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Dose and dose-rate effectiveness of radiation: 
first objectivity then conclusions
Sergei V. Jargin

ABSTRACT
This letter comments on the ongoing re-evaluation of the dose and dose rate effectiveness factor (DDREF) equal to 2.0, 
currently recommended by the International Commission on Radiological Protection. The topics of DDREF and threshold 
are related to the linear no-threshold theory (LNT), which does not take into account that DNA damage and repair are in 
dynamic equilibrium probably reached in a long term. Living organisms must have been adapted by natural selection to the 
today’s background level of radiation or to some average from the past, when the radiation background was higher. Dose-
dependent self-selection of exposed people and other biases common in epidemiological studies, cited in support of the 
DDREF lowering, are discussed here. In conclusion, the LNT and under-estimation of DDREF tend to exaggerate radiation-
related health risks at low dose and dose rates exposures. Future risk estimates should be based on direct comparisons 
of experimental data from acute and protracted exposures.

KEY WORDS: Ionizing radiation; Dose rate; Chernobyl; Cancer risk

Department of Public Health/Peoples’ 
Friendship University of Russia, 
Moscow, Russian Federation.

Address for correspondence: 
Sergei V. Jargin, Department of Public 
Health, Peoples’ Friendship University 
of Russia, Moscow,  
Russian Federation. 
sjargin@mail.ru

Received: February 11, 2016
Accepted: April 12, 2016
Published: April 17, 2016

Letter to the Editor

INTRODUCTION

The dose and dose rate effectiveness factor (DDREF) is 
used for adjustment of risk estimates at acute radiation 
exposures to continuous (low dose rate) exposures [1]. 
This letter refers to the ongoing discussion of the DDREF 
equal to 2.0, currently recommended by the International 
Commission on Radiological Protection (ICRP) [2]. 
The topics of the threshold, hormesis and DDREF are 
interrelated with the linear no-threshold theory (LNT). 
Hormesis and the LNT are considered controversial by 
many scientists; discussion is in [3-8]. Only the LNT is 
discussed below, but the same arguments pertain also 
to other no-threshold models. In particular, the linear-
quadratic model does not fit all experimental data well [9]. 

The biophysical rationale of the LNT is as follows. The 
more tracks pass through a cell nucleus, the more DNA 
damage would result and the higher the risk of malignant 
transformation would be. Tracks of particles produce 
damage and consequent cellular changes. Decreasing the 
number of damaged cells by a factor of 10 would decrease 
the biological response by the same factor. Consequently, 
the risk of radiation-induced endpoints would decrease 
linearly, without a threshold, down to minimal doses 
[10]. This concept does not take into account that DNA 
damage and repair are permanent processes being in 
dynamic equilibrium most probably reached in a long 
term. There is an ecologically based argument against 
the LNT: given the evolutionary prerequisite of the best 
fitness, living organisms must be adapted by natural 
selection to a background level of ionizing radiation [11]. 
Accordingly, there would be an optimal exposure level, as 

it is for many environmental factors: visible and ultraviolet 
light, various chemical elements and compounds [12] as 
well as products from radiolysis of water participating in 
physiological processes [13]. Evolutionary adaptation to a 
changing environmental factor would probably lag behind 
its current value and correspond to some average from the 
past. Natural background radiation has been decreasing 
during the time of life existence [14]. It can be argued 
that resistance against radiation carcinogenesis may not be 
acquired by natural selection because the reproductive and 
cancer-developing ages in humans are averagely different. 
However, the conservative nature of mutation repair 
suggests that this mechanism evolved in the distant past, 
before the appearance of humans as a species, so that living 
organisms may have retained some capability to repair 
damage from higher radiation levels than those existing 
today [14]. Admittedly, the concept of radioactivity as 
an environmental factor with an optimal exposure level 
remains largely in the theory requiring corroboration by 
experimentally based scientific knowledge.

DISCUSSION

Obviously, if a dose is split into fractions, a biological system 
would have time for repair. With the dose protraction, 
damage caused by a given track would less frequently 
interact with that induced by a subsequent track, resulting 
damage thus being lower [15]. Effects of high linear energy 
transfer (LET) radiation were reported to have a small or 
no dose rate dependence in contrast to low LET radiation, 
where lowering of the dose rate can significantly reduce 
efficiency [16-18]. X- and γ-rays are sparsely ionizing; they 



Jargin: DDREF re-evaluation

26		  J Environ Occup Sci  ●  2016  ●  Vol 5  ●  Issue 1

are termed low-LET radiation. In contrast, α-particles 
and neutrons are high-LET radiations. Electrons (β-rays) 
are generally sparsely ionizing i.e. low-LET, while protons 
are, at moderate energies, densely ionizing. Dependence 
between LET and relative biological effectiveness (RBE) 
is non-linear possibly with a peak at higher LET values; 
however, comparing low-LET and high-LET radiation, 
the latter is characterized by a higher RBE. The high-LET 
radiation causes more damage per unit absorbed dose 
[17,19]; a cell death can be produced by a few tracks or even 
a single one [15]. Moreover, the high-LET radiation, being 
a minor component of the natural radiation background 
except for radon, has probably induced less adaptation of 
internal organs other than lungs. This might explain why 
lowering the dose rate of low-LET radiation generally 
reduces carcinogenic effectiveness while that of high-LET 
radiation dose does not [18,20,21].

Several studies were cited in [2] directly [22-24], through 
the review [25], or mentioned as entire research series e.g. 
of Techa river and Mayak facility worker cohorts, adding 
evidence in support of the no-threshold concept and 
lowering of the DDREF. In the study of atomic bomb 
(A-bomb) survivors, it was concluded that the estimated 
lowest dose range with a significant excess relative risk 
(ERR) for all solid cancers was 0 to 0.20 Gy, while a 
dose-threshold analysis indicated no threshold [22]. 
This conclusion was doubted as the analysis had a priori 
restricted possible functional forms using only linear and 
linear-quadratic dose-dependences [6,26,27]. If a more 
generalized functional form was used, the lower bounds 
of the 95% confidence intervals would be under zero for 
low doses. This does not prove existence of a threshold, but 
demonstrates that the data variability is too high to suggest 
that the threshold is zero; more details are in [6,27]. Fitting 
of mathematical models is of limited value for determining 
whether or not a threshold and a cause-effect relationship 
exist; understanding of underlying mechanisms and 
verification by reliable methods are necessary, which is 
true also for chemical carcinogens [28,29]. The artificial 
neural networks method, applied to the cancer databases of 
A-bomb survivors, demonstrated the presence of a threshold 
that varied with organ, gender and age at exposure [30].

Papers overestimating medical consequences of the 
Chernobyl accident have been reviewed previously [31,32]. 
In the author’s opinion, there is also a tendency to exaggerate 
the cause-effect relationship between radiation and certain 
diseases in the Techa river and Mayak facility worker cohorts 
[33,34]. In some earlier publications no increase in cancer 
incidence was reported at the doses below 0.52 Sv [35] or 
among all studied Mayak workers [36], while existence 
of a threshold was held possible [37]. It was pointed out 
that excessive absolute risk of leukemia had been 3.5 
times lower in the Techa river cohort than among A-bomb 
survivors [38,39] i.e. the risk from acute exposure had been 
higher than that from protracted exposure at comparable 
doses. However, later reports by the same scientists have 
repeatedly stressed comparability of the data from Japan 

and the Urals and, correspondingly, a similar level of cancer 
risk from acute and protracted exposures both for leukemia 
and for solid cancers [23,24,40]. An unofficial directive 
can have been behind this change of accents; discussed 
in [32]. Along with the elevated cancer risk, an increased 
risk of non-neoplastic diseases (circulatory, respiratory, 
gastrointestinal) has been reported by the same researchers 
[22]. This can be seen as a circumstantial evidence in favor 
of biases e.g. the self-selection bias: dose-related differences 
in self-reporting and medical surveillance, a phenomenon 
noticed also by other researchers [41,42] discussed in [43]. 
Individuals knowing their higher doses would probably be 
more motivated to visit medical institutions, being at the 
same time given more attention. A relationship of aortic 
atherosclerosis and cerebrovascular diseases with low-dose 
exposures was reported from the Mayak facility, where 
the incidence of both conditions was increased in workers 
exposed to external γ-rays at a total dose above 0.5 Gy and/
or to internal α-radiation from incorporated plutonium at 
liver dose above 0.025 Gy [44,45]. The ERR per 1 Gy for 
cerebrovascular diseases in the cohort of Mayak workers 
was even higher than in A-bomb survivors [46], where the 
self-selection bias could have been active as well. Incidence 
of cerebrovascular diseases was reported to be significantly 
higher among workers with total external γ-ray doses over 
0.2 Gy compared to those exposed to lower doses [47]. In a 
later publication, the same was reported for the dose 0.1 Gy 
[48], which can hardly be caused by radiation considering 
the dose comparisons given in the next paragraph. In the 
author’s opinion, the dose-effect relationships between 
low-dose low-rate exposures and non-neoplastic diseases 
[44-54] call in question such relationships for cancer 
reported by the same and other scientists [23,24,40,41,55-
60], which pertains also to the studies cited in [2,25] 
directly or indirectly in support of the DDREF lowering. 

Average total doses to male Mayak facility workers studied 
in [46] were 0.91 Gy; over 90% of the Techa river cohort 
received < 0.1 Gy [52] protracted over many years. For 
comparison, some studies found no evidence for excess 
morbidity and mortality from coronary artery disease in 
women treated with radiotherapy for the left breast cancer 
compared to patients with right-side tumors [61]. An 
increased risk of heart disease has been related to breast 
tumor doses of 40-50 Gy and mediastinal doses in excess 
of 40 Gy [62]. The 7th Report of the Committee on the 
Biological Effects of Ionizing Radiation (BEIR VII) [17] 
summarized that “there may be some risk of cardiovascular 
morbidity and mortality for very high doses and high-
dose-rate exposures” [17]. According to the judgment by 
the United Nations Scientific Committee on the Effects 
of Atomic Radiation (UNSCEAR), given the inconsistent 
epidemiological data and the lack of a biologically plausible 
mechanism, the present data are not sufficient to establish 
a causal relationship between ionizing radiation and 
cardiovascular disease at doses of less than 1-2 Gy [62]. 
In the author’s opinion, the latter figures are understated 
as some epidemiological data are probably biased e.g. by 
dose-dependent self-selection [12,31,34,43], while doses 
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associated with functional or morphological cardiovascular 
changes in experiments were much higher [63-65]. Finally, 
evaluating data on cardiovascular mortality, it should 
be taken into account that cardiovascular diseases are 
sometimes overdiagnosed post mortem in unclear cases 
[66], which may be a confounding factor. 

Conscious or subconscious dose-dependent changes in 
behavior have probably contributed to the dose-effect 
relationships found in many epidemiological studies: 
one additional X-ray, endoscopy or blood count can lead 
to a diagnosis thus influencing statistics. Among other 
biases of epidemiological research are “dose lagging, odds 
averaging over wide dose ranges when evaluating odds 
ratios, and forcing a positive slope to the relative risk dose-
response curve” [7]. Besides, studies of radiation effects 
in humans may be prone to a recall bias: cases would 
probably recollect facts related to the exposure better than 
controls, especially if they are informed on carcinogenicity 
of radiation. Furthermore, biases and limitations of 
epidemiological studies on low dose exposures included a 
priori classification of spontaneous conditions as radiation-
induced, discussion of doses disregarding natural radiation 
background, conclusions about incidence increase without 
adequate comparisons with a control, data trimming etc., 
commented in [31,32]. Some experiments, where no 
effects had been found in exposed animals, were excluded 
from databases [67]; other studies with lesser or no impacts 
of radiation have not been cited in reviews [68] etc. All 
that contributed to overestimation of low dose effects. 
Today, when the literature is so abundant, research quality 
and possible biases should be taken into account defining 
inclusion criteria for studies into pooled analyses and 
reviews. 

Another potential argument in favor of DDREF lowering is 
the significant increase in the minisatellite DNA mutation 
rate found in children of workers at the Mayak facility 
(mean parental gonadal dose 1.65 Gy protracted over many 
years) [69] or residents of contaminated territories after 
the Chernobyl accident [70-74] (mean whole-body doses 
in different areas up to 18 mSv, overviewed in [12]). At 
the same time, minisatellite mutations were not observed 
after acute external irradiation in the offspring of cancer 
survivors, of A-bomb survivors, or after protracted exposures 
of Chernobyl clean-up workers [75]. In particular, the 
studies [74,75] found no significant differences in mutation 
rates between children of exposed and unexposed parents. 
The mean parental gonadal dose was 1.9 Sv in [76] and >1 
Sv in [77]. It was concluded that a single acute exposure of 
spermatogonial cells in humans does not result in discernible 
mutation induction at minisatellite loci [77]. The review 
[75] concluded that there is a weight of evidence that acute 
high dose paternal exposures have not led to detectable 
increase in minisatellite mutations in the offspring of 
humans. Results from [70-74] are also in contrast with [78] 
and other studies overviewed in [78,79]. Possible biases in 
[70-74], questioning other results by the same researchers, 
have been discussed previously [12,80]. Importantly, the 

available evidence suggests that human health has not 
been significantly affected by transgenerational effects of 
radiation [75].

As for hormesis, it cannot be used in the radiation safety 
regulations without unequivocal experimental evidence. 
Due to the relatively low sensitivity of epidemiological 
studies and biases discussed here and in the literature 
[7,75] epidemiological studies would be hardly helpful in 
overcoming this barrier. The same attitude was expressed 
by the UNSCEAR e.g. in regard to potentially radiation-
related circulatory diseases at doses less than 1-2 Gy 
[62]. Some studies [e.g. 76] showed a diminished risk 
of heart disease associated with radiotherapy for breast 
cancer, but longer follow-up is deemed to be needed [62]. 
Large-scale animal experiments using different species 
would be required for the further study of the dose-
effect relationships and hormesis in view of its potential 
application in the safety regulations. Current experimental 
evidence in favor of adaptive response to low dose radiation 
and hormesis is considerable [4-7,82,83], which means that 
a part of experimental data is at variance with results of 
epidemiological studies discussed above and cited in [2,25]. 
Some animal experiments did not support the hormesis 
concept showing, for example, no life lengthening in mice 
continuously exposed to radiation at low dose rates [84]. 
Other researchers did report life lengthening of mice in low 
dose experiments [e.g., 85]. Although the value of animal 
experiments for extrapolation to humans is controversial 
[86], for such a universal mechanism as DNA repair the 
extrapolation would be probably admissible if different 
animal species are used. Further work in this direction 
could quantify sensitivity of different species enabling 
more precise extrapolations to humans [87]. Outstanding 
data on harmful effects of low doses should be verified 
by experiments, for example, that “above doses of 50-100 
mSv (protracted exposure) or 10-50 mSv (acute exposure), 
direct epidemiological evidence from human populations 
demonstrates that exposure to ionizing radiation increases 
the risk of some cancers” [10], or four-fold increase in the 
incidence of thyroid cancer and twofold increase of benign 
thyroid tumors in children linked to a thyroid dose of 90 
mGy [88]. The same applies to the data on the excess 
radiation-related cancer deaths occurring at doses below 
the current occupational limits [89]. In any case, the 
hormesis concept should be applied cautiously as hormetic 
stimuli may act without threshold upon pre-damaged or 
atrophic tissues, or act synergistically with other known or 
unknown noxious agents including carcinogens [90-94]. 
In this connection, the petition to remove the phrase “As 
low as reasonably achievable” (ALARA) from the radiation 
safety regulations [95] is hardly justified, as exposures are 
unpredictable while their effects may accumulate.

CONCLUSION

There is evidence that protracted exposures are safer than 
current estimates. The results of animal experiments, with 
doses similar to or somewhat higher than the dose range 
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to which the A-bomb survivors were exposed, and dose 
rates that varied by factors 100-1000 or more, produced 
DDREF values 1-10 or more with a central value about 4 
[18]. A range of models suggests that protracted exposures 
are between 2.0 and infinitely times safer than acute 
exposures at comparable doses [9]. Indeed, according to 
the hypothesis of evolutionary adaptation to the natural 
radiation background, with the dose rate tending to the 
background level, radiation-related risks would tend to 
zero, and can even fall below zero within some dose range in 
accordance with hormesis. However, future risk estimates 
should be based on direct comparisons of data from acute 
and protracted exposures, rather than on extrapolations by 
models [9]. In conclusion, the LNT and under-estimation 
of DDREF tend to overestimate radiation-related health 
risks of low dose and dose rates exposures. 

REFERENCES
1.	 Hoel DG. Comments on the DDREF estimate of the BEIR VII Committee. 

Health Phys 2015;108(3):351-6.
2.	 Rühm W, Woloschak GE, Shore RE, Azizova TV, Grosche B, Niwa O, et al. 

Dose and dose-rate effects of ionizing radiation: a discussion in the light 
of radiological protection. Radiat Environ Biophys 2015;54(4):379-401.

3.	 Friedl AA, Rühm W. LNT: a never-ending story. Radiat Environ Biophys 
2006;44(4):241-4.

4.	 Baldwin J, Grantham V. Radiation hormesis: historical and current 
perspectives. J Nucl Med Technol 2015;43(4):242-6.

5.	 Calabrese EJ. Model uncertainty via the integration of hormesis 
and LNT as the default in cancer risk assessment. Dose Response 
2015;13(4):1559325815621764.

6.	 Doss M. Linear no-threshold model vs. radiation hormesis. Dose 
Response 2013;11:480-97.

7.	 Scott BR. It’s time for a new low-dose-radiation risk assessment paradigm 
- one that acknowledges hormesis. Dose Response 2008;6(4):333-51.

8.	 Tubiana M, Aurengo A, Averbeck D, Masse R. Recent reports on the 
effect of low doses of ionizing radiation and its dose-effect relationship. 
Radiat Environ Biophys 2006;44(4):245-51.

9.	 Haley BM, Paunesku T, Grdina DJ, Woloschak GE. The increase in animal 
mortality risk following exposure to sparsely ionizing radiation is not linear 
quadratic with dose. PLoS One 2015;10(12):e0140989.

10.	Brenner DJ, Doll R, Goodhead DT, Hall EJ, Land CE, Little JB, et al. 
Cancer risks attributable to low doses of ionizing radiation: assessing 
what we really know. Proc Natl Acad Sci U S A. 2003;100(24):13761-6.

11.	Johansson L. Hormesis, an update of the present position. Eur J Nucl 
Med Mol Imaging 2003;30(6):921-33.

12.	Jargin SV. On the genetic effects of low-dose radiation. J Environ Occup 
Sci 2014;3:199-203.

13.	Kaludercic N, Deshwal S, Di Lisa F. Reactive oxygen species and redox 
compartmentalization. Front Physiol 2014;5:285.

14.	Karam PA, Leslie SA. Calculations of background beta-gamma radiation 
dose through geologic time. Health Phys 1999;77(6):662-7.

15.	Shuryak I, Brenner DJ, Ullrich RL. Radiation-induced carcinogenesis: 
mechanistically based differences between gamma-rays and neutrons, 
and interactions with DMBA. PLoS One 2011;6(12):e28559.

16.	Cucinotta FA. A new approach to reduce uncertainties in space radiation 
cancer risk predictions. PLoS One 2015;10(3):e0120717.

17.	National Research Council of the National Academies. Health risks 
from exposure to low levels of ionizing radiation (BEIR VII Phase 2). 
Washington, D.C., USA: National Academy Press; 2006.

18.	UNSCEAR. Report to the General Assembly. Sources and Effects 
of Ionizing Radiation. Annex F: Influence of Dose and Dose Rate on 
Stochastic Effects of Radiation. New York, NY, USA: United Nations; 
1993.

19.	Task Group on Radiation Quality Effects in Radiological Protection. 
Relative biological effectiveness (RBE), quality factor (Q), and radiation 
weighting factor (w(R)). A report of the International Commission on 
Radiological Protection. Ann ICRP 2003;33(4):1-117.

20.	Balcer-Kubiczek EK, Harrison GH, Hei TK. Neutron dose-rate experiments 
at the AFRRI nuclear reactor. Armed Forces Radiobiology Research 
Institute. Radiat Res 1991;128(1 Suppl):S65-70.

21.	Kreisheimer M. The inverse dose-rate effect for radon induced lung 
cancer: a modified approach for risk modelling. Radiat Environ Biophys 
2006;45(1):27-32.

22.	Ozasa K, Shimizu Y, Suyama A, Kasagi F, Soda M, Grant EJ, et al. 
Studies of the mortality of atomic bomb survivors, Report 14, 1950-
2003: an overview of cancer and noncancer diseases. Radiat Res 
2012;177(3):229-43.

23.	Krestinina LY, Davis FG, Schonfeld S, Preston DL, Degteva M, Epifanova 
S, et al. Leukaemia incidence in the Techa River Cohort: 1953-2007. Br 
J Cancer 2013;109(11):2886-93.

24.	Ostroumova E, Preston DL, Ron E, Krestinina L, Davis FG, Kossenko M. 
et al. Breast cancer incidence following low-dose rate environmental 
exposure: Techa River Cohort, 1956-2004. Br J Cancer 2008;99(11):1940-
5.

25.	Jacob P, Rühm W, Walsh L, Blettner M, Hammer G, Zeeb H. Is cancer 
risk of radiation workers larger than expected? Occup Environ Med 
2009;66(12):789-96.

26.	Cuttler JM. Remedy for radiation fear - discard the politicized science. 
Dose Response 2014;12(2):170-84.

27.	Doss M, Egleston BL, Litwin S. Comments on “Studies of the mortality 
of atomic bomb survivors, report 14, 1950-2003: an overview of cancer 
and noncancer diseases” (Radiat Res 2012; 177:229-43). Radiat Res 
2012;178(3):244-5.

28.	Dourson ML Haber, LT (2010) Linear low-dose extrapolations. In: Hsu 
CH, Stedeford T, eds. Cancer risk assessment, chemical carcinogenesis, 
hazard evaluation, and risk quantification. Hoboken, NJ: John Wiley & 
Sons; 2010. p. 615-635.

29.	Dourson M, Becker RA, Haber LT, Pottenger LH, Bredfeldt T, Fenner-
Crisp PA (2013) Advancing human health risk assessment: integrating 
recent advisory committee recommendations. Crit Rev Toxicol 43(6):467-
92.

30.	Sasaki MS, Tachibana A, Takeda S. Cancer risk at low doses of ionizing 
radiation: artificial neural networks inference from atomic bomb 
survivors. J Radiat Res 2014;55(3):391-406.

31.	Jargin SV. Chernobyl-related cancer and precancerous lesions: incidence 
increase vs. late diagnostics. Dose Response 2014;12(3):404-14.

32.	Jargin SV. Thyroid cancer after Chernobyl: obfuscated truth. Dose 
Response 2011;9(4):471-6.

33.	Jargin SV. On the low-dose-radiation exposure in the Techa River 
Cohort and mortality from circulatory diseases. Radiat Environ Biophys 
2013;52(3):419-20.

34.	Jargin SV. Leukemia and cardiovascular diseases in the Techa river 
cohort: New interpretation required. J Environ Occup Sci 2014;3:63-4.

35.	Buldakov LA, Demin SN, Kosenko MM, Kostiuchenko VA, Koshurnikova 
NA, Krestinina Liu, et al. The medical sequelae of the radiation accident 
in the Southern Urals in 1957. Med Radiol (Mosk) 1990;35(12):11-5.

36.	Okladnikova ND, Pesternikova VS, Azizova TV, Sumina MV, Kabasheva 
NIa, Belyaeva ZD, et al. Health status among the staff at the nuclear 
waste processing plant. Med Tr Prom Ekol 2000;(6):10-4.

37.	Tokarskaya ZB, Scott BR, Zhuntova GV, Okladnikova ND, Belyaeva ZD, 
Khokhryakov VF, et al. Interaction of radiation and smoking in lung cancer 
induction among workers at the Mayak nuclear enterprise. Health Phys 
2002;83(6):833-46.

38.	Akleev AV, Preston D, Krestinina LIu. Medical and biological 
consequences of human’s chronic exposure to radiation. Med Tr Prom 
Ekol 2004;(3):30-6.

39.	Akleyev AV, Kossenko MM, Krestinina LIu, Shalaginov SA, Degteva MO, 
Startsev MV. Health status of population exposed to environmental 
contamination in the Southern Urals. Moscow, Russia: Radekon; 2001.

40.	Akleev AV, Krestinina LIu. Carcinogenic risk in residents of the Techa 
riverside villages. Vestn Ross Akad Med Nauk 2010;(6):34-9.

41.	Zablotska LB, Bazyka D, Lubin JH, Gudzenko N, Little MP, Hatch M, et al. 
Radiation and the risk of chronic lymphocytic and other leukemias among 
chornobyl cleanup workers. Environ Health Perspect. 2013;121(1):59-65.

42.	McGeoghegan D, Binks K, Gillies M, Jones S, Whaley S (2008) The non-
cancer mortality experience of male workers at British Nuclear Fuels plc, 
1946-2005. Int J Epidemiol 37:506-518.

43.	Jargin SV. On the radiation-leukemia dose-response relationship 
among recovery workers after the Chernobyl accident. Dose Response 
2013;12(1):162-5.

44.	Azizova TV, Kuznetsova KV, Bannikova MV, Sumina MV, Bagaeva 
IaP, Azizova EV, et al. Prevalence of aortal atherosclerosis in workers 
underwent occupational irradiation. Med Tr Prom Ekol 2014;(11):1-6.

45.	Azizova TV, Bannikova MV, Moseeva MV, Grigor’eva ES, Krupenina LN. 
Cerebrovascular disease incidence in workers occupationally exposed 
to radiation over prolonged time periods. Zh Nevrol Psikhiatr Im S S 
Korsakova 2014;114(12):128-32.

46.	Moseeva MB, Azizova TV, Muirhed CR, Grigor’eva ES, Vlasenko EV, 
Sumina MV, et al. Risk of cerebrovascular disease incidence in the 
cohort of Mayak production association workers first employed during 
1948-1958. Radiats Biol Radioecol 2012;52(2):149-57.



Jargin: DDREF re-evaluation

J Environ Occup Sci  ●  2016  ●  Vol 5  ●  Issue 1		  29

47.	Azizova TV, Muirhead CR, Moseeva MB, Grigoryeva ES, Sumina MV, 
O’Hagan J, Zhang W, Haylock RJ, Hunter N (2011) Cerebrovascular 
diseases in nuclear workers first employed at the Mayak PA in 1948-
1972. Radiat Environ Biophys 50:539-552.

48.	Azizova TV, Haylock R, Moseeva MB, Pikulina MV, Grigorieva ES (2015) 
Cerebrovascular diseases incidence and mortality in an extended Mayak 
Worker Cohort: 1948-1982. Med Radiol Radiaton Safety (Moscow) 
(4):43-61.

49.	Azizova TV, Haylock RG, Moseeva MB, Bannikova MV, Grigoryeva ES. 
Cerebrovascular diseases incidence and mortality in an extended Mayak 
Worker Cohort 1948-1982. Radiat Res 2014;182(5):529-44.

50.	Azizova TV, Muirhead CR, Druzhinina MB, Grigoryeva ES, Vlasenko EV, 
Sumina MV, et al. Cardiovascular diseases in the cohort of workers first 
employed at Mayak PA in 1948-1958. Radiat Res. 2010;174(2):155-68.

51.	Azizova TV, Zhuntova GV, Haylock RG, Moseeva MB, Grigoryeva ES, 
Hunter N, et al. Chronic bronchitis in the cohort of Mayak workers first 
employed 1948-1958. Radiat Res 2013;180(6):610-21.

52.	Krestinina LY, Epifanova S, Silkin S, Mikryukova L, Degteva M, Shagina 
N, et al. Chronic low-dose exposure in the Techa River Cohort: 
risk of mortality from circulatory diseases. Radiat Environ Biophys 
2013;52(1):47-57.

53.	Yablokov AV. Nonmalignant diseases after the Chernobyl catastrophe. 
Ann N Y Acad Sci 2009;1181:58-160.

54.	Jargin SV. Focused review of mathematical modeling of radiation-
related abnormalities in the Techa River cohort. J Environ Occup Sci 
2015;4(2):114-7.

55.	Krestinina LY, Davis F, Ostroumova E, Epifanova S, Degteva M, Preston 
D, et al. Solid cancer incidence and low-dose-rate radiation exposures in 
the Techa River cohort: 1956 2002. Int J Epidemiol. 2007;36(5):1038-46.

56.	Sokolnikov ME, Gilbert ES, Preston DL, Ron E, Shilnikova NS, 
Khokhryakov VV, et al. Lung, liver and bone cancer mortality in Mayak 
workers. Int J Cancer 2008;123(4):905-11.

57.	Sokolnikov M, Preston D, Gilbert E, Schonfeld S, Koshurnikova N. 
Radiation effects on mortality from solid cancers other than lung, liver, 
and bone cancer in the Mayak worker cohort: 1948-2008. PLoS One 
2015;10(2):e0117784.

58.	Azizova TV, Korobkin AV, Osovets SV, Bannikova MV. Latency period 
of acute leukemia in the cohort of Mayak workers. In: Chronic 
radiation exposure: low-dose effects. Abstracts of the 4th International 
Conference, November 9-11, 2010, Chelyabinsk, Russia; 2010; pp. 
14-15.

59.	Yablokov AV. Oncological diseases after the Chernobyl catastrophe. 
Ann N Y Acad Sci 2009;1181:161-91.

60.	Ivanov VK, Gorski AI, Tsyb AF, Ivanov SI, Naumenko RN, Ivanova LV. 
Solid cancer incidence among the Chernobyl emergency workers 
residing in Russia: estimation of radiation risks. Radiat Environ Biophys 
2004;43(1):35-42.

61.	Vallis KA, Pintilie M, Chong N, Holowaty E, Douglas PS, Kirkbride P, et 
al. Assessment of coronary heart disease morbidity and mortality after 
radiation therapy for early breast cancer. J Clin Oncol 2002;20(4):1036-
42.

62.	UNSCEAR. Report to the General Assembly. Effects of Ionizing 
Radiation. Annex B: Epidemiological evaluation of cardiovascular 
disease and other non-cancer diseases following radiation exposure. 
New York, NY, USA: United Nations; 2006.

63.	UNSCEAR. Report of the United Nations Scientific Committee on the 
Effects of Atomic Radiation. Annex D: Somatic effects of radiation. 
New York, NY, USA: United Nations; 1962.

64.	Hopewell JW, Campling D, Calvo W, Reinhold HS, Wilkinson JH, 
Yeung TK. Vascular irradiation damage: its cellular basis and likely 
consequences. Br J Cancer Suppl. 1986;7:181-91.

65.	Schultz-Hector S. Radiation-induced heart disease: review of 
experimental data on dose response and pathogenesis. Int J Radiat 
Biol. 1992;61(2):149-60.

66.	Jargin SV. Cardiovascular mortality trends in Russia: possible 
mechanisms. Nat Rev Cardiol. 2015;12(12)

67.	Duport P, Jiang H, Shilnikova NS, Krewski D, Zielinski JM. Database 
of radiogenic cancer in experimental animals exposed to low doses of 
ionizing radiation. J Toxicol Environ Health B Crit Rev 2012;15(3):186-
209.

68.	Dreicer M. Book review. Chernobyl: Consequences of the catastrophe for 
people and the environment. Environ Health Perspect 2010;118:A500.

69.	Rusinova GG, Glazkova IV, Azizova TV, Osovets SV, Viazovskaia NS. 
Analysis of genome instability in offspring of “Mayak” workers families: 
minisatellite CEB1. Genetika 2014;50(11):1354-62.

70.	Dubrova YE. Monitoring of radiation-induced germline mutation in 
humans. Swiss Med Wkly 2003;133(35-36):474-8.

71.	Dubrova YE, Nesterov VN, Krouchinsky NG, Ostapenko VA, Vergnaud 
G, Giraudeau F, et al. Further evidence for elevated human minisatellite 
mutation rate in Belarus eight years after the Chernobyl accident. Mutat 
Res 1997;381(2):267-78.

72.	Dubrova YE, Plumb M, Brown J, Jeffreys AJ. Radiation-induced germline 
instability at minisatellite loci. Int J Radiat Biol 1998;74(6):689-96.

73.	Dubrova YE, Nesterov VN, Krouchinsky NG, Ostapenko VA, Neumann 
R, Neil DL, et al. Human minisatellite mutation rate after the Chernobyl 
accident. Nature 1996;380(6576):683-6.

74.	Dubrova YE, Grant G, Chumak AA, Stezhka VA, Karakasian AN. Elevated 
minisatellite mutation rate in the post-Chernobyl families from Ukraine. 
Am J Hum Genet 2002;71(4):801-9.

75.	Little MP, Goodhead DT, Bridges BA, Bouffler SD. Evidence relevant to 
untargeted and transgenerational effects in the offspring of irradiated 
parents. Mutat Res 2013;753(1):50-67.

76.	Rutqvist LE, Liedberg A, Hammar N, Dalberg K. Myocardial 
infarction among women with early-stage breast cancer treated with 
conservative surgery and breast irradiation. Int J Radiat Oncol Biol 
Phys. 1998;40(2):359-63.

77.	Kodaira M, Satoh C, Hiyama K, Toyama K. Lack of effects of atomic 
bomb radiation on genetic instability of tandem-repetitive elements in 
human germ cells. Am J Hum Genet 1995;57(6):1275-83.

78.	Kodaira M, Izumi S, Takahashi N, Nakamura N. No evidence of radiation 
effect on mutation rates at hypervariable minisatellite loci in the germ 
cells of atomic bomb survivors. Radiat Res 2004;162(4):350-6.

79.	Tawn EJ, Curwen GB, Rees GS, Jonas P. Germline minisatellite 
mutations in workers occupationally exposed to radiation at the 
Sellafield nuclear facility. J Radiol Prot 2015;35(1):21-36.

80.	Little MP. Germline minisatellite mutations in the offspring of irradiated 
parents. J Radiol Prot 2015;35(1):E1-4.

81.	Jargin SV. Some aspects of mutation research after a low-dose radiation 
exposure. Mutat Res 2012;749(1-2):101-2.

82.	Mitchel RE. The dose window for radiation-induced protective adaptive 
responses. Dose Response 2009;8(2):192-208.

83.	Vaiserman AM. Radiation hormesis: historical perspective and 
implications for low-dose cancer risk assessment. Dose Response 
2010;8(2):172-91.

84.	Tanaka S, Tanaka IB 3rd, Sasagawa S, Ichinohe K, Takabatake T, 
Matsushita S, et al. No lengthening of life span in mice continuously 
exposed to gamma rays at very low dose rates. Radiat Res 
2003;160(3):376-9.

85.	Caratero A, Courtade M, Bonnet L, Planel H, Caratero C. Effect of a 
continuous gamma irradiation at a very low dose on the life span of 
mice. Gerontology 1998;44(5):272-6.

86.	van der Worp HB, Howells DW, Sena ES, Porritt MJ, Rewell S, O’Collins 
V, et al. Can animal models of disease reliably inform human studies? 
PLoS Med 2010;7(3):e1000245.

87.	Higley KA, Kocher DC, Real AG, Chambers DB. Relative biological 
effectiveness and radiation weighting factors in the context of animals 
and plants. Ann ICRP 2012;41(3-4):233-45.

88.	Ron E, Modan B, Preston D, Alfandary E, Stovall M, Boice JD Jr. 
Thyroid neoplasia following low-dose radiation in childhood. Radiat 
Res 1989;120(3):516-31.

89.	Wing S, Richardson D, Stewart A The relevance of occupational 
epidemiology to radiation protection standards. New Solut 
1999;9(2):133-51.

90.	Little JB. Low-dose radiation effects: interactions and synergism. Health 
Phys 1990;59(1):49-55.

91.	Tidd MJ. The big idea: polonium, radon and cigarettes. J R Soc Med 
2008;101(3):156-7.

92.	Zhang R, Li J, Burns FJ, Huang C. Ionizing radiation synergistic induction 
of cyclooxygenase-2 with benzo[a]pyrene diol-epoxide through nuclear 
factor of activated T cells in mouse epidermal Cl 41 cells. Oncol Rep 
2006;15(3):721-7.

93.	Jargin SV. Hormesis and homeopathy: The artificial twins. J Intercult 
Ethnopharmacol 2015;4(1):74-7.

94.	Jargin SV. Hormetic use of stress in gerontological interventions 
requires a cautious approach. Biogerontology. 2016;17(2):417-20.

95.	Marcus CS. Time to reject the linear-no threshold hypothesis and accept 
thresholds and hormesis: A Petition to the U.S. Nuclear Regulatory 
Commission. Clin Nucl Med 2015;40(7):617-9. 

© SAGEYA. This is an open access article licensed under the terms
of the Creative Commons Attribution Non-Commercial License
(http://creativecommons.org/licenses/by-nc/3.0/) which permits 
unrestricted, noncommercial use, distribution and reproduction in any 
medium, provided the work is properly cited.
Source of Support: Nil, Confl ict of Interest: None declared


