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ABSTRACT 
 

Problems in evaluating the cancer risk in the Fukushima environment caused by 

radioactive contamination following the nuclear accidents are discussed, with special 

concern given to the dose-rate effects in relation to their application to the cancer data 

from the atomic bomb (A-bomb). Determination of the A-bomb radiation dose rate itself 

requires evaluation of the exposure time of the A-bomb radiation which consists of multi-

complex components. By taking 1 sec at minimum and 5 sec as median for the exposure 

time for survivors on the ground, the dose rate of A-bomb radiation was estimated to be 

in the range between 6 x 10
5
 and 6 x 10

8
 Gy/min, or 0.12 and 120 Gy/min, respectively, 

in contrast to 10
-9

 – 10
-8

 Gy/min in environmental radiation. From analysis of non tumor 

doses as a function of the dose rate of radiation, the dose rate effectiveness factor to 

extrapolate the A-bomb data to the cancer risk of environmental radiation was estimated 

as 16.5. 
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INTRODUCTION 
 

The environmental contamination by radioactive nuclear fission products that were 

released by the explosion of the nuclear reactor buildings that occurred in Fukushima, Japan, 

after the tsunami in March, 2011 [1], created a number of social problems, including the 

evacuation of residents from the contaminated areas in accordance with strict radiation 

protection regulations. These regulations are based upon the risk estimated from the cancer 

data on Hiroshima-Nagasaki A-bomb survivors. However, there is a large difference in the 

magnitude of radiation cancer risk between A-bomb and environmental radiation cases for the 

same dose. The main factor for this difference is the dose rate of radiation. 

The effect of the dose-rate on cancer induction was shown in experimental animals in 

early studies by Upton and coworkers [2] and this effect was extensively surveyed with 

special concern given to the effect of low dose radiation by the United Nations Scientific 

Committee [3,4]. The International Commission of Radiological Protection (ICRP) 

recommended the value 2 for the dose and dose-rate effectiveness factor (DDREF) [5]. 

However, this factor was obtained within the dose-rate range of the A-bomb radiation at very 

high dose rates, whereas the dose rate of environmental radiation is at the level of 10
-9

 

Gy/min. Obviously, the current DDREF value cannot be applied to the environmental 

radiation. Its application to the estimation of cancer risk in the Fukushima environmental 

cases creates an overestimation of the risk. 

 As an approach to revise the DDREF value, the dose-rate effect data on radiation-

induced cancers were reviewed in previous articles [6,7]. The non tumor dose, Dnt, was 

defined as the highest dose at which no statistically significant increase of cancer incidence 

was observed above the control level, and these values surveyed in the literature were 

analyzed as a function of dose rate. The present article is an extension of the previous studies 

and further provides a method to extrapolate the A-bomb cancer data to the Fukushima 

situation.  

 

 

1. EXPOSURE TIME AND DOSE RATE OF A-BOMB RADIATION  

BASED ON DS86 
 

The dose of A-bomb radiation received by survivors depends on the distance from the 

hypocenter of the explosion (Figure 6-1). In estimating DDREF for cancer risk by ICRP [5], 

A-bomb cancer data were divided into two dose rate groups according to the low and high 

doses given in the same exposure time. The ratio of the two dose-response lines was 2, and 

this value was taken as DDREF. In this estimation, the difference of the dose rate between the 

two groups is considered to be 10, according to the difference of the dose range, 0-1 Gy and 

1-10 Gy with the same exposure time. However, estimation of the exposure time of A-bomb 

radiation itself involves many problems. 

Extensive revision of the dose of A-bomb radiation has been made by the US-Japan joint 

assessment DS86 [8] and DS02 [9]. A-bomb radiation includes various components: prompt  

rays, prompt neutrons, prompt secondary  rays, delayed  rays, delayed neutrons, and 

delayed secondary rays. The timing of radiation dose delivery was extensively analyzed in 

Chapter III of the DS86 study [10]. Among those, primary fission  rays (exposure time, 1 
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sec), prompt secondary  rays (exposure time < 0.1 sec) and delayed  rays (exposure time < 

30 sec) contribute to the main part of the absorbed dose and hence to the major biological 

effects.  

 

 

Figure 6-1. Dose and dose rate of A-bomb radiation received on the ground level.The distance from the 

hypocenter is a major determining factor for dosimetry in cancer mortality analysis. a. Exposure time 

was taken from the time duration of the nuclear fission chain reaction. b. Exposure time was taken from 

the median value of the time interval of the dose delivery, involving delayed  rays, estimated in the 

DS86 study [10]. The value 2 for DDREF was estimated by ICRP within the A-bomb dose rate range 

[5]. 

For delayed  rays, an exposure rate is almost at the same level up to 10 sec after the 

chain reaction according to the measurement in the Nevada study, while it increases with 

time, reaches a peak at 5 sec and decreases to zero level after 20 sec at a distance of 2779 m 

from the hypocenter [10]. Therefore, A-bomb radiation includes different components of the 

dose rate within 20 sec after the explosion even at a fixed distance. As an overall estimation 

of the exposure time, the minimum limit is considered to be 1 sec and a median value to be 

5 sec. By applying this exposure time, the dose rate for A-bomb survivors was estimated by 

dividing the received dose, 0.01-10 Gy, by the exposure time, yielding 6 x 10
5
 – 6 x 10

8
 

Gy/min for the exposure time of 1 sec and 0.12– 120 Gy/min for the exposure time of 5 sec. 

Accordingly, the dose rate varies over a wide range and the estimation of the dose-rate effect 

is not a simple task. Moreover, the dose-rate range of A-bomb radiation is far higher than the 

dose-rate of radiation in the natural environment, 1.2 mGy/yr or 2.3 x 10
-9

 Gy/min, or 3.8 

mSv/yr including other sources of radiation in the daily life of humans.  

Compared with the time scale of the biological clock, including cell cycle, DNA 

replication and repair, and other biochemical reactions, the exposure time of A-bomb 

radiation is very short and the dose rate effect appears unlikely to occur within this exposure 

time. The dose rate effect is thought to appear at much lower dose rates below the A-bomb 

dose rate.  
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2. LEUKEMIA AND SOLID CANCERS IN A-BOMB SURVIVORS  
 

Leukemia data on A-bomb survivors are primarily important in assessing cancer risk of 

ionizing radiation, since leukemia is induced in the early stage of the post-exposure period 

with a high frequency [11], compared with solid cancers [12]. Solid cancers are a 

combination of various types of cancers that appear in the relatively late stage of the post-

exposure period with a relatively low individual frequency compared with that of leukemia. 

For solid cancer mortality, 100 mGy was thought to be the detectable limit. However, the 

position of ICRP is that the cancer risk of radiation exists at any small dose that can be 

extrapolated by the linear non-threshold (LNT) model. The problem as to whether the 

undetectable risk should be incorporated as an existing risk into radiation protection 

regulations or be approved as a tolerable level of radiation is a currently important problem 

that needs to be argued. At least, the magnitude 2 for DDREF proposed by ICRP seems too 

small for extrapolation of A-bomb data to the Fukushima environmental cases.  

 

 

3. DOSE RATE OF ENVIRONMENTAL RADIATION  

AND CANCER RISK 
 

Natural background radiation includes external radiation from the ground and cosmic 

rays, and internal radiation from 
40

K  rays and rays from radon and its decay products. It 

should be noted that ground  rays, cosmic ray protons and muons, and 
40

K  rays exert whole 

body low LET radiation, whereas  rays from radon and its decay products exert partial body 

high LET radiation to the lung. In addition, medical radiation exerts a considerably high dose 

of partial body low LET radiation. The contribution of these components to the overall cancer 

risk should be analyzed separately as discussed later.  

 Compared with the multi component character of A-bomb radiation, the elevated 

radiation level in the high natural background radiation areas provides more precise 

information on the dose-rate of radiation from a well-defined source. Epidemiological studies 

have been conducted in areas with elevated  radiation backgrounds in Yanjiang, China [13] 

and in Kerala, India [14] in parallel with dosimetry. The level of the dose rate of  radiation 

from the ground is 3 and 7 fold of the natural level respectively, that contribute to the dose 

rate to residents 4.05 x 10
-9

 and 7.55 x 10
-9

 Gy/min, respectively. An increase of the radiation 

level from the ground contaminated by radioactive cesium has been detected and its level as 

of September, 2014, is 5 Sv/hr, i. e., 8.3 x 10
-8

 Gy/min, at the Namie/Iitate district with the 

highest level outside the 20 km zone from the nuclear reactor according to the Fukushima 

Prefecture Radioactivity Measurement Map released on line. To evaluate the cancer risk of 

this level of radiation, the cancer data on the high natural radiation background areas are 

directly applicable.  

The whole figure of various exposure conditions, including whole body low LET, whole 

body high LET, partial body low LET, and partial body high LET radiations, is schematically 

shown with a dose-rate range from the A-bomb radiation level down to an environmental 

level (Figure 6-2). 
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Figure 6-2. Dose rate range for radiation in human environment. Exposure conditions were classified as 

whole body low LET exposure, whole body high LET exposure, partial body low LET exposure, and 

partial body high LET exposure. 

 

4. APPLICATION OF THE NON TUMOR  

DOSE CONCEPT FOR ESTIMATION  

OF CANCER RISK  
 

The shape of the dose-response curve varies from linear to non-linear, depending on the 

dose rate of radiation. Although ideally a complete set of dose response curves is desirable for 

different dose rates, the number of available data showing such a relation is limited, 

especially those at a low dose range where tumors start to increase with the increasing dose 

above the control level.  

To get an indication on how much dose is necessary to induce cancer or is tolerable to the 

host, the data on non tumor dose (Dnt) were surveyed on experimental animals and humans in 

the literature (Figure 6-3b) [6,7]. The data on the whole body low LET radiation are listed in 

Table 6-1 with special attention to compare with A-bomb data [2, 11-14,15-29].  

 

 

4.1. External Whole Body Exposure Data  
 

Besides A-bomb cancer data, epidemiological data on cancer mortality in residents in a 

high natural radiation background area represent human cases with a lifetime exposure to 

external whole body radiation with increased dose rates. Despite the fact that the dose-
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response relation is not available because of the limit of life span, these data provide 

important information on how much an increase in background radiation humans can tolerate. 

       

 
 

Figure 6-3. Non tumor dose, Dnt, plotted as a function of dose rate (Gy/min) of radiation for the whole 

body low LET exposure cases (a) and definition of non tumor dose (b). Attached are data numbers 

listed in Table 1. (●) mouse, (▲) rat, (■) dog, and (○) human; 29 and 30: A-bomb leukemia and 

solid cancers, exposure time 5 sec assumed; 29‘ and 30‘: exposure time 1 sec assumed. Arrows 

indicate that Dnt is higher than these values and not used for calculating the regression line.  

 

Laboratory experiments with animals provide substantial information with accurate dose 

and dose rate with well-defined source of radiation. Most of the early data were contributed 

by Ulrich et al, then at Oak Ridge National Laboratory. Since the dose rate range covered by 

each laboratory experiment is limited to a relatively narrow range, the whole range of dose 

rate extending to the environmental level is constructed by combination of separate 

experimental results.  

A few animal experiments were designed to observe cancer incidence during the lifespan 

with radiation at very low dose rates. C57BL mice irradiated continuously at a dose rate of 2 

x 10
-5

 mGy/min for the lifespan showed no tumors even when a cumulative dose reached 7.2 

Gy [24], while mice irradiated with 4 repeats of acute dose with the same total dose 7.2 Gy, 

as the original regimen of Kaplan and Brown [30], showed a 90% incidence of thymic 

lymphoma. The Institute for Environmental Sciences, Japan, conducted a large scale 

experiment with B6C3F1 mice irradiated continuously for 22 h a day with graded dose rates 
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up to 20 mGy/day, 400 fold of the environmental radiation level, with a total dose of 8 Gy. 

No detectable increase of tumor incidence was observed in the mice irradiated, although the 

multiplicity of tumors was increased [25]. If these results are compared with the estimated 

value using the LNT model from 0.5% cancer increase with 100 mSv with DDREF =2, the 

discrepancy is obvious. Mice irradiated with 8 Gy are expected to develop tumors with a 

frequency of 20%, contrary to the experimental results. 

 

 

4-3. Internal Whole Body Exposure Data 
 

Internal radiation from radioactive cesium and iodine is also of great concern after the 

Fukushima accident. Radioactive cesium incorporated in the body is uniformly distributed in 

the body, a case of whole body low LET exposure. Since the dose-response relationship for 

cancer from internally deposited radioactive cesium is not available, a series of precise 

experiments with mice orally administered with radioactive tritiated water by Yamamoto et 

al. [28] is most valuable for assessing the cancer risk of whole body low LET radiation from 

internal emitters. They demonstrated the Dnt = 700 mGy at an estimated dose rate of 6.4 x 10
-7

 

Gy/min for thymic lymphoma induction. Yamamoto et al. proposed the idea of a zero 

equivalent point (ZEP) where the dose rate of tritium  rays exerts zero effect in cancer 

induction.  

Radioactive iodine deposits in thyroid, a target organ. This case is fitted to the category 

of partial body low LET radiation, and cannot be directly compared with the whole body 

exposure from A-bomb radiation. Briefly, radioactive iodine injected to rats induced thyroid 

adenomas in a non-linear dose-response manner with Dnt = 3.3 Gy for dose rate of 1.7 x 10
-4

 

Gy/min [29]. From internal high LET exposure experiments with beagle dogs by Raabe and 

Lloyd et al. [31, 32], the idea of a practical threshold was presented. From internal low LET 

exposure experiments, Brooks et al. proposed the value 20-35 for the dose-rate effectiveness 

factor [33]. Other human data of the dose response relation for partial body exposure were 

obtained for bone tumors in radium dial painters [34], liver cancers in thorotrast- administered 

patients [35], and secondary soft tissue sarcomas in patients after radiation therapy [36]. All 

of them showed a non linear and threshold-like dose response for cancer induction. These 

cases should be analyzed separately from whole body exposure cases. Moreover, it should be 

noted that the dose rate effect exists even for high LET radiation at low dose rates.  

 

 

4-4. Non Tumor Dose and DDREF as a Function of Dose Rate 
 

Focusing on whole-body exposure to low LET radiation to simulate A-bomb radiation, 

the non tumor dose was surveyed in human and experimental data and listed together with the 

corresponding dose rate in Table 6-1. A plot of Dnt against dose rate on the logarithmic scale 

gives the relation between Dnt and dose rate (Figure 6-3a).  
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Table 6-1. Whole body low LET exposure data for non tumor dose versus dose rate of 

radiation surveyed in literature 

 
Exposure 

condition 

Data 

Number 
Subject   Radiation Tumor Dose rate, 

Gy/min 

Non tumor 

dose, Dnt, Gy 

Reference 

External 

whole body 

exposure 

1 Mouse RFM/Un 

male 

 ray myeloid leukemia 3 x 10
-5

 1,5 Upton et al. 

[2] 

 2     " female     "     " 5 x 10
-6

 2,5 [2] 

 3     " RFM/Un     " thymic lymphoma  0,45 0,1 Ulrich et al. 

[15] 

 4     "     "     " Harderian tumor 0,45 0,1    "..[15] 

 5     "     "     " uterine  0,45 0,25    "  [15] 

 6     "     "     " mammary 0,45 0,25    "  [15] 

 7     "     "     " myeloid leukemia 0,45 0,25    "  [16] 

 8     "     "     " reticulum cell 

sarcoma 

0,45 > 3    "  [15, 16 ] 

 9     "     "     " ovarian  0,45 0,1    "  [15, 17 ] 

 10     "     "     " pituitary 0,45 0,25    "  [15, 17 ] 

 11     "     "     " lung adenoma 0,45 2    "  [15, 17 ] 

 12     "     "     " thymic lymphoma 0,45 0,1    "  [18] 

 13     "     "     " thymic lymphoma 5.8 x 10
-5

 0,5    "  [18] 

 14     "     "     " ovarian 5.8 x 10
-5

 0,5    "  [18] 

 15     " BALB/c     " lung adenoma 0,4 0,1    "  [19] 

 16     "     "     " ovarian  0,4 0,1    "  [19] 

 17     "     "     " thymic lymphoma 4 2 Maisin  

et al. [20] 

 18     " BC3F1 X ray hepatocellular 

carcinoma 

1,3 0,5 Di Majo  

et al. [21] 

 19     "     "     " solid tumor  6 x 10
-2

 0,64 Covelli  

et al. [22] 

 20     " CB17  ray thymic lymphoma  0,5 1 Ishii-Ohba 

et al. [23] 

 21     " C57BL/6     "     " 2 x 10
-5

 > 7.2  Ina et al.  

[24 ] 

 22     " B6C3F1      " no tumor increase 3.8 x 10
-8

 > 0.02 Tanaka III 

et al. [25] 

 23     "     "     "     " 7.7 x 10
-7

 > 0.04     "     

 24     "     "     "     " 1.5 x 10
-5

 > 8      "     

 25 Rat WAG/Rij     " mammary 

carcinoma  

4 x 10
-4

 1 Bartsra et al. 
[26] 

 26 Dog Beagle     " myeloproliferative 

disease  

 a
2 x 10

-6
 8,6 Thompson 

[27] 

 27 Human Yangjiang, 

China  

    " no tumor increase 
a
4.05 x 10

-9
 > 0.15

b
 Wei et al. 

[13] 

 28    " Kerala, India      " no tumor increase 7.55 x 10
-9

 > 0.28
b
 Nair et al. 

[14] 

 29     " Hiroshima-

Nagasaki  

bomb ray 

+ (neutron)

leukemia (0.12-120)
c
  

(6x10
5
-

6x10
8
)
d
 

0,2 Shimizu et 

al [11] 

  30     "     "     " solid cancer     " 0,1 Preston  
et al. [12] 

Internal 
whole body 

exposure 

31 Mouse  BC3F1 Tritiumray, 

oral 

thymic lymphoma  6.4 x 10
-7

 0,71 Yamamoto 
et al. [28] 

                  

Internal 

partial body 

exposure 

32 Rat Long-Evans 131
I  ray, 

injected 

thyroid adenoma 1.7 x 10
-4

 3,3 Lee et al. 

[29] 

a
 The increase of radiation from the ground was incorporated in total dose. 

b
 Exposure time: 70 years. 

c
 Exposure time assumed to be 1 sec. 

d
 Exposure time assumed to be 5 sec. 
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A-bomb data were well fitted on the regression line when the dose rate of A-bomb 

radiation was estimated from the median exposure time of 5 sec. The figure shows an inverse 

relation between Dnt and dose rate, i. e., the lower the dose rate the higher the Dnt level and 

provides a measure of the cancer risk or the tolerance level corresponding to the dose rate. 

Regression line fitted to the data is: 

 

Dnt = 0.258X
-0.141

, R
2
 = 0.320 for whole body low LET exposure, 

 

where Dnt is non tumor dose in Gy and X is dose rate between 10
-9

 and 1 Gy/min [7]. 

From this equation, Dnt values can be calculated for the corresponding dose rate. The 

ratio of Dnt values between A bomb radiation (0.258 Gy) and environmental radiation (4.26 

Gy) is 16.5. Therefore, the DDREF value is 16.5 for application of the cancer risk of A-bomb 

radiation to environmental radiation. 

For other exposure conditions, regression lines are given by the previous analysis [7], 

 

Dnt = 0.0207X
-0.0733

, R
2
 = 0.781 for whole body high LET exposure 

Dnt = 2.69X
-0.0857

, R
2
 = 0.147 for partial body low LET exposure  

Dnt = 0.0439X
-0.167

, R
2
 = 0.303 for partial body high LET exposure. 

 

The above four equations cover all possible exposure conditions and cancer risks of 

radiation. 

 

 

Figure 6-4. Cancer risk index, CRI, defined as the ratio of total dose of radiation to the non tumor dose, 

versus dose rate. The graph shows how much increase of radiation from the contaminated ground 

approaches the threshold of cancer risk. 

 

4.5 Cancer Risk Index 
 

Although Dnt values can be used as a measure of the cancer risk of radiation, the ratio of 

Dnt to a total dose of radiation received by the subject provides a clearer index and is defined 
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as cancer risk index (CRI) [37]. Figure 6-4 is a plot of CRI against a dose rate of radiation 

from the ground, assuming that low LET radiation is received for 70 years for calculation of 

total dose. Figure 4 shows that CRI reaches 1 when  radiation from the ground increases 100 

fold. The highest level of contamination in the Namie/Iitate area outside the restricted zone in 

Fukushima is 5 Sv/h.The procedure to evaluate the CRI value for this condition is illustrated 

in Table 6-2, such as 1) classify exposure condition: whole body low LET exposure, 2) 

estimate dose rate in Gy/min, 3) estimate total dose for exposure time (10 years taken for 

calculation), 4) estimate Dnt from the dose rate by the equation, and 5) divide total dose by Dnt 

to obtain CRI. In the Fukushima case, CRE is 0.17. However, if the exposure time is 70 years, 

CRI comes close to 1. On the contrary, calculation from the LNT model with DDREF = 2 and 

0.5% cancer increase with 100 mSv gives 1.2% cancer increase for 10 years, or 8.4% for 70 

years in Namie/Iitate if the residents lived there. 

 

Table 6-2. Practice to estimate cancer risk index (CRI) in Fukushima 

 

Maximum dose rate level in 

Namie/Iitate, Fukushima 

Non tumor dosea 

Gy 

(A）Total dose, 10 yr 

Gy 

(B) CRI (B/A) 

5 Sv/hrb 2.57 0.44 0.17 
a
 Non tumor dose, Dnt, was calculated by the equation Dnt = 0.258 X

-0.141
 for whole body low LET 

exposure.  
b
 Maximum radiation level outside the 20 km zone in Fukushima in September, 2014. 

 

 

5. FURTHER PROBLEMS 
 

This chapter focused on the topic on whole body low LET radiation with attention given 

to the applicability of A-bomb data to other radiation exposure cases. Even in this category, 

the radiation cancer risk varies in a wide range depending upon the dose rate of radiation. 

Furthermore, the dose rate problem extends to other exposure categories, i. e., whole body 

high LET radiation such as heavy particles in galactic cosmic rays in space travel, partial 

body low LET radiation such as medical radiation in cancer therapy and diagnosis, and partial 

body high LET radiation such as heavy charged particles in internal exposure to radon, 

radium, and thorotrast  rays. The cancer risk of radiation should be assessed separately in 

each category. Further experimental data corresponding to each exposure condition are 

needed to obtain the whole scheme of cancer risk from radiation. 
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