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Abstract. We have been investigating the effects of low dose or low dose rate irradiation on mice, using our low 
dose-rate irradiation facilities.  In these studies, we found that the effects were highly dependent on both total dose 
and dose rate. To show this visually, we proposed the “dose/dose rate map,” and plotted the results of our 
laboratory and our co-workers. The map demonstrated that dose/dose rate plane could be divided into three areas; 
(1) an area where harmful effects are observed, (2) an area where no harmful effects are observed and (3) another 
area, between previous two areas, where certain protective functions are enhanced. As this map would be a 
powerful tool to find some trend among the vast numbers of data relating the biological effects of ionizing 
radiation, we have developed a computer program which plots the collected data on the dose/dose rate map sorting 
by experimental conditions.  
In this study, we graphically reviewed and analyzed the data relating to the lifespan studies of animals with a view 
to determining the relationships between doses and dose rates of ionizing radiation and cancer incidence. The data 
contains about 800 sets of experiments, which concerns 187,000 animals exposed to gamma ray or X-ray and their 
112,000 controls, and total of about 30,000 cancers in exposed animals and 14,000 cancers in controls. About 800 
points of data were plotted on the dose/dose rate map. The plot showed that 
(1) the divided three areas in the dose/dose rate map were generally confirmed by these 800 points of data, and 
(2) in some particular conditions, e.g. sarcoma by X-rays, the biologically effective area is extended to relatively 

high dose/dose rate area. 
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1. Introduction 
 
The Central Research Institute of the Electric Power Industry (CRIEPI) has been studying the 
biological effects of low dose and low dose rate radiation in both human epidemiological studies and 
experiments using experimental animals or cultured cells. Previous studies had revealed that effects 
are significantly different with dose rates even if the total exposed dose is the same. Based on the 
results of experiments using cultured cells, Magae et al. showed that the relation of dose and dose rate 
having the same effects can be shown on a double logarithmic plot [1].  
 
We proposed a "dose and dose-rate map" as a means for visually representing the total dose and the 
dose rate of exposed radiation and effects [2]. And by plotting our results and results from our 
collaborators on the dose and dose-rate map, we demonstrated that the radiation effects can roughly be 
divided into the following three areas (Fig. 1.1) [3].  
・Area where disorder was induced by irradiation (red area of Fig. 1.1)   
・Area where no effects were observed by irradiation (yellow area) 
・Area where protective function was enhanced between these two areas (blue area) 
 
However, since the number of plotted data points here is small and the data is limited, it is necessary 
to improve the reliability of the area division with more data.  
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Figure 1.1: Dose and dose-rate map [3] 
 

 
 
 
On the other hand, the dose and dose-rate map can be used as an analyzing tool to visually inspect a 
large volume of data. We participated in an international project run by Ottawa University in 2000 
which collected data on radiation-induced cancers in experimental animals, and made a database of 
animal experiment data comprising an irradiated group of about 800 cases and a control group (non-
irradiated) of about 2,600 cases. Validity of the regional division of the dose and dose-rate map shown 
in Fig. 1.1 can be confirmed by plotting and analyzing these data on the dose and dose-rate map.  
In this study, review and trend analysis of literature data were conducted using the dose and dose-rate 
map. Thereby, the effectiveness of the dose and dose-rate map as a radiation risk analysis method was 
shown. 
 
2. Ottawa University Database 
 
Comprehensive information on radiation-induced cancers in mammals is summarized in the 
International Radiobiology Archives of Long-Term Animal Study (IRA 1996) [4]. However, some 
data from low dose experiments or experiments not showing remarkable effects are not included in the 
IRA 1996. 
 
Thus, literature on the radiation induced cancers in experimental animals published by September 
2000 were reviewed in the international project run by Ottawa University, in which we also took part. 
Data from papers published in peer reviewed journals, bulletins of research institutions and 
proceedings of academic societies etc. were collected, and those which included data on low-dose 
radiation of 1 Gy or less and otherwise had proper content were put in a database. Since this involved 
mainly focusing on dose and dose rate areas where effects were small or not observed, even data of 1 
Gy or more were added to the database if reduction of the lifetime was not observed or cancer was not 
detected.  
 
For data concerning the dose rate, values were used if described in the literature, and if not, then 
estimated from descriptions in the literature or references by the same authors.  
 
The database consists of data of 3,400 cases in total comprising an irradiated group of about 2,600 
cases and a control group of 800 cases as shown in Table 2.1, and the total number of animals used for 
experiments was about 128,000. In this study, a total of about 1,200 pieces of X-ray and gamma ray 
data were used.  
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Table 2.1: Summary of recorded data 

 
 
3. Dose and Dose-Rate Mapping Tool 
 
In order to utilize a dose and dose-rate map for compilation and analysis of data, we developed a 
mapping tool to efficiently display a large volume of data on a dose and dose-rate map for analyzing 
its content. 
 
The tool can directly read and display data from the format of the Ottawa University Database, extract 
and display only necessary data according to an experimental condition etc., and display overlapping 
data of the same dose and dose rate.  
 
4. Data Analysis 
 
4.1 Statistical Method 
 
For the data included in the database of Ottawa University, colors displayed on the map were 
determined by relative risk and significant difference test with its chi-square (χ2) values. The outline of 
the used statistical method is as below. 
 
(1)  Calculation of relative risk  
When the observed frequency as shown in Table 4.1 is obtained, the relative risk RR can be expressed 
by Formula 4.1.  
 

   (4.1)  
 
RR>1 indicates tendency of increase of risk, RR=1 indicates neither increase nor decrease of risk, and 
RR<1 indicates downward tendency of risk.  
 
(2)  Evaluation by chi-square value  
To test the significant difference of the relative risk RR, the chi-square value was calculated using the 
formula of the Pearson test (Formula 4.2). However, the Yeats correction formula (Formula 4.3) was 
used when the expected frequency based on the null hypothesis (probability of occurrence was equal 
in the irradiated group and the non-irradiation group) was 5 or less.  
 

   (4.2)  
 

  (4.3) 
 

 Type of radiation 
 Alpha Neutrons X-rays Gamma Beta Total 

Number of control groups 143  250 154 173  80 800 

Number of irradiated groups 439  955 504 440  241 2,579 

Total number of animals used in experiments :    127,939                                                                      
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The obtained chi-square value was tested at P= 0.05, combining with the result of section (1), the risk 
was evaluated in three grades.  
 
Table 4.1: Classification of cancer development in the control group and the irradiated group 
(observed frequency)  
 

 control irradiated total 
cancer developed a c a+c 

not developed b d b+d 
total a+b c+d N=a+b+c+d 

 
 
4.2 General Tendency 
 
Figure 4.1 shows the plots of all the data of X-ray and γ ray included in the Ottawa University 
Database. The total number of plotted points is 780. Among them, 166 points are red (induction of 
disorder), 26 points are green (enhancement of protective function), and the remaining 588 points are 
yellow (no significant effects). The data are distributed in the range of 10-2 Gy to 10 Gy of dose and in 
the range of 10-3 Gy/hr to 100 Gy/hr of the dose rate, and 90% or more are in the red "harmful area" of 
the conventional dose and dose-rate map.  
 
Figure 4.1: Dose and dose-rate map of Ottawa University data 
 

 
 
For comparison with the conventional map, the conventional map and the Ottawa University data were 
plotted overlapped (Fig. 4.2). To increase comprehension, the yellow points of the Ottawa University 
data were omitted. Since the data of the same dose and dose rate were plotted together shifted slightly 
in the map created this time, attention should be paid when reading the dose or the dose rate. 
 
As seen in Fig. 4.2, all the green points of the Ottawa University data are included in the red area of 
the conventional map. Also in the conventional map, green points are distributed in the boundary of 
the red area and the blue area, and the distribution range is almost in agreement with the Ottawa 
University map. Thus, the areas of red and blue overlap, and it is difficult to divide them exactly. This 
may be because the actual boundary may change with experimental conditions or sensitivity of a tissue 
or an organ or individual. Thus, the red area which was assumed to be "biologically harmful area" is 
practically an area in which "beneficial" and "harmful" overlap.  
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Figure 4.2: Comparison with conventional dose and dose-rate map 
     (Ottawa University data excluding 588 yellow points are displayed.)   
 

 
 
 
Looking at the boundary of the red area and the blue area, although one red point is included in the 
blue area, it is near the boundary, resulting in being almost consistent with the boundary of the 
conventional map. However, the data compiled in this report is insufficient for determining the 
validity of the boundary of the blue area and the yellow area or the shape of the boundary, it is 
necessary to comprehensively acquire data in a wider dose or dose rate region in the future.  
 
 
4.3 Type and Development Region of Tumor 
 
Fig. 4.4 shows the plotted map according to the type of developed tumor. Although the method and the 
details of classification differ depending on the literature, we compiled and displayed data to the extent 
readable from the classifications of the original papers.  
 
Fig. 4.3: Dose and dose-rate map by disorder 
 
a. Leukemia 
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b. Lymphoma 

 
 
c. Sarcoma 

 
 
 
For leukemia (Fig. 4.3a Leukemia) and lymphoma (Fig. 4.3b Lymphoma) which are non-solid cancers, 
the percentage of the red points (development of disorder) is about 40% in leukemia, while about 23% 
in lymphoma. Occurrence of lymphoma is likely to be less in the same dose and dose rate region.  
 
For tumors classified as solid cancers, sarcoma (Fig. 4.3c Sarcoma) shows many green points 
(enhancement of protective function) occupying 12 (about 19%) of 64 points. One red point is the 
experimental data of life shortening and development of diseases in mice by gamma ray irradiation by 
Maisin et al. [5]. By epidemiological survey of the atomic bomb survivors, osteosarcoma of malignant 
tumors was classified into late disorder "without increase", and the trend of the data which we 
compiled is in agreement with this.  
 
By conducting analysis with further narrowed down conditions according to the development regeon 
of tumors by using a function of the tool developed in this study, it was found that there are conditions 
in which only enhancement of protective function is observed as with sarcoma in 
immunity/cardiovascular system and connective tissues (Fig. 4.4). Thus, the data can be easily 
narrowed down under combination of various conditions by using the tool developed in this study.  
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Figure 4.4: Development of sarcoma in immune/circulatory systems and connective tissue 

 
 
 
As described above, it was shown that this tool can be used an effective tool for gaining an overview 
of a large volume of data on the dose and dose-rate map at once to analyze its content.  
 
5. Conclusion 
 
We developed a tool which allows the plotting of a large volume of data on the dose and dose-rate 
map and to display only relevant data under various conditions. Using this tool, we compiled and 
analyzed data from the literature concerning radiation-induced cancers in experimental animals 
collected by joint research with Ottawa University, and obtained the following findings.  
 
・The analytical result of the Ottawa University Database is not inconsistent with area division of the 

conventional dose and dose-rate map. However, since the areas of "induction of disorder" and 
"enhancement of protective function" overlap, it is difficult to simply divide them. To improve the 
reliability of division of area in the future, it is necessary to acquire data comprehensively in a wider 
dose and dose range.  

 
・As a result of analysis by display for the type and occurrence region of each disorder, the area 

where a disorder develops changes greatly with the condition, and for sarcoma it was found that the 
protective function is enhanced even in for a relatively high dose and dose rate region. 

 
Thus, we can use the dose and dose-rate map as an effective means for analysis of radiation risk.  
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