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1. INTRODUCTION TO LOW RADIATION–DOSE EFFECTS
1.1 Background to the Controversy
Few scientific fields are as divisive as the area of low radiation–dose effects. In 2005, two groups even analyzed the same
data sets and came to opposite conclusions [1,2]. Accusations of “cherry-picking” to support a viewpoint abound, and
sometimes it would appear that belief systems take the place of science. The purpose of this chapter is to question why
this should be so? Why have we no definite answers about radiation health risks after low-dose/dose-rate exposure? Why
are beliefs so entrenched? Most importantly, how can we remove the rhetoric from both sides and replace it with rational
argument and scientific fact?

1.2 Epidemiology Is a Blunt Tool
Key to understanding the issue is to understand how we estimate risk at present and what might be wrong with this system.
The perception that the system itself is wrong has led to much of the polarization, with some groups arguing that the risks
are grossly overestimated and others arguing they are underestimated [3,4,5]. The first problem is that all our risk estimates
use the epidemiological data from Hiroshima/Nagasaki cohorts as the “gold standard” and use cancer as the end point. The
relationship is usually considered to “fit” the linear nonthreshold (LNT) relationship between dose, which is estimated
and weighted using factors to correct for relative biological effectiveness (RBE) and dose rate, and effect (cancer) [6]. The
A-bomb cohorts however do not give much information below 100 mGy and the exposure was acute. The dose rate and
RBE correction factors are themselves highly controversial having been estimated using inbred mice or cultured cells [7,8]
Genome Stability. http://dx.doi.org/10.1016/B978-0-12-803309-8.00035-5
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which may not represent human response or the induction of effects in genetically diverse populations in the environment
[9]. There is also a huge disagreement about the doses actually received by the Japanese victims, the contribution of neutrons, the impact of genetics, war and malnutrition, and so on [10–13]. There is also a controversy about the reliability of
the underlying radiobiological studies which purport to give the mechanistic support to LNT—for example, the work of
Calabrese [4] suggests that there was a very big political component to enshrining and defending LNT as the way dose and
effect are related. The usual representation of this relationship is shown in Fig. 35.1 where the low-dose region is depicted
as having multiple possible dose–response relationships. The purpose of this chapter is not to try to resolve this debate, but
rather to suggest a totally new way of looking at low-dose risk, which focuses on response rather than dose. Central to this
concept is the acceptance of the paradigm shift which has occurred in low-dose radiobiology since 1990 [14,15]. While this
shift is recognized in radiobiology, it has yet to be accepted as having any relevance to radiation protection [16,17].

1.3 Targeted and Nontargeted Effects

3RWHQWLDOUDQJHRIHIIHFWV

The key new research which is driving the paradigm shift is the recognition that in addition to targeted (direct) effects of
radiation, there is a totally different set of mechanisms operating in cells which are not the result of direct damage resulting from ionizing energy deposition in DNA in targeted cells, but rather occur as a result of signaling or other mechanisms
operating at the system level [18]. These so-called nontargeted effects (NTEs) occur in cells, organs, or organisms which
have not received a direct deposition of ionizing radiation energy (see Fig. 35.2). NTEs have been extensively reviewed by
these authors and many others [14,15]. They can broadly be divided into genomic instability (GI) and bystander effects with
subcategories of adaptive/hormetic-type responses, generally seen as beneficial, and stress responses leading to damaging
effects such as increases in mutation, related to reactive oxygen species (ROS) generally seen as adverse [18]. Fig. 35.3
represents a possible way to visualize these multiple effects.
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FIGURE 35.1 The concept of a wide spectrum of possible outcomes in the low-dose region. These may be positive or negative. The possibilities
decrease as the dose increases until death is the only possible outcome.
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FIGURE 35.2 Nontargeted and nonclonal effects transmitted horizontally (bystander effects) or vertically (genomic instability effects in progeny). Light gray depicts adaptive responses and dark gray depicts stress responses.
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FIGURE 35.3 Possible outcomes in the
low-dose region, where nontargeted effects
may or may not occur. Numbers 1–4 indicate points where it might be possible to
modulate the outcome.
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1.4 Genomic Instability
GI is a concept that describes delayed genetic alterations observed in the progeny of the exposed cells many generations
after the initial radiation insult [15,19,20]. The importance of the discovery of GI lies in the recognition that cell populations
surviving radiation exposure and their progeny which show no evidence of mutations or altered fitness will not necessarily behave normally. Up to the 1980s, the central dogma in radiobiology was that all the damage was put into the cell by
the ionizing radiation. If the cell was able to repair the damage and undergo successful mitosis—at least five times—then
it (and its progeny) carried no residual damage and the population was as fit as if never irradiated [21]. The key paradigm
changing finding which came from several independent studies was that the progeny of irradiated cells which have survived
according to the earlier criteria show evidence of de novo, nonclonal effects, meaning that the damage was not induced by
the initial energy deposition from radiation.
One of the first publications suggesting that the progeny of apparently recovered irradiated cells might also be at risk
was published by Seymour et al. [19]. The team observed lethal mutations in the distant progeny of cells exposed to photons
from a Cobalt-60 source. They suggested that the appearance of lethal mutations might require many successful generations to be expressed. Those investigations were reinforced by reports from Streffer and colleagues, who showed chromosomal aberrations at the second mitosis after X-irradiating a two-cell mouse embryo [22]. The Streffer group subsequently
showed that 29% of the aberrations were carried from the first to the second mitosis [23]. Similar data to those presented
by the Seymour group and the Streffer group were published by Mendonca and colleagues [24] where delayed cell death
started after 10 successful divisions; and by Kadhim and colleagues [20], who compared the effect of X-rays against alpha
particles. These studies were performed in bone marrow stem cells—which meant that clonal lineages could be followed—
and revealed that alpha particles were more effective at inducing nonclonal aberrations than X-rays. Later studies revealed
persistent levels of ROS in cells showing GI, suggesting that oxidative stress plays a role in perpetuating the insult [25,26].
Although GI occurs as a consequence of direct radiation exposure, it occurs in distant progeny and represents what is
now referred to as the vertical transmission of radiation effects. There are several reports indicating it might also involve
bystander effects (described later) because the damage in the progeny is nonclonal and therefore cannot be attributed to
DNA mutations only [20,27,28]. This damage can also be induced using bystander protocols such as medium transfer,
meaning no direct energy deposition is needed to trigger GI [29,30].

1.5 Bystander Effects
Another broad category of NTEs is bystander effects [31,32]. They can occur in vivo and in vitro, and refer to the horizontal transmission of radiation damage—as opposed to the vertical transmission seen in GI experiments. Bystander effects
refer to effects seen in cells, tissues, or organisms which receive some type of a signal from an irradiated cell, tissue, or
organism. Various protocols, possible mechanisms, and models have been extensively reviewed and readers are referred to
[15,18,33,34] for both the history and mechanisms under consideration. The fundamental point of interest in this chapter is
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that these effects occur in the absence of a dose of radiation to the cell, tissue, or organism being examined and dominate
the dose–response in the low-dose region [35,36]. What does this mean for radiation protection? How can we estimate lowdose radiation risk if unirradiated organisms merely living in a proximity to irradiated organisms [37,38,39] display the
same type of effect as the directly irradiated organisms? In particular, if bystander mechanisms underlie low-dose effects
and can trigger GI, does this lend support to the contention that we are underestimating low-dose risk? This position has
been put forward by several authors (reviewed in [40]). However, others have found evidence for adaptive and hormetic
responses [41,42,43], suggesting bystander effects could be a form of a homeostatic mechanism. Table 35.1 lists effects
documented immediately after direct irradiation, in distant progeny (GI) and in bystander populations.

1.6 Adaptive/Hormetic Effects
As suggested before and in Table 35.1, the literature on NTEs documents what might be classed as desirable effects as
well as adverse effects. GI is generally regarded as an undesirable effect because it involves genetic alterations [44,45].
Bystander effects were initially observed as an increase in genetic damage [46] or a decrease in cell clonogenicity [47,48];
however, several reports indicate that bystander responses may not always be harmful. Early reports of protective bystander
effects in vitro include the work by Azzam and colleagues [49,50] where they showed that bystander signals induced the
reduction of neoplastic transformations. There is also evidence of bystander effects inducing adaptive responses which
are discussed by some authors [51]. These include the protection afforded by exposure to irradiated medium against radiation-induced cell death, GI, and micronucleus formation. Other studies looking at the bystander proteome indicated that
bystander signals may confer beneficial effects by upregulating protective proteins in both rainbow trout and medaka
fish exposed to bystander signals [38,52]. In mammals, similar protective effects were seen in the unirradiated left brain
hemisphere of healthy Wistar rats [53]. Many authors have suggested that low doses of radiation are actually protective
[49,50] and bystander mechanisms are suggested as underlying factors in radiation hormesis [54,55]. It is important at this
point to distinguish between adaptive responses, hormesis, and adaptation at the individual and population levels. Adaptive
responses generally refer to individuals and the responses mounted by their body systems in response to encountering a new
and hazardous threat. Adaptive responses can include behavioral or physiological changes which make the individual better
able to survive a future or ongoing encounter with the hazard [56]. Hormesis, on the other hand, is already there as part of
the dose response [57,58]. The hormetic dose range is the range where the substance or physical agent is not a hazard but
is present at optimal levels which if exceeded can become hazardous [59]. Examples are trace metals, which are essential
for health but toxic in high amounts. Adaptation is used more as a term to describe the evolution of populations, which
come to live with a hazard due to the natural selection of those genotypes or phenotypes that are most able to cope with

TABLE 35.1 List of End points Which Have Been Shown to Change in Directly Irradiated Cells, in
Bystander Cells, and in Distant Progeny
Endpoint Changes

Directly Irradiated

Bystander

Distant Progeny

Reproductive death

X

X

X

Chromosomal aberration

X

X

X

Mutation

X

X

X

Mini/microsatellite

X

Micronucleus frequency

X

X

X

Gene expression

X

X

X

Protein expression

X

X

Apoptosis

X

X

X

Transformation

X

X

X

Mitochondrial function

X

X

X

Calcium

X

X

ROS

X

X

X

X
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the altered environment. Using the example of radiation exposure, low doses may be within a natural hormesis zone and
therefore be beneficial, or they may be in the adaptive zone and lead to mechanisms being induced which protect against
subsequent exposures. They may also result in adaptations at the population level when radiation exposure is chronic
[60,61]. Of course, a confounding factor leading to much confusion is that the dose range for different zones and transition
points may be different for different species and different individuals of the same species. A key issue here is that human
radiation protection seeks to protect every individual from any adverse consequence and currently does not recognize the
hormesis zone, while environmental radiation protection seeks to protect populations and ecosystem structure [62] and
does acknowledge at least that there are thresholds for harm if not actually beneficial doses. This leads to widely different
concepts and perceptions of risk and of strategies for protection.

1.7 Generic Stress Responses
GI is often regarded as resulting from a “generic stress response” [63,64]. However, what exactly this means is not very clear.
Stress is defined by Selye [65] as “the nonspecific response of the body to any demand for change.” Stress is considered by
Selye and many others to be necessary to trigger appropriate responses to the stressor. Calabrese et al. [66] sought to clarify
the generic stress response by pointing out that there are many terms across many disciplines for what is a common occurrence
in biology, that is, a small dose of a stressor can induce an adaptive response to a large dose of the same or in some cases a
different stressor. The chapter went further to show that opposite effects can occur after low-dose exposures compared to highdose exposures leading to “U”- or “J”-shaped nonlinear dose–response relationships. In radiobiology, we recognize “oxidative
stress” as a generic stress resulting from excess ROS and leading to DNA, mitochondrial, and cell membrane damage [67,68].
Oxidative stress is often cited as a mechanism for deleterious low-dose effects [69]. However, others argue that the amount
of ROS generated by low doses is so small in relation to that generated by oxidative metabolism, that it could not account for
low-dose damage and that anyway it all gets repaired [70]. What is not considered here is again the concept of individual variation in the ability to tolerate and repair oxidative stress–induced DNA or membrane damage. Also not considered is the energy
cost of repair and the dependence of repair on nutritional factors, time, age, and metabolic rate [71,72]. Other forms of stress
that are thought to be associated with radiation include immune system stress and the mounting of an inflammatory response
[73,74]. Both are thought to result from GI-induced changes in the bone marrow stem cells [75]. While direct doses needed
to generate bone marrow stem cell damage are relatively high, bystander effects can occur at very low doses of the order of
few milligray and appear to be either fully expressed or not expressed at all in the area affected by the signal, saturating at
extremely low doses to the signal-generating cells [36,76,77]. This means that in theory at least, a very low dose of radiation
could turn on a bystander effect in the tissue, which in certain phenotypes could lead to immune compromise and inflammatory responses. Such a mechanism has been proposed to explain the ill health seen in atomic test veterans, people who suffer
from CFIDS (chronic fatigue and immune deficiency syndrome), people exposed to depleted uranium, and victims of radiation
accidents, where the calculated doses are considered much too low to account for the observed level and variety of illnesses
[78]. In the environment, similar mechanisms might also help to explain the reported high level of mutations in butterflies
and birds from Chernobyl and Fukushima [79,80], where again, doses and dose rates are considered much too low to cause
biological effects [81,82], and radiation as a cause of these phenomena is vehemently denied.

2. CONCEPT OF UNCERTAINTY
This chapter does not seek to suggest that low doses are universally “bad” or universally “good.” Rather, we seek to suggest
that both response extremes and everything in between can occur. What actually happens will depend on the context at the
individual and population levels. Indeed, it is possible that an adverse outcome studied at one organization level (eg, cell
death) could be beneficial if considered at a higher level of organization. This type of thinking, while obvious and accepted
generally in scientific theory, does not help to resolve the debate about risk and leads to people on both sides citing papers
which present sound science as “evidence” in support of their belief. Our conclusion after many years of study is that everything is true and nothing is true. In other words, the only thing to do is to accept uncertainty after low-dose exposure and
move on to see where this acceptance will take us in trying to address the issues surrounding low-dose exposures to ionizing
radiation. Fig. 35.4 is an attempt to convey this idea.

2.1 Spectrum of Effects
The key point is to recognize that there is a spectrum of low-dose effects and that we currently do not know the drivers that
determine which ultimate outcome prevails. This is not the same as saying that the probability of random damage exists
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FIGURE 35.4 The concept of an unpredictable “zone” in the dose–effect
relationship where factors in addition to dose determine the response. With
an increasing dose, the unpredictable zone gives way to a series of emergent
responses which optimize the outcome.
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because that type of statistical analysis is concerned with estimating the chance of a mutation leading to cancer occurring
and becoming fixed in DNA [83]—that is, it is a target theory-driven and dose-driven hypothesis. It is, however, what we
use in radiation protection [84]. The suggestion that we are presenting is rather that a spectrum of effects ranging from truly
beneficial to truly harmful can occur and could occur in the same biological system depending on factors including dose
selection that impact the outcome.

2.2 Spectrum of Responses
Similarly, a spectrum of responses to the outcome(s) also can occur. These may enhance or reduce the impact, whether
positive or negative, of that outcome. Examples could include a nutritional status or smoking that could impact energy
delivery for repair or could compromise checkpoint proteins such as p53 [85]. Early research into factors associated
with the generation of GI did identify several scenarios which favored the turning on of the phenotype in the progeny of
irradiated cells. These included background genetics, time post exposure, the presence of other stressors, the availability
of glucose or lactate, the point in the cell cycle of initial irradiation to progenitor cells, and the number of progenitor cells
that were irradiated [86,87]. However, there were also sudden failures of hitherto reliable protocols for measuring GI that
were never resolved. There was also a considerable interlaboratory variation where a protocol could not be transferred
or replicated in another laboratory even by the same individual. With hindsight, these difficulties, many of which were
never recorded and remain anecdotal, strongly suggest that there was an underlying randomness in the system or that we
did not appreciate all the factors which determined which response prevailed. Either way, it suggests that in addition to a
spectrum of effects of radiation exposure, there is also a spectrum of responses. Responses to bystander signals are also
determined by genetic, epigenetic, environmental, and unknown factors [88], making it very complicated and beyond the
ability of most modeling approaches to resolve [89]. In the paragraphs that follow, some of the literature which has been
produced in support of what are considered to be key factors for predicting likelihood of beneficial or adverse outcomes
following low-dose exposures is reviewed.

2.3 Individual Variation
The individual variation in radiosensitivity has been recognized for many years in radiotherapy and many susceptibility genes mainly associated with faulty DNA repair are known. In low-dose radiobiology, susceptibility genes are
associated with extreme reactions to UV or ionizing radiation, these again mostly involve DNA repair. In the field
of NTE, genetics is also known to play a role with susceptible and resistant strains of mice, cell lines, and human
explants, all documented [90,91,92]. System-level variability is harder to study but bacterial populations have been
shown to demonstrate cross-resistance to multiple stressors including heat and radiation [93]. Species-sensitivity
distributions (SSDs) discussed later are also an ecological approach being used to determine action levels for the
protection of ecosystems. However, just because the individual variation and underlying genetics have been identified
as important, they do not address the problem of the extent to which genetics contributes to the outcome, or whether
it is a determining factor always, sometimes, or ever.
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2.4 The Role of Genetic Background
Proponents of the “old radiobiology” which holds that energy deposited in DNA causes strand breaks and represents the key
way radiation causes damage obviously extend this theory to then suggest that damage to critical targets in DNA underlies
the harm caused by ionizing radiation, and that individuals with compromised genetics are therefore most at risk because
they cannot repair or detect or otherwise deal with the damage [21]. There is no doubt that at high doses of radiation, this
rationale is sound and well proven but after low-dose exposure, it is likely to be far less important due to the myriad other
mechanisms such as homeostasis, hormesis, adaptive mechanisms, and system-level responses. While there is probably a
spectrum of gene strengths or gene dosages [94,95], it is more likely that protein-level changes induced by the radiation
stress predominate meaning that enzyme kinetics, energy budgets, cofactors, and the presence or absence of activators and
inhibitors are more likely to determine the outcome [96,97].

2.5 The Role of Other Stressors
One of the key issues of concern in radiation protection, particularly of non-human biota, is the problem of multiple
stressors [98]. Currently, radiation is regulated as a stand-alone agent, but it is well recognized that in reality, humans and
nonhumans are exposed to many stressors such as heavy metals PCBs, heat, and drought. It is one thing to realize this is an
issue but quite another one to find a way of regulating in a multiple stressor environment. When DNA was the key target
and double-strand breaks—the key damaging lesion, it made sense to regulate radiation separately, but now that NTEs are
recognized as key low-dose effects, we have to understand how GI and bystander effects might be modulated by the presence of other stressors. Given the complexity of the issue and the few studies which address it [99,100], it is likely that a
move to response- rather than dose-driven protection strategies is necessary to move forward on this issue.

2.6 The Role of Lifestyle Factors
A major gap in our knowledge concerning NTEs is the lack of information about these effects in humans. In vivo studies
so far are limited to a few mouse strains, fish, and tadpoles [38,39,101]. There is research using human cell lines [102],
explants [103], and bone marrow cultures [104], and some work have been done on patients with metal implants [105].
However, none of these studies were conducted with a view to looking at lifestyle factors. The explant studies of normal
human bladder done by this group [106] did suggest that smoking could impact bystander effects (reducing the strength of
the signal), but the numbers were very small. It appears logical though that factors leading to an increased cancer risk such
as smoking might act to increase radiation-induced GI, and this is an area needing investigation. Epidemiological-type studies recording lifestyle information but monitoring GI or bystander effects as well as cancer incidence are needed.

2.7 Species-Sensitivity Distribution
This was previously referred to in the context of individual variation in radiation response. SSD is a method being developed to try to get a picture of ecosystem sensitivity to radiation. According to the US Environmental Protection Authority,
“Species-sensitivity distributions (SSDs) are cumulative probability distributions of toxicity values for multiple species.”
For the environmental risk assessment, the chemical concentration that may be used as a hazard level can be extrapolated
from SSD using a specified percentile of the distribution (http://www.epa.gov). Basically for radiation studies, SSD is calculated using the data in the literature contained in the FREDERICA database concerning radiation dose response for nonhuman species and builds a graph of the species present in a habitat and plots their radiosensitivity using EDR10 (effective
dose rate causing effects in 10% of the population) or HDR5 (hazardous dose rate affecting 5% of species at the 10% level)
[107]. Most effects in radioecology concern mortality or reproductive endpoints of the effects but there is no reason that this
approach could not be used to “rank” human cells/cell lines, tissues, or individuals using NTE end points. A key benefit is
that this approach is effect rather than dose driven, and thus could pull out system-level effects.

3. SEARCH FOR DETERMINATORS
Much of the preceding discussion depends on being able to measure NTE reliably in a wide variety of systems at multiple
levels of organization. In the next part of this chapter, the broad categories of approaches to this are discussed. Fig. 35.5
summarizes key things we know about GI and bystander effect mechanisms. From these data, attempts have been made to
develop reliable determinants of response, both in the directly hit cell/tissue/organism, its progeny, and in bystanders. There
are several types of determinants which is now considered.
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FIGURE 35.5 Key factors involved in the mechanisms of the bystander
effect grouped into signal production in the directly irradiated cell; communication of information between the targeted cell and bystanders;
response transduction in bystander cells.
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3.1 Bioindicators
Bioindicator is a term taken from environmental toxicology and is defined as “an organism or biological response that
reveals the presence of the pollutants by the occurrence of typical symptoms or measurable responses. These organisms (or
communities of organisms) deliver information on alterations in the environment or the quantity of environmental pollutants by changing in one of the following ways: physiologically, chemically or behaviourally” [108].
A very simple bioindicator in radiobiology could be reproductive death measured using clonogenic assays [109] which
can be applied to assess the level of GI in progeny or the strength of bystander signals. Population-level bioindicators could
include ion fluxes through membrane channels, the integrity of gap junctions in cell membranes, or the coordinated behavior and function of mitochondria in cell populations, all of which have been documented in the literature.

3.2 Biomarkers
A biomarker is defined as “a characteristic that is objectively measured and evaluated as an indicator of normal biologic
processes, pathogenic processes, or pharmacologic responses to a therapeutic intervention.”
This means that the biomarker is a surrogate or marker for dose or exposure. In radiobiology, γH2AX is often referred to
as a surrogate for radiation dose because it reflects the level of DNA breaks [110]. Dicentric chromosomes are also used as
surrogates for dose but do not report reliably below 2 Gy [111]. Thus, biomarkers are more removed from the actual effect
on a system, especially if it is complex and not linearly related to dose. This is the situation with NTE.

3.3 Biosensors
A Biosensor is defined as an analytical device, used for the detection of an analyte, that combines a biological component
with a physicochemical detector. Generally, it is used to describe assays such as ELISA which use enzymes to cause reactions that make it easy to measure color change. However, the reporter assay developed to detect the strength of bystander
signal could qualify as a biosensor assay [90] as could the use of fin clips, blood cells, or samples of embryos or sperm that
can be incubated to allow the release of bystander signals into medium which is then assayed to determine signal strength.
When used with populations of cells, sperm, or embryos, the biosensor approach can provide information about populationlevel responses to an insult, and thus is a useful response-driven approach for the use in nonlinear dose–response situations
such as the detection of GI induction or bystander effects [112].

3.4 Signals
The ideal way to measure bystander NTE would be to know what the signal is that goes from an exposed cell or organism
to another nonirradiated cell or organism. However, despite almost 20 years of looking, the actual signal or signals remain
elusive. Fig. 35.5 referred to earlier shows what we know about the nature of the signal, and clearly, exosomes (possibly
containing miRNA), UV or visible light, calcium, serotonin, TGFβ, p53, ROS, and NOS are all reported to be involved,
but what transmits the information is unclear, and while events involved in signal production are well understood, and the
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response in the recipient cell is also well documented, we know little about the processes of signal transmission. It is also
controversial whether there are multiple signals. The works carried out in 2007, 2012, and 2015 from our laboratory suggest
that contrary to a popular belief, the signal(s) may be physical rather than chemical [113,114,115]. This work suggests that
UVA is emitted by irradiated cells and that if the signal is not emitted, the bystander effect does not occur. The UVA signal
is emitted from all cell types, but not all cells respond to the UVA signal. Other evidences supporting physical emissions
from cells include the work by Papineni and colleagues who measure bioluminescence coming from irradiated cells [116].
However, the evidence supporting a role for exosomes or larger vesicles is equally compelling [117,118,119]. This leads us
to believe that multiple mechanisms may exist.

3.5 System-Level Responses
In ecology, it has been known for many years that ecosystems work as a result of complex interactions between elements of
the system. Surprisingly, in radiobiology, while this concept is well known to physiologists, radiation action was thought to
involve stand-alone actions on individual cells with no communication [21]. Independent survival was a concept enshrined
in target theory and its main tool of analysis—the clonogenic survival curve [21]. This all changed in the mid-1990s with
several demonstrations of interdependent death and survival of irradiated cells [30]. Of course, as with most “discoveries,”
there was a body of research that was ignored or forgotten because it did not fit. Chief among this was the work using spheroids where cooperative repair could be demonstrated [120]. Mole [121] also suggested using modeling approaches that the
proximity of at least two cells was necessary for carcinogenesis to occur. This ran contrary to the conventional wisdom that
cancer originated in a single damaged cell—the clonal origin of cancer theory [122]. The application of system biology
tools in radiobiology started with the realization that the microenvironment was important and that bystander effects existed
[123]. Signaling is now recognized as a major factor determining the coordinated response of system elements, especially
after low doses. This hierarchical theory holds that system-level signaling optimizes the system-level response to a challenge affecting lower levels of organization.

3.6 Emergent Effects
Emergence is defined as a process whereby larger entities, patterns, and regularities arise through interactions among
smaller or simpler entities that themselves do not exhibit such properties. Emergence is central in theories of integrative
levels and of complex systems. In system radiobiology, it refers to responses to radiation in tissues, organs, individuals,
and populations that are not predictable from the behavior of individual irradiated cells [124]. Integrating complexity
theory into radiobiology and radiation protection is one of the most exciting challenges in the field. Since the discovery of
GI and bystander effects, it has become apparent that not only do cells not act alone but that outcomes considered at the
cellular level such as death of the cell may lead to radically different consequences at higher levels of organization and if
time is factored in to the experiments. New mechanisms and new responses may emerge which are not measurable at the
level of the individual cell. In radioecology, the recognition of this phenomenon of emergence has led to a search for socalled “system-level biomarkers” to try to quantify impacts in complex systems. Perhaps, the act of mounting a bystander
response could be considered such a biomarker?

4. CONCLUSIONS
The aim of this chapter is to consider critically what impact NTEs have on our understanding of radiation risk and what
might be a way forward to reconcile the fiercely opposing views about the benefits and hazards associated with low-dose
exposure. We suggest that we need to accept that a spectrum of effects occurs after low-dose exposure which cannot be
predicted in relation to dose. We suggest that a response-driven approach should be considered and a search for a reliable
system and individual-level determinants of response is necessary.

GLOSSARY
Adaptive response A less-damaging effect of a large dose of radiation if a small dose is administered some hours before.
Bystander effect The occurrence of radiation-type effects or responses in cells, tissues, organs, or organisms which were not irradiated but received
signals from irradiated entities.
Hormesis A phenomenon where low doses of physical and chemical agents which are toxic at higher doses can be protective or “good for you.”
Nontargeted effects Effects occurring in the absence of direct energy deposition in DNA.
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LIST OF ACRONYMS AND ABBREVIATIONS
DNA Deoxyribonucleic acid
EDR Effective dose rate
ELISA Enzyme-linked immunosorbent assay
GI Genomic instability
γH2AX H2A histone family, member X serine phosphorylated
HDR Hazardous dose rate
LNT Linear nonthreshold
miRNA Micro-ribonucleic acid
NTE Nontargeted effects
PCB Polychlorinated biphenyl
RBE Relative biological effectiveness
ROS Reactive oxygen species
SSD Species-sensitivity distribution
TGFβ Transforming growth factor beta
UV Ultraviolet light
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