sitive dose-response associations that are consistent with a LNT model 
are due to dosimetry inaccuracies, especially for studies with measured 
doses in individuals". 

The assertion that the effects of dosimetry errors is to bias dose-
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responses toward the null is based on the implicit assumption that the 
true underlying dose-response has a LNT form. This assumption is ex­
plicitly stated in the reference NCRP cited, (Stram et al. , 2015), "In this 
paper we derive expected scores and the information matrix for a model 
used widely in radiation epidemiology, namely the linear excess relative 
risk (ERR) model that allows for a linear dose response (risk in relation to 
radiation) and distinguishes between modifiers of background rates and 
of the excess risk due to exposure" (emphasis added), however this LNT 
assumption is not disclosed in (NCRP, 2018). It is not clear that this 
assertion is accurate when the true underlying dose-response has a 
different form (e.g. linear with threshold, or hormetic), and is in­
appropriately modeled with a LNT dose-response. This section of text 
ignores the possibility that evidence of a threshold can be erased by 
omitting important sources of exposure. 

Page 18: "The statistical precision of a study is a key determinant of the 
study's contribution toward evaluating the shape and slope of the dose 
response risk for detrimental health outcome". 

Statistical precision of a study would also be a key determinant of 
the study's contribution to an unbiased evaluation of all alternative 
hypotheses - including a hormetic dose-response - not just for de­
termining the slope of a LNT model. This possibility doesn't seem to 
have been considered by the NCRP. 

Page 18: "To assess the main dose-response mode~functionalforms such 
as linear, quadratic, linear-quadratic, nonparametric, categorical (the 
risk in each category of a set of predefined dose categories), and dose 
threshold ideally should be examined". 

The NCRP arbitrarily excluded the possibility of a hormetic dose­
response, without explanation. 

Cherry-picking by ignoring the possibility of nonlinear dose-re-
sponses was evident in the NCRP's evaluation of other studies too: 

Page 39: The Commentary asserts that the Rocketdyne study, "Couldn't 
evaluate shape of dose response because risk estimate was negative for 
solid cancer". 

A negative risk estimate does not prevent an evaluation of the shape 
of the dose-response. It suggests a hormetic model. This possibility was 
omitted and apparently not considered. 

As previously mentioned, the NCRP's evaluation of the LSS data 
inappropriately set the LNT up as the null hypothesis. The evidence for 
thresholds in the LSS data was also dismissed and even ignored: 

Page 45: "The estimated lowest dose range with a significant ERR for all 
solid cancer was 0-0.20 Gy, and a formal dose-threshold analysis in­
dicated no threshold; Le., zero dose was the best estimate of the 
threshold". 

Page 48: "The LSS cohort of atomic-bomb survivors has provided im­
portant data because it is a large cohort with accurate dosimetry, a wide 
dose range, all ages at exposure and over 60 y of high quality mortality 
follow-up, a relatively large number of excess solid-cancer cases (992) 
and cancer deaths (527), and features that enable relatively high sta­
tistical power and precision of risk estimates, including a statistically 
significant dose response, not adjusted for smoking, for all incident solid 
cancer over the dose range 0-100 mGy ( or significant for the range 
0-200 mGy in the mortality data)" 

Page 49: "A pure quadratic model provided a significantly poorer fit to 
the dose-response data than a linear model for both solid cancer in­
cidence and mortality, and there was no evidence of a significant dose­
response threshold for either endpoint". 

Page 49: "An analysis of the most recent mortality data indicated excess 
risk over the range of 0-200 mGy that was congruent with the LNT slope, 
and the new tumor incidence data showed a statistically significant dose 
response slope over the range of 0-100 mGy". 
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Page 49: " ... the [LSS] study provides strong indirect support for the use 
of a LNT mode~ with consideration of a DDREF factor, for use in 
radiologic protection". 

The authors concluded, " . .. a formal dose-threshold analysis in­
dicated no threshold; Le., zero dose was the best estimate of the 
threshold" (Ozasa et al., 2012a, 2012b). Reviewing 'the threshold ana­
lysis conducted by the authors of the LSS cohort (Ozasa et al., 2012a, 
2012b), others found that the LSS authors excluded the possibility of 
negative risk values despite eight of the ten lowest data points having 
confidence intervals including negative values. Alternative analyses 
that did not exclude negative values were consistent with a nonzero 
threshold (Doss, 2012; Sasaki e t al., 2014; Siegel and Welsh, 2015; 
Socol and Dobrzynski, 2015; Ulsh, 2015). The NCRP did not acknowl­
edge or address these alternative analyses. A threshold model is also 
consistent with both the latest solid cancer incidence and mortality 
data, yet the Commentary's language here shows a confirmation bias 
favoring the LNT. 

The NCRP also ignored criticisms of some of the other studies it 
cited. For example, considering a meta-analysis of thyroid cancer risks, 
the NCRP stated, 

Page 5: "A recent pooled analysis of external thyroid irradiation in 
childhood and subsequent thyroid cancer in nine studies showed a sig­
nificant dose response from O m to 100 mGy and no evidence of non­
linearity (Lu bin et al., 201 7 )". 

Page 105: "The analyses reported in the Lubin et al. (201 7) paper 
provide strong support for use of the LNT modeL They indicate that, at 
least for the association of radiation with thyroid cancer, there is a 
statistically significant dose-response over the restricted range of O -
100 mGy that is compatible with linearity. This is strongly supportive of 
the use of the LNT model as prudent for radiation protection." 

Page 105: "A dose-threshold analysis showed a maximum likelihood at 
0 mGy and had a threshold upper bound of 40 mGy". 

Page 126: "A pooled analysis of studies of childhood external irradiation 
and thyroid cancer also showed a significant dose-response association 
over the dose range of 0--100 mGy (Lubin et al. , 2017)". 

The study by Lubin discusses thyroid cancer incidence, which is 
very vulnerable to overdiagnosis and a screening effect (Takano, 2017). 
In the aftermath of a widespread radiation exposure, public health re­
sponses sometimes include mass thyroid screenings. The screening 
programs detect previously occult thyroid nodules that naturally ex­
isted in the population unrelated to the radiation exposure, that are 
mistakenly attributed to the radiation exposure upon detection. The 
incidental observation of thyroid nodules can trigger additional diag­
nostic imaging and lead to subsequent diagnosis of thyroid cancer, even 
though the relationship between thyroid nodules and lethal thyroid 
cancer has not been definitively established. This situation occurred in 
the aftermath of the Fukushima accident (Cuttler et al., 2017; 
Yamashita et al., 2018). 

Since no cost-benefit analysis or optimization study of the LNT 
model was presented, it says nothing whatsoever about the prudence of 
using the LNT model for radiation protection (See Section 7). 

Seven of the nine data points less than 100 mGy presented in (Lubin 
et al., 2017) have confidence intervals that include a relative risk value 
of 1.0 (Fig. 8, upper panel), and visual inspection of the cubic spline fit 
appears to indicate a slightly negative slope at low doses (Fig. 8, lower 
panel). Therefore the data over the restricted range of 0-100 mGy is 
compatible with a threshold, which corresponds to the null of no effect. 
This is not strongly supportive of the use of the LNT model. 

Furthermore, (Lubin et al. , 2017) state, "Estimates of threshold dose 
ranged from 0.0 to 0.03 Gy, with an upper 95% confidence bound of 
0.04 Gy". (Lubin et al., 2017) further states, 

"We examined deviances to estimate threshold dose (h). For, 0.2 Gy, 
deviances (open circle) and a moving-average smoothing (solid line) 
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Fig. 8. Data from [(Lubin et al. , 2017), Fig. 1, which was reproduced as Figure 
4.9 in (NCRP, 2018)]. Dashed ovals added for emphasis. The authors described 
this data as, "Category-specific RR of thyroid cancer by thyroid radiation dose 
(solid symbol) with 95% Cl, a moving-average smoothing (gray line) and 
standard deviation (thin gray line), the fitted linear ERR model (solid black 
line), and a restricted cubic spline (dash-dot-dot line). Data pooled from nine 
cohort studies and limited to, 0.2 Gy (main panel) or, 0.1 Gy (inset). Also, the 
linear-exponential-linear model. .. fitted to all data with the full range of doses 
(dash line)". 

increased (Le., poorer fit) with possible threshold values, with 
minimum deviance (star symbol) at 0.00 Gy (Fig. 2, main panel). 
Deviances changed little through 0.02 Gy. For, 0.1 Gy, the minimum 
deviance occurred at 0.025 Gy, with no change through 0.03 Gy 
(inset panel), indicating limited ability to identify a specific 
threshold. One-sided upper 95% Cls were 0.036 for, 0.2 Gy and 
0.044 for, 0.01 Gy (dash line)." 

An examination of Fig. 9 reveals approximately equal deviances up 
to perhaps 0.03 Gy (estimated by visual inspection), which is consistent 
with a nonzero threshold. 
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Fig. 9. Data from [(Lubin et al., 2017), Fig. 2]. Dashed oval added for emphasis. 
The authors described this data as, "Deviances for linear ERR models given a 
threshold dose (h) (open symbol) (see text for model), with deviances rescaled 
to zero at the minimum deviance (star symbol) and a moving average 
smoothing. Dash line identifies one-sided 95% confidence limit. Data pooled 
from nine cohort studies and limited to ,0.2 Gy (main panel) and ,0.1 Gy 
(inset)". 
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The NCRP also limits their consideration of future research needs to 
supporting the LNT: 

Page 138: "Information on new and as yet undiscovered biomarkers of 
radiation risk ( rather than of exposure) of cancer or cardiovascular 
endpoints need to be explored as potential mediators or modifiers of 
radiation effects . .. These could eventually be built into the statistical 
analysis of cancer risk at low doses. Analyzing epidemiologic data in 
conjunction with relevant radiobiological concepts and data also has the 
potential to provide insights into LNT that go beyond those gained from 
merely analyzing the empirical epidemiologic data in isolation .. . ". 

Current radiobiological data [e.g. (Feinendegen, 2016; Luckey, 
1980, 1991 )] suggest the possibility of thresholds and/or horrnetic 
dose-response models, yet this Commentary has dismissed threshold 
models, and ignored horrnetic models. Radiobiology has the potential 
to provide insights into low dose, low dose-rate biological effects 
(Paunesku et al. , 2017) - not just into the LNT model - and those in­
sights should inform future epidemiological studies to incorporate ap­
propriate study designs which will allow for rigorously testing any 
plausible dose-response hypothesis (Sacks et al., 2016). Arbitrarily 
limiting this suggestion only to LNT is symptomatic of a pro-LNT bias. 

Page 140: " .. . while some have argued in support of a practical threshold 
for management of the risk of radiation-induced cancer, epidemiology 
alone will not be able to resolve the issue of whether there are dose 
thresholds for radiation risks, thus also supporting the need for further 
integrated radiobiology and epidemiology research (NCRP, 2015)". 

Agreed. Yet (NCRP, 2018) dismissed the radiobiological evidence 
suggesting thresholds, and completely ignored the radiobiological evi­
dence suggesting hormetic dose-responses [e.g. (Feinendegen, 2016; 
Luckey, 1980; Luckey, 1991)]. 

5. Suppression of evidence: ignoring criticisms and limitations 

Numerous criticisms of the studies cited by (NCRP, 2018) have been 
published, alleging serious methodological problems, and identifying 
numerous examples where conclusions supporting the LNT model are 
more enthusiastic than the underlying data warrant. By and large, these 
criticisms were not acknowledged or cited in (NCRP, 2018). Examples 
include: 

Page 3: "INWORKS: Large studies that combine data from workers from 
numerous nuclear installations in a number of countries have been 
conducted . . . . An important study is the INWORKS, which included 
-308,000 workers from nuclear facilities in France, the United 
Kingdom, and the United States and -18,000 solid cancer deaths .. . 
INWORKS found an association between the cumulative external photon 
dose to the red bone marrow (RBM) and mortality from non-chronic 
lymphocytic leukemia (CLL) with an excess relative risk (ERR) Gy ... - 1 of 
3.0, 90% CI: of 1.2-5.2 (90% Cl: 1.2, 5.2). External dose to the colon 
(used as the prototypic organ) was associated with mortality from all 
solid cancers combined (ERR Gy-1 of 0.47; 90% CI: 0.18, 0.79). For 
solid cancer there was no evidence of nonlinearity (p = 0.44). These risk 
estimates were similar to those in the LSS data. Even when the cumulative 
colon dose was restricted to 0-100 mGy, a marginally statistically sig­
nificant dose response was seen for all cancers excluding leukemia. These 
results in the low dose range, however, might be interpreted with some 
caution because statistically significant risks were seen for cancers not 
convincingly linked to ionizing radiation (such as the testis, rectum and 
peritoneum), positive associations reported for asbestos-related cancers 
(pleura and mesothelioma), and puzzling results regarding neutron ex­
posures (Richardson et aL, 2018; UNSCEAR 2008)". 

Page 9: " .. . few studies have analyzed radiation risks with control for 
possible confounding by lifestyle ( e.g., smoking), other disease risk fac­
tors or other sources of radiation exposure; these factors may diminish 
the consistency of findings. Nevertheless, it should be emphasized that 
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lifestyle or other disease risk factors will cause confounding only if their 
frequency ( or intensity) varies appreciably according to dose". 

Page 17: "On the other hand, if individual doses were imputed based on a 
dose reconstructions from limited information, there may be unknown 
biases in the shared-dose estimates, but dosimetrists involved in the major 
studies have devoted much effort to providing reasonably accurate esti­
mates of shared doses". 

Page 18: "Interpretation, however, becomes difficult if the organ dose 
from other exposures exceeds the gamma ray dose". 

Page 49: "INWORKS found associations between the cumulative dose 
from external sources of photons to the red bone marrow (RBM) and 
leukemia (excluding CLL) mortality, ERR Gy-1 = 2.96 (90% CI: 1.17, 
5.21), and the external dose to the colon and mortality from all solid 
cancers combined, ERR Gy-1 = 0.47 (90% CI: 0.18, 0.79). For solid 
cancer there was no evidence of nonlinearity (p = 0.44). These risk 
estimates are compatible with predictions based upon LSS data. " 

Page 55: "It is extremely important to pay particular attention to the 
doses and their uncertainties for the early periods of exposure (1940s 
and 1950s) when doses tended to be highest, since those with higher 
cumulative doses tend to drive the analytic results. But this is the period 
when the least information from the historical records is available, so 
uncertainties potentially would be the greatest. It is unclear how ade­
quately the investigators surmounted this challenge. " 

Several methodological issues have been identified with the 
INWORKS studies (Doss, 2015a; Nagataki and Kasagi, 2015). In addi­
tion, no fewer than twelve methodological shortcomings have been 
identified by (Sacks et al. , 2016). In addition to the many methodolo­
gical shortcomings identified by others, the omission of occupationally 
required medical imaging exams [which are distinct from medical doses 
received by the public at large through mass tuberculosis screenings 
(Haygood, 1994)], can result in potentially significant underestimation 
of external radiation dose (Cardarelli and Ulsh, 2018). None of these 
issues were discussed or even mentioned in (NCRP, 2018). 

Page 53: Of the dosimetry for the INWORKS studies, the Commentary 
states, "the original dosimetry is mostly inaccessible". 

At least for the US sites included in the study, this is not true. In 
most cases, the original dosimetry for nuclear weapons workers has 
been collected by the National Institute for Occupational Safety and 
Health, which is the employer of some of the INWORKS authors. 

Page 3: "Overall the nuclear worker studies lend considerable support to 
the inference that an excess risk of cancer exists following protracted 
exposure to low doses received at a low dose rate, and the excess risk is 
compatible with a LNT model", and "the studies provide substantial 
support for the LNT model". 

Page 49: "Overal~ the nuclear worker studies lend support to the in­
ference that an excess risk of cancer exists following protracted exposure 
to low doses received at a low dose rate, and the excess risk is compatible 
with a LNT model". 

Given the significant methodological issues identified in the 
INWORKS studies, and the results of the Mayak studies, this conclusion 
is not justified. 

Page 60: "Notably, even over the range of 0-100 mGy the risk was 
marginally statistically significant [ using their criterion of p < 0. 05 on a 
one-tailed test (Le., the dose response would not be statistically sig­
nificant based on a two-tailed test)]". 

The fact that the INWORKS studies used a one-tailed test, instead of 
a more appropriate two-tailed test, demonstrates a bias by arbitrarily 
excluding the possibility of negative risk estimates. This is not discussed 
in either the INWORKS study or the Commentary. 
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Page 139: "Some studies explicitly found risk in the dose range of 
100 mGy or less, e.g., the atomic-bomb survivor studies, the INWORKS 
worker study, and the pooled radiation and thyroid cancer analysis". 

The LSS incidence study itself (Grant et al., 2017) concludes, "At 
this time, uncertainties in the shape of the dose response preclude de­
finitive conclusions to confidently guide radiation protection policies". 
The Commentary contradicts the authors of the incidence study by 
concluding that the LSS studies provides strong evidence for the LNT 
model, when no significant risks were detected below 0.2 Gy (mor­
tality) or 0.1 Gy (incidence), and statistically significant curvature 
(nonlinearity) was observed. The Commentary ignored significant cri­
ticism of the INWORKS study, as detailed above. 

Page 37: The Commentary lists the following limitations of the LSS study, 

• "Only one acute, high dose-rate exposure, not protracted exposures. 
• Study started in October 1950, > 5 y after the bombings, so early data 

missing. 
• Possible "healthy survivor effect," particularly at high doses. 
• Low proportion of men of military age. 
• Malnourished Japanese population at time of bombing and for several 

years thereafter. 
• Retrospective dosimetry, no personal measurements, and some doses 

uncertain. 
• Incidence data for solid cancer available only beginning 13 y after ex­

posure. 
• Out-migration: could not ascertain tumor incidence outside of Hiroshima 

and Nagasaki prefectures, but mortality data available for all of Japan. 
• Curvature for incidence data is attributable to male data in the range of 

0.2 - 0. 75 Gy, not for O - 0.2 Gy; reasons for that unclear. 
• Curvature for mortality data is seen over O - 2 Gy range. " 

Page 45: "The Hiroshima and Nagasaki city/prefecture (regional) tumor 
registries provide high-quality tumor incidence data. Limitations are that 
such data are available only since 1958 and only for the two prefectures, 
but AHS participation data provide a way to estimate the prefecture out­
migration rates by age, sex, and temporal period, so the incidence de­
nominators are adjusted for population migration... Sociodemographic 
variations, such as urban/rural differences, have been examined to a 
limited extent... Background disease rates in Japan have historically 
differed from those in western populations [e.g., higher Japanese rates of 
stomach cancer, liver cancer, and stroke; lower rates of breast cancer, 
colon cancer, and ischemic heart disease (IHD)], which creates un­
certainties about how to extrapolate atomic-bomb survivor risk estimates 
to western populations. This has usually been approached as an across­
the-dose-range generalization issue [ e.g., ERR versus excess absolute risk 
(EAR) extrapolation], and there is no information about how disparate 
background disease rates of variant lifestyles might affect low dose risk 
estimation." 

Page 46: "Examination of the dose response for the full dose range or the 
0-2 Gy range suggests that excess risk was relatively depressed compared 
to the linear model over the range of roughly 0.2-0.7Gy for unknown 
reasons ... " 

The Commentary does not discuss that the LSS dosimetry included 
only acute gamma and neutron exposures, while the role of other bomb­
caused factors, e.g. fallout (Sutou, 2017), induced radioactivity, thermal 
radiation (UVR), electromagnetic pulse (EMP), and blast, were ex­
cluded (Aleta, 2009). Thermal radiation, EMP, and blast had a dis­
tribution pattern similar to radiation dose (decreasing with distance 
from the hypocenter) (Evans, 1950; Pearse and Payne, 1949), and could 
therefore reasonably be suspected of introducing unaccounted biases. 

An explanation for the observed depression in risk from 0.2 G to 
0.7 Gy has been proposed by (Doss, 2013), 

"In calculating the ERR values, the authors did not use a zero dose 
cohort as a baseline group since even the lowest dose cohort had 
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some exposure to the atomic bomb radiation (See Table 1 of the 
report) (Ozasa et al., 2012). Instead, they fitted the cancer mortality 
data for all the different dose cohorts using ERR in the form of a 
linear (or linear plus quadratic) function of dose multiplied by an 
effects modification factor to account for other variables such as age, 
sex, etc., and extracted the ERR values from the fit to the whole 
dataset (see page 231 of the report) (Ozasa et al., 2012). In this 
procedure, the cancer mortality rates of the lowest dose cohorts 
effectively determined the baseline cancer mortality rate through 
linear extrapolation to zero dose. If the low dose radiation cohorts 
had reduced cancer rates compared to the baseline cancer rate due 
to radiation hormesis, then this procedure would introduce a ne­
gative bias in the baseline cancer rate, since the lower cancer rates 
at low doses (extrapolated to zero dose) would effectively be used as 
the baseline cancer rate during the fitting process." 

The Commentary ignored this possible explanation, and instead 
asserted that the explanation was unknown. This is misleading. 

Page 48: "The upward curvature seen in males does not necessarily argue 
against LNT; it may rather suggest a LDEF > 1, Le., a lower slope at low 
doses than at high doses". 

The data exhibits significant curvature and this most certainly does 
argue against the LNT. It is consistent with the radiobiological data 
suggesting qualitatively different responses to high doses and low 
doses. The fact that the Commentary explains away these results to 
preserve the LNT, while ignoring a plausible explanation proposed in a 
peer-reviewed paper (Doss, 2013), suggests pro-LNT confirmation bias. 

The NCRP also evaluated the 15-country study: 

Page 51: " . . . there are concerns about doses recorded during early time 
periods of the study, especially between 1944 and 1957 when annual 
recorded doses tended to be higher than in later years and major changes 
were occurring in dosimetry measurement technology and administrative 
practices. Furthermore, the impact of neutron dose and internal dose on 
the dose response is not clear, and there is a distinct possibility that better 
accounting of these doses could affect the estimates of risk. The methods 
of accounting for doses that were below the limits of detection were 
another source of uncertainty. In summary, although the JS-Country 
Study dosimetry effected a significant improvement in the overall dose 
estimates, questions of underestimation of dose due to missed dose, 
neutron dose, and internal dose remain, as acknowledged by the dosi­
metry investigators (Thierry-Chef et al., 2015)." 

One issue not mentioned by the NCRP is the failure to account for 
doses from medical screening required as a condition of employment, 
resulting in potentially significant underestimation of external radiation 
dose, as discussed for the INWORKS study above (Cardarelli and Ulsh, 
2018). Neglecting this important source of exposure seriously com­
promises the conclusions of the IS-country study. 

6. Circular reasoning: incorporating implicit assumptions that 
favor LNT, then claiming evidence supports LNT 

All scientific studies necessarily include initial assumptions. But 
problems arise specifically with radiation epidemiology studies when 
practices, often implicitly accepted without discussion, favor or even 
dictate a LNT outcome, and the study is subsequently cited as sup­
porting the LNT model. This is an example of circular reasoning 
(Dowden, 2018), and has the effect of concealing possible thresholds or 
hormetic outcomes, and/or inflating risk estimates. 

A particularly pernicious example of circular reasoning is assuming 
(without evidence) that null results (Le. risks not significantly different 
from zero) are the result of statistical imprecision (Sacks et al., 2016). 
While this is certainly possible, the most parsimonious explanation, 
indeed the scientifically correct but frequently ignored conclusion, is 
that the data are insufficient to reject the null of absence of risk, 
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therefore the null stands. 
Examples of circular reasoning in (NCRP, 2018) are provided below: 

Page 4: Discussing Chernobyl thyroid cancer data, the Commentary 
states, 

"Both cohorts showed strong linear dose-response functions with no 
evidence of nonlinearity, though perhaps with a somewhat lower risk per 
unit dose than seen in studies of children exposed to external gamma 
radiation. The thyroid doses are believed to be sufficiently accurate to 
support a LNT interpretation. " 

The data presented in (Brenner et al., 2011 ) reveals that the authors 
used Poisson regression and assumed a linear excess risk model (they 
also mention linear-exponential and linear-quadratic models). They 
make no mention of testing for a threshold. Furthermore, they state, 
"The fitted linear dose response was adjusted to pass through the lowest 
1-131 category", which arbitrarily disallows a threshold, even if there 
was one. So there is no basis for concluding that this study provides 
evidence against a threshold. The study also lists 11 dose categories, but 
no tabular results of risk by dose category are provided. The graphical 
presentation of results [shown as Fig. 1 in (Brenner et al., 2011 )] only 
shows six data points. The graph provides no error bars for thyroid 
dose, and the paper states that even though dose uncertainties were 
calculated in previous papers (with GSDs ranging from 1.6 to 5.0), the 
arithmetic mean of thyroid doses were used, presumably as a point 
estimate. Therefore the basis for the Commentary's conclusion that the 
thyroid doses are sufficiently accurate to support a LNT interpretation is 
not obvious. 

Pages 9, 139: "Because individual studies with low doses (less than 
100 mGy) almost inevitably have relatively low statistical power, the 
findings for radiation and solid cancer are often not statistically sig­
nificant". 

Lack of statistical power is one possible explanation for null find­
ings. However, the most obvious and parsimonious explanation is to 
accept the null hypothesis that there is no effect at low doses unless the 
evidence is sufficient to reject the null in favor of a nonzero risk. The 
fact that this explanation is not even mentioned is an example of pro­
LNT confirmation bias. The Commentary provided no evidence to de­
finitely conclude that the failure to observe risks at low doses is due to 
statistical imprecision, rather than to a real absence of a risk. 

Page 18: "In the baseline model it is usuqlly appropriate to adjust for sex, 
age at exposure, attained age, and sometimes calendar period or birth 
cohort to avoid confounding, as well as to explore whether those vari­
ables may be effect modifiers of the radiation dose response. When in­
formation on smoking, alcohol-intake, or other lifestyle or socio­
demographic factors is available, it is important to examine whether it 
may be a confounder or an effect modifier... Sometimes it may be ap­
propriate to adjust for factors such as duration of employment in worker 
studies, and medical risk factors (e.g., obesity or diabetes) for some types 
of outcomes such as CVD. " 

This section of the Commentary omits the importance of uncertainty 
in study-derived estimates in baseline risk compared to actual popula­
tion baseline risks. Failing to account for this can lead to spurious es­
timates of risk increases incorrectly attributed to radiation exposure 
(Scott, 2016). 

Page 139: "It is important to point out that there may be a DDREF in­
volved that is greater than one, so that the LNT does not imply a single 
straight-line proportionality of effects from high, acute doses to low doses 
and/or low dose rates". 

By definition, the LNT hypothesis certainly does imply "a single 
straight-line proportionality of effects from high, acute doses to low 
doses and/or low dose rates". The DDREF is an external, post-hoc 
manipulation factor applied to the data because the LNT model doesn't 
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fit the low-dose data. If the LNT model were accurate and sufficient, no 
DDREF would be necessary. 

7 . Policy judgements without foundation 

The suitability (or lack thereof) of the LNT model as an alternative 
scientific hypothesis is distinct from its use as a radiation protection 
instrument. In fact, it has been argued that even if the underlying dose­
response relationship is nonlinear, the LNT model is still appropriate for 
use in radiation protection based on practicality (Breckow, 2006), a 
characterization the NCRP has embraced. 

It is true that the LNT is easy to use, as it allows for the additivity of 
doses received in different exposure scenarios (e.g. an acute, external 
exposure versus a chronic, internal exposure) or at different times. 
However, the assertion that applying the LNT is more practical than 
applying other alternative dose-response models, especially a threshold, 
is simply stated prima facie in (NCRP, 2018). No supporting evidence 
was provided to support this claim. The NCRP goes further, and judges 
the use of the LNT model as prudent without providing the necessary 
cost-benefit analysis required to support such a claim. The prudence of 
applying the LNT model for radiation protection is certainly debatable, 
as the experiences at Chernobyl and Fukushima amply demonstrate 
(Gonzalez et al., 2013; Jaworowski, 2008; Siegel et al., 2017b; Thomas, 
2017; Thomas and May, 2017; Waddington et al., 2017b; Yumashev 
et al., 2017). Such challenges to the prudence of the current reliance on 
the LNT model for radiation protection are worthy of discussion. 
However, such a discussion is completely absent from (NCRP, 2018). 
Examples of unfounded policy judgments in (NCRP, 2018) are provided 
below: 

Page 9: " ... no alternative dose-response relationship appears more 
pragmatic or prudent for radiation protection purposes than the LNT 
model". 

Page 9: "While the ongoing development of science requires a constant 
reassessment of prior and emerging evidence to assure that the approach 
to radiation protection is optima~ though not necessarily perfect, NCRP 
concludes that, based on current epidemiologic data, the LNT model 
(perhaps modified by a DDREF) should continue to be utilized for ra­
diation protection purposes". 

Page 10: "For over 40 y the linear nonthreshold (LNT) dose-response 
model has been used to develop practical and prudent guidance on ways 
to protect workers and the general public from the potential harmful 
effects of radiation while, at the same time, balancing the beneficial, 
justified, and optimized uses of radiation in our society. The LNT model 
is practical because a linear relationship is easy to apply, and prudent 
because it is unlikely to underestimate risk at low doses". 

The Commentary presented no cost-benefit analysis, or any other 
evidence, to support this assertion that LNT is pragmatic or prudent. 
Without such an analysis, this conclusion is not supported. It is no 
longer possible to simply accept pronouncements of the pragmatism, 
and especially the prudence of the LNT model as the basis of radiation 
protection when such assertions are contradicted by recent retro­
spective analyses of the responses to the Chernobyl and Fukushima 
accidents. According to the fundamental principle of justification, ra­
diation protection measures should do more good than harm (ICRP, 
2007). But in both of the real-world examples oflarge-scale radiological 
incidents, the accidents at Chernobyl and Fukushima, the LNT model 
has been applied to calculate hypothetical risks from low radiation 
exposures, and the resulting responses have been problematic 
(Gonzalez et al., 2013; Socol et al., 2013), and done more harm than 
good (Higson, 2014; Thomas, 2017; Thomas and May, 2017; 
Waddington et al., 2017a, 2017b; Yumashev et al. , 2017). Ignoring the 
lessons from the Chernobyl and Fukushima accidents, and continuing to 
assume the prudence of the LNT model in spite of the demonstrated 
negative public health consequences is no longer defensible. Similarly, 
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the NCRP's assertion that the LNT model is prudent because it is un­
likely to underestimate risk is incompatible with the latest guidance in 
(ICRP, 2018), which although it asserts the prudence of the LNT model 
(a position with which I disagree), notes that, 

" ... there are remaining uncertainties at low levels of exposure that 
necessitate value judgements. Decision making requires prudence as 
a central value. However, prudence should not be taken to be synon­
ymous with conservatism or never taking risks" . (emphasis added) 

Page 139: "The most recent epidemiologic studies show that the as­
sumption of a dose-threshold model is not a prudent pragmatic choice for 
radiation protection purposes". 

This conclusion is unsupported. Table 4.3 of (NCRP, 2018) lists five 
of 19 (26%) studies that putatively considered possible thresholds, in­
cluding the INWORKS studies. However, neither the INWORKS solid 
cancer study (Richardson et al., 2015) nor the INWORKS leukemia 
study (Leuraud et al., 2015) reports a threshold analysis. Therefore, 
only four of 19 studies (21 %) analyzed for a possible threshold, and 15 
of 19 (79%) did not. The NCRP's review cannot be considered in­
formative about thresholds, given 79% of the studies evaluated didn't 
even consider the possibility of thresholds. Furthermore, the Com­
mentary did not contain any cost/benefit analysis of a threshold model 
as a prudent and/or pragmatic choice for radiation protection purposes, 
nor did it conduct any optimization analysis demonstrating the super­
iority of the LNT model relative to any of the other alternative models 
(ICRP, 1992). In the absence of such an analysis, this conclusion lacks 
scientific foundation. 

8. Conclusion 

Reliance on preconceived biases and logical fallacies was evident 
even as early as the BEAR I Committee itself. The geneticists on the 
panel came into the study convinced of the correctness of the LNT 
model, and fiercely determined that the recommendations of the 
committee should not convey that there was any safe dose of radiation, 
an idea at odds with their opposition to nuclear weapons testing 
(Hamblin, 2007). The fateful 1956 decision by the BEAR I Committee to 
embrace the LNT model in controversial circumstances began six dec­
ades of intellectual investment by advisory bodies in this dose-response 
model. Unfortunately, advisory bodies have adopted the role of ad­
vocates of the LNT model, rather than serving as neutral skeptics 
(Mossman, 2009) objectively testing and evaluating multiple plausible 
alternative hypotheses. Just eight years after BEAR I accepted the LNT 
model, (Platt, 1964) cautioned against the practice of becoming too 
attached to any particular scientific model. Platt quoted T.C. Cham­
berlain, 

"Chamberlin says our trouble is that when we make a single hy­
pothesis, we become attached to it. The moment one has offered an 
original explanation for a phenomenon which seems satisfactory, 
that moment affection for his intellectual child springs into ex­
istence, and as the explanation grows into a definite theory his 
parental affections cluster about his offspring and it grows more and 
more dear to him ... There springs up also unwittingly a pressing of 
the theory to make it fit the facts and a pressing of the facts to make 
them fit the theory ... To avoid this grave danger, the method of 
multiple working hypotheses is urged. It differs from the simple 
working hypothesis in that it distributes the effort and divides the 
affections .. . Each hypothesis suggests its own criteria, its own means 
of proof, its own method of developing the truth, and if a group of 
hypotheses encompass the subject on all sides, the total outcome of 
means and of methods is full and rich." 

The advisory bodies following BEAR I have fallen into the trap of 
defending LNT model against its critics, rather than performing rig­
orous hypothesis testing designed to challenge various alternative hy­
potheses (e.g. LNT, linear with threshold, hormetic, supralinear, etc. ). 
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The stated intention of the NCRP's latest commentary " .. .is to de­
termine whether these epidemiologic studies broadly support the LNT 
model of carcinogenic risk as used in radiation protection or, on the 
contrary, whether there is sufficient evidence that the LNT model is 
inappropriate". Because of the inherent shift of the burden of proof in 
this stated purpose, the actual effect of (NCRP, 2018) will be to provide 
political cover for regulators ' ongoing reliance on the LNT model to 
predict LDDR effects (Sacks and Siegel, 2017). This is a missed oppor­
tunity for an objective analysis of the effects of low dose, low dose-rate 
radiation effects, and it is unlikely to advance our understanding of this 
important topic or convince skeptics of the validity of using the LNT 
model as a tool for radiation protection. To make progress in this long­
running debate, I recommend that the next expert review on the topic of 
LDDR effects: 

1. Appropriately frame the null hypothesis (no effect of radiation on 
cancer risk), and various alternative dose-response models (e.g. LNT, 
linear quadratic, linear with threshold, hormetic, etc.); 

2. Acknowledge and objectively evaluate criticisms of the LNT model 
as a tool for radiation protection; 

3. Acknowledge and objectively evaluate the significant body of evi­
dence suggesting nonlinear dose-response relationships, between 
particularly LDDR radiation exposures and cancer risk; 

4. Consider the entire body of evidence on the topic of health effects of 
LDDR radiation exposure, explicitly including both biology and 
epidemiology; 

5. Critically evaluate real-world experiences applying the current LNT 
based system of radiation protection, including appropriate cost­
benefit analyses to inform judgments about prudence. To the extent 
possible, such an evaluation should consider whether or not reg­
ulatory strategies based on alternative dose-response models (e.g. a 
linear threshold model) provide superior public health outcomes. 

An objective review which incorporated these recommendations by 
an expert body with the prestige of the NCRP would represent the most 
significant progress in decades toward bridging a seemingly intractable 
gap fracturing the radiation protection community. Due to the NCRP's 
Congressional charter to serve as the nation's pre-eminent source of 
expert advice on radiation protection matters, no organization is better 
positioned to conduct such a review. It is my hope that the issues raised 
in this paper will encourage this critical undertaking. 
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