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Abstract: The role of signalling in initiating and perpetuating effects triggered by deposition of
ionising radiation energy in parts of a system is very clear. Less clear are the very early steps involved
in converting energy to chemical and biological effects in non-targeted parts of the system. The paper
aims to present a new model, which could aid our understanding of the role of low dose effects in
determining ultimate disease outcomes. We propose a key role for electromagnetic signals resulting
from physico-chemical processes such as excitation decay, and acoustic waves. These lead to the
initiation of damage response pathways such as elevation of reactive oxygen species and membrane
associated changes in key ion channels. Critically, these signalling pathways allow coordination of
responses across system levels. For example, depending on how these perturbations are transduced,
adverse or beneficial outcomes may predominate. We suggest that by appreciating the importance of
signalling and communication between multiple levels of organisation, a unified theory could emerge.
This would allow the development of models incorporating time, space and system level to position
data in appropriate areas of a multidimensional domain. We propose the use of the term “infosome”
to capture the nature of radiation-induced communication systems which include physical as well
as chemical signals. We have named our model “the variable response model” or “VRM” which
allows for multiple outcomes following exposure to low doses or to signals from low dose irradiated
cells, tissues or organisms. We suggest that the use of both dose and infosome in radiation protection
might open up new conceptual avenues that could allow intrinsic uncertainty to be embraced within
a holistic protection framework.

Keywords: ionizing radiation; UVA; acoustic signals; non-targeted effects; variable response model;
bystander signals

1. Introduction to Low Dose and Non-Targeted Radiobiology
1.1. General Background

The mechanisms underlying low dose and low dose rate effects of ionising radiation
are not fully understood but are now accepted to be quite different to high dose effects.
Low dose is generally defined as <100 mGy while low dose rate is <6 mGy/h [1]. Signalling
mechanisms induced by low doses determine responses of cells tissues and organisms [2–4].
Non-targeted effects (NTE), which include the bystander effect and delayed non-clonal
expression of reproductive death, mutation and chromosomal aberrations dominate the
response after low doses [4]. Although NTE are seen after high doses they contribute
proportionally less to the total response. The evidence for both good and bad low dose
effects is presented in a comprehensive review of the animal data by Tang et al. [5] who
concluded “all the radiation exposures induced either bionegative or biopositive effects on
fertility, tumorigenesis, and lifespan depending on genetic background, age, sex, nature of
radiation exposure (i.e., acute or chronic irradiation), type of ionizing radiation applied,
experimental design and statistical methodology used”. Until there is a dominant or unified
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message, the responses are different in different cells, tissues, organs or organisms. A major
question we intend to address in this paper is how the different responses to radiation
get coordinated and whether if these coordinating factors were better understood, we
could impact the treatment of diseases including cancer and CFS, where there is a public
perception but quite controversial and often contradictory evidence that LDR is implicated
in the aetiology.

1.2. The Importance of Signalling

A cornerstone of the thinking being discussed in this paper is that signalling coor-
dinates higher level response. We suggest that the effect of low dose radiation is due to
the dominant signal or message produced (“dominant” not “only”). Competing messages
are “noise”. The consensus in the field is that signalling pathways induced by stressors
including radiation are the key to understanding both the system level coordination of
low dose responses and the factors determining outcomes. These pathways constitute
the messaging and how they play out will be a consequence not just of dose, but of time,
context, and history. In other words the response may depend on the experiences and
memories of the recipient of the dose, be it a cell or an ecosystem. Many of these signalling
pathways are very well documented, e.g., [2–4], but the idea of them competing is less
thought about [6,7]. Recent developments in pathway and network analysis in system
biology [8–11] as well as the approaches favoured in mathematics and economics such
as complexity and chaos modelling (forecasting) offer hope that holistic approaches may
become more widely used in future [12–14].

Signalling pathways thus provide a means for coordinating responses but identifica-
tion of a signaling pathway does not inform about the ultimate outcome other than in a
probabilistic or stochastic sense [15–19]. A greater understanding of the steps involved in
the signaling process might make outcomes more predictable. The issue of uncertainty is
discussed in Mothersill and Seymour 2022 [20]. These ideas are fiercely unpopular among
those who wish to promote a threshold model of radiation protection because any possibil-
ity that radiation might cause any adverse low dose effects, means that a precautionary
approach is likely to be retained when setting dose limits [21–24]. The reality is that low
dose hypersensitivity exists [25–28] and non-targeted effects (discussed in the next section),
can result in both “good” and “bad” effects [2,29–32]. The debate should not really be cen-
tered on whether low doses of radiation are good or bad but should be concerned with how
systems deal with low doses of stressors and whether improved modelling or approaches
such as adverse outcome pathway (AOP) analysis can improve our ability to understand
and thus predict individual responses. Moves to do this are happening now [33–35]. It
is also worth noting here that in environmental radiation protection where survival of
the individual (or prevention of every single cancer) is not the protection goal, threshold
models are widely used. These models predict doses limits which protect populations or
biodiversity rather than individuals.

1.3. Non-Targeted Effects

Among the most important low dose signalling and communication mechanisms
are the non targeted effects (NTE) which predominate in the low dose range and refer to
events occurring in cells, tissues or organisms which did not receive a dose of radiation but
received signals from irradiated cells tissues or organisms (see [36–38] for recent reviews).
NTE used to be thought of as “bad” effects which somehow increased the “size of the target”
(bystander type effects) or the mutation tolerance of the system (genomic instability type
effects). Now however we have a much more nuanced holistic view and regard NTE as a
response to an insult or stress in the system rather than an insult in themselves. Depending
on the level of organisation examined, responses can appear to be good or bad but it is
very fluid and grey rather than black and white. The implications for risk attribution and
risk analysis of the multiple outcome options available to systems exposed to low doses of
stressors including radiation, are discussed in a recent publication by the authors [2].
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1.4. Candidate Signals-Chemical and Physical

The signals, and downstream events in cells affected by bystander signals have been
discussed in many reviews (e.g., [38–40]). Signals include calcium, reactive oxygen species
(ROS), nitric oxide (NO), and more recently identified physical signals including UVA and
sound. Exosomes and other extracellular vesicles appear to be important conveyers of
signals from targeted to bystander cells and in recipient cells, membrane channels, TGFb
and p53 are among agents involved in transduction of bystander, with mitochondrial
metabolism known to be a key factor in determining outcomes.

Our focus in this paper is on the physical signals and possible transduction pathways
of these signals. The demonstration that photon emission from irradiated cells can induce
bystander effects in non-exposed cells is new but there is a considerable amount of evidence
in the literature for photon emission from both living and dead organic material and in living
organisms there is evidence that the photon emission can be linked to signaling processes.

1.5. History of Physical Signal Discoveries

Since the earliest reports in the 1920s, there have been many papers documenting
low intensity photon emission from plant, animal, and human-derived material. This
history and more recent evidence are reviewed in Gurwitsch [41]. Popp et al., 1984 [42],
Gurwitsch 1920 [43], Baron 1926 [44], Bajpai et al., 1991 [45] found evidence in plants.
Animal emissions were recorded by Devaraj et al., 1991 [46], Evelson et al., 1997 [47], and
Van Wijk et al., 2014 [48], and emissions from human or murine derived material were
detected by Niggli 1996 [49], Niggli et al., 2008 [50], and Van Wijk et al., 2013 [51]. These
are often referred to as ultraweak luminescence or biophoton emission however in this
paper we refer to them as photon emissions from biological material. Photon emission
at very low fluxes has also been observed in the absence of a stimulus. This is referred
to as spontaneous photon emission [52]. These weak electromagnetic fields are thought
to be informational signals intended to facilitate inter- and intra-cellular communication
within a population of cells, tissues or organisms [41,53–55]. Photon emission can also
be elicited in response to a stimulus. The stimulated emission is generally much bigger.
Previous work done in our laboratory [56,57] showed that beta irradiation of cells (human
keratinocytes) led to significant photon emission in the blue and ultraviolet A (UVA)
range. Photon emission from biological materials has also been shown to be induced by
chemical agents and is therefore likely to be a generic stress response to foreign stimuli [58].
Van Wijk and colleagues have even used it as a marker of disease and stress states in
animals and humans although this type of application is highly controversial [59].

1.6. Physical Signals Can Trigger the Bystander Effect

As is the case with spontaneously emitted photons, previous work from our lab has
shown that the radiation-induced UV photons can act as bystander signals activating
radiation–like responses in non-targeted cells [60]. The experiments involved placing a
layer of tritium-incubated cells, under another layer of untreated cells separated by a
barrier such that the upper cells were only exposed to the subsequent radiation-induced
UV, not the initial beta radiation from the tritium. A bystander effect was observed
in the upper layer of non-beta exposed cells proving that UV induced cell communica-
tion occurred. When a UV filter was inserted between the layers, the bystander effect,
i.e., the induced cell communication, was not observed. We previously observed UV photon
emission from a number of organic materials including plastics and dried tissues [61], so one
mechanism of UV emission is probably simply a consequence of electron rearrangement,
e.g., excitation decay, after ionization events in atoms and/or molecular structures. Recent
experiments confirmed that gamma ray exposure of cells also leads to photon emission [62].
Attempts to demonstrate photon emission using an alpha emitter (radium) suggest that
radium does not induce photon emission (Hossian paper in prep). The demonstration that
electromagnetic signals resulting from physicochemical events in atoms and molecules
experiencing ionizing radiation energy deposition is interesting.
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1.7. Acoustic Signals

The other physical signal which we have considered is an acoustic signal [63]. Radi-
ation induced sonic emissions are in widespread use for non-invasive structural testing.
Our laboratory first became interested in the possibility of acoustic signalling as a form of
ionising radiation-induced bystander communication when studying the mechanism of fish
to fish bystander signalling. A test involving putting irradiated fish in a small aquarium
inside a larger aquarium containing non-irradiated fish demonstrated that the signal could
pass through glass (discussed in [20]). This provided the first evidence that a water-bourn
chemical did not mediate the transmission of the signal in these experiments. Further
experiments showed that even when the inner aquarium was covered in aluminium foil,
the signal was still transmitted leaving us with the possibility that an acoustic signal was
involved. As it was not then possible to test this possibility measurements were done
to test whether a hypothetical acoustic signal could travel from the irradiated fish to the
non-exposed fish. This possibility was not excluded by our measurements. Subsequently,
in collaboration with acoustic physicists at the University of Cambridge, acoustic emis-
sions have been measured from irradiated cells which are different to those coming from
unirradiated cells and while these acoustic signals have not been proven by themselves to
induce a bystander effect, the magnitude of the signal is associated with the magnitude of
the bystander effect in two different cell lines (Matarèse et al., revision submitted to IJRB).

Acoustic emissions may have pleiotropic effects on affected cells through several
mechanisms, one of which is the generation of reactive oxygen species which accompanies
thermoelastic expansion. ROS is a well-known bystander signal [64–66]. The generation of
ROS by thermoelastic expansion is well characterised and there is evidence for free radical
production in aqueous and nonaqueous solutions exposed to ultrasound [67–69]. Recent
experiments link the generation of intracellular ROS by low intensity ultrasound to cell
killing in a number of cell lines [70]. It is possible that both the light and acoustic emissions
may be related to the Cerenkov effect since this is physically and mathematically related to
both acoustic shock waves and blue light emissions. However, further discussion of this is
outside the scope of this paper.

The next question is how these events translate to biological effects in both the exposed
cells, tissues and organisms and their non-targeted bystanders.

2. Downstream Processing of Electromagnetic Signals

While we know many steps in the downstream processing of bystander signals, as
shown in Figure 1, there are two overall issues that we consider of over-riding importance.
One is that after low doses and in non-targeted cells, the response to the signal, in addition
to the features of the signal itself, appears to determine outcomes. The second issue is that
the outcome has to be viewed in context—elimination or retention of affected individuals
may be beneficial or may adversely affect the system in different ways at different times.
This means a different approach may be needed if trying to determine “risk”—holistic rather
than reductionist with the introduction of new models that factor in multiple outcomes and
uncertainty modeling. As suggested earlier, the idea that outcomes following exposure to
stressors depend on the response rather than the dose alone, are deeply worrying to those
trying to set dose limits. It is easy to measure dose and easy to apply dose limits based on
either some form of threshold model or a linear-no-threshold model with built in safety
factors. It is much harder to deal with messy biology where multiple factors can modulate
risk or outcome for better or worse. Epidemiology is a very blunt tool in the low dose range
of exposure leaving the public very concerned about the size of the uncertainties. This is
discussed later in the section on radiation protection but generally it is assumed that the
worst-case scenario is the only true scenario. Some clues to possible approaches may be
gained from a consideration of the field of chemical ecology or from microbiome research.
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bystander communication process.

3. Chemical Ecology, Mychorrysal and Microbiome Evidence

These are large areas of research which are becoming very popular. Chemical ecology
and related studies of intra- and inter-organismal signalling mediated by fungi and bacteria
such as microbiome research and mycelium communication systems deal with chemical
and physical signals and receptors at the level of cells or organisms. The signals are referred
to as “infochemicals” and studies suggest that far from stressors leading to uncertain
outcomes, the responses are highly controlled [71–75]. Chemicals can be identified and
tested, clear hypotheses can be formulated. All that is required is a shift in thinking
so that the response of the system to a basket of stressors dominates the debate rather
than the current silo approach of looking at the dose of single stressors in isolation. In
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chemical ecology, the chemicals function as highly sensitive communicators of information
to receptors [76–81]. These may be predators responding to messages alerting them to
the presence of prey (known as kairomones), prey responding to signals from predators
(allomones) or signals from potential mates (pheromones). Chemicals released by plants
warn other plants to produce distasteful chemicals to deter grazing animals in a similar
way [82–85]. Recently there have been multiple accounts in both peer reviewed journals and
in the popular press about the so-called “wood-wide web” [86–88], detailing the complex way
trees communicate using mycelium as a conduit to carry information between tree roots.

The aim of this discussion is not to suggest we are all communicating our stressed
states like trees but rather to show that these communication systems are amenable to
investigation and that it may be possible to understand the impacts of low doses of radiation
and other stressors so that predictors of adverse outcomes can be identified. Instead of
denying (or passively accepting) uncertainty surrounding the dose effect relationship, we
start from the response and work back to model or identify the multiple choices made by
the system in arriving at the end result. This is almost like constructing a decision tree in
reverse where there are multiple potential finishing states involving multiple decisions
which were made, but only one initiating event (the dose deposition in the target). Instead
of placing the emphasis on initial conditions as in chaos theory, this approach would require
final conditions or outcome to be critical. Rather than fore-casting using dose we need
after-casting using response.

4. Downstream Events—The Role of RIBE and RIGI

In the case of low dose radiation exposures, cancer, cardiovascular disease, foetal
abnormality, and chronic fatigue are examples of gross adverse effects [89]. These are
thought to result from genomic instability, mutation in critical genes, microenvironment
alterations leading to niche compromise, haematological insufficiency and immune dysfunc-
tion [7,29,90–96]. These in turn are attributed to DNA damage, elevated ROS, mitochondrial
insufficiency, membrane channel imbalances and failure of “checks and balances” on the
rate of specific enzyme reactions, leading to tipping points where metabolic malfunction
occurs. In particular, energy production and utilisation by cells is altered [16,97,98]. The
energy deposition from low dose radiation and the consequent electromagnetic emissions
in the form of light and acoustic signals, can thus be linked with gross outcomes in a
way where system level modelling may be applied. Figure 2 presents a possible though
at present hypothetical model system linking low dose ionizing radiation exposure and
consequent UVA emissions to cancer associated fatigue, radiation associated fatigue and to
chronic fatigue syndrome through a variety of stress response pathways involving expres-
sion of biochemical markers which are well documented. These include STAT1, NaV1.5
a sodium channel protein located in the cell membrane, ASPH, microRNAs contained in
exosomes released by irradiated cells. For a comprehensive review of the role of these
agents in fatigue including chronic fatigue syndrome see [99]. Documented downstream
events include generalised mitochondrial insufficiency resulting in compromised ATP
generation [99]. Specific events then relate to abnormalities in the generation and function
of haematopoietic components such as NK cell cytotoxicity and abnormal red blood cell
morphology leading to reduced tissue oxygenation, reduced available energy from ATP [99]
and consequent conditions favouring Warburg biochemistry with obvious consequences
leading to fatigue, and creating a favourable microenvironment where precancerous cells
can establish a favourable niche [100–103].
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Beneficial Outcomes and Adaptive Responses

While radiation protection is concerned with understanding and preventing or reduc-
ing the adverse outcomes of radiation exposure, it is well known that beneficial effects
can result from low dose exposure. These include adaptive responses which occur when a
small “conditioning” dose is given some hours before a challenge dose [104,105]. A related
observation is that populations from contaminated sites exposed chronically to low doses
of radiation can exhibit relative resistance to an acute high dose exposure [106,107]. This
has also been shown to occur in bystander individuals not from the chronically exposed
population if they were in communication with exposed individuals [108–110]. These
observations raise important questions for how we do risk assessments particularly in
the environment [111] but also in human medicine discussed later. Related to adaptive
response is the phenomenon of “induced radioresistance” (IRR). This is usually coupled
with low dose hyper-radiosensitivity (HRS). The effect manifests as a breakpoint in a con-
ventional survival curve where in the low dose region a steep decline in survival occurs
with increasing dose. As the dose increases past the breakpoint, the rate of change of sur-
vival with dose falls, leading to the conclusion that some dose threshold has been passed
where a new repair or recovery mechanism is activated [112,113]. Again the discontinuity
posed issues for low dose risk assessment as linearity cannot be assumed. Possibly the
most important low dose beneficial effect is hormesis. This has been worked on extensively
and the field is the subject of multiple reviews by Calabrese (e.g., [114,115]) who makes the
case that the fundamental basis of radiation protection which ignores beneficial effects, is
flawed and built on a false analysis of the data available [116]. The rights or wrongs of this
debate are not relevant to this paper but the fact that multiple outcomes are possible and
very well documented after low doses is critical to our proposed model.
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5. Proposal of Common Mechanism

The above discussion suggests common mechanisms may underlie various low dose
radiation induced phenomena although it is important to note that the range of doses
and dose rates over which these effects manifest are not fixed and therefore the low dose
effects mentioned may not be mutually exclusive. The outcomes also may also vary. These
include adverse effects such as induction of CFS and carcinogenesis but also adaptive
responses such as darkening of the skin due to melanin induction, which absorbs UV,
adaptive induction of anti-oxidant pathways [117–119] and elimination or rehabilitation
of potentially dangerous cells by apoptosis or autophagy before they can establish in a
favorable microenvironment [120]. However, identifying multiple outcomes does not help
to predict risk unless robust markers or models can be developed. The pathways discussed
lead to specific outcomes in biochemical terms but it is important to know how these relate
to gross outcomes such as cancer or CFS when there are multiple points between detection
of a marker or pathway in a cell and the expression of systemic disease in a whole organism.

The next question is how to integrate low dose and NTE radiobiology into practical
concerns about radiation risk from low dose exposure?

6. Relevance and Impacts in Radiation Protection and Medicine

Currently data to inform radiation protection risk comes from two main sources

1. Accidental or deliberate exposures of humans. Examples include the Hiroshima and
Nagasaki bombings, the Chernobyl and Fukushima nuclear accidents the Techa river
communities, atomic veterans, medical exposures and a new initiative—the Million
Person Study [121–124].

2. Experimental data from animal studies such as the 7 million mouse study, the Beagle
inhalation study or the EULEP database now known as STORE [125–127].

ICRP currently rely almost exclusively on the life span study (LSS) of Japanese A-bomb
survivors as a “gold standard” which in the higher dose ranges support the linear-no-
threshold (LNT} model of cancer risk from radiation exposure [128]. The issue accepted by
everyone, is that while the data for people exposed to doses greater than about 50–100 mGy
do support a linear relationship between dose and cancer risk, the data for lower doses
in the range experienced during medical diagnostic imaging, are highly uncertain and
almost any line could be theorised to fit. It is hoped that data from the Million Person study,
which is examining health data from multiple cohorts of North Americans will answer
the key question of the risk associated with prolonged rather than brief exposure. The
study also hopes to settle the question of whether LNT is a useful model for chronic low
dose exposure risk prediction. The study involves five categories of workers and veterans
exposed to radiation from 1939 to the present [121].

The history of how LNT moved from being a “theory” to a “hypothesis” and finally
a “model” is interesting and mirrors the developments in our understanding of low dose
radiobiology and the roles of genetics, epigenetics and environmental factors in determining
outcomes. Even this history is controversial as the three selected review papers [129–131]
demonstrate!

The model consists of a line extrapolated through zero relating dose and cancer
incidence attributable to the dose. At zero dose there are zero cancers attributable to
radiation. LNT was historically developed based on two factors: First is the A-bomb
data as discussed earlier which suggested a linear relationship if the available data were
extrapolated back to low doses. The second factor was theoretical—at the time the dose
effect relationship was emerging from epidemiological data, studies in radiobiology and
radiation carcinogenesis had determined a central role for DNA as the target and DNA
double strand breaks (DSB) as the key lesion responsible for producing cancers from
radiation [89]. This made the LNT theory as it was then called, a neat explanation combining
logical assumptions and experimental data. If there is no strand break there is no risk but
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even a single DSB carries the tiniest possibility that a cancer predisposing mutation could
occur.

The complexity of low stressor dose response was not appreciated at the time when
LNT was developed as the central tool in radiation protection. Epigenetic mechanisms
including signaling were not accepted as critical determinants of outcomes. Now, the type
of relationship shown in Figure 3 is thought to be more meaningful. This figure taken
from [132] makes the important point that LNT is “good for purpose” only in a limited
dose range. At extremely high doses or extremely low doses it does not work. The low
dose range however, includes the range of importance in diagnostic imaging and most
environmental discharges [133]. The figure draws attention to the need for establishing
boundaries in radiation protection, within which certain relationships hold but outside of
which they do not.
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The concept of boundaries outside of which dose response relationships do not hold is
an important contributor to defining the level of uncertainty. It also helps to fix the doses
above and below which relationships such as LNT do hold. The concept helps to resolve
the controversies surrounding the use of LNT. It also allows regulators to consider biological
plausibility as an important factor—the DNA centric paradigm underlying LNT can now be
seen as an explanation for the relationship in a defined range. Below and above this range
other biological mechanisms dominate the response. This begs the question of whether we
can identify and validate plausible biological mechanisms, which could define the relationship
in the low dose range? If so, can these be defined well enough to reduce the uncertainty
surrounding low dose outcomes? Can they be validated using available epidemiology?

The answers to these questions are probably yes, no and not yet! Yes we do have
data in vivo and in vitro confirming that different mechanisms predominate after low dose
exposure. These were discussed earlier and are defined in Table 1. We do know the dose
response relationship for each of these effects so can estimate the contribution of each effect
to the over all outcome. However, to reduce the uncertainty, it is necessary to be able to say
which mechanism will predominate in a particular individual in a defined scenario and
this we cannot currently do because we cannot estimate the importance of the interplays
between the effects. In precision medicine, this is being attempted in certain situations
where omics technologies and lifestyle factors are used to plan treatments but in low dose
radiation exposures the stochastic nature of radiation interaction with the genome, means
it may be intrinsically impossible to predict whether, for example a hormetic outcome or a
low dose hyper radiosensitivity response will result from the exposure. Another layer of
complexity is that an adverse outcome at the level of the individual cell could be beneficial
at the level of the individual person if it eliminates a damaged cell. In regard to the third
question, epidemiology is regarded as a blunt tool following low dose exposures [134].
The problem is that cancer is very common, meaning that to detect an excess risk requires
vast numbers of people to be followed in a study. It has been estimated that to detect a
statistically significant excess risk for solid cancer after 100 mGy exposure would require
over a million people exposed to this dose. This is why the million person study was
established. It is one attempt to use epidemiology to assess effects of chronic low dose but
may take several years to provide answers and will only give probabilities of getting a
disease after chronic exposure.

Table 1. Definitions of Low Dose Mechanisms.

Direct Effects

Adaptive response: A low “priming” dose of radiation induces protection against a later higher dose.

HRS/IRR: Hyper-radiosensitivity after low dose exposure is lost as the dose increases and a
region of induced radioresistence is seen at higher doses

Hormesis: A beneficial effect of low dose exposure is seen compared to unirradiated controls.

Non-Targeted Effects

Bystander effect: An effect detected in non-exposed cells which received signals from irradiated
cells. Can also apply to tissues and organisms.

Genomic instability: Detection of chromosomal or other DNA damage in progeny of irradiated
cells which was not present in the first post-irradiation mitosis.

Lethal Mutations: A form of genomic instability leading to a permanently reduced plating
efficiency in progeny cell lineages which survived irradiation.

Given the above analysis, we contend it is impossible using current methods to give
definitive answers about individual risks—probably because there are no absolute answers.
One approach might be to try to calculate an uncertainty potential or add an uncertainty
factor to risk of harm equations. Trying to achieve this means grappling with a major cause
of the uncertainty which is that in the low dose region there are competing stressors many of
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which as discussed earlier, operate through common mechanisms including oxidative stress
or energy depletion. How do we tease out whether a patient’s CFS or cancer was caused
by, for example, a chemical in the environment or the radiation in the environment? We
can say it is plausible that radiation may have caused the condition but we cannot attribute
causation to radiation in this situation. How therefore can we deal with uncertainty caused
by the multitude of stressors that can induce effects similar to low dose effects?

Radiation protection data are currently insufficient therefore, for chronic exposures, for
very low doses, low dose rates, and for multiple genetic backgrounds and in environmental
radiation protection for species, communities and ecosystems. The laboratory animal
experiments have looked at various dose regimes but it is argued that mouse data or
beagle data cannot be assumed to hold for humans or other species particularly in the
natural environment. For much of the experimental data generation, inbred murine strains
were used and they do not adequately inform about individual radiosensitivity in outbred
humans. In the environment, the amalgamation of multiple datasets for multiple species
allows the generation of species sensitivity distributions (SSD) which could be a promising
way to allow impacts to an ecosystem to be evaluated [135,136].

Major assertions advanced by groups challenging the LNT model in both directions
include: either the radiation is more dangerous in the low dose region and due to the HRS
phenomenon and genomic instability occurring after low dose exposures, or there is a
threshold below which LNT does not hold and that all the efforts to keep radiation doses
lower are a waste of money or positively harmful. It is important to accept that no one has
established a “carcinogenic dose threshold”. All we can say is that causation cannot be
definitively attributed to radiation below 100 mGy, due to the uncertainty in the response
below this dose. Additionally, this is precisely the point!

Where human health is not an issue or where individual survival in populations of non-
humans is not an endpoint of concern, it is easier to use thresholds defined as “acceptable
levels of harm” such as PNEDR meaning “predicted no observable effect dose/dose rate”.
For both human and non-human studies, datasets which might be appropriate for looking
at low dose risk include those from legacy sites such as Chernobyl, Maralinga, Fukushima
or Techa River, or those from medical exposures such as CT scans, radiological exams and
radiotherapy, including large human mega studies in Europe. The data from Chernobyl
revealed an excess risk of thyroid cancer in young people [137]. This has been linked to
iodine deficiency in the soils which meant that the thyroid took up radioactive iodine
when it became available [138]. It has also been linked to consumption of wild fruits and
mushrooms [139]. The excess of thyroid cancer is the only officially recognised excess cancer
outcome of the Chernobyl disaster, although in Belarus and Ukraine, there is some evidence
for excess breast cancer and cardiovascular disease [140–142]. The problem is establishing
causation in a population of mainly impoverished people with unhealthy lifestyles. Similar
problems exist with the nuclear tests in Australia at Maralinga where indigenous peoples
were exposed. No excess cancers have been linked to the Fukushima accident—here
the triple stresses of the earthquake, tsunami and radiological accident, combined with
the disruptive effect of the mass evacuations, loss of livelihoods and habitat destruction
during rehabilitation of contaminated lands, makes it impossible to assign causation in
any meaningful way. The Techa River cohort received significant doses over long periods
related to release of radioactivity into the river Techa from the plutonium production sites
associated with the Soviet nuclear testing programme. This population has been studied in
great detail and again at high doses the data do support the LNT model [143]. However, the
data have very large uncertainties due to the difficulty of estimating dose retrospectively,
migration of people thus lost to follow-up, unhealthy lifestyles, and multiply contaminated
sites. Many studies of contaminated sites have been done looking at animal and plant
populations. Some of these do show effects such as variation in wing patterns of butterflies
or tumours in Chernobyl birds [144–146] but relating these to harm in humans is probably
not useful. The data however have been used in efforts to develop tools for environmental
risk assessments [147].
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Efforts to assess low dose and chronic exposure risks have also been made by looking
at nuclear workers. For example, the15 country study which pooled data from nuclear
workers from 15 countries to give a total of over 400,000 workers [148]. This is highly
controversial although it supported an LNT model in the low dose region looking at
leukaemia incidence in the workers. The cause of the controversy is because if the Canadian
cohort was removed, there was no excess risk below 100 mSv. Various suggestions to explain
the discrepancy include, smoking and also the nature of dose record keeping [149]. Other
intensely studied groups include the atomic veterans. These were military personnel sent
to witness the nuclear tests. They were deliberately exposed in the US during exercises to
determine whether soldiers could fight successfully after a nuclear explosion [150]. Similar
exposures were suffered by British Commonwealth veterans and French veterans however
no (accurate) dosimetry was done. The relevant governments either compensated all who
got any of a list of named diseases without determining causation, or as in the case of the
UK government, denied any possibility that any of the diseases suffered by the veterans,
were linked to exposure to radiation during the tests [151].

Another increasingly important source of low dose exposure to humans is during
medical diagnostic imaging. Several studies have followed people who had CT scans or
other imaging procedures. For recent reviews see [135,152]. These studies suggest cancer
risks increase with increasing doses over about 100 mGy with increasing evidence for risks
below 100 mGy. The results of studies which looked at the outcomes following paediatric
CT scans are variable and contradictory [153,154]. All this just adds to the evidence that
low doses produce unpredictable outcomes when viewed at the level of the individual.
Probabilities of various outcomes can be more easily developed for populations as long as
robust markers of response are available.

7. A Way Forward? The Variable Response Model

A possible way forward is to use multidimensional modelling to build up a more
holistic picture of the key determinants of response. This could include time, dose, system
level and outcome as initial parameters and build on this to include other determinants of
outcome as they were identified. Such an approach is used by Carreon-Ortiz, & Valdez cited
above [86], A key feature of the model which we have called the variable response model
(VRM) would be its emphasis on outcome or response not as a surrogate for dose but as the
starting point of interest. We propose the use of the term infosome rather than infochemicals
to highlight the fact that radiation-induced communication signals include physical as well
as chemical agents. The VRM could be used to link responses associated with disease to a
possible role of low dose ionising radiation exposure in populations. We are not talking
about replacing dose but rather suggesting that dose alone is an inadequate predictor
of response below 100 mGy. Considering the infosome might make the response more
predictable. Figure 4 presents a very simple cartoon of the VRM where as dose increases,
the amount of information needed to predict the outcome decreases and ultimately at high
doses, dose is the main predictor of outcome. We see this as a funnel which narrows or
streamlines the options as the dose increases.
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A similar approach is to use system biology modelling which gets away from estimat-
ing outcomes on single cells or individuals and instead develops multi-level models which
input various parameters known to be relevant. The adverse outcome pathway analysis
(AOP) is now being used in human and environmental toxicology. This assesses multiple
levels from genes to gross pathology of organs to identify molecular initiating events and
relate them to pathological outcomes. Would these approaches be of any value in reducing
uncertainty? It is possible they would help in environmental analysis but it is questionable
whether the approach would help resolve uncertainties in estimating medical imaging
associated risks or whether they would be useful in diseases where the aetiology in unclear
such as CFS. In these cases the VRM is likely to be more useful given its holistic framework
and approach.

8. Conclusions

The main conclusion of this paper is that multiple outcomes are possible after low dose
exposure to stressors. These include stimulation of processes that are generally beneficial
such as immune stimulation. However, stimulation of processes that could lead to adverse
outcomes such as mutation tolerance, leading to genomic instability, can also occur. The
challenge is to move from a thought framework developed for high dose exposures, where
dose is the key predictor of outcome to a response-based framework which takes the
outcome as its starting point.
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103. Bjørklund, G.; Dadar, M.; Pivina, L.; Doşa, M.D.; Semenova, Y.; Maes, M. Environmental, Neuro-immune, and Neuro-oxidative
Stress Interactions in Chronic Fatigue Syndrome. Mol. Neurobiol. 2020, 57, 4598–4607. [CrossRef]

104. Olivieri, G.; Bodycote, J.; Wolff, S. Adaptive response of human lymphocytes to low concentrations of radioactive thymidine.
Science 1984, 223, 594–597. [CrossRef]

105. Wolff, S.; Afzal, V.; Wiencke, J.K.; Olivieri, G.; Michaeli, A. Human lymphocytes exposed to low doses of ionizing radiations
become refractory to high doses of radiation as well as to chemical mutagens that induce double-strand breaks in DNA. Int. J.
Radiat. Biol. Relat. Stud. Phys. Chem. Med. 1988, 53, 39–47. [CrossRef] [PubMed]

106. Van Hoeck, A.; Horemans, N.; Nauts, R.; Van Hees, M.; Vandenhove, H.; Blust, R. Lemna minor plants chronically exposed to
ionising radiation: RNA-seq analysis indicates a dose rate dependent shift from acclimation to survival strategies. Plant Sci. Int. J.
Exp. Plant Biol. 2017, 257, 84–95. [CrossRef] [PubMed]

107. Cherednichenko, O.; Pilyugina, A.; Nuraliev, S. Chronic human exposure to ionizing radiation: Individual variability of
chromosomal aberration frequencies and G0 radiosensitivities. Mutat. Res. Genet. Toxicol. Environ. Mutagenesis 2022, 873, 503434.
[CrossRef]

108. Audette-Stuart, M.; Kim, S.B.; McMullin, D.; Festarini, A.; Yankovich, T.L.; Carr, J.; Mulpuru, S. Adaptive response in frogs
chronically exposed to low doses of ionizing radiation in the environment. J. Environ. Radioact. 2011, 102, 566–573. [CrossRef]

109. Barescut, J.; Lariviere, D.; Stocki, T.; Audette-Stuart, M.; Yankovich, T. Bystander effects in bullfrog tadpoles. Radioprotection
2011, 46, S497.

110. Vo, N.; Singh, H.; Stuart, M.; Seymour, C.B.; Mothersill, C.E. A pilot study of radiation-induced bystander effect in radio-adapting
frogs at a radiologically contaminated site located on the chalk river laboratories property. Int. J. Radiat. Biol. 2022, 98, 1139–1146.
[CrossRef] [PubMed]

http://doi.org/10.1016/j.horiz.2022.100008
http://doi.org/10.1007/s00500-022-06865-8
http://doi.org/10.1162/leon_a_02006
http://doi.org/10.1038/s41586-019-1128-0
http://doi.org/10.1111/pai.13820
http://doi.org/10.3390/ijms23020691
http://doi.org/10.3390/genes12091370
http://doi.org/10.1042/BCJ20200920
http://doi.org/10.3390/antiox11010049
http://doi.org/10.1088/1361-6498/ac125a
http://www.ncbi.nlm.nih.gov/pubmed/34233319
http://doi.org/10.1093/jrr/rrab032
http://www.ncbi.nlm.nih.gov/pubmed/33912932
http://doi.org/10.1038/s41598-020-63011-w
http://www.ncbi.nlm.nih.gov/pubmed/32273537
http://doi.org/10.1038/s41598-019-45669-z
http://doi.org/10.1016/j.mehy.2021.110647
http://doi.org/10.3390/biomedicines9030293
http://doi.org/10.1016/j.canlet.2016.05.004
http://doi.org/10.1016/j.canlet.2020.03.004
http://www.ncbi.nlm.nih.gov/pubmed/32160975
http://doi.org/10.1007/s12035-020-01939-w
http://doi.org/10.1126/science.6695170
http://doi.org/10.1080/09553008814550401
http://www.ncbi.nlm.nih.gov/pubmed/3257477
http://doi.org/10.1016/j.plantsci.2017.01.010
http://www.ncbi.nlm.nih.gov/pubmed/28224921
http://doi.org/10.1016/j.mrgentox.2021.503434
http://doi.org/10.1016/j.jenvrad.2011.03.001
http://doi.org/10.1080/09553002.2021.1987558
http://www.ncbi.nlm.nih.gov/pubmed/34586949


Int. J. Mol. Sci. 2022, 23, 11118 18 of 19

111. Mothersill, C.E.; Oughton, D.H.; Schofield, P.N.; Abend, M.; Adam-Guillermin, C.; Ariyoshi, K.; Beresford, N.A.; Bonisoli-Alquati,
A.; Cohen, J.; Dubrova, Y.; et al. From tangled banks to toxic bunnies; a reflection on the issues involved in developing an
ecosystem approach for environmental radiation protection. Int. J. Radiat. Biol. 2022, 98, 1185–1200. [CrossRef]

112. Joiner, M.C.; Lambin, P.; Malaise, E.P.; Robson, T.; Arrand, J.E.; Skov, K.A.; Marples, B. Hypersensitivity to very-low single
radiation doses: Its relationship to the adaptive response and induced radioresistance. Mutat. Res. 1996, 358, 171–183. [CrossRef]

113. Marples, B.; Adomat, H.; Koch, C.J.; Skov, K.A. Response of V79 cells to low doses of X-rays and negative pi-mesons: Clonogenic
survival and DNA strand breaks. Int. J. Radiat. Biol. 1996, 70, 429–436. [CrossRef]

114. Agathokleous, E.; Calabrese, E.J. Hormesis: A General Biological Principle. Chem. Res. Toxicol. 2022, 35, 547–549. [CrossRef]
115. Calabrese, E.J.; Agathokleous, E. Hormesis: Transforming disciplines that rely on the dose response. IUBMB Life 2022, 74, 8–23.

[CrossRef] [PubMed]
116. Calabrese, E.J. Key historical study findings questioned in debate over threshold versus linear non-threshold for cancer risk

assessment. Chem.-Biol. Interact. 2022, 359, 109917. [CrossRef] [PubMed]
117. Premkumar, K.; Nair, J.; Shankar, B.S. Differential radio-adaptive responses in BALB/c and C57BL/6 mice: Pivotal role of calcium

and nitric oxide signalling. Int. J. Radiat. Biol. 2019, 95, 655–666. [CrossRef] [PubMed]
118. Wang, G.J.; Li, X.K.; Sakai, K.; Cai, L. Low-dose radiation and its clinical implications: Diabetes. Hum. Exp. Toxicol. 2008, 27, 135–142.

[CrossRef]
119. Limón-Pacheco, J.; Gonsebatt, M.E. The role of antioxidants and antioxidant-related enzymes in protective responses to environ-

mentally induced oxidative stress. Mutat. Res. 2009, 674, 137–147. [CrossRef]
120. Karar, J.; Cerniglia, G.J.; Lindsten, T.; Koumenis, C.; Maity, A. Dual PI3K/mTOR inhibitor NVP-BEZ235 suppresses hypoxia-

inducible factor (HIF)-1α expression by blocking protein translation and increases cell death under hypoxia. Cancer Biol. Ther.
2012, 13, 1102–1111. [CrossRef]

121. Boice, J.D., Jr.; Cohen, S.S.; Mumma, M.T.; Ellis, E.D. The Million Person Study, whence it came and why. Int. J. Radiat. Biol.
2022, 98, 537–550. [CrossRef]

122. Hiller, M.; Woda, C.; Degteva, M.; Bugrov, N.; Shishkina, E.; Pryakhin, E.; Ivanov, O. External dose reconstruction at the shore
of the Metlinsky Pond in the former village of Metlino (Techa River, Russia) based on environmental surveys, luminescence
measurements and radiation transport modelling. Radiat. Environ. Biophys. 2022, 61, 87–109. [CrossRef]

123. Brooks, A.L.; Hoel, D.; Glines, W.M. Radiobiology of Select Radionuclides in Hanford Site Tank Waste. Health Phys. 2022, 123, 99–115.
[CrossRef]

124. Little, M.P.; Brenner, A.V.; Grant, E.J.; Sugiyama, H.; Preston, D.L.; Sakata, R.; Cologne, J.; Velazquez-Kronen, R.; Utada, M.;
Mabuchi, K.; et al. Age effects on radiation response: Summary of a recent symposium and future perspectives. Int. J. Radiat. Biol.
2022, 1–11, Advance online publication. [CrossRef]

125. Lyon, M.F.; Phillips, R.J.; Fisher, G. Dose-response curves for radiation-induced gene mutations in mouse oocytes and their
interpretation. Mutat. Res. 1979, 63, 161–173. [CrossRef]

126. Fisher, D.R.; Weller, R.E. Carcinogenesis from inhaled (239)PuO(2) in beagles: Evidence for radiation homeostasis at low doses?
Health Phys. 2010, 99, 357–362. [CrossRef] [PubMed]

127. Schofield, P.N.; Kulka, U.; Tapio, S.; Grosche, B. Big data in radiation biology and epidemiology; an overview of the historical and
contemporary landscape of data and biomaterial archives. Int. J. Radiat. Biol. 2019, 95, 861–878. [CrossRef] [PubMed]

128. Wojcik, A. Reflections on effects of low doses and risk inference based on the UNSCEAR 2021 report on ‘biological mechanisms
relevant for the inference of cancer risks from low-dose and low-dose-rate radiation’. J. Radiol. Prot. Off. J. Soc. Radiol. Prot.
2022, 42, 023501. [CrossRef] [PubMed]

129. Busby, C. Ionizing radiation and cancer: The failure of the risk model. Cancer Treat. Res. Commun. 2022, 31, 100565. [CrossRef]
130. Calabrese, E.J.; Selby, P.B.; Giordano, J. Ethical challenges of the linear non-threshold (LNT) cancer risk assessment revolution:

History, insights, and lessons to be learned. Sci. Total Environ. 2022, 832, 155054. [CrossRef]
131. Beyea, J. Lessons to be learned from a contentious challenge to mainstream radiobiological science (the linear no-threshold theory

of genetic mutations). Environ. Res. 2017, 154, 362–379. [CrossRef]
132. Kugathasan, T.; Mothersill, C. Radiobiological and social considerations following a radiological terrorist attack; mechanisms,

detection and mitigation: Review of new research developments. Int. J. Radiat. Biol. 2022, 98, 855–864. [CrossRef] [PubMed]
133. Charrasse, B.; Mora, J.C.; Anderson, T.; Bonchuk, Y.; Telleria, D. Bounding uncertainties around the conceptual representation of

species in radiological assessment in the context of routine atmospheric release. J. Radiol. Prot. Off. J. Soc. Radiol. Prot. 2022, 42, 020506.
[CrossRef]

134. Rühm, W.; Laurier, D.; Wakeford, R. Cancer risk following low doses of ionising radiation—Current epidemiological evidence
and implications for radiological protection. Mutat. Res. Genet. Toxicol. Environ. Mutagenesis 2022, 873, 503436. [CrossRef]

135. Beaumelle, L.; Della Vedova, C.; Beaugelin-Seiller, K.; Garnier-Laplace, J.; Gilbin, R. Ecological risk assessment of mixtures of
radiological and chemical stressors: Methodology to implement an msPAF approach. Environ. Pollut. (Barking 2017 Essex 1987)
2017, 231 Pt 2, 1421–1432. [CrossRef] [PubMed]

136. Garnier-Laplace, J.; Geras’kin, S.; Della-Vedova, C.; Beaugelin-Seiller, K.; Hinton, T.G.; Real, A.; Oudalova, A. Are radiosensitivity
data derived from natural field conditions consistent with data from controlled exposures? A case study of Chernobyl wildlife
chronically exposed to low dose rates. J. Environ. Radioact. 2013, 121, 12–21. [PubMed]

http://doi.org/10.1080/09553002.2020.1793022
http://doi.org/10.1016/S0027-5107(96)00118-2
http://doi.org/10.1080/095530096144905
http://doi.org/10.1021/acs.chemrestox.2c00032
http://doi.org/10.1002/iub.2529
http://www.ncbi.nlm.nih.gov/pubmed/34297887
http://doi.org/10.1016/j.cbi.2022.109917
http://www.ncbi.nlm.nih.gov/pubmed/35378082
http://doi.org/10.1080/09553002.2019.1571647
http://www.ncbi.nlm.nih.gov/pubmed/30676176
http://doi.org/10.1177/0960327108090752
http://doi.org/10.1016/j.mrgentox.2008.09.015
http://doi.org/10.4161/cbt.21144
http://doi.org/10.1080/09553002.2019.1589015
http://doi.org/10.1007/s00411-021-00953-3
http://doi.org/10.1097/HP.0000000000001563
http://doi.org/10.1080/09553002.2022.2063962
http://doi.org/10.1016/0027-5107(79)90113-1
http://doi.org/10.1097/HP.0b013e3181bfa16b
http://www.ncbi.nlm.nih.gov/pubmed/20699697
http://doi.org/10.1080/09553002.2019.1589026
http://www.ncbi.nlm.nih.gov/pubmed/30888231
http://doi.org/10.1088/1361-6498/ac591c
http://www.ncbi.nlm.nih.gov/pubmed/35226888
http://doi.org/10.1016/j.ctarc.2022.100565
http://doi.org/10.1016/j.scitotenv.2022.155054
http://doi.org/10.1016/j.envres.2017.01.032
http://doi.org/10.1080/09553002.2021.1988180
http://www.ncbi.nlm.nih.gov/pubmed/34644238
http://doi.org/10.1088/1361-6498/ac5dd1
http://doi.org/10.1016/j.mrgentox.2021.503436
http://doi.org/10.1016/j.envpol.2017.09.003
http://www.ncbi.nlm.nih.gov/pubmed/28947319
http://www.ncbi.nlm.nih.gov/pubmed/22336569


Int. J. Mol. Sci. 2022, 23, 11118 19 of 19

137. Shakhtarin, V.V.; Tsyb, A.F.; Stepanenko, V.F.; Orlov, M.Y.; Kopecky, K.J.; Davis, S. Iodine deficiency, radiation dose, and the risk of
thyroid cancer among children and adolescents in the Bryansk region of Russia following the Chernobyl power station accident.
Int. J. Epidemiol. 2003, 32, 584–591. [CrossRef]

138. Cardis, E.; Kesminiene, A.; Ivanov, V.; Malakhova, I.; Shibata, Y.; Khrouch, V.; Drozdovitch, V.; Maceika, E.; Zvonova, I.; Vlassov,
O.; et al. Risk of thyroid cancer after exposure to 131I in childhood. J. Natl. Cancer Inst. 2005, 97, 724–732. [CrossRef]

139. Linkov, I.; Morel, B.; Schell, W.R. Remedial policies in radiologically-contaminated forests: Environmental consequences and risk
assessment. Risk Anal. Off. Publ. Soc. Risk Anal. 1997, 17, 67–75. [CrossRef] [PubMed]

140. Cahoon, E.K. Commentary: Breast cancer risk among women exposed to fallout after the Chernobyl accident. Int. J. Epidemiol.
2020, 49, 456–458. [CrossRef] [PubMed]

141. Zupunski, L.; Yaumenenka, A.; Ryzhov, A.; Veyalkin, I.; Drozdovitch, V.; Masiuk, S.; Ivanova, O.; Kesminiene, A.; Pukkala, E.;
Moiseev, P.; et al. Breast cancer incidence in the regions of Belarus and Ukraine most contaminated by the Chernobyl accident:
1978 to 2016. Int. J. Cancer 2021, 148, 1839–1849. [CrossRef]

142. Ilienko, I.M.; Bazyka, D.A.; Golyarnyk, N.A.; Zvarych, L.M.; Shvayko, L.I.; Bazyka, K.D. Changes in gene expression associated
with non-cancer effects of the chornobyl clean-up workers in the remote period after exposure. Zminy gennoï ekspresiï,
asotsiı̆ovani z nepukhlynnymy efektamy viddalenogo periodu pislia oprominennia v uchasnykiv ikvidatsiï naslidkiv avariï na
chaes. Probl. Radiatsiinoi Medytsyny Ta Radiobiolohii 2020, 25, 456–477.

143. Boice, J.D., Jr. The linear nonthreshold (LNT) model as used in radiation protection: An NCRP update. Int. J. Radiat. Biol. 2017, 93,
1079–1092. [CrossRef]

144. Møller, A.P.; Mousseau, T.A. Strong effects of ionizing radiation from Chernobyl on mutation rates. Sci. Rep. 2015, 5, 8363.
[CrossRef]

145. Møller, A.P.; Mousseau, T.A. Biological consequences of Chernobyl: 20 years on. Trends Ecol. Evol. 2006, 21, 200–207. [CrossRef]
[PubMed]

146. Taira, W.; Hiyama, A.; Nohara, C.; Sakauchi, K.; Otaki, J.M. Ingestional and transgenerational effects of the Fukushima nuclear
accident on the pale grass blue butterfly. J. Radiat. Res. 2015, 56 (Suppl. 1), i2–i18. [CrossRef]

147. Bréchignac, F.; Oughton, D.; Mays, C.; Barnthouse, L.; Beasley, J.C.; Bonisoli-Alquati, A.; Bradshaw, C.; Brown, J.; Dray, S.;
Geras’Kin, S.; et al. Addressing ecological effects of radiation on populations and ecosystems to improve protection of the
environment against radiation: Agreed statements from a Consensus Symposium. J. Environ. Radioact. 2016, 158–159, 21–29.
[CrossRef] [PubMed]

148. Cardis, E.; Vrijheid, M.; Blettner, M.; Gilbert, E.; Hakama, M.; Hill, C.; Howe, G.; Kaldor, J.; Muirhead, C.R.; Schubauer-Berigan,
M.; et al. The 15-Country Collaborative Study of Cancer Risk among Radiation Workers in the Nuclear Industry: Estimates of
radiation-related cancer risks. Radiat. Res. 2007, 167, 396–416. [CrossRef]

149. Ashmore, J.P.; Gentner, N.E.; Osborne, R.V. Incomplete data on the Canadian cohort may have affected the results of the study by
the International Agency for Research on Cancer on the radiogenic cancer risk among nuclear industry workers in 15 countries.
J. Radiol. Prot. Off. J. Soc. Radiol. Prot. 2010, 30, 121–129. [CrossRef] [PubMed]

150. Boice, J.D.; Cohen, S.S.; Mumma, M.T.; Chen, H.; Golden, A.P.; Beck, H.L.; Till, J.E. Mortality among U.S. military participants at
eight aboveground nuclear weapons test series. Int. J. Radiat. Biol. 2022, 98, 679–700. [CrossRef]

151. Roff, S.R. Establishing the possible radiogenicity of morbidity and mortality from participation in UK nuclear weapons develop-
ment. Med. Confl. Surviv. 2004, 20, 218–241. [CrossRef]

152. Shi, H.M.; Sun, Z.C.; Ju, F.H. Understanding the harm of low-dose computed tomography radiation to the body (Review). Exp.
Ther. Med. 2022, 24, 534. [CrossRef]

153. Francone, M.; Gimelli, A.; Budde, R.P.J.; Caro-Dominguez, P.; Einstein, A.J.; Gutberlet, M.; Maurovich-Horvat, P.; Miller, O.; Nagy,
E.; Natale, L.; et al. Radiation safety for cardiovascular computed tomography imaging in paediatric cardiology: A joint expert
consensus document of the EACVI, ESCR, AEPC, and ESPR. Eur. Heart J. Cardiovasc. Imaging 2022, 23, e279–e289. [CrossRef]

154. Frush, D.P.; Donnelly, L.F.; Rosen, N.S. Computed tomography and radiation risks: What pediatric health care providers should
know. Pediatrics 2003, 112, 951–957. [CrossRef]

http://doi.org/10.1093/ije/dyg205
http://doi.org/10.1093/jnci/dji129
http://doi.org/10.1111/j.1539-6924.1997.tb00844.x
http://www.ncbi.nlm.nih.gov/pubmed/9131826
http://doi.org/10.1093/ije/dyaa038
http://www.ncbi.nlm.nih.gov/pubmed/32215648
http://doi.org/10.1002/ijc.33346
http://doi.org/10.1080/09553002.2017.1328750
http://doi.org/10.1038/srep08363
http://doi.org/10.1016/j.tree.2006.01.008
http://www.ncbi.nlm.nih.gov/pubmed/16701086
http://doi.org/10.1093/jrr/rrv068
http://doi.org/10.1016/j.jenvrad.2016.03.021
http://www.ncbi.nlm.nih.gov/pubmed/27058410
http://doi.org/10.1667/RR0553.1
http://doi.org/10.1088/0952-4746/30/2/001
http://www.ncbi.nlm.nih.gov/pubmed/20530869
http://doi.org/10.1080/09553002.2020.1787543
http://doi.org/10.1080/1362369042000248820
http://doi.org/10.3892/etm.2022.11461
http://doi.org/10.1093/ehjci/jeac048
http://doi.org/10.1542/peds.112.4.951

	Introduction to Low Dose and Non-Targeted Radiobiology 
	General Background 
	The Importance of Signalling 
	Non-Targeted Effects 
	Candidate Signals-Chemical and Physical 
	History of Physical Signal Discoveries 
	Physical Signals Can Trigger the Bystander Effect 
	Acoustic Signals 

	Downstream Processing of Electromagnetic Signals 
	Chemical Ecology, Mychorrysal and Microbiome Evidence 
	Downstream Events—The Role of RIBE and RIGI 
	Proposal of Common Mechanism 
	Relevance and Impacts in Radiation Protection and Medicine 
	A Way Forward? The Variable Response Model 
	Conclusions 
	References

