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Disproportionate Impact of Radiation and Radiation Regulation 

Reference Man is used for generic evaluation of ionizing radiation impacts, 

regulation, and nuclear licensing decisions made by the US Nuclear Regulatory 

Commission (US NRC 2018). Findings from sixty years of A-bomb survivor data 

show that Reference Man does not represent the human life cycle with respect to 

harm from radiation exposure. Findings reported here show females are more 

harmed by radiation, particularly when exposed as young girls, than is predicted 

by use of Reference Man; the difference is a much as ten-fold.  Since females 

have been ignored in regulatory analysis, this has resulted in systematic under-

reporting of harm from ionizing radiation exposure in the global population. A 

critique is also offered on the US Environmental Protection Agency’s attempt to 

include females in its regulation. Recommendations for interim regulation to 

provide better protection, and questions for further study are offered. 
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Introduction 

This paper focuses on regulation in the United States, where agencies governing human 

exposure to ionizing radiation base health standards and rules on adult male tolerance. 

The study question here: Is biological sex and age a factor in outcome of radiation 

exposure? Long-term study of A-bomb survivors shows variability in rate of harm 

(cancer incidence) across the human life cycle. The findings reported here, supporting 

previous findings of Makhijani, Smith and Thorne (2006), show that age at exposure to 

radiation is a factor for both sexes, while harm to females is greater in all age-exposure 

groups.   

The U.S. Nuclear Regulatory Commission (US NRC) evaluates radiation 

exposure, harm from exposure, and constructs radiation safety limits used for permits to 

allow exposure to workers and to the public. These limits are based solely on data from 

the external radiation exposure of adult males (U.S. Nuclear Regulatory Commission, 

2018). By convention, radiation exposure calculations are performed with reference to a 

standardized hypothetical individual. At US NRC this is still Reference Man, as defined 

by the International Committee for Radiation Protection (ICRP). The definition 

specifies age, height, weight, race and ethnicity, lifestyle, habit and climate 

corresponding to a young adult white male living in northern industrial society 

(International Commission on Radiological Protection (ICRP),1975).  

The source of the data underpinning Reference Man is primarily the Life Span 

Study of the A-bomb Survivors (National Academy of Science, 2006).  

The gendered findings reported here are from the same data set, evaluated with a 

wider lens to include data from survivors of both sexes, and all ages at the time of 

exposure. 
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The discussion briefly includes another approach to radiation regulation utilized 

by the US Environmental Protection Agency, as well as a short discussion of the 

International Committee for Radiological Protection progress in this regard. 

In conclusion, questions for further study, and a recommendation for interim 

radiation regulation that could increase protection of human health are offered. 

Data Source and Methods 

This paper offers a new analysis using established data. No new data was collected for 

this paper. Sixty years of data from the Life Span Study of A-bomb survivors from 

Hiroshima and Nagasaki, Japan is reported in the Biological Effects of Ionizing 

Radiation VII Phase 2, or BEIR VII, (National Academy of Science, 2006; Primarily 

Chapter 12). The study of survivors began in 1950 (RERF, 2018). The National 

Academy of Science (NAS) mentions sex as a factor twice in the text of BEIR VII, but 

does not provide the gendered analysis, or regulatory discussion given here.  

To date, the Lifespan Study is unique; its tragic origin in nuclear weapons 

exploding over civilian cities resulted in an exposed population that includes both sexes 

and all ages.  This unique diversity is the only accessible body of data where questions 

on age and sex can be asked. Atomic worker studies by contrast are all-adult, and 

generally, to date, male. 

The surviving population shared an external exposure from a pulse of gamma 

and neutron radiation emitted from the detonation of an atomic weapon. These people 

were all sheltered in some way, in order to survive the blast and the fireball, but 

nonetheless received an exposure of penetrating radiation. Reconstruction of individual 

exposure (dose) was done as part of the Life Span study.  
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The researchers grouped the A-bomb survivors by age they were at the time of 

exposure in August 1945, lumping them in 5-year age-span cohorts. The youngest age-

at-exposure cohort were newborn to five years, then 6—10 years, and up to the oldest 

survivors who were 80 at the time. The data from Hiroshima and Nagasaki survivors are 

combined and number about 100,000. 

Cancers and cancer deaths were counted for each age cohort by the researchers. 

The Life Span study data used from BEIR VII (National Academy of Science, 2006) 

was from the point in time when 60 years of survivor data had been recorded. This 

author simply reduced the cancer incidence reported in BEIR VII to simple ratios.  

A fixed-dose analysis (set to 20 mSv) was applied to the 60 years of survivor 

cancer incidence data which allows comparison of rates of cancer in survivor age 

cohorts (age at the time of exposure). The cohorts were disaggregated by sex as well. 

The fixed dose approach was first taken by Makhijani, Smith and Thorne (2006); this 

author did an independent analysis that confirms their earlier finding.  

 

Radiation exposure--more harm to women and children than to adult men  

Graph 1 presents 60 years of compiled cancer incidence showing a pink line for females 

from birth to age 80, and a blue line for males. The fixed-dose in this projection is 20 

mSv, similar to a current-day CT-scan. The graph does not display the age when cancer 

struck; it arrived variously across the 60 years of tracking therefore ‘excess cancer’ in 

those exposed to ionizing radiation in childhood, was not all childhood cancer. 
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GRAPH 1 

 

We can broadly say that those who were five years or younger in August 1945 

suffered the most cancer at some point in their lives. This is not news; it has been 

understood that children’s bodies are growing and since cells are dividing faster, DNA 

is more likely to be injured (American College of Radiology, 2018). 

When the rate of cancer among males in the age-at-exposure cohort of 26-30 year-olds 

is taken as a baseline (corresponding to Reference Man), women from the same age-at-

exposure cohort (26-30 years) suffered fifty percent more cancer (+1.5) [Figure 1] 

compared to the males; females exposed in the birth-to-five year cohort (girls) suffered 

ten times more cancer (x 10) compared to the exposed adult males; and males exposed 

in the birth-to-five years age of exposure cohort (boys) suffered five times (x 5) more 

cancer than if exposed as adults. [Graph 2].  
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Figure 1 

 

GRAPH 2 

 

Comparing the male and female birth-to-5 years age-at-exposure cohorts, 

females suffered a rate of cancer twice (+2) that of males in the same cohort. [Figure 2]. 
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Figure 2 

 

 

Discussion of Findings 

Ionizing radiation harms living tissue; male bodies—particularly young boys--are 

harmed, but the Life Span Study shows that female bodies are harmed more. In every 

age-of-exposure cohort, the pink (female) line shows greater harm to females; the pink 

line does not cross the blue line. It is also clear that the disproportionate harm to females 

is greatest in the very young. A doubling of impact to females compared to males in the 

birth-five year cohort is startling; the ten-fold sex difference in exposure outcomes 

across the life cycle is stunning. The use of Reference Man in radiation evaluation and 

regulation results in systematic under-reporting of radiation harm for the global 

population.  

Currently, information on disproportionate harm to females and to children from 

radiation exposure is largely invisible to decision-makers. A notable exception is found 

in the Preamble to the new UN Treaty on the Prohibition of Nuclear Weapons where 

these findings are referenced (TPNW, 2017). The case that Humanitarian Law is an 
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appropriate jurisdiction for nuclear weapons is, in part, based on the greater impact of 

radiation on females of all ages. (Kmentt 2015). 

Some recent papers in the medical and public health fields briefly cite greater 

radiation hazard for children, particularly females, giving risk information in line with 

the findings reported here. For instance, the paper “Is it time for an informed consent 

process on the risks of medical radiation?” (Semelka, et al 2012 cited in Scott, 2014) 

references BEIR VII and states that infant girls suffer a ten-times higher risk of cancer 

than the adult.  

Relevance to Other Populations  

The A-bomb survivor results may be conservative in relation to general populations. 

The data collection for the Life Span Study began 5 years after the decimation 

Hiroshima and Nagasaki. It is estimated that at least 200,000 people perished before 

data collection began. (U.S. Department of Energy. 2019.) The study group had only 

about one third of the original population. The many selective forces during the post-

war period when families, homes, and both social and physical infrastructure were 

destroyed may have resulted in a surviving population much more resistant than most.  

The European Commission on Radiation Risk likens this to the “healthy worker 

effect” associated with atomic workers who have traditionally enjoyed higher pay and 

other benefits than the general population. (ECRR. 2010.) The ‘hardy survivor’ thesis 

holds that a general population exposed to a similar radiation would likely suffer more. 

 A different form of apprehension about the application of A-bomb survivor data 

to a general population is the uncertainty about whether a single concentrated pulse of 

external radiation exposure from a nuclear bomb is comparable in impact to many 

smaller exposures that arrive over time (Rabbe, 2011). Incidental medical, dental, 

natural, and other typical sources of radiation exposure may tally up to a “total” 
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comparable to the A-bomb survivors; if so are the outcomes similar?  Linet at al. (2012) 

report 600% increase in medical radiation exposure to the U.S. population between 

1980 and 2012.  Richardson, et al (2015) looked at 30 years of cumulative occupational 

exposure among nuclear energy workers in the INWORKS dataset. They found that 

cancer incidence among the workers is comparable to the survivors of the A-bombs; the 

same risk model described cancer incidence in both groups. But the study did not 

include children, or females. 

 Finally, in extending the findings made in this paper to the public, it is important 

to note that The Life Span Study does not include pre-birth exposure, or follow-on 

generations. The A-bomb survivor cohorts in the Life Span Study begin with those 

already born on August 6 and August 9, 1945.    

Discussion of Radiation Regulation 

It remains the policy of the US NRC to use Reference Man as the basis of radiation 

regulation. Reference Man was created early in the atomic era when secrecy was a 

hallmark of the Manhattan Project (National Park Service, 2018). Radiation information 

was held primarily by the newly minted field of Health Physics, led by medical pioneers 

(Wald, 1999). During the Manhattan Project and Cold War, Reference Man was fairly 

representative of hundreds of thousands of male military and paramilitary workers who 

were making and testing nuclear weapons. The difficulty comes in extending this model 

to safety standards applied to the general public.  

The U.S. Nuclear Regulatory Commission has published its evaluation of cancer 

risk from radiation, for instance in 1990 in the Policy Statement for Below Regulatory 

Concern. (U.S. NRC May, 1990.) These assessments correspond to cancer risk for the 

adult male exposure cohorts in the Lifespan Study available at that time, in the earlier 
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report, BEIR V. (National Academy of Science, National Research Council. 1990.) The 

risk values are presented by US NRC as if they are universal. The text fails to specify 

that when the document states “per 100,000” that is 100,000 Reference Men. There is, 

to date, no visible effort at US NRC to clarify this. 

A second US federal agency, the Environmental Protection Agency (US EPA) 

acknowledged in 1999 that the difference in radiation harm between males and females 

was significant. US EPA moved to adjust its calculations to include values for females. 

First a hypothetical population was adjusted to mirror the percentage of females in the 

US population by age, then US EPA simply averaged the male and female cancer rates. 

(U.S. Environmental Protection Agency, 1999). This approach systematically under-

protects females compared to males since the greater rate of female harm is 

systematically reduced when averaged with the lesser rate of male harm.  

This approach contradicts the findings displayed in Graph 1. Only when the risk 

coefficient is based solely on female data, will it adequately protect females. There is no 

harm in protecting males better, as long as females are protected.   

The US EPA guidance of 1999 predates the fixed-dose analysis presented here. 

The agency has not incorporated any of the lessons from the fixed-dose assessments 

discussed. US EPA’s use of age as a factor is solely to replicate the sex ratio across the 

US population, which ignores the sex-specific greater rates of harm when exposure is in 

childhood [Graph 1]. The US EPA simply labels those who are outside the centre of the 

hypothetical population (adults), ‘subpopulations’ and adjusts the envelope of 

parameters for the ‘subpopulation’ of children to include a smaller body mass and 

smaller lung capacity. These changes lead US EPA to believe that children are harmed 

less compared to adults when exposed to the same level of radiation. This is opposite of 

the fixed-dose findings from the Life Span Study at 60 years. 
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US EPA held a public meeting in 2015 to discuss possible changes in US 

radiation standards. A representative of the US EPA acknowledged during open 

discussion with this author, that designating female children a ‘subpopulation’ is 

incorrect. The agency has, to date, done nothing visible to revise its calculations or 

regulatory framework to correct this.  

 The International Committee for Radiation Protection (ICRP) is not a regulatory 

body, but it advises bodies including national regulators. This article is limited to the 

USA in part because the ICRP documents are not accessible to the general public. An 

abstract for an ICRP report, available on the internet, refers to Reference Adult Female 

(ICRP 2010), but to date there is no advisory body suggesting a reference female child. 

Conclusion 

These insights, garnered from the lives and deaths of the Japanese A-Bomb survivors, 

change our understanding of the human consequences of exposure to ionizing radiation. 

Reference Man and the regulatory structure based on it is a fiction with limited 

application to general population. 

It is this author’s recommendation that an interim approach is to adopt a 

Reference Girl (3—4 years old) and shift public radiation safety regulations and limits 

to protect this most-impacted post-birth life-phase. Such a move would provide greater 

protection to all, while preserving regulatory efficiency. 

Some questions worthy of further research: 

 Why is biological sex a factor in radiation harm? 

 Why is sex difference in radiation harm greatest in young children? 

Is percentage of reproductive tissue a factor due greater reactivity of this tissue 

to radiation exposure? (Bertell, 1985) 
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Is the percentage of fat tissue a factor? 

Is rate of maturation, including rates of mitosis different? If so, is that a factor? 

(Lassiter, 2017.) 

Are there differences in male and female in cellular radiation repair mechanisms 

that play a role in cancer resistance? (Peterson and Côté. 2004.) 

Are there other datasets available now that include all ages and both sexes?  

How do we construct new diverse data-sets in a humane and ethical manner? 

Do regulators need to re-evaluate and revise the units of radiation dose? Historic 

units of dose were developed using Reference Man; he is embedded in those units. 

  

Finding these patterns does not make them new. Ionizing radiation inflicts 

disproportionate harm to girls and women compared to boys and men, and the 

difference is not trivial. It is time to update policy to protect everyone better.  
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