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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.

Key Words: LNT model; radiation hormesis; NCRP commentary no.
27; BEIR VIl report

J Nucl Med 2018; 59:1786-1793
DOI: 10.2967/inumed.118.217182

Received Sep. 7, 2018; revision accepted Sep. 24, 2018.

For correspondence or reprints contact: Mohan Doss, Diagnostic Imaging,
Fox Chase Cancer Center, 333 Cottman Ave., Philadelphia, PA 19111.

E-mail: mohan.doss@fccc.edu

Published online Sep. 27, 2018.

COPYRIGHT © 2018 by the Society of Nuclear Medicine and Molecular Imaging.

1786

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 (/).
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 (/) 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—/0). 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 lonizing Radiation
report VII (BEIR VII) by the National Academies 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 (/) 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
(13) 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 (/4). In addition, because of a reanalysis of
the Canadian data, the 15-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 (/6,17). 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 (20,27), and such studies have not been refuted.
Thus, a resolution of the controversy over low-dose radiation car-
cinogenicity 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
cell 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, cancer 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
(31). 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).

Is THE END OF THE LNT ERrRA IMMINENT?

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. 1A and 3C) (14,37), background radiation (Fig. 2B)
(38), cancer patients (Figs. 1C and 2C) (39,40), environmental ra-
diation (Figs. 2A and 3D ) (19,41), medical radiation (Figs. 1D and
3B) (20,42), and occupational exposure (Figs. 1B, 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
solid 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 [CI], 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
(51). 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 (57). 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
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(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 hormetic 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% CI, 1.05—
1.75), but SMRs for all cancers were not significantly increased, at
1.1 (95% CI, 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
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radiation dose (47). Data point at zero dose is from control population. (B) Relative risk for lung cancer mortality of males in counties of United States
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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 examinations, 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

Is THE END OF THE LNT ERrRA IMMINENT?

significant curvature (P = 0.09) for 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, this study also does not sup-
port the LNT model.

Doss 1789



T

A Year: 2005
: +

5]

[=

o

o

g 1F

=}

E

=

ﬁ b

b -3

o

£

o

@

° 05—

©

h=}

[—

8

«@ -

0 Il 1
0 100

C Radiation dose (mSv)
@ 15 T T T \
T Year: 2013
=

©

b=

o

£

g 'r

©

i

@

<

2

©

o

c 05

@

T

o

: }

&

& ||

3 "Ly

g

3

3

[

% 05 1 1 1 1 1

0 0.5 1 1.5 2 25 3

Reconstructed weighted colon dose (Gy)

B 7 fmry . . e
0.2 Year: 2011
©
>
2 L
)
]
=
4
©
o
© 01
[
=1
j=
©
o
©
c
8
§ e +
*
0 / aal PR 1 " P | Pa——
0 10 100 1,000 10,000
D Average dose to volume (mGy)
T
Year: 2018
12
53
o
=
o
2 1.0F
=l
]
S
T o8 +
(]
<
=
@
b=
g 06
°
N
©
5 04
k=l
[~
ot
7
02
L L L
0.0 Initial Update Update
publication (2008) (2017)

FIGURE 3. Evidence against LNT model or for radiation hormesis from 2000s to 2010s. (A) SMRs for all cancers in nuclear shipyard workers as
function of radiation dose (27). Error bars are 95% Cls. (B) Second cancers per kilogram of tissue in radiation therapy patients as function of dose to
tissue (20). Error bars are SDs. (C) ERR for solid cancer mortality in atomic bomb survivors, corrected for likely negative bias in baseline cancer
mortality rate used in analyzing data (74). Error bars are 95% Cls. (D) Standardized incidence ratios for cancers in irradiated residents of radio-
contaminated apartment buildings in Taiwan, from initial study and 2 updates (79). Error bars are 95% Cls. (Note: All studies show reduction of
cancers after low radiation exposures, contradicting LNT model and consistent with radiation hormesis).

20 T T T T T T

o

o

Relative rate of cancer mortality

05 1 1 1 1
300 400 500 600 700
Dose (mGy)

1 1
0 100 200

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.

1790 THE JOURNAL OF NUCLEAR MEDICINE ¢ Vol. 59 e

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 1). 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

Comments

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 (77)

Background radiation levels and
childhood leukemia (77)

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
(567,66) 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% ClI, 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% ClI, 0.80-0.84), as reported in Table A2 of supplementary materials of one
publication (77). 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 hormetic 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 (79), 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% CI, 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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