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Abstract

The linear no-threshold (LNT) model was introduced into the radiological protection system
about 60 years ago, but this model and its use in radiation protection are still debated today. This
article presents an overview of results on effects of exposure to low linear-energy-transfer radiation
in radiobiology and epidemiology accumulated over the last decade and discusses their impact on
the use of the LNT model in the assessment of radiation-related cancer risks at low doses. The
knowledge acquired over the past 10 years, both in radiobiology and epidemiology, has reinforced
scientific knowledge about cancer risks at low doses. In radiobiology, although certain mechanisms
do not support linearity, the early stages of carcinogenesis comprised of mutational events, which
are assumed to play a key role in carcinogenesis, show linear responses to doses from as low as

10 mGy. The impact of non-mutational mechanisms on the risk of radiation-related cancer at low
doses is currently difficult to assess. In epidemiology, the results show excess cancer risks at dose
levels of 100 mGy or less. While some recent results indicate non-linear dose relationships for some
cancers, overall, the LNT model does not substantially overestimate the risks at low doses. Recent
results, in radiobiology or in epidemiology, suggest that a dose threshold, if any, could not be
greater than a few tens of mGy. The scientific knowledge currently available does not contradict the
use of the LNT model for the assessment of radiation-related cancer risks within the radiological
protection system, and no other dose-risk relationship seems more appropriate for radiological
protection purposes.

1. Introduction

In the low dose range of ionising radiation, i.e. at doses of low linear-energy-transfer (LET) radiation below
100 mGy according to the classification proposed by the United Nations Scientific Committee on the Effects
of Atomic Radiation (UNSCEAR) (UNSCEAR 2015), the radiological protection system is based on the
assumption that the radiation-related risk of stochastic effects (cancers and hereditary effects) is directly
proportional to the dose received, with no dose threshold below which there is no risk. This model is
conventionally referred to as the linear no-threshold (LNT) model.

This LNT model concept was introduced into the radiological protection system in the late 1950s
(ICRP 1959). Nevertheless, several forms of dose-effect relationship appear possible at low doses, based on
biological considerations (UNSCEAR 2012, 2021, NASEM 2022), and the use of the LNT model has since
been the subject of numerous scientific discussions and controversies (Brenner et al 2003, Wakeford 2005,
Tubiana et al 2007, Little et al 2009, Calabrese 2016). Some experts or groups argue that the LNT model
could overestimate the actual risk, supporting a possible existence of a dose threshold below which there is
no risk, or perhaps even health benefits (hormesis effects). In contrast, others criticise it for significantly
underestimating the actual risk at low doses of ionising radiation, suggesting that the true relationship
between the dose received and the undesirable effect is supra-linear.

Today, the LNT model and its use in the radiological protection system are still the topic of lively debate
(Doss 2018, Vuillez 2019, Health Physics Society 2020, Cuttler and Calabrese 2021, Calabrese and Selby
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2022). In the United States, the Nuclear Regulation Commission (NRC) received three petitions requesting
amendment of regulations at the federal level on the grounds of ‘new science and evidence that contradicts the
linear no-threshold (LNT) dose-effect model that serves as the basis for the NRC’s radiation protection
regulations’. The NRC rejected these complaints in 2021, concluding that ‘they fail to present an adequate basis
supporting the request to discontinue use of the LNT model’ (NRC 2021).

The objective of this article is to review the history of the LNT model, summarise recent data in
radiobiology and epidemiology, essentially since the latest recommendations of the International
Commission on Radiological Protection (ICRP) in 2007 (ICRP 2007), and discuss whether these results
support the existence of a threshold below which an excess risk does not exist, or whether they support the
use of a linear relationship for the assessment of radiation-related risks at low doses, i.e. at doses below
100 mGy of low LET radiation according to the UNSCEAR classification (UNSCEAR 2015).

The present article is essentially directed at low LET radiation, as most of the available results relates to
effects of exposure to low LET radiation. In the article, if not otherwise stated, doses are from low LET
radiation. Nevertheless, epidemiological results on radon and lung cancer are briefly summarised and aspects
related to high LET radiation are considered in the section 5. In addition, although the article focuses on low
doses, it also takes into account the results obtained on moderate doses accumulated at a low dose rate.

Because the use of the LNT model in radiological protection is limited to stochastic effects, the synthesis
of recent data in this paper focuses on cancer risks and biological mechanisms of carcinogenesis. Non-cancer
pathologies are not considered in this document.

To avoid ambiguity, the term ‘dose-effect’ relationship will generally be used when discussing the results
of radiobiological studies pertaining to carcinogenesis and associated mechanisms, and the term ‘dose-risk’
relationship will generally be used in relation to the frequency of cancer obtained in epidemiological studies.

The initial version of this article served as a basis for an internal consultation procedure within the
Institute for Radiological Protection and Nuclear Safety (IRSN), which aimed at underlining, documenting
and eventually resolving controversies on the LNT model between a variety of researchers and experts in the
field of radiation associated risks and applied radiological protection. Some comments and proposals for
modification made in the context of this consultation have been taken into account and are integrated into
the present version. The present article and the results of this internal consultation will serve as a basis to
consolidate the position of the IRSN on the validity of the use of the LNT model in radiological protection.

2. History of the LNT model

2.1. Scientific basis and introduction of the LNT model in the radiological protection system

In 1927, H ] Muller reported having induced transgenerational phenotypical changes (i.e. hereditary
mutations of deoxyribonucleic acid (DNA)) in drosophilae (fruit flies) through the use of x-rays

(Muller 1928). Subsequently, other authors have confirmed the mutagenicity of x-rays on plants and various
animal species. The discovery that mutations can be caused by x-rays led to the Nobel Prize for medicine and
physiology being awarded to H ] Muller in 1946. Subsequently, the US National Academy of Sciences (NAS)
conducted a review of the effects of radiation, which culminated in the recommendation of an LNT model
for assessing the risk of radiation-related genetic mutations (NAS 1956). In 1958, the US National Council
on Radiation Protection and Measurements (NCRP) extended the application of an LNT model to the
induction of radiation-related mutations in somatic cells, and thus potentially to the cancer initiation process
(Calabrese 2019).

Until the 1950s, the radiological protection system only considered occupational exposures and aimed at
protecting individuals from the occurrence of short-term non-cancer effects (tissue reactions) and
leukaemias, after high acute doses of radiation (ICRP 2009).

The LNT model was introduced in 1959 in ICRP Publication 1 (ICRP 1959). The observation of an
increased rate of leukaemias among survivors of the atomic bombings in Japan had a profound impact on
the radiological protection community, highlighting the possibility that even moderate levels of exposure
could produce an excess of cancers in an exposed population. Over time, excess solid cancers (cancers of
different tissues and organs) were also observed. These studies have shown that the different cancers could
have long latency periods between the time of irradiation and the observation of an increase in the detectable
risk of cancer in the exposed population (several years for leukaemia and several decades for solid cancers)
(Meinhold and Taschner 1995).

The concept of stochastic effects, where the probability of occurrence rather than the severity varies with
dose, was introduced in ICRP Publication 9 in 1966. The question then arose of defining a dose threshold for
these stochastic effects, in particular for leukaemia and solid cancers. The choice was made in favour of an
LNT model, with the following justification: “The mechanism of the induction by radiation of leukaemia and
other types of malignancy is not known. Such induction has so far been clearly established after doses of more
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than 100 rads [1 Gy, low LET radiation], but it is unknown whether a threshold dose exists below which no
malignancy is produced. If such a threshold dose did exist, there would be no risk of the induction of malignancy,
as long as the threshold was not exceeded. As the existence of a threshold dose is unknown, it has been assumed
that even the smallest doses involve a proportionately small risk of induction of malignancies’ (ICRP 1966).

Twenty-five years later, in 1991, the ICRP analysed the dose level for which cancer risks are discernible, as
follows: ‘The principal source of risk estimation [...] will be the Japanese survivors of the atomic bombs who were
exposed to a range of doses at high dose rate and in whom statistically significant excess of cancer have been
observed at doses down to 0.2 Gy’. On this basis, the ICRP maintained the use of an LNT model, considering
that: “The simplest relationship between an increment in equivalent dose and the resulting increment in the
probability of a defined stochastic effect is that of a straight line through the origin. The human epidemiological
data are not sufficiently precise to confirm or exclude that relationship’. In addition, ‘the Commission has
decided to reduce by a factor of 2 the probability coefficients obtained directly from observations at high doses and
high dose rates [...]. The reduction factor is called by the Dose and Dose Rate Effectiveness Factor, DDREF. It has
been included in the probability coefficients for all equivalent doses resulting from absorbed doses below 0.2 Gy
and from higher absorbed doses when the dose rate is less than 0.1 Gy per hour’ (ICRP 1991). The use of the
LNT, with a DDREE, is thus integrated in the construction of the nominal risk and so of the radiological
detriment (ICRP 1991). It may be noted that the range of doses and dose rates considered at that time was
much wider than that considered today for low doses and dose rates (Lowe et al 2022). It can also be noted
that, according to this definition, the LNT model is supposed to apply to all types of radiation and not only
to low LET radiation.

2.2. Controversy between the French Academies of Science and of Medicine and the US NAS

In the mid-2000s, based on emerging results showing low dose radiation-related adaptive responses, genomic
instability and non-targeted effects, some authors suggested that simple linear extrapolation of dose-risk
relationships from high to low doses was not justified in all cases.

In particular, a joint report by the National Academy of Medicine and the Academy of Science in France
concluded that the LNT model and its use for assessing the risks associated with low doses were not based on
scientific evidence (Tubiana et al 2005, 2007). The authors reasoned that: ‘For low linear energy transfer
radiation, experimental animal data show the absence of carcinogenic effects for acute irradiation at doses less
than 100 mSv and for chronic irradiation at doses less than 500 mSv’ (Tubiana et al 2009). Furthermore, a
second argument concerned the results of epidemiological studies: ‘For doses greater than approximately
200 mSv, the epidemiology data enables the dose-effect relationship to be assessed with relative precision. On the
other hand, for low doses and especially for very low doses, epidemiology cannot confirm the existence of an excess
of cancer, nor can it rule out its possibility. However, it shows that this risk, if any, is low. These studies do not
detect any effects for doses of less than approximately 100-200 mSv in adults and 80—-10 mSv in children,
suggesting either that there are no effects or that the statistical power of the surveys was insufficient to detect
them’ (Tubiana et al 2007). Based on this, Tubiana et al suggested the idea of ‘practical thresholds’ for
carcinogenesis: ‘This concept means that below the dose threshold, the carcinogenic risk, if it exists, is so small
that it is without clinical importance’ (Tubiana et al 2009).

At the same time, a review of the scientific literature carried out by the Biological Effects of Ionising
Radiation (BEIR) committee of the US NAS concluded that ‘the current scientific evidence is consistent with
the hypothesis that there is a linear dose-response relationship between exposure to ionizing radiation and the
development of radiation-induced solid cancers in humans’ (NAS 2006).

These almost simultaneous publications of the reports of the French Academies of Science and of
Medicine and the US NAS resulted in an intense scientific controversy (Tubiana et al 2006, Brenner and
Sachs 2006).

In 2005, the ICRP carried out an in-depth analysis of the hypothesis of a cancer risk threshold at low
doses. The report concluded that: ‘while existence of a low-dose threshold does not seem to be unlikely for
radiation-related cancers of certain tissues, the evidence does not favour the existence of a universal threshold.
The LNT hypothesis, combined with an uncertain DDREF for extrapolation from high doses, remains a prudent
basis for radiation protection at low doses and low dose rates’ (ICRP 2005).

2.3. The LNT model in the current radiological protection system

In its most recent recommendations published in 2007, the ICRP maintained the use of an LNT model,
considering that at low doses ‘the increase in the incidence of stochastic effects is assumed by the Commission to
occur with a small probability and in proportion to the increase in radiation dose over the background dose’
Ultimately, the Commission reasoned that: ‘the adoption of the LNT model combined with a judged value of a
DDREF provides a prudent basis for the practical purposes of radiation protection, i.e. the management of risks
from low-dose radiation exposure’ (ICRP 2007).
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With respect to hereditary effects (effects occurring in the progeny of individuals exposed to ionising
radiation), epidemiology does not provide any evidence of an increased risk of such effects upon exposure to
ionising radiation in a human population. The risk assessment is thus derived from experimental
observations (especially in rodents) and is based not on a dose-risk relationship model, but on an estimate of
the ‘doubling dose’ (dose resulting in a doubling of the mutation rate possibly leading to genetic diseases,
estimated to be 1 Gy), then extrapolated linearly to low doses. It is on this basis that the risk of hereditary
effects is incorporated in the calculation of radiological detriment (ICRP 2007).

The fact that the ICRP considers that ‘the LNT model remains a prudent basis for low-dose, low dose-rate
radiological protection’ (ICRP 2007) should be interpreted in the ethical sense of the concept of prudence,
which is ‘the ability to make informed and carefully considered choices without full knowledge of the scope and
consequences of actions’. In Publication 138, the ICRP confirmed this point, stating that ‘The system of
radiological protection is based on solid scientific evidence; however, 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 synonymous with conservatism or never taking risks. It describes the
way in which decisions are made, and not solely the outcome of those decisions’ (ICRP 2018).

3. Summary of recent radiobiology knowledge

Unlike epidemiological studies in humans where the endpoint is usually the occurrence of, or death from,
cancer in populations exposed to ionising radiation, radiobiological studies on the mechanisms of cancer
induction and development are concerned with a very wide variety of different mechanisms or events. This is
because the process of carcinogenesis is a very complex and lengthy biological process, involving a wide range
of events and alterations, at molecular, cellular and tissue levels, and which is not yet fully understood
(Hanahan 2022). Consequently, experimental studies examining the responses of biological parameters
relevant to cancer after exposure to ionising radiation are very diverse in nature; they range from in vitro or
in vivo studies of various radiation-related responses and alterations at the molecular or cellular level, to

in vivo studies measuring cancer rates over time in exposed animal groups. A synthesis of the extensive
radiobiology literature with respect to mechanisms relevant to carcinogenesis was recently published by
UNSCEAR (UNSCEAR 2021).

3.1. Carcinogenesis process: mutation theory

The dominant theory of carcinogenesis is more than 100 years old and is known as the somatic mutation
theory (SMT) (Barrett 1993). It directly links mutagenesis, which is the process of the formation of mutations
in the DNA molecules of somatic cells, to the development of cancer (Vaux 2011). The SMT postulates that
DNA mutations in a single cell can cause neoplastic transformation of that cell, resulting in uncontrolled
growth of the cell and subsequent tumour formation. DNA mutations cover a wide range of genetic
alterations, ranging from point mutations to major chromosomal rearrangements called chromosomal
aberrations. These DNA mutations are preceded by the formation of initial DNA lesions induced by a variety
of exogenous and endogenous factors. Endogenous factors include DNA replication errors or the production
of reactive oxygen species (ROS) during normal cell metabolism, while exogenous factors include, for
example, chemical pollutants or ionising radiation. To cope with the inevitable production of DNA damage,
cells have developed sophisticated mechanisms for DNA repair or programmed death of the affected cells.
However, repair errors can occur and lead to the formation of various DNA mutations, ultimately
contributing to tumour formation (Hanahan and Weinberg 2011).

The SMT is supported by a large body of evidence, most of which has been accumulated since the
mid-20th century, and which remains valid to the present day. However, the knowledge accumulated over the
last two decades has revealed a much more complex nature of carcinogenesis (Hanahan 2022). In the 1980s
and early 1990s, the multi-stage mechanism of carcinogenesis was proposed and widely accepted (Barrett
1993). It consists of three stages usually referred to as ‘initiation, promotion and progression’. The initiation
stage is driven only by mutagenesis, i.e. the formation of mutations is a necessary step for initiation. In the
promotion stage, a mutant cell enters uncontrolled cell division resulting in hyperplasia or a small benign
tumour. This step does not require mutational events in a target cell, is reversible, and can be induced by
non-mutagenic agents (Hecker 1967). It is believed that non-mutagenic alterations in the cell, e.g. in
epigenetic regulation, can reprogram cell functions to achieve strong proliferation. Often, however, this stage
is also characterised by the formation of additional DNA mutations, most often via indirect mechanisms of
genetic instability (Fujiki et al 2013). Lastly, the transition from a benign tumour to a metastatic cancer is
accomplished in the third stage, known as progression. It appears that this late stage of carcinogenesis can be
mediated and controlled by a variety of mechanisms, both intrinsically within the target cell and extrinsically
as a result of tissue remodelling. It is in this stage that the function of the immune system and of the tissue
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microenvironment plays a key role (Barcellos-Hoff et al 2013). Interestingly, mutations are also involved in
this stage; however, these mutations are most likely secondary to the initial external stimuli and are mainly
caused by chronic inflammation that can trigger the production of ROS that can in turn induce more DNA
damage and mutations (Basu 2018).

3.2. Carcinogenesis process: non-mutational theories

Although the SMT has very strong experimental support, there is plenty of evidence suggesting that
mutations may not be the drivers of cancer (Vineis et al 2010). Indeed, it is well established that many
non-mutagenic agents are still capable of causing cancer (Bignold 2003). Such chemical products are likely to
act at the promotion stage, when target cells have already acquired initiating mutations, for example during
normal oxidative metabolism and cell division. Similarly, the alteration of the tissue microenvironment,
which can itself lead to carcinogenesis (Baker et al 2009), can in fact create the conditions favouring
uncontrolled proliferation of cells with pre-existing mutations. In principle, this evidence of non-mutational
mechanisms does not contradict the mutational theory of cancer but complements it. The most obvious
evidence against mutational theory as a single basis for carcinogenesis is the possibility of reversing cancer
cells back to normal cells of the same or a different tissue type (Bizzarri et al 2011). Moreover, when
non-cancerous embryonic stem cells are placed in an adult body, they may form a tumour, suggesting that
uncontrolled proliferation is encoded in normal cells and can be triggered by non-mutational mechanisms
(Damjanov 1993).

3.3. Dose-effect relationship at low doses

According to the SMT, exposure to ionising radiation would lead to an additional load of DNA mutations,
and therefore to an increased risk of cancer. Among the different types of DNA lesions, DNA double-strand
breaks (DSBs) are the most detrimental and are often associated with mutations, including chromosomal
aberrations that are associated with cancer (van Gent et al 2001). The development of a new sensitive method
of assessing DNA DSBs in the 2000s (Paull et al 2000) triggered numerous dose-effect studies for low dose
induced DNA DSBs in different cell types and under different irradiation conditions. As a result, it is now
well established that DNA DSBs increase linearly with dose, in various in vitro (Osipov et al 2015, Tsvetkova
et al 2017, Zaharieva et al 2022) and in vivo (Rube et al 2008, Markiewicz et al 2015) models. The role of
DNA DSBs and their repair in carcinogenesis was recently demonstrated in a study of the mutational spectra
in thyroid cancer in humans exposed to ionising radiation during the Chernobyl nuclear power plant
accident (Morton et al 2021). Although the authors did not study a dose-response relationship, they
demonstrated a key role of mutations arising from DNA DSB repair. Although it is not fully established that
the conversion of an initial DNA DSB to mutations follows a linear relationship (effects of repair, removal of
damaged cells) (Averbeck 2009, Dalke et al 2018), the UNSCEAR provides good reasons to assume that at the
mutation level linearity is maintained (UNSCEAR 2021). Therefore, with regard to initial molecular and
genetic events, the radiobiological studies support linearity. This is the position adopted by UNSCEAR in its
2021 report: ‘The Committee concluded that there remains good justification for the use of a non-threshold
model for risk inference given the robust knowledge on the role of mutation and chromosomal aberrations in
carcinogenesis (UNSCEAR 2021).

However, as stated in the previous section, it is important that, in addition to mutational,
non-mutational mechanisms are accounted for in the consideration of dose effects. To this end, it is useful to
briefly consider results of dose-effect studies where the effect is a direct measurement of tumour formation.
It turns out that such studies produce results that do not directly show linearity (Shin et al 2010, Dalke et al
2018). In fact, most radiobiological studies that have measured the incidence of tumours (proportion of
animals with cancer) and the rate of tumours (number of tumours per animal) in animals exposed to
different doses of ionising radiation have reported results that are not consistent with linearity (for example,
6 out of 7 in vivo studies reviewed by UNSCEAR in its recent report (UNSCEAR 2021) show no increase in
incidence/rate of tumours at the lowest dose used).

One possible explanation of this observation may be related to the ability of cells to accurately repair low
levels of DNA damage via various DNA repair pathways (although a fraction of cells may end up with errors)
or to the elimination of mutant or critically damaged cells, which overall reduces the probability of cancer.
Another possibility lies with the non-mutational mechanisms of cancer described above. Low doses of
ionising radiation may not be able to negatively influence the non-mutational mechanisms of carcinogenesis,
for example the immunological regulation and chronic inflammation. In this case, even if few cells did
transform into pre-neoplastic cells via mutation, the tissue microenvironment may be able to control and
suppress their proliferation, thus blocking the promotion and, in particular, progression stages of
tumorigenesis.
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There exists evidence showing that low doses of ionising radiation can stimulate or activate various
protective mechanisms, such as the induction of DNA repair and antioxidant systems in irradiated cells or
reinforce antitumour immunity in irradiated organisms. These results are often presented as evidence against
the LNT model (Averbeck et al 2018, Gueguen et al 2019, Scott and Tharmalingam 2019,

Tharmalingam et al 2019).

Effects can also be observed in cells that are not directly affected by ionising radiation. These effects,
called ‘non-targeted effects, can be broadly assigned to two groups: bystander effects (effects on cells adjacent
to irradiated cells), and abscopal effects (effects on tissues away from the irradiated site). Non-targeted effects
can both inhibit and promote the process of tumorigenesis. The latter case is mainly associated with genomic
instability, which is an increased rate of DNA and chromosome mutations observed for long periods after
exposure to ionising radiation. It may be considered that these mechanisms might contribute to the
non-mutational components of carcinogenesis.

The numerous results accumulated over the past 15 years have confirmed the existence of these
non-mutational mechanisms in carcinogenesis and suggest that the radiation-related carcinogenesis is not
limited to mutational mechanisms. However, as of today, this evidence remains fragmented and overall lacks
consistency. These mechanisms are likely to potentiate or mitigate the risk of cancer, but their impact on the
risk of radiation-related cancer at low doses is difficult to assess (UNSCEAR 2021, Wojcik 2022). Further
research into these non-mutational mechanisms is warranted and expected to strengthen the knowledge
about their involvement in carcinogenesis.

3.4. Synthesis and outlook

Although the fundamental mechanisms of carcinogenesis are not yet fully understood, the theory of the
SMT, which has existed for more than a century, has seen a significant evolution in the past 20 years,
acknowledging a significant role played by non-mutational mechanisms in carcinogenesis.

Induced mutations today appear to be the main driver of carcinogenesis induced by ionising radiation. A
large number of radiobiological studies demonstrating a linear dose effect for DNA damage and mutations
do tend to support the LNT model in the assessment of cancer risks. These results do not show the existence
of a dose threshold below which no effect would be observed, at least from a level of around 10 mGy
(Shimura and Kojima 2018; UNSCEAR 2021).

Today, it remains difficult to take into account non-mutational mechanisms due to the inconsistency of
relevant results. However, the direct measurement of tumour levels in animal studies does not rule out the
possibility of a threshold in a dose-effect relationship for the incidence of cancer at low doses.

This divergence represents a significant challenge for the field of low dose radiobiology and warrants
future animal studies. These studies should be designed in such a way that within a single experiment, initial
radiation-related mutational events, long-term changes in the tissue microenvironment and immune system
can be measured, along with the tumour rate and incidence. This would allow to experimentally test the
transition of linearity from a dose-effect relationship to a dose-risk relationship. The development of
multidisciplinary approaches involving radiobiology, epidemiology, and modelling (Laurier et al 2021), such
as the adverse outcome pathway approach (Chauhan et al 2022) or mechanistic models (NCRP 2020),
should make it possible to better understand the discrepancies between experimental results in animals and
observational results in humans (Zhu et al 2022).

4. Summary of recent epidemiology findings

Opver the past 10 years, the ability of epidemiological studies to reveal stochastic effects associated with low
doses of ionising radiation has improved substantially. Several decades of monitoring exposed populations
since the 1940s, such as Japanese survivors of the atomic bombings of Hiroshima and Nagasaki (Ozasa et al
2012, Grant et al 2017) or nuclear workers (Richardson et al 2015), allowed for quantification of risks of
diseases that develop several years after exposure and more frequently at an advanced age. International
collaborative studies, through the pooling of data from several regional cohorts, have also contributed to
improving knowledge of effects at low doses, thanks to increased statistical power, thus providing greater
precision in risk assessments (Richardson et al 2015, Lubin et al 2017, Little et al 2018).

This section presents an overview of recent informative epidemiological studies on the LNT model,
i.e. studies that have quantified cancer risks according to the dose received, with sufficient statistical power to
assess the risks at low dose levels and provide information about the form of the dose-risk relationship.

4.1. Risk of cancer at low doses and questions about the existence of an effect threshold
Recent studies have reported excess cancer risks associated with ever lower dose levels. In 2012, the analysis of
the risk of death from solid cancers in the life span study (LSS)—the cohort of Japanese survivors of the 1945
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atomic bombings—concluded that there was a significant excess risk of solid cancer over the 0—-200 mGy dose
interval (Ozasa et al 2012). The authors had formally tested the existence of a dose threshold below which the
excess risk would be zero and had concluded that the most likely value of this threshold was zero, with an upper
limit of the 95% confidence interval equal to 150 mGy. A few years later, the study of the risk of solid cancer
based on incidence data and longer follow-up of the LSS reported a statistically significant excess risk over
the 0-100 mGy dose interval, and again performed tests that did not suggest the existence of a dose threshold
(Grant et al 2017). In 2015, the association between the risk of death by cancer (other than leukaemia)
and cumulative exposure to a series of low doses of ionising radiation was assessed in a cohort of more
than 308 000 workers (mostly men) from the nuclear industry in the United States, France, and Great Britain
(INWORKS study). In this study, although exposure was received cumulatively over the entire occupational
lifetime, the authors revealed a proportional increase in the risk of death from cancer with the cumulative
dose. The observed dose-risk relationship was still statistically significant over the limited dose interval
of 0-100 mGy, with a slope compatible with that estimated for the entire cohort (Richardson et al 2015).
Analysis of the risk associated with low doses for specific cancer sites is more difficult than for all cancers
considered together, since the lower number of observed specific cancer site cases leads to lower statistical
power. Lubin et al (2017) conducted a large-scale study of thyroid cancer, assembling data from nine cohorts,
i.e. nearly 108 000 people exposed to doses of external sources of radiation (predominantly low LET) less
than 200 mGy during childhood for medical reasons or from the bombings of Hiroshima and Nagasaki. The
authors reported highly significant dose-risk relationships, including in the 0-100 mGy dose interval
(Lubin et al 2017). The authors tested the existence of a dose threshold and estimated that this threshold
varied between 0 and 30 mGy, with an upper limit of the 95% confidence interval equal to 40 mGy. In the
INWORKS study, the risk analysis for leukaemia mortality revealed a significant dose-risk relationship for
cumulative photon doses between 0 and 300 mGy. Over smaller dose intervals, estimates of relative excess
risk of leukaemia were of the same magnitude, but associated with broader uncertainties (Leuraud et al
2015). The risk of leukaemia has also recently been studied in a cohort of more than 260 000 people from the
LSS or exposed to external sources of photons for medical reasons before the age of 21 at cumulative doses of
less than 100 mGy (Little et al 2018). The authors showed significant dose-risk relationships for acute
myeloid leukaemia and acute lymphoblastic leukaemia. For acute lymphoblastic leukaemia, the significant
association persisted even for doses of less than 50 mGy (Little et al 2018). A recent meta-analysis of 60
studies of in utero or early childhood exposures concluded that there is now little doubt that an excess risk of
childhood leukaemia extends to the low dose range, down to 50 mGy (Little et al 2022).

4.2. Shape of the dose-risk relationship for cancers
Recent studies have also strengthened our knowledge with regards to the shape of the dose-risk relationship
for cancers. Analysing the risk of death from solid cancers in the LSS, the authors considered that the
dose-risk relationship was generally linear, but an upward curvature of the dose-risk relationship was
observed when the analysis was limited to survivors who received a dose to the colon of less than 2 Gy
(Ozasa et al 2012). In 2017, for the first time, the relationship between the risk of occurrence of solid cancer
and the dose received by survivors appeared different between males and females: linear for females, and a
marked upward curvature for males (Grant et al 2017). The authors suggested that this difference between
sexes may be attributed to a different distribution of anatomical sites of cancers between males and females
(for example, the proportion of lung cancers was greater in males, while thyroid cancers accounted for a
greater proportion of female cancers compared to male), since the dose-risk relationship is likely to take
different forms for different types of cancer. However, studies conducted in the LSS on specific anatomical
cancer sites (Furukawa et al 2013, Cahoon et al 2017, Brenner et al 2018b, 2020, Sakata et al 2019, Utada et al
2019, 2021, French et al 2020, Sugiyama et al 2020, Grant et al 2021, Mabuchi et al 2021) generally support a
linear dose-risk relationship, possibly due to a lack of statistical power. The choice of cancer baseline
modelling in the analyses of Grant et al (2017), which did not take into account the specific (e.g. temporal)
characteristics of each anatomical site but considered all solid cancers together, was also suspected of
introducing bias in determining the shape of the dose-risk relationship (Cologne et al 2019). The authors
concluded that analysis based on all solid cancers grouped together as a single entity is not the optimal
method for assessing the risk of solid cancers in the LSS (Cologne et al 2019).

In an attempt to explain the differences observed in the shape of the dose-risk relationship for solid
cancers in the LSS, between analyses based on mortality data (Ozasa et al 2012) and incidence data
(Grant et al 2017), and between males and females (Grant et al 2017), Brenner et al (2022) studied in detail
the parameters likely to influence the assessment of the dose-risk relationship. Using the most up-to-date
dosimetry system and applying identical modelling methods to the mortality data and incidence data, the
authors confirm that the dose-risk relationship observed for solid cancers is linear-quadratic in men, with an
upward curvature, and that the parameters describing the dose-risk relationship are of the same order of
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magnitude between analysis based on mortality data and analysis based on incidence data. For females, the
results are more complex: a linear-quadratic relationship is observed for mortality data, but the relationship
appears linear for incidence data. According to the authors, the contribution of breast and thyroid cancers
(with a good medical prognosis) which is higher for cancer incidence than for deaths could partially explain
the linearity of the dose-risk relationship for all solid cancers in females, as the risks of occurrence of breast
and thyroid cancer increase linearly with the dose in the LSS (Furukawa et al 2013, Brenner et al 2018b).
Analyses based on age at the time of exposure show that the curvature of the dose-risk relationship in males
(mortality and incidence) and females (mortality only) is particularly observed in survivors exposed before
the age of 20 (Brenner et al 2022).

In the INWORKS study of the risk of solid cancer mortality in workers, the authors revealed a linear
increase in the risk of cancer with the cumulative dose, with no evidence supporting a deviation from
linearity (Leuraud et al 2021). The distribution of anatomical cancer sites in INWORKS (32% of lung cancers,
5% of stomach cancers) (Richardson et al 2018) is very different from that observed in the LSS (20% deaths
from lung cancers and approximately 28% from stomach cancers in men) (Brenner et al 2022). In addition,
in INWORKS, individuals were exposed protractedly in adulthood, whereas in the LSS the curvature of the
dose-risk relationship seems to be due to acute exposures received before the age of 20. For the risk of
leukaemia, the shape of the relationship also appeared linear without deviation from linearity in INWORKS
(Leuraud et al 2015). Little et al (2018) and Lubin et al (2017) also reported linear dose-risk relationships for
leukaemia and thyroid cancer respectively, with little evidence in favour of a deviation from linearity.

4.3. Critical reviews of recent results

The epidemiological literature was reviewed by the NCRP to examine the validity of the LNT model for
radiological protection against exposure to low LET radiation (NCRP 2018, Shore et al 2018). The report
presents a critical review of 29 studies published after 2000, covering occupational, medical, and
environmental exposures. The quality of each study and its degree of support for the LNT model were
assessed. In total, only five studies did not support the LNT model, while four studies were considered
inconclusive. The report concluded that the majority of the studies assessed, including those with the highest
quality levels, showed good consistency with the LNT model for solid cancers and for leukaemia

(NCRP 2018, Shore et al 2018).

In 2020, the National Cancer Institute (NCI) in the United States published a monograph of
epidemiological studies on the risk of cancer after exposure to low doses of ionising radiation with low LET
(Berrington de Gonzales et al 2020). The analyses included a total of 22 studies published since 2006, with
mean doses of below 100 mSv, independent of the dose rate. The objective was to evaluate potential biases in
these studies, and to perform a meta-analysis. The authors concluded that ‘new epidemiological studies
directly support excess cancer risks from low-dose ionizing radiation. Furthermore, the magnitude of the cancer
risks from these low-dose radiation exposures was statistically compatible with the radiation dose-related cancer
risks of the atomic bomb survivors’ (Hauptmann et al 2020).

4.4. Synthesis and outlook

In recent years, most studies that have attempted to estimate a dose threshold have found values compatible
with 0 mGy, i.e. an absence of threshold (Ozasa et al 2012, Grant et al 2017, Lubin et al 2017). In conclusion,
no dose threshold can be proposed today based on the epidemiological literature available for low LET
radiation-related cancer.

With respect to the shape of the dose-risk relationship, the majority of published results remain
consistent with the use of a linear model. Observation of a divergence from a linear model in the latest cancer
risk monitoring data in survivors of the atomic bombings requires further analysis, in particular to better
understand the implications of age at exposure, the temporal course of baseline rates, and the contribution of
different types of cancer to this observation. For specific cancer sites, a linear-quadratic relationship is
observed in survivors of the atomic bombings only for leukaemia and oesophageal cancer (Hsu et al 2013,
Sakata et al 2019), but this could be due to limited power.

Of course, not all studies provide consistent results on the cancer risks of low dose and low dose rate
radiation. For example, the study of the population living in a high background radiation area in Kerala,
India, chronically exposed to low dose rate radiation, did not show a positive association between dose rate
and solid cancer risk (and even observed a non-significant negative association). The authors concluded that
their results suggest ‘a possibility that the risk of solid cancer associated with continuous low dose rate radiation
exposure is significantly lower than that associated with acute exposure’ (Jayalekshmi et al 2021). This
reinforces the pertinence of reviews and syntheses, taking into account all available results, to interpret risks
at low doses and dose rates, such as those published in recent years (Lubin et al 2017, Shore et al 2017, NCRP
2018, UNSCEAR 2018b, Hauptmann et al 2020, Little et al 2022, Rithm et al 2022).
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The development of ‘mechanistic’ models (i.e. incorporating information on biological mechanisms in
the modelling of the relationship between exposure to ionising radiation and the risk of cancer) appears to be
a promising approach to reconcile the results of biology and epidemiological analysis and consolidate the
quantification of risks at low doses (NCRP 2020). A review of the mechanistic models applied to
epidemiological data has been carried out (Rithm et al 2017). Nevertheless, the results show that, to date, the
uncertainties involved are considerable and that the models only provide a simplified description of the
underlying complexity of carcinogenesis. In addition, few of these studies have included a systematic
investigation of the implications for the form of dose response. Based on this review, the authors have
concluded that: ‘Current hypotheses in radiation protection, including the LNT model, do not contradict what is
currently known about the cancer development process’ (Rithm et al 2017). Several syntheses or meta-analyses
have been published in recent years (Lubin et al 2017, Shore et al 2017, NCRP 2018, Hauptmann et al 2020,
Little et al 2022, Rithm et al 2022), all of which conclude there is an association between dose and risk of
cancers at low doses or low dose rates. Based on its review of 2018, the NCRP concluded that ‘the LNT model
(with the steepness of the dose-response slope perhaps reduced by a DDREF factor) should continue to be utilized
for radiation protection purposes” (NCRP 2018).

It is generally considered that uncertainties associated with estimates of radiation-related risks in the low
dose range are large. A review of the main sources of uncertainty have been published by UNSCEAR
(UNSCEAR 2018a). Also, the UNSCEAR performed an evaluation of selected health effects (leukaemia, all
solid cancer and thyroid cancer) and inferences of risk from exposure to ionising radiation in specific
scenarios of exposure (repeated CT scans during childhood, occupational exposure in the nuclear industry,
post-Chernobyl exposure during childhood) (UNSCEAR 2020a). Results showed that most sources of
uncertainties were small or very small (less than a factor 1.5), and rarely higher than a factor of 2 (UNSCEAR
2020a). Also, a formal assessment of the potential impact of confounding and biases associated with
epidemiological studies at low doses was recently performed by the US NCI (Berrington et al 2020). This
systematic analysis concluded that ‘only a few positive studies were potentially biased away from the null. After
exclusion of these studies, the majority of studies still reported positive risk estimates’ (Hauptmann et al 2020).

In epidemiology, it is anticipated that in the coming years, a continued follow-up of cohorts that have
been in place for several decades (survivors of the bombings of Hiroshima and Nagasaki, patients exposed
during childhood, workers in the nuclear industry, etc) will strengthen our knowledge of dose-risk
relationships for specific cancer sites, in males and females, and should lead to a reduction in the
uncertainties that persist today. Longer follow-up times and ageing populations should increase the capacity
of statistical analyses to determine the shape of dose-risk relationships at low doses.

Epidemiological knowledge of cancer risks associated with internal contamination is much less
developed than for external exposures. Nevertheless, evidence of an association exists for certain types of
cancers and certain exposure situations. Especially, evidence on the risk of lung cancer associated with
exposure to radon and its progeny (high LET emitters) is compatible with an absence of threshold and a
linear dose-risk relationship (ICRP 2010, UNSCEAR 2020b). An association is also observed between
exposure to plutonium and lung cancer (ICRP 2021b). Extension of epidemiological studies on populations
exposed due to internal contaminations or to mixture of radiation types (occupational exposure of miners
and workers in the nuclear fuel cycle, environmental and post accidental exposure situations...) should
improve our knowledge of the dose-risk relationship also for high LET radiation.

5. Discussion

5.1. Limitations of experimental and epidemiological approaches

Both experimental and epidemiological approaches of effects and risks at low doses and low dose rates
present limitations. UNSCEAR proposed criteria to assess the quality of experimental studies (UNSCEAR
2021, appendix A) and epidemiological studies of radiation exposure (UNSCEAR 2018a).

For in vitro radiobiological studies, the main concern is that observations of cells that are deprived of
their normal tissue microenvironment, i.e. lacking a complex 3D structure, interactions with multiple cell
types, low oxygen concentration, etc, may not be representative of the mechanisms occurring in vivo,
especially for such complex processes as tumorigenesis. Additionally, a presumed predominant role of stem
cells in carcinogenesis (Trosko 2021) raises many questions on the relevance and usefulness of the results
obtained using irradiated non-stem cells for understanding the mechanisms of radiation-related cancer in
humans and thus the corresponding risks.

Although in vivo radiobiological studies represent a step forward compared to the in vitro studies with
respect to the above-mentioned aspects, they are facing another major limitation: the transferability of
results from laboratory animal models to humans. Although experimental rodent models have long been
used in radiobiological studies, it is still unclear whether the results can be systematically applied to humans.
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This is partially illustrated by the inability to demonstrate the absence of a threshold for induced
cancers/tumours in mouse studies, while evidence of effects at low doses from human epidemiological
studies increases with increasing cohort size. Peculiarities of laboratory environment used in animal studies,
such as limited space, sterilised food, group housing, inbreeding, etc, although allowing for a better control
of experimental conditions and thus group comparison, may in principle affect the process of tumorigenesis
compared to natural environments. It is also reasonable to suggest that lifestyle plays a far greater role on
cancer risk in humans than in laboratory animals, therefore limiting consistency between radiation
epidemiology and radiobiology. For example, it is difficult to demonstrate an increased risk of lung cancer
due to smoking in laboratory animals, whereas it is evident in humans. Addressing these issues through
laboratory research is challenging. Another limitation of radiobiological studies is related to difficulties in
comparing and consolidating results obtained in different strains of laboratory rodents or different species
(Snijders et al 2012, Rivina and Schiest] 2013). For example, the C57BL/6] strain is more radioresistant
compared to the CBA strain (Rithidech et al 1999), which may lead to differences in dose-effects, both for
DNA damage and for other parameters involved in the carcinogenesis process (Hamasaki et al 2007).

As far as epidemiological studies are concerned, the main objective is to measure the health effects of
exposure to a risk factor directly in human populations. Nevertheless, the majority of epidemiological studies
are observational (i.e. non-experimental), which poses problems of interpretation. Especially,
epidemiological studies do not control the parameters of the environment of the individuals, which can also
influence the occurrence of the observed effect. Typical limits of epidemiology include methodological
biases. Screening bias may lead to studying a group of people that is not representative of the target
population due to poor study inclusion criteria (e.g. volunteer-based participation). Classification bias may
occur when assigning to a person a different exposure (or dose) than that received (e.g. measurement errors)
or a disease that the person has not developed. Confounding applies when a third factor associated
independently with the disease and the exposure is not considered and whose absence in the analysis can
alter, reverse, or mask the real relationship between the risk factor studied and the disease (Bouyer et al
2009). Other risk factors may alter the radiation response if radiation interacts with these other factors, and
there is evidence for this, for example, in smoking and radiation and the combined risk of lung cancer. In a
recent NCI monograph, the authors systematically analysed the various sources of bias in epidemiological
studies and assessed their potential impact on cancer risk assessment at low doses (Hauptmann et al 2020,
Schubauer-Berigan et al 2020). They concluded that low dose risk assessment was not substantially biased
and that existing biases were unlikely to explain the results observed in most of the studies.

In addition to these conventional limitations in radiobiology and epidemiology, the constraint of low
statistical power must be taken into account when looking at the effects of exposure to low doses of ionising
radiation. A lack of statistical power may prevent detection of a small effect or risk at low doses. Failure to
observe an effect or risk at low doses should therefore not be considered as evidence of an absence of effect or
risk (absence of evidence is not equivalent to evidence of absence). In radiobiology studies, although strict
control of exposure conditions and the use of selected strains reduce inter-individual variance in groups of
animals, the small number of animals may limit the ability to detect small effects after low dose radiation. In
epidemiology, and in particular when studying low doses, the ability to reveal an excess risk may be limited,
due to the small number of exposure-related cases compared to the number of background cases expected in
the study population. In particular, it may be difficult to detect non-linearity in the