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The challenges of defining hormesis in epidemiological studies: The case of 
radiation hormesis 
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• Ionizing radiation risk assessment 
should include the hormesis concept. 

• Definition of hormesis in epidemiolog-
ical studies is a very complex task. 

• Lack of exposure doses or control groups 
hinder the possibility to detect hormesis. 

• Epidemiological data should be inte-
grated in a weight of evidence evalua-
tive system.  

A R T I C L E  I N F O   

Editor: Paola Verlicchi  

Keywords: 
Radiation hormesis 
Ionizing radiation 
LNT model 
Risk assessment 
Healthcare workers 
Nuclear workers 

A B S T R A C T   

In the current radiation protection system, preventive measures and occupational exposure limits for controlling 
occupational exposure to ionizing radiation are based on the linear no-threshold extrapolation model. However, 
currently an increasing body of evidence indicates that this paradigm predicts very poorly biological responses in 
the low-dose exposure region. In addition, several in vitro and in vivo studies demonstrated the presence of 
hormetic dose-response curve correlated to ionizing radiation low exposure. In this regard, it is noteworthy that 
also the findings of different epidemiological studies, conducted in different categories of occupationally exposed 
workers (e.g., healthcare, nuclear industrial and aircrew workers), observed lower rates of mortality and/or 
morbidity from cancer and/or other diseases in exposed workers than in unexposed ones or in the general 
population, then suggesting the possible occurrence of hormesis. Nevertheless, these results should be considered 
with caution since the identification of hormetic response in epidemiological studies is rather challenging 
because of a number of major limitations. In this regard, some of the most remarkable shortcomings found in 
epidemiological studies performed in workers exposed to ionizing radiation are represented by lack or inade-
quate definition of exposure doses, use of surrogates of exposure, narrow dose ranges, lack of proper control 
groups and poor evaluation of confounding factors. Therefore, considering the valuable role and contribution 
that epidemiological studies might provide to the complex risk assessment and management process, there is a 
clear and urgent need to overcome the aforementioned limits in order to achieve an adequate, useful and more 
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real-life risk assessment that should also include the key concept of hormesis. Thus, in the present conceptual 
article we also discuss and provide possible approaches to improve the capacity of epidemiological studies to 
identify/define the hormetic response and consequently improve the complex process of risk assessment of 
ionizing radiation at low exposure doses.   

1. Introduction 

Hormesis is a biphasic dose/concentration response, in which low 
doses/concentrations induce stimulation, and high doses/concentra-
tions induce inhibition (Calabrese, 2008; Calabrese and Baldwin, 2002; 
Calabrese and Blain, 2005, 2011; Calabrese and Mattson, 2011; Mattson, 
2008). The quantitative features of hormesis are characterized by a 
maximum stimulatory response, usually between 30 % to 60 % greater 
than the control group, with a stimulatory zone width that is typically in 
a 10–20-fold range starting immediately below the toxicological/phar-
macological threshold. However, the stimulatory zone width often dis-
plays widespread variability, and frequently exceeds than 50-fold. The 
hormetic response may be induced by a direct sub-toxic (hormetic) dose, 
and/or sub-toxic (hormetic) preconditioning dose, which is followed by 
a toxic dose (Calabrese, 2016a, 2016b), or an overcompensation to a 
disruption in homeostasis (Calabrese, 1999, 2008). Hormesis is a 
broadly generalizable dose response phenomenon, whose occurrence is 
independent of biological model, inducing agent, endpoint and mecha-
nism (Calabrese, 2013; Calabrese and Kozumbo, 2021) and it has a 
greater than century-long historical foundation within the chemical and 
radiation biology (Calabrese and Baldwin, 2000a, 2000b, 2000c, 2000d, 
2000e). The term hormesis was first used in the scientific literature in 
1943 by Southam and Ehrlich in studies on the effects of extracts of the 
red cedar tree on the growth of multiple fungal species. However, the 
concept of a biphasic dose concentration response long preceded the 
report of Southam and Ehrlich (1943) with the first substantial experi-
mental reporting of this phenomenon given by Hugo Schultz, a professor 
at the University of Grieswald at a local medical conference in 1884, 
with two substantial publications that followed (Schulz, 1887, 1888). 
The research of Schulz concerned the effects of numerous toxic agents on 
the metabolism and growth of yeast. The findings of Schulz generated 
much scientific interest but also considerable contemporary scientific 
and medical controversy as he would claim that his findings could be 
used to provide the explanatory principle of the medical practice of 
homeopathy, which was quite prominent in Germany and other coun-
tries at that time (Calabrese, 2005, 2011). Thus, from its very beginning, 
the concept of biphasic dose responses became unnecessarily linked to a 
long standing feud between what would be come to be called “tradi-
tional” medicine and homeopathy. While Schulz never subscribed to the 
high dilutionist wing of the field of homeopathy, his research and 
concept of a biphasic dose response became very politicized and became 
the object of much scientific pushback in his era, with leaders in the area 
of pharmacology and toxicology, such as Alfred J. Clark, unfairly asso-
ciating the work of Schultz with various types of medical quackery 
during the early decades of the 20th century. Schulz would name this 
phenomenon the Arndt-Schulz Law and Ferdinand Hueppe, a protege of 
the famous microbiologist/bacteriologist, Robert Koch, who discovered 
hormetic effects in bacteria, named it Hueppe’s Rule (Calabrese, 2005, 
2011). 

Despite its controversial beginnings, the research of Schulz encour-
aged numerous researchers to explore the effects of low doses of 
chemical agents and radiation (e.g. X-rays, radionuclides) on various 
biological systems with particular emphasis on microbial models, 
including bacteria, fungi and yeast, as well with extensive studies on 
plants and insects (Calabrese and Baldwin, 2000a, 2000b, 2000c, 2000d, 
2000e). Numerous dissertations were undertaken, especially in Ger-
many and other European countries and subsequently in the United 
States. Despite this ground swell of research on biphasic dose responses 
it was continuously stigmatized by its initial association with 

homeopathy and its contentious association with the growing and 
powerful traditional medicine. In fact, this conflict became so histori-
cally powerful that it greatly affected the capacity of the biomedical 
community to explore the area of low dose induced adaptive responses 
throughout the 20th century, with a major transformation in such 
research now underway. The remainder of the 20th century witnessed 
the gradual progression of the scientific foundations of the concept of 
the biphasic dose response within the biological and medical literature. 
However, this area lacked organizational leadership, scientific integra-
tion and an evolutionary context which also affected its recognition and 
acceptance (Calabrese, 2009). However, by the 1970s the hormetic 
literature in the area of chemical toxicity and radiation biology became 
well organized and integrated with publications in leading journals and 
books as seen by the particularly noteworthy efforts of Anthony Steb-
bing and Thomas Luckey. Their leadership led to the first conference on 
radiation hormesis in 1985 with publication of peer reviewed papers in 
the journal, Health Physics in 1987, thereby providing a major stimu-
latory effect to the hormesis concept. 

The scientific interest in hormesis dose response has expanded 
enormously since that first conference based upon many indices but 
especially seen within the contemporary scientific citations. For 
example, the scientific citations of hormesis or hormetic has increased 
from only 10 to 15 citations/year in the Web of Science database in the 
1980s to nearly 20,000/year today. While the growth in the interest in 
the concept of hormesis and its widespread applications has displayed 
an impressive growth the issue of what is hormesis and how to effec-
tively test hypotheses can still be highly problematic. The reason for this 
is due to the fact that hormetic dose response have highly specific 
quantitative features especially with respect to the amplitude of the low 
dose stimulation. That is, the maximum stimulation is modest, typically 
being only 30 to 60 % greater than the untreated control comparison 
group species (Calabrese and Blain, 2005, 2011). The modest increase 
creates experimental challenges with respect to detecting a low dose 
modest treatment effect from background variation. This can raise the 
question of whether the low dose stimulation is a real and reproducible 
effect or simply a manifestation of background variation. As a result of 
such constraints, it is necessary to place considerable focus on control 
group background variation with a view that lower variability will 
create more favorable conditions for treatment response detection. This 
situation also affects the number of doses used, the dose spacing and the 
statistical power requirement of the experiment. Further, these consid-
erations also demand a greater requirement for study replication and the 
need to clarify the mechanistic foundations underlying the low dose 
stimulation and high dose inhibition. In practice the concept of horm-
esis, while well established in the early decades of the 20th century, took 
great advantage of the in vitro revolution of the 1980s in which cell 
culture provided greatly reduced variation, providing ease in testing far 
more concentrations than whole animal studies and led to marked im-
provements in mechanistic insights. 

It is now nearly 140 years since the first presentation of a hormetic 
response by Schulz and much progress has been made to clarify the 
nature of the dose response and the low dose zone. While much of the 
past century of research on hormesis has been of an experimental nature 
there has been a parallel interest to better understand the nature of the 
dose response and the low dose zone with human population studies. 
However, the association of the hormesis concept with human subject 
population studies presents unique challenges. While it is well estab-
lished that human cells in culture display very reproducible hormetic 
effects in a similar fashion as bacteria, yeast, fungi, plants, nematodes, 
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and animal model cells (Calabrese, 2017; Calabrese and Baldwin, 2000a, 
2001; Calabrese and Blain, 2005, 2011; Iavicoli et al., 2014, 2018, 
2021), the challenge has been how to study hormetic effects in human 
subjects that display considerable background variability and where 
there are numerous unknown background variables and where standard 
epidemiological adjustments for parameters such as for age, gender, 
income, race, education are very helpful but still limited and where the 
key features of exposure assessment can be highly problematic. The 
limitations of epidemiology have been long recognized in their impact 
on how to assess low dose effects such as hormetic effects and they has 
been insightfully addressed (Mundt and May, 2001). The fundamental 
biological concept of hormesis presents important challenges to the field 
of epidemiology. These challenges center around the capacity of 
epidemiology to reliably detect changes that are <60 % greater than the 
control group that reliably occur in cell culture and in highly inbred and 
even outbred animal models receiving standardized rearing conditions. 
Extensive laboratory studies have established the reproducibility (Cal-
abrese and Blain, 2005, 2011; Calabrese et al., 2006) and mechanistic 
basis of the hormetic dose response (Calabrese, 2013). Yet the question 
may be raised as to how often highly reproducible and mechanistically 
based hormetic response as shown in experimental model studies can be 
readily affirmed in human population studies. A fundamental practical 
conflict may exist between the hormetic maxima of 30 to 60 % which 
describes the limits of biological plasticity and the capacity of epide-
miologic studies to detect such changes. The situation would be more 
challenging if an average increase of only half this response occurred. 
These effects may well be biologically reproducible in experimental 
systems but lost in the noise of epidemiologic studies. It is the hormetic- 
epidemiologic interface conundrum that leads to a higher proportion of 
potentially effective on drugs failing clinical trials and the failure of 
similar efforts to detect environmentally based adaptive responses. 

What is the functional solution to this issue? The epidemiologic 
evaluation of low doses is a challenge whether one is trying to detect a 
positive or a negative response. This becomes even more challenging for 
humans due to heterogeneity in the population. That is, at the same dose 
one population subgroup may experience a benefit while another ex-
periences an undesirable effect. Given the complexity of the low dose 
epidemiologic studies and the centrality of hormetic dose responses in 
biology and human health, it is proposed that the epidemiologic eval-
uation not be a “stand alone” evaluation but be integrated within a 
weight of evidence evaluative system in which all relevant data are 
included. This process has long been used in environmental risk 
assessment evaluations for adverse health effects. The weight of evi-
dence model evaluation approach permits the use of the entire spectrum 
of relevant data and helps to recognize the significance and limitations 
of all experimental and population-based approaches to acquire bio-
logical understandings and optimized recommendations for human risk 
assessment. In this context, this conceptual article (which is the first in a 
series of three) addressed the challenges of defining and identifying the 
occurrence of hormetic responses in occupational epidemiological 
studies, referring specifically to radiation hormesis (RH). In addition to 
highlighting the main limitations and shortcomings of current epide-
miological studies, this work lays the foundations for addressing in 
subsequent articles the methods and strategies used to evaluate RH in 
cells and animal models and above all the challenges of studying RH in 
humans, how it could possibly be done and what the expectations may 
be. 

2. Hormesis and the risk assessment and management process in 
occupational medicine 

Hormesis, which has rapidly become a key biological concept that, 
by influencing several research areas and domains (e.g., toxicology, 
microbiology, medicine, public health), has crucial practical conse-
quences (Calabrese, 2018). In the field of occupational medicine (OM), 
the hormetic phenomenon has had and continues to have important 

implications that have the potential to affect most areas of the occupa-
tional safety and health (OSH) management systems, especially how it 
can be incorporated into prevention and protection policies and strate-
gies to increase the protection of workers’ health and safety (Calabrese, 
2010). For example, with regard to chemical risk assessment the gold 
standard framework was set forth by the U.S. National Academy of 
Sciences and described in the U.S. National Research Council report 
“Risk Assessment in the Federal Government: Managing the Process”, 
that point out how the risk assessment process should be based on four 
critical steps including hazard identification, dose-response assessment, 
exposure assessment and risk characterization (NRC, 1983). In this re-
gard, the concept of hormesis has major potential significances espe-
cially for the stages one and two of the aforementioned process. In the 
case of hazard assessment, the hormesis concept should be used to help 
guide the selection of experimental model, the degree of control group 
disease incidence and critical study design features such as number of 
doses and their spacing as well as the possible inclusion of a temporal 
feature that may have the capacity to detect possible compensatory 
adaptive hormetic dose responses. In the context of the dose-response 
relationship since the 1930s the threshold dose-response model 
(Fig. 1) has been central to toxicology, pharmacology, public and 
occupational health regulatory agencies, influencing chemical/drug 
safety assessments, OSH risk assessment strategies and occupational 
medicine exposure standards and limits (Calabrese, 2008, 2009). 

Therefore, considering the importance of this topic and the universal 
acceptance of this threshold model within the scientific and regulatory 
communities, one would expect that this dose-response model had been 
studied in detail, screened and validated scientifically, and that it can 
therefore be assumed with reasonable certainty that it is capable of 
providing accurate estimates of biological responses especially in the 
low-dose region (i.e., below toxicological thresholds). However, this is 
simply not true, and a growing body of scientific evidence now shows 
that threshold dose-response predicts responses below the estimated 
threshold very poorly (Calabrese and Baldwin, 2001, 2003; Calabrese 
et al., 2008; Calabrese, 2010). Moreover, this failure is also consistent 
with the publication of a large number of studies that support hormesis 
by showing how this dose-response model is able to make much more 
accurate predictions of biological responses in low-dose areas than the 
threshold model (Agathokleous et al., 2022). Consequently, with regard 
to the dose-response relationship in particular, risk modeling has basi-
cally relied on unverifiable assumptions and speculation. Indeed, the 
main challenge facing occupational risk assessment is the extrapolation 
of data from animal toxicity studies (usually from mice and/or rats to 
humans) that moreover use very high doses that are unrealistic 
compared to the low-dose exposures that workers typically experience 
in the workplace. Therefore, it is inevitable that this double extrapola-
tion (from laboratory animals to humans and from high to low doses) 
results in significant uncertainties. Furthermore, it should also be 
considered that these uncertainties are also fueled by additional ex-
trapolations, which are equally as important as those mentioned above, 
the extrapolation from high dose-rates (or even single-point exposures) 
to low and chronic dose-rates, and from cell or molecular endpoints to 
whole organisms (i.e., humans). 

Based on the above considerations, it seems clear, and equally ur-
gent, that there is a need to update the regulatory risk assessments on 
exposure and effects including in this process nonlinear dose-response 
models but also reconsidering potential subthreshold responses and 
above all abandoning the default use of linear dose-response models for 
all risk assessments (Agathokleous et al., 2022). This more inclusive and 
up-to-date approach to the latest scientific evidence is even more ur-
gently needed when thinking about carcinogens, since for these occu-
pational risk factors, regulatory agencies argue that the risk is directly 
proportional to exposure in the low-dose zone and that, therefore, there 
is no safe level of exposure. As we will see in the following paragraphs, 
this so-called linear no-threshold (LNT) dose-response model (Fig. 1) has 
become the standard model for health risk assessment of chemical 
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carcinogens and radiation by regulatory agencies in many countries. 
Therefore, in this perspective, an adequate, useful and more real-life risk 
assessment should be based on gathering as much useful real-world data 
as possible also including relevant information provided by epidemio-
logic studies in order to achieve the aforementioned weight of evidence 
model evaluation approach. In fact, occupational epidemiology by 
studying cohorts of workers the possible association between exposure 
to various occupational risk factors and the occurrence of a disease can 
make a substantial contribution to the risk assessment process by 
providing experimental studies with supplementary and complementary 
information especially regarding the actual exposure conditions to 
which workers are subjected. Unfortunately, the application of the 
findings of existing epidemiological studies in qualitative/quantitative 
risk assessment is hindered by many factors, such as lack of exact 
exposure information, failure to consider non-occupational exposures 
and other confounding factors, small sample sizes, and relatively short 
duration of epidemiological studies (Meijers et al., 1992; Mundt and 
May, 2001). 

In this context, taking a cue from the risk assessment of exposure to 
ionizing radiation (IR) and the concept of RH, in the following section 
are presented the main limitations of occupational epidemiological 
studies (which prevent their full and conscious use both in the identi-
fication/definition of the hormetic response and consequently in the 
complex process of risk assessment at low exposure doses) and at the 
same time are provided possible approaches to improve their impact in 
the risk assessment process. 

3. The linear no-threshold dose-response model and the 
radiation hormesis concept 

IR is an extremely important occupational risk factor to which about 
30 million workers, employed in various work environments such as 
healthcare sector, research laboratories, nuclear power plants, nuclear 
weapons production facilities, air and space transportation, are profes-
sionally exposed (Cioffi et al., 2020; Wakeford, 2009). The International 
Commission on Radiological Protection (ICRP) recommends limits on 
occupational radiation exposure of 20 mSv per year effective dose 
averaged over defined 5-year periods and not exceeding 50 mSv in a 
single year (ICRP, 2007). Usually, in workplaces where IR are used, this 
type of exposure is characterized as being chronic and to low-doses, 
where low-dose radiation exposure is defined as ≤100 mSv and the 
low-dose radiation rate is ≤6 mSv per hour (ICRP, 2007). In this regard, 
most epidemiological data available today and published in the scien-
tific literature substantially support the hypothesis that no detrimental 
effects should be observed at these exposure doses (Vaiserman, 2010; 
Vaiserman et al., 2018) and in any case, even to be more cautious, it can 
be safely stated that the evidence on the potential adverse health effects 
of IR low-doses is at least controversial and conflicting. 

Nonetheless, throughout the world, the framework for adopting 
prevention and protection policies against IR, in order to safeguard the 
health of both occupationally exposed subjects and the general popu-
lation, is entirely built on the LNT model (Averbeck et al., 2018; Seong 
et al., 2016) whose fundamental assumption is that IR (no matter how 
low the exposure dose is) would be able to induce dose-proportionally 
damaging effects, especially cancers (Fig. 1). Indeed, the LNT assumes 

Fig. 1. Schematic illustration of different dose-response curves: linear no-threshold model, hormetic model and threshold model.  
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that the risk of cancer is directly proportional to the number of cells 
damaged by IR, that is, in other words, that more IR passes through the 
nuclei of cells, the more DNA damage will occur and thus the greater the 
biological response will be (Jargin, 2020). Then, according to this hy-
pothesis, based on the dual dogmas of DNA and target theory (that is the 
concept that the biological effects of IR are the result of ionization 
induced at sensitive targets in a cell such as DNA), and considering the 
independent and random action of IR, any dose no matter how small 
could cause a DNA strand break inducing a mutation and thus ultimately 
triggering the process of carcinogenesis (Mothersill and Seymour, 
2022). This model was recommended in 1956 (NAS/NRC, 1956, 1960) 
and it is essentially based on and derived from the epidemiological data 
related to atomic bomb survivors that are deemed the “gold standard” 
for estimating the cancer risk correlated to IR exposure (Doss, 2013; Hall 
and Brenner, 2008). In addition, other epidemiological data such as 
those from survivors of the Chornobyl disaster and other populations 
with documented high exposures to IR are generally used to affirm the 
absence of a threshold dose and then support the LNT model as done for 
example by 2006 National Academy of Sciences Biologic Effects of 
Ionizing Radiation (BEIR) VII report (NRC, 2006; Parsons, 1990). 

Therefore, the main issue with the use of LNT extrapolation model 
lies in the fact that it assumes, even at low or very low-doses of exposure 
the occurrence of adverse biological effects, that are thus linearly related 
to dose (Calabrese and Baldwin, 2000b, 2000c; ICRP, 2007; Seong et al., 
2016). However, it is well recognized that the use of the LNT extrapo-
lation model to predict detrimental effects in the low-dose region basing 
on those observed at higher exposure doses is characterized by signifi-
cant uncertainties (Cardarelli 2nd and Ulsh, 2018; Jeong et al., 2010; 
Scott, 2018) and there continues to be a substantial disagreement in the 
scientific community as to whether this model should be used since 
several studies have challenged, if not outright refuted, its validity 
(Pennington and Siegel, 2019). Indeed, accumulating evidence demon-
strated that the biological effects induced by low-dose IR are signifi-
cantly different from those observed at high exposure doses (Ji et al., 
2019) and over the past few years several hundred studies (in vitro, in 
vivo and ex vivo), investigating the possible biological effects related to 
such exposures, suggested beneficial or no effects (Calabrese and 
O’Connor, 2014; Devic et al., 2020; Luckey and Lawrence, 2006; Pol-
lycove and Feinendegen, 2001; Shibamoto and Nakamura, 2018). In 
contrast to the LNT paradigm, these findings support the concept of RH, 
which has long been known, having been introduced in the early 1980s 
by Luckey (1980, 1991) to describe the bio-positive effects (in terms of 
animal growth, development, health and longevity) linked to low-dose 
IR exposures (Baldwin and Grantham, 2015). In this regard, 
convincing evidence of the occurrence of these inducible adaptive re-
sponses in several organisms, following exposure to IR, has been 
extensively reviewed by Calabrese and Baldwin (2000b). According to 
the hormesis phenomenon “any physiological effect that occurs at low- 
doses cannot be anticipated by extrapolating from toxic effects noted at 
high doses” (Sagan, 1987) which is precisely what happens in IR risk 
assessment using the LNT extrapolation model. Thus, RH is character-
ized by low-dose IR stimulation and high-dose IR inhibition of living 
systems (Fig. 1) and essentially theorizes their ability to express/upre-
gulate adaptive mechanisms to cope with low-doses of IR thus gener-
ating a biological stress-response strategy that, by improving 
functionality and/or tolerance to more serious challenges, increases 
their resilience. 

Interestingly, several epidemiological studies, analysing mortality 
and morbidity rates (especially for cancer diseases) of different working 
populations exposed to IR (e.g., healthcare, nuclear and industrial 
irradiation and aircrew workers) have observed lower disease incidence 
than the general population (Seong et al., 2016; Shibamoto and Naka-
mura, 2018; Vaiserman, 2010; Vaiserman et al., 2018) and frequently 
the analysis of the dose-response curve would suggest the presence of a 
possible hormetic phenomenon thus supporting the hypothesis that, at 
low-doses, IR may induce an adaptive response rather than causing 

adverse health effects in workers. As stated previously, from an epide-
miological point of view, the research, definition, and detection of 
hormetic responses in occupational studies would be particularly 
important for the risk assessment and management process but unfor-
tunately there are several key limitations that often prevent the possi-
bility of validly detecting and interpreting hormesis (Mundt and May, 
2001). Of these, the main issues relate to study sample size and statis-
tical power, time dependency, assessment of exposure, definition of 
accurate exposure doses and appropriate evaluation of confounding risk 
factors (Mundt and May, 2001). 

4. The issue of exposure dose definition and the use of multiple 
exposure doses 

It is important to highlight the fact that hormesis phenomenon has 
been increasingly observed, thoroughly investigated and broadly 
accepted over the past two decades (Agathokleous and Calabrese, 2019, 
2020; Calabrese, 2015) thanks mainly to the extraordinary improve-
ments in chemical analysis and the adoption of large-scale testing which 
have increasingly allowed low doses/concentrations and many doses/ 
concentrations to be tested in cell culture and experimental studies, 
whereas previously dose-response assessment in toxicology relied pri-
marily on the use of a few extremely high doses and the subsequent 
application of bio-statistical models to estimate responses to low doses/ 
dose rates, often many orders of magnitude lower than those tested 
(Calabrese et al., 2023a, 2023b). In fact, the peculiar quantitative fea-
tures of the hormesis response usually require that the investigated 
agent be tested over a broad range of doses and, at the same time, also 
considering that hormetic dose-response is a plausible over-
compensation to an initial disruption of homeostasis, it should be 
necessary include also repeated measures or time component (i.e. 
different lengths of exposure and several time points for assessment of 
the data) (Iavicoli et al., 2014, 2018, 2021). Unfortunately, in the 
context of epidemiological studies it is not possible to establish these 
rigorous methodological criteria a priori, and very often it is not only 
difficult to identify appropriate ranges of exposure doses but also the 
very accurate definition of exposure to the agent being evaluated is a 
rather challenging task. Indeed, few epidemiological studies are based 
on direct measurements of exposure and consequently surrogate mea-
sures are often used (Mundt and May, 2001). 

In this regard, studies that have investigated the possible adverse 
effects of exposure to IR low doses are also no exception since different 
proxies of IR exposure were used. For example, in several studies per-
formed on the healthcare workers the “year first worked” is often 
employed as a surrogate of cumulative radiation exposure on the 
assumption that in past years (several decades ago) exposure doses were 
likely to be much higher than in more recent years since, in the mean-
time, much more stringent radiation protection regulations, that have 
significantly reduced exposure levels, have been enacted and enforced 
(Fig. 2). In addition, other indirect measures of exposure related to work 
history such as “graduation year”, “total years worked”, “number of 
years worked before a specific year”, “number of flights” are often called 
into question in studies of both healthcare, nuclear and flight crew 
workers (Berrington et al., 2001; Berrington de González et al., 2016; 
Cha et al., 2020; Hauptmann et al., 2003; Linet et al., 2017; Liu et al., 
2014; Matanoski et al., 1987; Mohan et al., 2003). Although these sur-
rogate indicators might provide a rough estimate of the exposure dose 
which can be somewhat useful for assessing mortality and/or incidence 
relative risks (RRs) of a given pathology, it is quite obvious that they are 
unfortunately of limited and unreliable use when the aim is to evaluate 
the dose-response curve and above all try to identify, within this, the 
possible presence of a hormetic response. Indeed, as pointed out by 
Mundt and May (2001), the dose groupings based on the aforemen-
tioned surrogate measures might more accurately reflect groups of 
workers among which there is an increasing probability of exposure but 
nevertheless it often remains unknown whether or to what extent 
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exposure occurred. However, the possible presence of a hormetic dose- 
response curve can also be traced in some epidemiological studies 
(conducted mainly on nuclear workers) in which instead the definition 
of the exposure dose, and the subdivision of the cohorts in different 
categories with increasing exposure, was accurately performed on the 
basis of dosimetry data provided by personal dosimeters worn by 
workers (Azizova et al., 2010; Boice Jr et al., 2011; Gillies et al., 2017; 
Grellier et al., 2017; Gyuleva et al., 2015; Iwasaki et al., 2003; Jeong 
et al., 2010; Metz-Flamant et al., 2012; Sponsler and Cameron, 2005; 
Tokarskaya et al., 1997; Zablotska et al., 2004). Moreover, in addition to 
the IR external dose, individual doses for different organs from various 
internally incorporated radionuclides have also been reconstructed 
using bioassay data, such as urine and faecal analysis (Grellier et al., 
2017), or whole body counters data (Jeong et al., 2010). Nevertheless, 
even regardless of having reliable exposure data available, the proba-
bility of effectively identifying a hormetic effect is still inhibited by the 
fact that in most cases the dose range evaluated is rather narrow (mainly 
restricted to two or three doses). Consequently, the assimilation of a low 
or high exposure condition with a single exposure dose might prevent 
the possibility to observe the hormetic area or the inhibitory part of the 
classic hormetic dose-response model, respectively (Fig. 3). 

Another rather important exposure-related issue that is common to 
these epidemiological studies is the lack of a proper control group. For 
instance, in most of the studies that have analysed the mortality and/or 
incidence rates for cancer or other non-malignant diseases, the excess 

risk in workers is estimated by referring to the relative mortality and/or 
incidence rates of the general population. Exceptions to this generalized 
approach and worthy of mention are the studies carried out by Ber-
rington de González et al. (2016) and Sponsler and Cameron (2005). 
Indeed, in order to minimize potential selection biases, in the first study, 
which investigated mortality rates in radiologists, psychiatrists were 
recruited as control group not exposed to IR, whereas in the second the 
standardized mortality ratios of shipyard workers exposed and not 
exposed to IR were compared. Furthermore, it should be noted that 
usually in the evaluation of the adverse health effects as a function of 
increasing doses and in the assessment of the dose-response shape the 
referent group is often identified in the lowest-dose exposure group of 
workers (Azizova et al., 2010; Grellier et al., 2017; Tokarskaya et al., 
1997; Zablotska et al., 2004). However, from a hormetic point of view, 
this approach is questionable since it eliminates from the dose range 
exposure the lowest dose which is precisely the one at which, according 
to the hormesis model, one expects to observe the appearance of the 
adaptive response. Therefore, on the whole, if we consider together this 
last problem and the previous one related to the narrowness of the dose 
range in the low-dose exposure region it is plausible to speculate that 
these methodological limitations may actually hinder the detection of 
hormesis by “hiding” or “camouflaging” possible hormetic areas. In any 
case, an appropriate choice of the reference or control group seems to be 
a critical element in order to be able to adequately detect, especially at 
low or very low doses of exposure, a trend in the dose-response curve of 

Fig. 2. Examples of supposed hormetic responses observed in healthcare workers using surrogates of exposure doses. 
(A) Mortality relative risks for circulatory system disease, ischemic heart disease and cerebrovascular disease (Hauptmann et al., 2003); (B) Incidence relative risks 
for all cardiovascular disease, hypertension, ischemic heart disease and cerebrovascular disease; (C) Mortality relative risks for all cancer, total lymphoma, cere-
brovascular disease, lung cancer, skin cancer, ischaemic heart disease (Berrington de González et al., 2016); (D) Mortality relative risks for all cancers, skin cancer, 
total lymphoma, non-Hodgkin lymphoma, colon cancer, total leukemia, all lymphoid and hematopoietic cancers (Linet et al., 2017). 
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a hormetic, linear, or any other nature such as that suggested for 
example at the cellular level by Burlakova (2000) in some experimental 
studies (Sacks et al., 2016). 

5. Radiation hormesis and the concept of dose 

Hormetic dose response relationships are reported at the cell, organ 
and individual level. Even at the cell level in in vitro studies, the response 
is not that representing a single cell, but a cell that has been cultured 
with many thousands of similar cells, that interact, display cell to cell 
communication, perform bystander communications and other interac-
tive activities. These cells often of the same cell type although this is not 
always the case. At the level of organ, there is more complexity due to 
the presence of a wide range of cell types and their unique spatial 
orientation and integration and their relationship to the circulatory 
system with the flow of oxygen/removal of carbon dioxide which also 
affects nutrient, hormonal and other agent pharmacokinetics. The situ-
ation is even more complex with an entire individual. However, hor-
metic mechanisms at the cell level have been well characterized at the 
level of receptor and cell signaling pathway and confirmed by the use of 
receptor and pathway inhibitors (Calabrese, 2013). These agents act in 
cell culture on a population of cells. There is some degree of variability 
across cells to the agent concentration at the intracellular sites of action. 
What is observed in experimental evaluation is the net integration of the 

cell population responses. In more complex organs and whole organism 
situations is that the hormetic effect occurs in a similar general fashion. 
For example, neurotrophic hormetic agents that pass the blood brain 
barrier get distributed to target sites such as the hippocampus. After 
reaching the hippocampus, cell populations within that target concen-
trations may become hormetically stimulated to enhance neural stem 
cell proliferation. This process occurs in a single individual and would be 
repeated in others comprising an epidemiologic sample. 

In the case of IR it can affect anti-inflammatory responses via a range 
of endpoints within a relatively narrow dose range. This may include the 
activation of NrF2 which would then lead to the activation of a plethora 
of antioxidant enzymes (Calabrese and Kozumbo, 2021). In addition, IR 
within a similar dose range often affects the reprogramming of macro-
phages from a M1 to M2 state. These cells then migrate to zones of 
inflammation to reduce the inflammatory process. Thus, the concept of 
cell, organ, and individual hormetic responses are integrated with the 
key action occurring at the cellular level in each case. However, the 
hormetic optimal dose that occurs at the cell level will be necessarily 
integrated into the overall organ and individual dose framework. When 
dosing is reported in cellular, organ or individuals/epidemiologic 
studies this arrangement will lead to the occurrence of biphasic dose 
responses at each of the three levels of biological organization. However, 
the specific optimal hormetic dose range at these different levels of 
biological organization would need to reflect the system within which 

Fig. 3. Examples of supposed hormetic responses observed in nuclear workers using narrow dose ranges. 
(A) Mortality excess relative risks for all solid cancer, colon, rectal, pancreatic, lung and prostate cancers (Zablotska et al., 2004); (B) Standardized mortality ratios for 
digestive organs cancers, all respiratory cancers, leukemia, Hodgkin disease, oesophagus, skin, all lymphopoietic, stomach, kidney, liver, brain and CSN cancer 
(Sponsler and Cameron, 2005); (C) Mortality and incidence relative risks for ischemic heart disease (IHD) and acute myocardial infarction (AMI) both for external 
and internal dose (Azizova et al., 2010); (D) Mortality excess odds ratios lung cancer for total, plutonium, uranium and other radionuclides alpha dose (Grellier 
et al., 2017). 
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the study is conducted. Yet, the dosing at the cell level in each of the 
three cases would be expected to the similar. In this context, with regard 
to RH and its relationship to the concept of dose, a further major chal-
lenge that needs to be resolved in order to have adequate tools available 
to identify and define the occurrence of this phenomenon in epidemio-
logical studies, is that of correctly framing, distinguishing and assessing 
the interactive effects resulting from internal and/or external exposures. 
Indeed, the concept of dose in epidemiological studies does not distin-
guish between internal ionization processes in cells from either chemi-
cally bound radionuclides or from hot particles (Busby, 2021). For 
example, Strontium-90 dose is calculated in the same way as an X-ray 
dose and the quantity dose is assumed to have the same effect on cancer 
risk whatever the source of exposure (Busby, 2022). However, this 
approach is considered inappropriate by some authors according to 
whom the proper quantity dose for radiation risk studies is the average 
ionization at or near the nuclear DNA at the time of replication of the cell 
(Busby, 2021, 2022). These and other aspects (such as for example the 
International Commission on Radiological Units and measurements 
choice of the quality factor “Q” multiplier of 20 for radioactive alpha 
particles to change the physical dose in Grays into an “Effective Dose” in 
Sieverts) of the dose concept should be given careful consideration in the 
analysis of epidemiological studies involving nuclear workers (where 
internal exposure takes on a particularly prominent role) as they can 
greatly influence the construction of the dose axis in the dose-response 
relationship (Busby, 2022). 

6. The assessment of confounding factors 

In the context of occupational exposure to IR, most epidemiological 
studies aim at assessing, mainly by estimating disease incidence or 
mortality RRs, potential adverse health effects related to IR exposure. 
Since IR high doses is a recognized risk factor for cancer, it is not sur-
prising that particular attention has been dedicated to the analysis of 
cancer pathologies. However, in this regard, cancer is a multifactorial 
disease to whose etiopathogenesis contribute numerous risk factors of 
different types (e.g. unmodifiable intrinsic risk factors, modifiable 
exogenous/external risk factors such as viruses and occupational expo-
sures, lifestyle factors such as smoking, hormone therapy, nutrient 
intake, physical activity and endogenous risk factors such as immune 
system, metabolism, and hormone levels) (Wu et al., 2018). Therefore, 
since each of the above parameters may to some extent play a role in the 
occurrence of a specific cancer, it is clear that when attempting to 
accurately and reliably establish the strength of an association between 
a specific risk factor (in our case, IR) and the disease of interest, it is 
necessary to perform the appropriate statistical analyses by also taking 
into consideration these potentially significant confounding factors. 

Indeed, confounding factor issues are important in any epidemio-
logical study, but they are even more relevant in low-dose radiation 
studies since even a modest degree of confounding might significantly 
skew study findings thus yielding misleading interpretations (NRC, 
2012). In practice, the failure to take into account at least the most 
important and well-known (for their association with cancer such as 
smoking) confounding factors may result in the calculation of incorrect 
risk estimates that may therefore exaggerate or nullify the true degree of 
association (Hajian, 2012; NRC, 2012). Typically, this problem does not 
arise when investigating the health effects possibly associated with IR 
exposure to high doses, since in these cases the influence, even of 
particularly relevant confounders, is expected to be considerably weaker 
than that of the radiation itself. In contrast, in the assessment of adverse 
outcomes related to low-dose IR, the effect of confounding factors on the 
interpretation of results could be as great or greater than the size of the 
radiation effect (which, in fact, if it exists, may be expected to be small) 
(NRC, 2012). Thus, without adequate information on these confounding 
factors, which should be used in statistical analyses to make adjustments 
in risk estimation, there is an important source of uncertainty that can 
hamper the interpretation of effects in low-dose studies (Mundt and 

May, 2001). Unfortunately, in many studies this information on the 
numerous confounding factors is missing. For example, due to the above 
considerations, it is evident that the lack of data on the individuals’ 
smoking history (e.g., number of cigarettes smoked per day, age of 
smoking initiation, years of smoking) compels careful consideration of 
the results relating to cancers with a strong association with smoking (i. 
e., lung cancer) (Berrington de González et al., 2016; Pinkerton et al., 
2012; Preston et al., 2016; Matanoski et al., 1987; Zablotska et al., 2004; 
Zeeb et al., 2002). In this regard, the lung cancer RR correlated to 
cigarette smoking normally exceeds 10 and, on the other hand, the RR 
associated with exposure to IR high doses rarely exceeds 2 (Pierce et al., 
2005). 

7. Biological and molecular mechanisms of action underlying 
radiation hormesis 

In the preceding paragraphs, we discussed how various limitations 
(e.g., lack of exposure doses, limited availability of dose ranges, selec-
tion biases and confounding factors) found in epidemiological studies 
have an important influence on the accuracy of risk estimations. 
Therefore, considering these uncertainties and the relative difficulties in 
detecting with confidence, within the framework of epidemiological 
studies, the presence of the hormetic phenomenon in the presence of 
low-doses of IR exposure, the need to define the possible molecular 
mechanisms of action underlying the expression of this adaptive 
response becomes even more relevant. Indeed, gaining knowledge of the 
biological mechanisms linking an exposure to a specific response is a 
necessary component of the evidentiary process in establishing a direct 
causal relationships (NRC, 2012) and in this regard experimental studies 
(i.e. in vitro and in vivo studies) are crucial. However, epidemiological 
studies can also play an appreciable role in this area of research and, not 
surprisingly, in recent years there has been a growing interest in this 
field, owing in part to the decisive boost given to molecular epidemi-
ology by omics techniques (Smith et al., 2011). Therefore, from this 
perspective, in order to improve our current knowledge of the mecha-
nisms underpinning RH, it would be desirable to better integrate the 
results provided by experimental and epidemiological studies with a 
view to applying the multidisciplinary approach of the molecular 
epidemiology and system biology. Indeed, in this context, the use of 
different omics techniques in epidemiological studies has the potential 
to advance the ability of molecular epidemiology to more broadly 
explore exposure-response relationships and, at the same time, gain 
insight into the fundamental underlying molecular mechanisms of ac-
tion of hormetic responses (Smith et al., 2011). On the other hand, the 
need to arrive at an integrated research model that takes into account 
and makes coordinated use of both the results of basic science studies in 
radiation biology and epidemiologic studies on adverse health effects 
induced by IR low doses has also been recognized by the US National 
Council on Radiation Protection and Measurements (NCRP) which in its 
commentary No. 24 (NCRP, 2015) suggested several proposals and 
strategies to fill the gaps towards this integrated approach such as for 
example to make a more extensive use of informative biomarkers of 
exposure and early cellular effects and bioindicators of adverse health 
outcomes. Furthermore, on the same perspective and even more 
recently, NCRP prepared an additional document, the commentary 
No.186 in which available or potential approaches for combining data 
from epidemiology and radiation biology studies into models for pre-
dicting low dose/low dose rate IR risks are described (NCRP, 2020). The 
integration of epidemiology and informative radiation biology data in 
biologically-based dose-response models is deemed to be a viable 
approach but currently, in this regard, there are several research needs 
such as that of identifying adverse outcome pathways and key events for 
radiation-induced cancers and/or non-cancer diseases related to specific 
exposure scenarios, especially at low doses and low dose rates. 

A practical example of this relates to the ability of IR to cause 
oxidative stress and the role that reactive oxygen species (ROS) 
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detoxification systems might play in inducing the hormetic response 
(Fig. 4). In fact, one of the first-line defensive mechanisms to counteract 
the damaging effects of IR is the activation of systems to facilitate 
scavenging ROS (Kabilan et al., 2020). In this regard, several experi-
mental studies showed that an enhanced antioxidant activity, sustained 
by an overexpression of manganese superoxide dismutase, catalase and 
glutathione peroxidase and by a simultaneous suppression of superoxide 
anion generation, has been associated with the beneficial effects of IR 
low-doses (Bravard et al., 1999; Chen et al., 2015; de Toledo et al., 2006; 
Paraswani et al., 2018; Yamaoka, 2006). However, the results of 
epidemiological studies are much more nuanced and often conflicting, 
and above all (due to the lack of several exposure doses) rarely allow the 
trend of the dose-response curve to be assessed, especially at low doses 
(Ahmad et al., 2016; Durović et al., 2008; Russo et al., 2012). In this 
regard, a recent study, investigating the glutathione levels in healthcare 
workers exposed to different IR doses, observed a likely hormetic 
response with an increase of GSH content with annual effective dose 
from 0 mSv to 0.5 mSv and a decrease after 0.5 mSv (Fig. 4) (Tian et al., 
2022). 

Thus, considering that replication of findings across studies is one of 
the most powerful criteria for establishing a direct relationship, the 
carrying out of appropriate epidemiological studies (taking due account 
of the critical issues previously mentioned) that are not only dedicated 
to estimating RRs but also exploit the potential of molecular epidemi-
ology would be extremely useful in confirming the hypotheses driven by 
experimental studies regarding RH. Conversely, by exploiting the ad-
vantages of omics techniques to obtain a high-throughput quali-quan-
titative characterization of several pools of biological molecules such as 
genes, proteins and metabolites, epidemiological studies, directly eval-
uating in workers exposed to IR how the levels of these molecules 
change according to different exposure doses, could provide valuable 
insights on the potential mechanisms of action involved in RH which 
should then be thoroughly studied and confirmed by experimental 
studies (Chu et al., 2019; López de Maturana et al., 2016; Subedi et al., 
2022). Since it is now widely accepted by most low-dose radiobiologists 
that in a traditional IR dose-response curve, there is a breakpoint where 
the ratio of the dominant mechanisms shifts away from those primarily 
based on signaling (low-dose-region) to DNA-target ones (high-dose 
area) (Belli and Tabocchini, 2020; Shuryak et al., 2021), it follows that 
in this research area, especially with regard to transcriptomics, there is 
enormous potential for improvement in understanding, identifying and 
defining the RH mechanisms. 

8. Conclusions 

Current preventive measures and occupational exposure limits for 
controlling exposures to IR are established on the basis of the LNT 
extrapolation model, according to which, by observing the association 
between adverse effects and IR high doses, it is inferred that any dose, no 
matter how small, should be harmful to humans and then cause cancer, 
for example. However, it should be noted that, as stated by the NCRP, 
“…essentially no human data can be said to prove or even to provide 
direct support for the LNT concept with its implicit uncertainties of non- 
threshold, linearity and dose rate independence with respect to risk.” 
(NCRP, 1995). More recently, several documents issued by different 
international authorities involved in radiation safety protection 
declared that biological responses exerted by low-dose radiation are 
substantially different from those correlated to high-dose exposure, 
having then different dose-response relationships (NRC, 2006; Tubiana, 
2005; UNSCEAR, 2012; Valentin, 2005). On the other hand, this di-
versity is also supported by the results of studies that have investigated 
the molecular mechanisms underlying the effects induced by IR, since at 
high doses they would be supported by the DNA target theory, whereas 
at low doses signaling and regulation of mRNA translation control 
mechanisms would be far more relevant (Kabilan et al., 2020; Mothersill 
and Seymour, 2022; Sutou, 2022). Therefore, on the basis of these data 

the above mentioned documents claimed that IR low-dose effects cannot 
be concluded to be harmful to human health (NRC, 2006; UNSCEAR, 
2012). 

Similarly, the findings of occupational studies, suggest that statisti-
cally significant adverse health effects induced by occupational expo-
sure to IR low-doses have not frequently been observed (Devic et al., 
2020; Seong et al., 2016; Vaiserman, 2010; Vaiserman et al., 2018). On 
the contrary, a common trend is observed in these studies, showing in 
most of the occupational populations examined a lower mortality (or 
even incidence) from all causes (and especially from cancer) than in the 
general population or (more rarely) in workers not exposed to IR. In 
some studies these findings have been explained by calling into question 
the presumed “healthy worker effect” but no quantitative estimation of 
this effect has been performed and, as argued by some authors, in many 
cases this effect is not plausible (Fornalski and Dobrzynski, 2009; Vai-
serman et al., 2018). Then, considering that the statistically significant 
reduction in expected deaths has been demonstrated also in nested-case- 
control studies (where the study design is aimed at eliminating the 
healthy worker effect) (NIOSH, 2001), the occurrence of hormesis 
should be considered as a concrete and real possibility in explaining and 
interpreting these results. 

In this perspective, also taking into consideration the important so-
cial, ethical and economic implications deriving from the adoption of 
current regulatory policies based on an uncritical acceptance of the LNT 
model, it is necessary and urgent to include in the radiological protec-
tion decision-making process the concept of RH. For example, in this 
regard it was recently argued by Scott (2021) that poorly-designed 
epidemiologic studies, as with some that evaluated cancer risks associ-
ated to IR low-dose exposure, using various misinforming procedures, 
can fuel a radiation phobia leading to the adoption of decidedly harmful 
measures such as in the cases of the Fukushima and Chernobyl nuclear 
accidents. Nowadays, the increasingly emerging scientific evidence 
questioning the validity of the LNT model by highlighting the presence 
of an adaptive response of the human being when exposed to IR low- 
doses supports an unavoidable and timely reconsideration of the cur-
rent regulation of IR. However, in this context it is crucial to that the 
concept of RH be properly considered in the context of both occupa-
tional medicine and public health. This would be accomplished by 
conducting further studies which, avoiding the main methodological 
limitations (e.g., assessment and definition of accurate exposure doses, 
inclusion of adequate control groups, appropriate evaluation of con-
founding risk factors) highlighted in this conceptual paper, can further 
assess epidemiologically-based RH hypotheses. In this regard, future 
studies should provide an integrated and multidisciplinary study design 
which, by exploiting the potential of omics techniques and systems 
biology approaches, is expected to significantly improve our under-
standing of causative molecular mechanisms of action underlying the 
RH phenomenon. 
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Fig. 4. Schematic representation of the possible role of ROS scavenging systems (with particular reference to the glutathione peroxidase system) in the induction of 
the hormetic response. 
A) It is recognized and accepted that in a traditional dose-response relationship for exposure to IR, there is a breaking point where the balance of the dominant 
molecular mechanisms of action shifts from those primarily based on signaling to those centered on DNA damage; B) Graphical representation of a hypothetical 
hormetic dose-response curve relating to glutathione (GSH) levels; C) At low doses of exposure to IR, a possible molecular mechanism of action, underlying the 
adaptive response of cells, would be an increased availability of GSH, which in turn would facilitate the scavenging of ROS by allowing faster and more efficient 
metabolization by glutathione peroxidase (GPX) of hydrogen peroxide (H2O2) to water (H2O) and oxygen. As the exposure dose increases, however, the adverse 
effects override the adaptive mechanisms, leading to reduced GSH levels and increased oxidative stress; D) Mean values (% of lowest exposure group) of GSH 
observed in healthcare workers exposed to different annual effective doses (mSv) of IR (Tian et al., 2022). 
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López de Maturana, E., Pineda, S., Brand, A., Van Steen, K., Malats, N., 2016. Toward the 
integration of omics data in epidemiological studies: still a “long and winding road”. 
Genet. Epidemiol. 40, 558–569. 

Luckey, T.D., 1980. Hormesis With Ionizing Radiation. CRC Press, Inc., Boca Raton, FL.  
Luckey, T.D., 1991. Radiation Hormesis. CRC Press, Inc., Boca Raton, FL.  
Luckey, T.D., Lawrence, K.S., 2006. Radiation hormesis: the good, the bad, and the ugly. 

Dose-Response 4, 169–190. 
Matanoski, G.M., Sternberg, A., Elliott, E.A., 1987. Does radiation exposure produce a 

protective effect among radiologists? Health Phys. 52, 637–643. 
Mattson, M.P., 2008. Hormesis defined. Ageing Res. Rev. 7, 1–7. 
Meijers, J.M., Swaen, G.M., Schreiber, G.H., Sturmans, F., 1992. Occupational 

epidemiological studies in risk assessment and their relation to animal experimental 
data. Regul. Toxicol. Pharmacol. 16, 215–222. 
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