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Abstract: The lifespan studies of animals exposed to low doses on ionizing radiation with a view 
to determining the relationships between radiation dose and cancer incidence have been identified 
and corresponding publications have been reviewed.  The information on experimental conditions 
and cancer incidence data in exposed and control animals have been entered into a database 
intended for a global analysis of the relationship between low doses of ionizing radiation and 
cancer incidence.  Data concerning about 85,000 exposed animals and the ir 45,000 corresponding 
controls, with a total of over 60,000 and 12,000 cancers in exposed and control animals, 
respectively, have been collected.  Experiments were conducted with all types of ionizing 
radiation, at doses ranging from 10 mGy to 3.3 Gy for gamma radiation, 40 mGy to 4 Gy for X-
rays, 2 mGy to several hundred Gy for beta radiation, 2 mGy to 9 Gy to alpha radiation, and 5 
mGy to 3.3 Gy of neutrons.  Within a specific experiment, data are grouped into datasets, which 
concern animals of a particular species, strain, sex, age at exposure exposed to a range of doses 
under specific exposure conditions.  In this body of data, no cancers were observed in the control 
groups of about 30% of the datasets, which makes it impossible to detect a possible decrease in 
cancer rate in exposed animals.  When cancers were observed in control animals, either no effect 
or an apparent reduction in cancer risk was observed in 40% of the datasets for neutron exposure, 
50% of the datasets for X-rays, 53% of the datasets for gamma radiation, and 61% of the datasets 
for alpha radiation.  Apparent reductions in cancer rate, significant at up to 10 standard deviations 
were observed in mice exposed to 100 and 250 mGy of gamma radiation.  This review confirmed 
that, in some experiments, exposed animals live considerably longer (up to 40%) than their 
controls.  In some experiments for which pathological observations were reported on non-
malignant diseases, there appears to be apparent beneficial effects of low doses of radiation, 
coupled with an apparently increased longevity. The statistical strength of the overall 
observations has not been determined yet and is subject to further work.  However, the frequency 
of an apparent lack of effect or of protective effects, and of increased longevity in exposed 
animals challenges the general validity of the Linear No Threshold Theory (LNT) and calls for 
research aimed at confirming or disproving the existence of beneficial effects of low-dose 
radiation on malignant and non-malignant diseases and at determining the mechanisms that 
subtend them.   
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Introduction   
 
Currently, the risk of cancer due at low dose of ionizing radiation is extrapolated from risks 
observed in individuals exposed to relatively high doses, typically to total doses above 200 mSv.  
Single epidemiological or animal studies do not provide conclusive evidence of radiation risk at 
cumulated doses comparable to current public and occupational dose limits nor to natural 
radiation levels.  This paper summarizes the information generated by decades of laboratory 
research on low dose effects in animals.  Its aim is merely to describe and to synthesize the 
observed relationships between low dose of radiation and cancer incidence in laboratory animals.  
Owing to the extreme variety of experimental conditions used to study radiation carcinogenesis 
(species, target organs, type of radiation and exposure, etc.) there is no uniformity in the reporting 
of experimental results.  Rigorous statistical analyses of the collected data are underway.   
 
Sources (References by type of radiation at the end of the paper)  
 
The most comprehensive source of information on lifespan experiments on radiation 
carcinogenesis in mammals is the International Radiobiology Archives of Long-Term Animal 
Studies (Other 1), which provide succinct descriptions of experiments conducted up to 1996 in 
North America, Europe, and Asia are succinctly described and references in which more details 
can be found.  Experimental data published after 1996 were reviewed and added to those given in 
the IRA, and references in all the papers collected were compared to identify work not reported in 
the IRA as well as to identify multiple reporting of the same data.   
 
Papers from peer-reviewed journals, annual reports of research institutions and conference 
proceedings that contained the information necessary for a database on the carcinogenic effects of 
low-dose radiation (species and strains, type of radiation, mode of administration, body or organ 
doses, dose rate, type of cancer of interest, etc) were selected as appropriate sources of data for 
inclusion in the database if low radiation doses were used in the experiments.  The papers were 
reviewed to ascertain their relevancy and to avoid duplicate entries. 
  
Definitions and notations  
 
In this paper, the term experiment refers to the ensemble of data pertaining to the relationship 
between exposure to a range of doses of a specific type of radiation under identical exposure 
conditions and the rate of cancer in same sex animals of a particular species and strain.  An 
experiment may generate information only about a particular type of cancer in a particular target 
organ or about different types of cancer in several organs.   
 
A dataset is a group of data that pertains to the relationship between a range of dose levels  of a 
particular type of radiation delivered under particular exposure conditions and the incidence of a 
particular type of cancer in a particular target organ in animals of same species, strain, sex and 
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age.   An experiment may contain one or several datasets.  The incidence of cancer in exposed 
groups is noted Ie, and Ic in control groups. 
 
In this review, all data obtained at doses up to 1 Gy have been taken into account.  Data obtained 
at doses above 1 Gy were also incorporated when no significant lifespan reduction or when no 
cancers were observed in exposed animals.  This led to including data at doses much greater than 
1 Gy.   
 
Dose rates are constant in X-ray, gamma and neutron experiments, but are variable with 
internally deposited radionuclides.   
 
Data collection 
 
Data from each relevant study were assembled in Microsoft EXCEL® tables.  Each table contains 
the IRA identification number when it exists, the full reference of the publication, and relevant 
experimental parameters (species, strain, age, sex, number of animals in control and exposed 
groups, age at exposure, number and type of cancer in controls and exposed animals, target organ 
and type of cancer, type of radiation and mode of administration, dose, dose rate (when 
available), mean or median survival time in control and exposed groups (when available)).  The 
tables are accompanied by graphs showing, whenever possible, the best linear and/or quadratic 
fits to the data points.  The data are also kept in a SAS?  database for further statistical analyses.  
Paper copies of references of interest are kept in files.  
 
The influence of radionuclide build-up and clearance as well as that of dose rates is not taken into 
account in the first review of low dose effects. 
 
The database contains information on about 85,000 exposed animals, 45,000 controls (Table 1).  
A summary of the distribution of datasets according to the incidence of cancer in controls is 
given in Table 2, and the distribution of datasets with fewer cancers in exposed than in control 
animals is given in Table 3.   
 
 

  Type radiation 

  Alpha Neutrons X rays Gamma Beta Total 

Number of control animals 7603 8907 8233 15322 4994 45059 

Number of cancers in controls 1652 6102 3125 7576 785 19240 
Number of exposed animals 12146 24571 13 030 37255 11134 85106 

Number of cancers in exposed 3383 21497 6623 25548 3042 60093 
 
Table 1: Summary of collected data 
 



 4 

Type of radiation X Gamma Bêta Alpha Neutrons 

Datasets with Ic = 0 36 (26%) 0 (0%) 34 (38%) 70 (49%) 25 (12%) 
Datasets with 0<Ic1% 24 (17%) 7 (5%) 5 (6%) 19 (13%) 33 (16%) 
Datasets with 1<Ic10% 37 (27%) 67 (44%) 39(43%) 38 (27%) 78 (38%) 
Datasets with 10<Ic<25% 26 (19%) 48 (32%) 7 (8%) 7 (5%) 39 (19%) 
Datasets with Ic>25% 15 (11%) 29 (19%) 5 (6%) 8 (6%) 32 (15%) 

All datasets 138 151 90 142 207 
 
Table  2.  Distribution of datasets per cancer incidence in controls 
 

 
Cancer incidence intervals in controls                                                  

(% relative to number of datasets with Ic>0) 

Datasets 
with 

Ie=Ic=0                

Datasets with 
Ie=Ic=0 and with 
apparent negative 

dose-response 
slope 

Radiation &             
Dose range 0< Ic<1% 1<Ic<10% 10<Ic<25%  Ic>25% All  

(% relative to number of datasets 
in dose interval) 

Gamma  
(D< 0.5 Gy) 

3/6  
(50%) 

10/36 
 (28%) 

9/26  
(35%) 

9/14 
(64%) 

31/82  
(38%)  -  - 

X Rays 
 (D<0.5 Gy) 

12/22 
(55%) 

12/25 
 (48%) 

8/18  
(44%) 

5/13 
 (38%) 

37/78 
 (47%) 

21/109 
(19%) 

(37+21)/109  
(53%) 

Beta 
 (D=<1.0 Gy) 

1/2  
(50%) 

8/17  
(47%) 

1/2  
(50%) 

0/2  
 (0)%) 

10/23 
 (43%) 

3/26  
(12%) 

(3+10)/26  
(50%) 

Alpha 
 (D<0.5 Gy) 

11/17 
(65%) 

11/27 
 (41%) 

2/5  
(40%) 

4/7  
(57%) 

28/56  
(50%) 

42/114 
(37%) 

(42+28)/114  
(61%) 

Neutrons 
 (D<0.5 Gy) 

14/32 
(44%) 

23/76 
 (30%) 

14/39  
(36%) 

19/31 
(61%) 

70/178  
(39%) 

12/203 
(6%) 

(12+70)/203  
(40%) 

Neutrons  
(D<0.1 Gy) 

13/26 
(50%) 

18/51  
(35%) 

11/27  
(41%) 

14/22  
(64%) 

56/126  
(44%) 

7/182  
(4%) 

(7+56)/182  
(40%) 

 
Table 3.  Number and proportion of datasets with an apparent reduced cancer risk at  
               n lowest dose levels (n = 1, 2, 3, >3) 
 
Global observations  

Effect of radiation exposure on the lifespan of exposed animals 
 
In some, but not all publications, the survival time of animals is reported either as the mean 
survival time (MST) or the median survival time of control and expose animals, or as the MST or 
median survival time in control and exposed animals with the same disease.  This makes it 
difficult to compare survival data between publications.  Here, a general comparison of lifespan 
between control and exposed animals is given (Table 4).  A detailed analysis of radiation dose on 
the lifespan of animals is forthcoming.  The lifespan of exposed animals exceeds that of controls 
in about 30% to 46% of the dose levels. For example, the mean survival time in mice with 
alveolar carcinoma following a neutron dose of 250 mSv exceeds that of controls by 41% (Fig. 
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1), although the overall life expectancy of the exposed mice is not affected by neutron exposure 
up to doses of 1 Gy (for example, Neutrons 16).  
 
 Dose range (Gy) Datasets with prolonged life (%) Maximum life prolongation (%)  
Gamma 0 – 0.50  37 % 50% 
Alpha 0 – 1.00 29% 76% 
Neutrons 0 – 0.50 45% 54% 
 
Table 4.   Comparison of mean survival time (MST) in control and exposed animals 
 
Radiation exposure and cancer incidence 
 
An increase in cancer incidence in exposed animals can be seen whether or not cancers are 
observed in control animals, but an apparent protective effect can be seen only if cancers are 
present in control animals. Therefore, the datasets are separated in five groups, Ic=0, 0<Ic<1%, 
1<Ic<10%,  10<Ic<25%,  Ic>25% in order to put the influence of radiation on carcinogenesis in 
proper perspective (Table 3). 
 
The absence of cancers in exposed and control animals at the lowest dose levels is indicative of 
no harmful effect (threshold) at the lowest dose levels, whereas a lower cancer incidence in 
exposed than in control animals (Ic>0, Ie<Ic) suggests either the absence of risk (threshold) or of 
a negative dose-response relationship (hormesis).  
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Figure 1. Mean survival time vs dose in 21-
day old mice with alveolar carcinoma after 
neutron exposure (squares: exposed, 
circles: controls) (Neutrons 16) 

 Figure 2.  Relative risk for all cancers in mice 
exposed to gamma radiation (reticular tissue 
and solid cancers) (Gamma 10-12) 

 
 
Low LET radiation.  Gamma radiation (49 experiments – References Gamma 1-15) 
 
Gamma radiation experiments are comprised of 151 datasets and 363 dose levels (Table 1).  
Experiments with pre- and post-natal exposures are included (Gamma 2, 4).  Most experiments 
were conducted at a single combination of dose and dose rate but some used a wide range of 
doses and dose rates (Gamma 10-12, 15).  The doses used in gamma experiments varied from 
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100 mGy to 3.29 Gy, with dose rates from   10. 10-7 to 4 Gy/min.  The sources of gamma 
radiation were Co-60 and Cs-137. 
 
The distribution of datasets according to cancer incidence in controls is given in Table 2.  
Cancers were observed in all control groups (Ic>0).  In 114 (31%) of the 363 dose levels, the 
incidence of cancer in exposed was less than in controls.   
 

Apparent protective effect at the lowest dose levels 
 
The datasets with Ic>0 and Ie>Ic at n lowest dose levels (n = 1, 2, 3, >3) were identified (Table 
3).   Overall, 58 (38%) of the datasets show an apparent negative slope at the lowest dose levels.   
At doses less than 0.5 Gy, the proportion of datasets with an apparent negative dose-response 
slope ranges from 50% for 0<Ic<1% to 64% when Ic>25%.  Clear examples of U-shaped dose-
response curves with relative risk values at up to 11 standard deviations below the baseline 
cancer incidence in controls are seen in mice exposed to gamma radiation  (Ullrich 1979 and 
1979a, Maisin 1988) (example in Figure 1). 
 
Low LET radiation – X-rays (24 experiments, References X-ray 1-22) 
 
X-ray experiments are comprised of 138 datasets and a total of 445 dose levels.   With one 
exception (X-rays 12), X-ray exposures were acute.  Doses ranged from 40 mGy to 4 Gy and 
dose rates from 10-5 to 5.50 Gy/min. 
 
In 36 (26%) of the 138 datasets no cancers were observed in control animals (Ic=0), which makes 
it possible to detect a possible protective effect only in the remaining 102 datasets with Ic>0.  In 
145 (45%) of all the 323 dose levels, the incidence of cancer in exposed was less than in controls.  
In the 0 – 0.5 Gy dose range, there is an apparent protective effect in 76 (52%) of the datasets, 
and no cancers were observed in exposed and control animals in 21 (19%) of the datasets  (Table 
3).  
  

Apparent protective effect at the lowest dose levels 
 
The datasets with Ic>0 and Ie>Ic at n lowest dose levels (n = 1, 2, 3, >3) were identified (Table 
1).  In the 0 – 0.5 Gy range, an apparent protective effects is seen in 37 (47%) datasets and 53% 
of the datasets either display no apparent radiation effect (Ie=Ic=0) or an apparent negative dose-
response slope. 
 
Low LET radiation - Beta emitters (36 experiments, References Beta 1-16) 
 
Beta experiments are comprised of 90 datasets and a total of 314 dose levels.  Beta emitters were 
administered to the animals by injection (10 experiments), inhalation (11 experiments), or 
ingestion (4 experiments).  Beta radiation was delivered externally in 4 experiments for the 
induction of skin cancer.   Organ doses ranged from 2 mGy to 310 Gy.  No cancers were 
observed in control animals in 34 datasets (38% of all datasets and 42% of all dose levels).  
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Overall, the incidence of cancer was lower in exposed than in control animals in 78 (44%) of the 
181 dose levels.  In the 0 – 0.5 Gy range, no cancers were observed in 3(12%) datasets.   
 
Apparent protective effect at the lowest dose levels 
 
In the 0 – 1.0 Gy range, apparent protective effects are observed at the lowest dose levels in 10 
(38%) of the datasets and 13 (50%) of the datasets exhibit either no apparent radiation effect 
(Ie=Ic=0) or an apparent negative dose-response.   
 
High LET radiation - alpha emitters (84 experiments, References alpha 1-33) 
 
Alpha experiments are comprised of142 datasets and a total of 487 dose levels.   Alpha emitters 
were administered to the animals by tracheal instillation (one experiment), injection (68 
experiments), or inhalation (15). 
 
The dose rate delivered by internally deposited alpha emitters decreases with the clearance of 
radionuclides from target organs, except for inhaled 222Rn decay products for which, because of 
their short half- life, dose rate and total dose can be modulated independently (Alpha 12).  The 
radiation doses used in experiments with alpha emitters range from 2 mGy to 8.95 Gy. 
 
In 89 datasets (63% of all datasets and 49% of all dose levels) no cancers were observed in 
control animals, which makes it possible to detect apparent protective effects only in the 
remaining 53 (37%) datasets with Ic>0.   Control animals in 34 of 142 datasets had an incidence 
of cancer in controls greater than 1%.  No cancers were observed in the exposed animals of 30 
(21 %) of all datasets whereas 81 cancers were observed in corresponding control, apparently a 
strong indication of protective effects.  In the 0 – 0.5 Gy range, the incidence of cancer was less 
in exposed than in control animals in 52 (40%) of the dose levels.   
 
Apparent protective effect at lowest dose levels 
 
In the 0 – 0.5 Gy range, apparent protective effects were observed in 28 (50%) of the datasets.  It 
is noteworthy that apparent protective effects are observed in 65% of the datasets in which cancer 
incidence is less than 1% in the controls (Table 3).  In the same dose range, either no effect 
(Ie=Ic=0) or apparent protective effects (Ie<Ic) are observed in 70 (61%) of the datasets. 
 
The case of rats exposed to airborne 222Rn decay products is of particular interest.  Inhaled 222Rn 
decay products are the only alpha emitters, for which it is possible to modulate, separately, the 
dose rate and the dose at which radiation is delivered to the tissues (Alpha 12).  In these 
experiments, the risk of lung cancer was lower, but not significantly, in rats exposed to 25 
Working Level Months (WLM) of radon progeny delivered at a concentration in air of 2 Working 
Levels (WL) than in controls, whereas the risk was significantly higher in rats receiving the same 
total exposure at a concentration of 100 (WL)  The cancer incidence is significantly lower at 2 
WL than at 100 WL.  The apparent protective effect at 25 WLM was not statistically significant 
because of the very low natural incidence of lung cancer in Sprague-Dawley rats (Ic<1%). This 
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direct dose rate effect contradicts what is observed in uranium miners exposed at much higher 
total doses (Lubin 1995).    
 
Experiments with neutrons (45 experiments, References Neutrons 1-23) 
 
These experiments are comprised of 207 datasets and a total of 934 dose levels (number of 
animals and cancers in Table 1).  Although most experiments were conducted at a single dose and 
dose rate, Upton (1970) used a wide array of dose and dose rates.  The doses used in neutron 
experiments varied from 5 mGy to 3.32 Gy and the dose rates from 2.1 10-7 to 0.85 Gy/min.   The 
energy of the neutrons was from 0.5 to about 14 MeV, with some experiments mentioning only 
the use of fast neutrons.   
 
In 25 datasets (12% of all datasets) no cancers were observed in control animals, which makes 
impossible to detect a reduction of cancer risk in exposed animals.    
 
In 283 of the 813 (35%) dose levels for which cancers were observed in controls, the cancer 
incidence was less in the exposed than in the control animals.  In the 0 – 0.5 Gy range, there are 
less cancers in exposed than in controls in 37% of the dose levels.  The proportion of dose levels 
with less cancers in exposed than in controls increases from about 36% for doses between zero 
and 1 Gy to 50% for doses between zero and 50 mGy.  In the same dose range, no cancers were 
observed in controls and at the lowest dose levels in12 (6%) of the datasets. 
 
Negative dose-response slopes at first dose levels 

In the 0 – 0.5 Gy range, cancer incidence was less in exposed than in control animals at the 
lowest dose levels in 70 (39%) of the 182 datasets.  An apparent protective effect is seen in 19 
(61%) of the datasets for which the cancer incidence in controls exceeds 25%. 
 
As in gamma exposures, clear U-shaped dose response curves with protective effects are also 
observed in animals exposed to neutrons (for example, Neutrons 11). 
 
Discussion and conclusions  
 
 Observation of apparent protective effects  
 
The proportion datasets in which cancer incidence is lower in observed than in control animals 
ranges from 29% for alpha emitters and when cancer incidence in corresponding controls is more 
than 25%, to 71 % in animals exposed to beta emitters when 1%<Ic<10%.  Even in the case of 
neutron irradiation, negative slopes are seen in 63% of the datasets where the incidence of cancer 
in controls is above 25%.   The total number of datasets with no cancers in exposed and in 
controls animals often exceeds that of datasets with a marked increase in cancer incidence.  
Although there is not, at this time, a statistical proof that the observed protective effects are 
indeed significant, this review suggests that there are grounds for questioning the general validity 
of the Linear No Threshold Hypothesis.   It is also remarkable that, for all types of radiation, 
apparent reductions in cancer risk are seen consistently in datasets with a very low cancer 
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incidence in controls (Ic<1%).  Furthermore, very clear U-shaped dose responses (hormetic 
effect) are seen in some experiments, with a particular experiment in which the risk of cancer at 
250 mGy of gamma radiation is 11 standard deviations below the baseline incidence in controls 
(Gamma 10-12).  It is also noteworthy that U-shaped dose-responses are seen with neutrons as 
well as with gamma radiation.  Such observations  strongly suggest departures from the LNT in 
laboratory mammals and seem to demonstrate beneficial effects of low dose exposures.   
 
This review also confirms that, in some experiments, exposed animals significantly outlive their 
controls, even in the case of neutron exposures.   
 
Recommendations for further research 
 
a)  Most of the publications examined here report the variation in cancer incidence as a function 
of dose, separately for each type of cancer without mentioning the number of tumour-bearing 
animals.  This limits considerably the search for a global effect of low-dose radiation on cancer 
risk because, in radiation experiments, it is the total number of tumour-bearing animals, not the 
total number of tumours (an animal may bear several tumours) that is the true measure of 
radiation potency to induce cancer.  It would be pertinent to make every possible effort to collect 
all available information on the number of tumour-bearing animals in existing archives and to 
establish the overall carcinogenicity of ionizing radiation.  
 
b)  The controversy about detrimental or possible beneficial effects of low and very low doses of 
radiation is not abating.  This review does not demonstrate that protective effects always exist at 
low doses but suggests that such a possibility should not be dismissed without in-depth 
examination.  It also confirms what has been often said in the past, that is, extremely significant 
hormetic effects, including a reduced risk of cancer and a longer lifespan, have been observed in 
some experiments, even with neutrons, which are supposed to be quite effective at inducing 
radiogenic cancers. The hormetic effect reaches its maximum at 250 mGy in Neutrons 10-12) 
experiment with gamma radiation.  Lifespan experiments focused on beneficial effects of 
radiation and on duration of life should be encouraged to confirm or disprove these observations 
and, if confirmed, to determine what biological mechanisms subtend this phenomenon.   
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