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genome includes between 25,000 to 50,000 
genes, the potential number of mutations, and 
thus heritable diseases, is  staggering.

It is a commonly held view that radiation 
produces bizarre mutants and monsters, as il-
lustrated in Figure 11.1. This view is absolutely 
false. Radiation does not result in heritable ef-
fects that are new or unique but rather increases 

the frequencies of the same mutations that already 
occur spontaneously or naturally in that species.

Heritable diseases are classifi ed into three prin-
cipal categories: mendelian, chromosomal, and 
multifactorial (Table 11.2). The baseline frequen-
cies of these different classes of heritable diseases 
in the human population have been estimated by 
the United Nations Scientifi c  Committee on the 

FIGURE 11.1  It is a commonly held view that 
radiation produces bizarre mutations or monsters 
that may be recognized readily. This is not true. Radi-
ation increases the incidence of the same mutations 
that occur spontaneously in a given population. The 
study of radiation-induced heritable effects is diffi -
cult because the mutations produced by the radia-
tion must be identifi ed on a statistical basis in the 
presence of a high natural incidence of the same 
mutations.

TABLE 11.2 Heritable Effects of Radiation

Heritable Effect Example

Gene mutations*
 Single dominant 736 (753) Polydactyly, Huntington chorea
 Recessive 521 (596)  Sickle cell anemia, Tay-Sachs disease, cystic fi brosis,

  retinoblastoma
 Sex-linked 80 (60) Color blindness, hemophilia
Chromosomal changes
 Too many or too few  Down syndrome (extra chromosome 21), 

 mostly  embryonic death
  Chromosome aberrations, Embryonic death or mental retardation

 physical abnormalities
 Robertsonian translocation
Multifactorial
  Congenital abnormalities Neural tube defects, cleft lip, cleft palate

 present at birth 
 Chronic diseases of adult onset Diabetes, essential hypertension, coronary heart disease
*The numbers following types of gene mutations refer to several human diseases known to be caused by such a mutation. 
The numbers in parentheses refer to additional possible diseases.
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The Human Genome 

The human genome is composed of 23 pairs of chromosomes, each of which 
contain hundreds of genes separated by intergenic regions.  Intergenic 
regions may contain regulatory sequences and non-coding DNA. 



The Human Chromosomes
The 46 chromosomes in our somatic cells are two sets of 23 
chromosomes – a maternal set and a paternal set  

A cell with two of each kind of chromosome is called a 
diploid cell and is said to contain a diploid, or 2n, number 
of chromosomes

A haploid genome contain 3 x 109 base pairs, and an 
estimated 20,000 – 25,000 protein-coding genes

A cell with one set of chromosomes is called a haploid 
cell  

In fact, only ~ 1.5% of the genome codes for proteins, 
while the rest consist of RNA genes, regulatory 
sequences, introns



The Human Chromosomes

A male karyotype 

A female karyotype  

The two members of a pair of chromosomes 
carry the same genes in the same sequence, 
and they are said to be homologous

Chromosomes 1-22 are autosomal 
chromosomes, or simply autosomes.  They are 
numbered roughly in order of decreasing size 

The pair of chromosomes that determine sex 
are sex chromosomes
Females have two X chromosomes.  
Males have an X and a Y chromosome. 



Gene, Locus & Alleles 

The locus is the position of a gene on 
a chromosome

Homologous 
chromosomes

The different forms of a gene are called 
alleles 

§ An individual is said to be heterozygous for a particular gene if the two inherited 
alleles are different from each other, if even by a single base pair

§ An individual is said to be homozygous for a particular gene if the two inherited 
alleles are exactly the same

§ An individual is said to be hemizygous for a particular gene if only one allele was 
inherited. This can happen if one allele is deleted from one of the chromosomes  



Inheritance Pattern 
A dominant trait refers to a genetic feature that hides the recessive trait in 
the phenotype (visible or detectable characteristic) of an individual.  A 
dominant trait is a phenotype that is seen in both the homozygous AA and 
heterozygous Aa genotypes. 

Characteristics that result from recessive genes on the X-chromosomes, so 
that they are expressed almost exclusively in male children are said to be 
sex-linked

The term "recessive allele" refers to an allele that causes a phenotype that 
is only seen in homozygous genotypes (ie. aa) and never in heterozygous 
genotypes (i.e., Aa)



Inheritance Pattern
DOMINANT 
TRAITS

RECESSIVE 
TRAITS

eye coloring brown eyes grey, green, hazel, 
blue eyes

vision farsightedness
normal vision
normal vision
normal vision

normal vision
nearsightedness
night blindness
color blindness*

hair dark hair

non-red hair
curly hair
full head of hair
widow's peak

blonde, light, red 
hair
red hair
straight hair
baldness*
normal hairline

facial features dimples
unattached    
earlobes
freckles
broad lips

no dimples
attached earlobes

no freckles
thin lips

DOMINANT 
TRAITS

RECESSIVE 
TRAITS

appendages extra digits
fused digits
short digits
fingers lack 1 joint
limb dwarfing
clubbed thumb
double-jointedness

normal number
normal digits
normal digits
normal joints
normal proportion
normal thumb
normal joints

other immunity to poison ivy

normal pigmented skin
normal blood clotting
normal hearing

normal hearing and 
speaking
normal- no PKU

susceptibility to 
poison ivy
albinism
hemophilia*
congenital 
deafness
deaf mutism

phenylketonuria 
(PKU)

* sex-linked characteristic



Inheritance Pattern

Dimple Curly Hair



Gene Structure

Most genes are discontinuous – the information is split between exons (which code for 
the gene) and introns (non-coding sequence).  

During gene expression, the introns will be removed via a process called splicing 

Genetic disease is generally caused by mutations to the exons, since they code for 
proteins, but mutations in introns can also cause genetic disease 



Gene Expression

The simple model of gene expression is that DNA is transcribed into RNA, 
which is then translated into protein.



Mutations
A mutation is a small-scale change in the nucleotide sequence of a DNA molecule

A silent mutation has 
no effect on the 
functioning of the 
genome

A nonsense mutation 
results in a 
shortened protein

A missense mutation 
causes a change in a 
single amino acid



Mutation

A frameshift mutation 
changes all of the codons 
downstream

Mutations in the promoter 
region or splice sites can affect 
gene expression



Mutation 

Deletions can be of an 
entire gene, part of a 
gene, a single codon, or 
a single nucleotide

A translocation is when 
two chromosomes 
swap pieces of their 
arms 

An insertion is when 
one portion of a 
chromosome is 
inserted into another



Hereditary Disease 
Hereditary disease may result when mutations occurring in the germ cells of 
parents are transmitted to progeny

Radiation does not result in 
hereditary effects that are new or 
unique but rather increases the 
frequencies of the same mutations 
that already occur spontaneously or 
naturally in that species 
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genome includes between 25,000 to 50,000 
genes, the potential number of mutations, and 
thus heritable diseases, is  staggering.

It is a commonly held view that radiation 
produces bizarre mutants and monsters, as il-
lustrated in Figure 11.1. This view is absolutely 
false. Radiation does not result in heritable ef-
fects that are new or unique but rather increases 

the frequencies of the same mutations that already 
occur spontaneously or naturally in that species.

Heritable diseases are classifi ed into three prin-
cipal categories: mendelian, chromosomal, and 
multifactorial (Table 11.2). The baseline frequen-
cies of these different classes of heritable diseases 
in the human population have been estimated by 
the United Nations Scientifi c  Committee on the 

FIGURE 11.1  It is a commonly held view that 
radiation produces bizarre mutations or monsters 
that may be recognized readily. This is not true. Radi-
ation increases the incidence of the same mutations 
that occur spontaneously in a given population. The 
study of radiation-induced heritable effects is diffi -
cult because the mutations produced by the radia-
tion must be identifi ed on a statistical basis in the 
presence of a high natural incidence of the same 
mutations.

TABLE 11.2 Heritable Effects of Radiation

Heritable Effect Example

Gene mutations*
 Single dominant 736 (753) Polydactyly, Huntington chorea
 Recessive 521 (596)  Sickle cell anemia, Tay-Sachs disease, cystic fi brosis,

  retinoblastoma
 Sex-linked 80 (60) Color blindness, hemophilia
Chromosomal changes
 Too many or too few  Down syndrome (extra chromosome 21), 

 mostly  embryonic death
  Chromosome aberrations, Embryonic death or mental retardation

 physical abnormalities
 Robertsonian translocation
Multifactorial
  Congenital abnormalities Neural tube defects, cleft lip, cleft palate

 present at birth 
 Chronic diseases of adult onset Diabetes, essential hypertension, coronary heart disease
*The numbers following types of gene mutations refer to several human diseases known to be caused by such a mutation. 
The numbers in parentheses refer to additional possible diseases.
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Hereditary Disease

Mandelian 

Hereditary diseases are classified into 3 principal categories – Mandelian, 
chromosomal, and multifactorial

These are the diseases that occur normally that could be enhanced by exposure to ionizing 
radiation



Mandelian 
Single gene disorders – diseases or traits where the phenotypes are largely 
determined by the action, or lack of action, of mutations at individual loci 

Autosomal Dominant
(Ex: polydactyly)

X-linked 
(Ex: hemophilia)

Autosomal Recessive
(Ex: sickle cell anemia)



Chromosomal Changes
Chromosomal abnormalities – diseases where the phenotypes are largely 
determined by physical changes in chromosomal structure -  deletion, inversion, 
translocation, insertion, rings, etc., in chromosome number - trisomy or monosomy, 
or in chromosome origin - uniparental disomy

Trisomy 21 Balanced translocation Unbalanced translocation

Majority of these abnormalities are incompatible with life, resulting in spontaneous abortion or 
stillbirth



Multifactorial
Multifactorial traits – diseases or variations where the phenotypes are strongly 
influenced by the action of mutant alleles at several loci acting in concert

They are characterized by 
ü Known to have a genetic component
ü Transmission pattern not simple Mandelian
ü Interaction with environmental factors

Examples include
Congenital abnormalities – cleft lip with or without cleft palate, neural tube defect
Adult onset – diabetes, essential hypertension, coronary heart disease  



Baseline Frequencies of Genetic Diseases 
in Human Population

Disease Class Frequency per Million

Mandelian Diseases 24,000

Autosomal dominant diseases 15,000

X-linked diseases 1,500

Autosomal recessive diseases 7,500

Chromosomal Diseases 4,000

Multifactorial Diseases 710,000

Chronic diseases 650,000

Congenital abnormalities 60,000

Total 738,000

UNSCEAR 2001



Hereditary Disease 
Hereditary disease may result when mutations occurring in the germ cells of 
parents are transmitted to progeny

Radiation does not result in hereditary effects that 
are new or unique but rather increases the 
frequencies of the same mutations that already 
occur spontaneously or naturally in that species 

162 | Section I • For Students of Diagnostic Radiology, Nuclear Medicine, and Radiation Oncology |

genome includes between 25,000 to 50,000 
genes, the potential number of mutations, and 
thus heritable diseases, is  staggering.

It is a commonly held view that radiation 
produces bizarre mutants and monsters, as il-
lustrated in Figure 11.1. This view is absolutely 
false. Radiation does not result in heritable ef-
fects that are new or unique but rather increases 

the frequencies of the same mutations that already 
occur spontaneously or naturally in that species.

Heritable diseases are classifi ed into three prin-
cipal categories: mendelian, chromosomal, and 
multifactorial (Table 11.2). The baseline frequen-
cies of these different classes of heritable diseases 
in the human population have been estimated by 
the United Nations Scientifi c  Committee on the 

FIGURE 11.1  It is a commonly held view that 
radiation produces bizarre mutations or monsters 
that may be recognized readily. This is not true. Radi-
ation increases the incidence of the same mutations 
that occur spontaneously in a given population. The 
study of radiation-induced heritable effects is diffi -
cult because the mutations produced by the radia-
tion must be identifi ed on a statistical basis in the 
presence of a high natural incidence of the same 
mutations.

TABLE 11.2 Heritable Effects of Radiation

Heritable Effect Example

Gene mutations*
 Single dominant 736 (753) Polydactyly, Huntington chorea
 Recessive 521 (596)  Sickle cell anemia, Tay-Sachs disease, cystic fi brosis,

  retinoblastoma
 Sex-linked 80 (60) Color blindness, hemophilia
Chromosomal changes
 Too many or too few  Down syndrome (extra chromosome 21), 

 mostly  embryonic death
  Chromosome aberrations, Embryonic death or mental retardation

 physical abnormalities
 Robertsonian translocation
Multifactorial
  Congenital abnormalities Neural tube defects, cleft lip, cleft palate

 present at birth 
 Chronic diseases of adult onset Diabetes, essential hypertension, coronary heart disease
*The numbers following types of gene mutations refer to several human diseases known to be caused by such a mutation. 
The numbers in parentheses refer to additional possible diseases.
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The hereditary effect of radiation is thus 
expressed as a doubling dose, i.e., the amount 
of radiation required to produce as many 
mutations as occur spontaneously in a generation 



Outline
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n Radiation-Induced Hereditary Effects in Fruit flies
n Radiation-Induced Hereditary Effects in Mice
n Radiation-Induced Hereditary Effects in Human 
n Radiation Effects on Fertility 
n Effect of Radiation on Epigenetics (Medical residents only)

To estimate 
doubling 
dose



Changing Concerns for Risks

n In the 1950s, heritable changes were considered the 
principal hazard of exposure to ionizing radiation 

n Little was known of the carcinogenic potential of low 
doses of radiation 
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genetics; the term is now generally used to refer 
to changes in gene expression that takes place 
without a change in the DNA sequence. Epigen-
etic changes can result from various molecular 
modifi cations, but the most extensively studied 
and best understood are as follows:

 1. DNA methylation, which takes place at the 
carbon-5 position of cytosine in CpG dinu-
cleotides, and,

 2. Changes to chromatin packaging of DNA by 
posttranslational histone modifi cations.

Both of these mechanisms can have a pro-
found effect on gene expression, including the 
silencing of the gene. Other epigenetic mecha-
nisms that are less well understood include regu-
lation of gene expression by noncoding RNAs, 
including micro RNAs, and mechanisms that 
control the higher level organization of chroma-
tin within the nucleus.

There is increasing evidence from ani-
mal studies that prenatal and early postnatal 
 environmental factors can result in altered epi-
genetic programming and subsequent changes in 
the risk of developing disease later in life. Envi-
ronmental factors studied to date include nutri-
tional supplements, xenobiotic chemicals and, 
interestingly enough, exposure to ionizing radia-
tion. The radiation studies showed that exposure 
of adult male or female mice led to transgenera-
tional genome instability in the offspring, result-
ing from a signifi cant loss of DNA methylation in 
somatic tissue. In addition, there is some evidence 
from animal studies that epigenetic alterations 
may be inherited transgenerationally, thereby af-
fecting the health of  future generations.

entirely on heritable effects in the fruit fl y, Dro-
sophila. In the half century or so that has elapsed 
since that time, the level of concern  involving 
 genetic effects, or heritable effects as we call 
them, has declined steadily—fi rst, because of the 
availability of mouse data, and more recently, 
with a reassessment of the importance of multi-
factorial diseases and doubt about the relevance 
of the specifi c locus mutations in mice. As a con-
sequence, the percentage of radiation detriment 
attributed to the genetic component in the view 
of ICRP has declined from 100% in 1955, to 25% 
in 1977, to 18% in 1991, and to only 4% in 2007. 
In the meantime, the level of concern involving 
radiation carcinogenesis has increased as more 
and more solid tumors have appeared in the Japa-
nese A-bomb survivors. This trend is illustrated 
in Figure 11.4. In the 1950s, genetic effects were 
considered to be the most important because solid 
tumors had not then appeared in large numbers 
in the A-bomb survivors. Over the years, concern 
has switched entirely so that at the present time, 
radiation carcinogenesis is considered to be by far 
the most important consequence of low doses of 
radiation. Meanwhile, radiation protection stan-
dards have changed little.

■ EPIGENETICS

In this chapter so far, it has been tacitly assumed 
that a transgenerational heritable effect must, of 
necessity, involve a change in the DNA sequence. 
The emerging study of epigenetics implies that 
this is not necessarily the case.

The Greek prefi x epi- in epigenetics implies 
features that are “on top of” or “in addition to” 
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FIGURE 11.4  Illustrating how, over 
the past half-a-century, the concern re-
garding exposure to ionizing radiation has 
changed from heritable (genetic) effects 
to carcinogenesis. In 1950, based on mu-
tations in the fruit fl y Drosophila, heritable 
effects were considered to be the major 
risk of exposure to radiation. At that time, 
although an excess of leukemia had been 
observed in the A-bomb survivors, solid 
cancers had not shown up. Over the years, 
concern for heritable effects has declined, 
but the maturing of the A-bomb data has 
revealed a signifi cant excess incidence of 
a whole spectrum of solid cancers.
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Radiation-Induced Hereditary Effects in 
Fruit Flies
n The earliest mutation experiments were carried out with the fruit fly 

Drosophila melanogaster
n Radiation-induced mutants did not appear different from those that 

occur spontaneously

Wildtype 

Mutants 

The current annual dose limit of 50mSv/year for radiation workers came from 
fruit fly studies!!! 
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The Megamouse Project

7 specific locus mutations were used to study 
radiation-induced hereditary effects, shown here 
were 3 coat color mutations

Russell and Russell at Oak Ridge National 
Laboratory mounted an experiment to determine 
specific locus mutation rates in the mouse 
induced by radiation

7 million mice had been used, and 
the project is referred to as the 
“megamouse project”

15 mice in position on an X-ray exposure wheel

These mutations occur spontaneously, and their incidence is increased by irradiation.  
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the mouse was an unfortunate choice as an 
experimental animal.

 4. The heritable consequences of a given dose 
can be reduced greatly if a time interval is al-
lowed between irradiation and conception, 
presumably caused by repair.

This information is already used in ge-
netic counseling given to people who have 
received radiation. In the mouse, an inter-
val between irradiation and insemination of 
2 months in the male and rather longer in the 
female is suffi cient to produce a maximum 
reduction in the effect of radiation. Although 
data are not available for humans, by anal-
ogy, a period of 6 months usually is recom-
mended. Consequently, if people are exposed 
to signifi cant doses of radiation, either acci-
dentally or because of their occupation, it is 
recommended that 6 months be allowed to 
elapse between the exposure to the radiation 
and a planned conception, to minimize the 
genetic consequence. This would be good 

patterns. Five major conclusions are pertinent 
to the  radiologist:
 1. The radiosensitivity of different mutations 

varies by a signifi cant factor of about 35, so 
that it is only possible to speak in terms of 
 average mutation rates. We now know that 
this is caused simply by a size difference 
among the various genes involved.

 2. In the mouse, there is a substantial dose-rate 
effect, so that spreading the radiation dose 
over a period results in fewer mutations for 
a given dose than in an acute exposure. This 
is in complete contrast to the data on Dro-
sophila, where fractionated doses are cumula-
tive. The big dose-rate effect discovered in 
the mouse was attributed to a repair process. 
The data are shown in Figure 11.3.

 3. Essentially, all of the radiation-induced heri-
table data come from experiments with male 
mice. In the mouse, the oocytes are exqui-
sitely radiosensitive and are readily killed by 
even low doses of radiation. For this reason, 

FIGURE 11.2  In the megamouse project, seven specifi c locus mutations were used to study radiation-induced 
hereditary effects. This photo shows three of the mutations, which involve changes of coat color. (Courtesy of 
Dr. William L. Russell, Oak Ridge National Laboratory.)
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Conclusions of the Megamouse Project

n The radiosensitivity of different mutations varies by 
a significant factor of ~ 35, so that it is only possible 
to speak in terms of average mutation rates

n We now know that this is due simply to a size 
difference between the various genes involved 



Conclusions of the Megamouse Project

n There is a substantial dose-
rate effect, so that spreading 
the radiation dose over a period 
of time results in fewer 
mutations for a given dose than 
in an acute exposure

n This was attributed to a repair 
process
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advice to a person accidentally exposed to, 
say 0.1 Gy, to young patients with Hodgkin 
disease receiving radiotherapy, or even to 
patients subjected to diagnostic x-ray proce-
dures involving the lumbar spine or the lower 
gastrointestinal tract in which a large expo-
sure is used and the gonads must be included 
within the radiation fi eld.

 5. The estimate of the doubling dose favored 
by the Committee on the Biological Effects 
of Ionizing Radiation (BEIR V) and the 
 UNSCEAR 1988 is 1 Gy, based on low-dose-
rate exposure. This is a calculated rather than 
a measured quantity, based on the measured 
mutation rate per locus in the mouse adjusted 
for the estimated comparable number of loci 
in the human. It also allows for the fact that 
the human is usually exposed at low dose 
rate, whereas the mouse data refl ect acute 
 exposures.

■  RADIATION-INDUCED HERITABLE 
EFFECTS IN HUMANS

To estimate the risk of heritable effects in the 
human population caused by exposure to radia-
tion, two basic pieces of data are needed: fi rst, 
the baseline spontaneous mutation rate, which 

is known for humans, and second, the doubling 
dose, which can only come from mouse experi-
ments (1 Gy). Two correction factors must then 
be applied, which were derived by a task force 
of the International Commission on Radiologi-
cal Protection (ICRP) in 2000. The fi rst must 
allow for the fact that not all mutations lead to 
a disease. This so-called mutation component 
(MC) varies for different classes of heritable 
 diseases; it is simple for autosomal recessive 
 diseases and very complex for multifactorial dis-
eases. For the fi rst generation following radia-
tion exposure, the MC is about 0.3 for autosomal 
dominant and X-linked diseases, close to zero for 
autosomal recessive diseases, and about 0.01 to 
0.02 for chronic multifactorial diseases. The sec-
ond correction factor must allow for the fact that 
the seven specifi c locus mutations used to assess 
the doubling dose in the megamouse project 
are not representative of the spectrum of induc-
ible heritable diseases in humans. The success 
of experimental radiation mutagenesis studies 
in the mouse is mainly caused by the fortunate 
choice of genes that are nonessential for survival 
of the animal or the cell and also happen to be 
located in nonessential regions of the genome. 
Most human disease-causing genes are not of 
this type. Among the human autosomal and X-
linked genes studied, only 15% to 30% may be 
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FIGURE 11.3  Mutations in mice as a function 
of dose, delivered at high and low dose rates. (Cour-
tesy of Dr. William L. Russell, Oak Ridge National 
Laboratory.)
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Conclusions of the Megamouse Project

n Essentially all of the radiation-induced hereditary 
data came from experiments with male mice

n In the mouse, the oocytes are exquisitely 
radiosensitive, and are readily killed by even low 
doses of radiation



Conclusions of the Megamouse Project

n The hereditary consequences of a given dose can be 
reduced greatly if a time interval is allowed between 
irradiation and conception

n This again was thought to be a consequence of some 
repair process

Although there is no data for humans, it is recommended that a period of 6 
months be allowed between exposure to radiation and planned conception 
in radiotherapy patients or others whose gonads receive doses in excess of 
about 0.1 Gy 



Conclusions of the Megamouse Project
n The genetic effects of radiation are frequently represented by the 
“doubling dose”

n The estimate of the doubling dose favored by the BEIR V and the 
USCEAR 88 is 1 Gy based on the low dose rate exposure 

Doubling dose – the amount of radiation required to produce as 
many mutations as occur spontaneously in a generation

No more than 1- 6% of spontaneous mutations in humans may be ascribed to 
background radiation
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Risk Estimation in Human 

n To estimate the risk of radiation-induced hereditary 
diseases in human, two quantities are required

1. The baseline mutation rate for humans, which is estimated to 
be 738,000 per million

2. The doubling dose, from the mouse data, which is about 1 Gy



Risk Estimation in Human
n Two correction factors are needed

1. To allow that not all mutations lead to a disease – this is the 
mutation component (MC), which varies for different classes of 
hereditary diseases

2. To allow for the fact that the 7 specific locus mutations used in the 
mouse project are not representative of inducible hereditary 
diseases in the human because they are all nonessential for the 
survival of the animal or cell
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baseline risk of 738,000 per million live births—
that is, a relatively small proportion.

■  INTERNATIONAL COMMISSION 
ON RADIOLOGICAL PROTECTION 
 ESTIMATES OF HEREDITARY RISKS

The strategy of ICRP to estimate hereditary risks 
is based on the data for the fi rst two generations 
calculated by UNSCEAR 2001, shown in Table 
11.4. These data refer to a “reproductive” popula-
tion and apply when the radiation doses received 
by all people in the population are genetically sig-
nifi cant. However, when the total population of all 
ages is considered, the  genetically signifi cant dose 
will be markedly lower than the total dose  received 
over a lifetime. Genetic damage sustained by germ 
cells of persons who are beyond the reproductive 
period or who are not procreating for any reason 
poses no heritable risks. Assuming an average life 
expectancy of 75 years, with mean  reproductive 
age stopping at 30 years, the risk  coeffi cients for 

responsive to induced mutations that are poten-
tially recoverable in live births. For chronic mul-
tifactorial diseases, which involve several genes, 
the fraction recoverable in live births would be 
even lower.

The UNSCEAR 2001 estimates of hereditary 
risks for the fi rst generation and fi rst two gen-
erations of an irradiated population are listed in 
Table 11.4. The risk of autosomal dominant and 
X-linked diseases for the fi rst generation after ir-
radiation is about 750 to 1,500 cases per million 
progeny per gray of chronic low linear energy 
transfer (LET) radiation (compared with the 
baseline of 16,500 cases per million). The risk 
of autosomal recessive diseases is essentially zero 
(compared with the baseline of 7,500 per million). 
The risk of chronic diseases is about 250 to 1,200 
cases per million (compared with the baseline of 
650,000 per million). The risk of multisystem de-
velopmental or congenital abnormalities may be 
about 2,000 cases per million. Note that the total 
risk per gray is only about 0.41% to 0.64% of the 

TABLE 11.4 Current Estimates of Genetic Risks from Continuing Exposure to 
Low-LET, Low-Dose, or Chronic Irradiation (from UNSCEAR 2001) 
(Assumed Doubling Dose: 1 Gy)

 Risk per Gy per 106 Progeny

 Based Frequency  Up to Second
Disease Class per 106  Live Births First Generation Generation

Mendelian
 Autosomal dominant  16,500 750–1,500 1,300–2,500
  and X-linked
 Autosomal recessive   7,500 0 0
Chromosomal   4,000 a a

Multifactorial
 Chronic 650,000 !250–1,200 !250–1,200
 Congenital  60,000 2,000 2,400–3,000
  abnormalities
Total 738,000 !3,000–4,700 3,950–6,700
Total risk per Gy — !0.41–0.64 !0.53–0.91
 expressed as percent
 of baseline
aAssumed to be subsumed in part under the risk of autosomal dominant and X-linked diseases and in part under congeni-
tal abnormalities.

From United Nations Scientifi c Committee on the Effects of Atomic Radiation: Hereditary Effects of Radiation: The 
UNSCEAR 2001 Report to the General Assembly with Scientifi c Annex. New York, United Nations, 2001.
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UNSCEAR Estimates of Hereditary Risks 
Note that the total risk per 
Gy is only about 0.41 – 
0.64% of the baseline risk 
of 738,000 per million live 
births, which is a relatively 
small proportion

Data pertain to a 
“reproductive” population 



UNSCEAR 2001 Estimation of Genetic 
Risks 

Baseline risk – 738,000 per 106 live births

Assumed doubling Dose of 1 Gy

§ Not all mutations lead to a 
disease (mutation 
component)

§ Not all mutations are 
compatible with life, i.e., 
recoverable in live births

Corrected risk per Gy expressed as percent of baseline 
= ~ 3000-4,700/738,000 = ~ 0.41-0.64% = ~ 0.5% 

What is the excess risk per 106 progeny per Gy?

Corrected risk – ~ 3000-4,700 per 106 progeny per Gy



ICRP Estimates of Hereditary Risks

n Based on the data calculated by UNSCEAR 2001 and corrected for 
“reproductive age”    

n In other words, only genetically significant dose  (GSD) was 
considered 

Genetically significant dose 
(GSD) – The dose to the gonads 
weighted for the age and sex 
distribution in those members of the 
population expected to have 
offspring

Table 11.5 Heritable Effects – ICRP (2003)



ICRP Estimates of Hereditary Risks
Total Population

Assumption – average life expectancy of 75 years; mean reproduction age 
stopping at 30 years
The risk coefficients = 30/75 = 40% for reproductive  population

Risk @ 0.5% (UNSCEAR data) x 40% = 0.2%/Sv

Radiation Workers

Radiation workers start working at age 18, so the relevant reproductive years = 
30-18 = 12 years
The risk coefficients = 12/75 = 16%

Risk @ 0.5% (UNSCEAR data) x 16% = 0.1%/Sv



Life Expectancy and Fertility Rates in 
US



Data from A-Bomb Survivors 

n Children of the A-bomb survivors have been 
studied for a number of indicators, and compared 
to a control cohort

n None of the differences reached statistical 
significance 

n 3 indicators were used to estimate the doubling 
dose 
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a total population of all ages will be 30/75, that is, 
40% of that for a reproductive population. This 
rounds out at 0.2% per sievert. For a working pop-
ulation, the relevant age range is only from 18 to 
30 years because of the fact that no one is allowed 
to be a radiation worker before the age of 18 and 
the reproductive cycle is assumed to end at the age 
of 30; consequently, the risk coeffi cients will be 
12/75, or 16% of that for a reproductive popula-
tion, which rounds out at 0.1% per sievert. These 
fi gures are summarized in Table 11.5.

■  MUTATIONS IN THE CHILDREN OF 
THE A-BOMB SURVIVORS

The survivors of the atomic bomb attacks on Hiro-
shima and Nagasaki constitute the largest irradiated 
human population studied carefully for  heritable
effects. Over the years, a cohort of 31,150 children 
born to parents receiving signifi cant amounts of 
radiation (within 2 km of the bomb’s hypocenter) 
and a somewhat larger control cohort (41,066) have 
been studied with respect to various indicators: fi rst, 
in the early years, for congenital defects, gender of 
child, physical development, and survival; then, in 
the middle years, for cytogenetic abnormality; and, 
more recently, for the occurrence of malignant dis-
ease and for electrophoretic or functional defects 
in a battery of some 30 serum proteins or erythro-
cyte enzymes. None of these indicators was related 
signifi cantly to parental radiation exposure, but the 
net regression was slightly positive.

For these various measures of heritable ef-
fects, the differences between the children of 

proximally and distally exposed survivors is in 
the direction expected if a heritable effect did 
result from the radiation, but in fact, none of 
the fi ndings are statistically signifi cant. Never-
theless, the differences between these groups of 
children were used to calculate doubling doses.

Only three of these indicators lend them-
selves to an estimate of doubling dose, and the 
results are shown in Table 11.6, taken from a 
study in the early 1980s. The simple average of 
the three estimates is 1.56 Sv. In a more recent 
review paper, Neel estimated the doubling dose 
for the human to be about 2 Sv; this is subject 
to considerable uncertainties, with a lower limit 
of 1 Sv and an upper limit that is indeterminate. 
This, of course, refers to an acute radiation dose 
because it is based on the Japanese survivors.

The sparse human data support the current 
impression that the doubling dose derived from 
the mouse specifi c-locus experiments is too low. 
The lack of a statistically signifi cant excess of heri-
table effects in the children of the A-bomb survi-
vors is consistent with the numeric risk estimates 
developed by ICRP. The number of children in-
volved and the range of doses to which their par-
ents were exposed are too small for a statistically 
signifi cant heritable effect to be expected.

■ CHANGING CONCERNS FOR RISKS

In 1956, the ICRP reduced the dose limit for ra-
diation workers to, effectively, what it is today—
a maximum of 50 mSv per year. This was based 

TABLE 11.6 Doubling Dose (Gametic) in 
the Offspring of Survivors of 
the Atomic Bomb  Attacks on 
Hiroshima and Nagasaki

Genetic Indicator Doubling Dose, Sv

Untoward pregnancy 0.69
 outcome
Childhood mortality 1.47
Sex chromosome 2.52
 aneuploidy
Simple average 1.56
Adapted from Schull WJ, Otake M, Neal JV. Genetic 
effects of the atomic bomb: A reappraisal. Science. 
1981;213:1220–1227, with permission.

TABLE 11.5 Heritable Effects—ICRP (2003)

■ Total population 0.2%/Sv
■ Working population 0.1%/Sv
■ Based on:

■ Heritable risks for fi rst two generations.
■ Life expectancy 75 years; reproductive 

age 30 years.
■ Total population   30 _ 

75
   of reproductive 

population.
■ Working population   30 ! 18 _ 

75
   of repro-

ductive population.
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Human Data

Recent review by Neel estimated 
the doubling dose to be about 2 Sv, 
with a lower limit of 1 Sv, and an 
upper limit that is indeterminate

Both refer to acute radiation exposure



Changing Concerns for Risks

Over the years, concern has switched from heritable effects to radiation carcinogenesis
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genetics; the term is now generally used to refer 
to changes in gene expression that takes place 
without a change in the DNA sequence. Epigen-
etic changes can result from various molecular 
modifi cations, but the most extensively studied 
and best understood are as follows:

 1. DNA methylation, which takes place at the 
carbon-5 position of cytosine in CpG dinu-
cleotides, and,

 2. Changes to chromatin packaging of DNA by 
posttranslational histone modifi cations.

Both of these mechanisms can have a pro-
found effect on gene expression, including the 
silencing of the gene. Other epigenetic mecha-
nisms that are less well understood include regu-
lation of gene expression by noncoding RNAs, 
including micro RNAs, and mechanisms that 
control the higher level organization of chroma-
tin within the nucleus.

There is increasing evidence from ani-
mal studies that prenatal and early postnatal 
 environmental factors can result in altered epi-
genetic programming and subsequent changes in 
the risk of developing disease later in life. Envi-
ronmental factors studied to date include nutri-
tional supplements, xenobiotic chemicals and, 
interestingly enough, exposure to ionizing radia-
tion. The radiation studies showed that exposure 
of adult male or female mice led to transgenera-
tional genome instability in the offspring, result-
ing from a signifi cant loss of DNA methylation in 
somatic tissue. In addition, there is some evidence 
from animal studies that epigenetic alterations 
may be inherited transgenerationally, thereby af-
fecting the health of  future generations.

entirely on heritable effects in the fruit fl y, Dro-
sophila. In the half century or so that has elapsed 
since that time, the level of concern  involving 
 genetic effects, or heritable effects as we call 
them, has declined steadily—fi rst, because of the 
availability of mouse data, and more recently, 
with a reassessment of the importance of multi-
factorial diseases and doubt about the relevance 
of the specifi c locus mutations in mice. As a con-
sequence, the percentage of radiation detriment 
attributed to the genetic component in the view 
of ICRP has declined from 100% in 1955, to 25% 
in 1977, to 18% in 1991, and to only 4% in 2007. 
In the meantime, the level of concern involving 
radiation carcinogenesis has increased as more 
and more solid tumors have appeared in the Japa-
nese A-bomb survivors. This trend is illustrated 
in Figure 11.4. In the 1950s, genetic effects were 
considered to be the most important because solid 
tumors had not then appeared in large numbers 
in the A-bomb survivors. Over the years, concern 
has switched entirely so that at the present time, 
radiation carcinogenesis is considered to be by far 
the most important consequence of low doses of 
radiation. Meanwhile, radiation protection stan-
dards have changed little.

■ EPIGENETICS

In this chapter so far, it has been tacitly assumed 
that a transgenerational heritable effect must, of 
necessity, involve a change in the DNA sequence. 
The emerging study of epigenetics implies that 
this is not necessarily the case.

The Greek prefi x epi- in epigenetics implies 
features that are “on top of” or “in addition to” 
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FIGURE 11.4  Illustrating how, over 
the past half-a-century, the concern re-
garding exposure to ionizing radiation has 
changed from heritable (genetic) effects 
to carcinogenesis. In 1950, based on mu-
tations in the fruit fl y Drosophila, heritable 
effects were considered to be the major 
risk of exposure to radiation. At that time, 
although an excess of leukemia had been 
observed in the A-bomb survivors, solid 
cancers had not shown up. Over the years, 
concern for heritable effects has declined, 
but the maturing of the A-bomb data has 
revealed a signifi cant excess incidence of 
a whole spectrum of solid cancers.
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Outline

n Genetics 101
n Radiation-Induced Hereditary Effects in Fruit flies
n Radiation-Induced Hereditary Effects in Mice
n Radiation-Induced Hereditary Effects in Human 
n Radiation Effects on Fertility 
n Effect of Radiation on Epigenetics (Medical residents only) 



The Male Reproductive System



Spermatogenesis 
stem cell

spermatozoa

10 wks

Relatively more 
radioresistant

Radiosensitive Following a moderate dose of 
radiation, individual will remain 
fertile as long as mature sperm 
cells are available (= latent 
period) 

However, if sperms are used 
up, temporary sterility will 
result until spermatogonia 
repopulate

Spermatogenesis continue from puberty to death



Radiation Effects on Male Sterility

Self-renewal system: spermatogonia ® 
spermatocytes ® spermatids ® spermatozoa

Latent period b/w irradiation and sterility

Oligospermia and reduced fertility: 0.15 Gy

Azoospermia and temporary sterility: 0.5 Gy

Recovery is dose dependent 

Permanent sterility
      6 Gy – single dose
      2.5-3 Gy, fractionated, 2-4 wks

Induction of sterility does not affect hormone 
balance, libido, or physical capability

In male, fractionated doses cause 
more gonadal damage than a 
single dose due to reassortment 



The Female Reproductive System



Oogenesis 
Embryonic 

At birth

Puberty 

There are no stem cells (oogonium) in adults 
There are ~ 1 million oocytes at birth, 300,000 
at puberty



Radiation Effect on Female Fertility

By 3 days after birth, all cells progressed to primary oocyte stage; no 
further cell division
Neither latent period nor temporary sterility in females 
Radiation can induce permanent ovarian failure; marked age dependence

Permanent sterility
      12 Gy – prepuberty
      2 Gy, premenopausal
Radiation sterility produces hormonal changes like those seen in natural 
menopause



Medical Residents Only 



Outline

n Genetics 101
n Radiation-Induced Hereditary Effects in Fruit flies
n Radiation-Induced Hereditary Effects in Mice
n Radiation-Induced Hereditary Effects in Human
n Radiation Effects on Fertility 
n Effect of Radiation on Epigenetics  



Epigenetics

n So far, it is assumed that heritable effect must 
involve a change in DNA sequence

n However, heritable changes in gene expression or 
cellular phenotype may also occur via epigenetic 
mechanisms



Epigenetics

Epigenetics refers to changes in gene expression that do NOT involve a change 
in the nucleotide sequence

Mechanisms

§ DNA methylation – occurs at the C-5 position of cytosine in CpG 
§ Changes to chromatin packaging of DNA by posttranslational histone modifications

Definition



Epigenetics
Nutritional supplement, xenobiotic chemicals, IR

Metabolic disorder
Cardiovascular dz
Mental disorder

Alteration during prenatal and early postnatal stages Risk later in adult

Alteration in parents Risk in off-springs 



Imprinted Genes
Most autosomal genes are expressed from the alleles of both parents, however, ~1% 
of autosomal genes in humans are “imprinted” 

Imprinted genes are genes whose expression is determined by the parent that 
contributed them
§ e.g, the maternal allele is expressed exclusively because the paternal allele is 

imprinted or vice versa

Several human syndromes, and even 
some cancers, result from genetic and 
epigenetic modifications at imprinted loci



Imprinted Genes
Expression of an imprinted gene in the present generation depends on the 
environment that it experienced in the previous generation 

The study of radiation on epigenetics is in its infancy, but it is a factor that may influence 
the perception of radiation-induced heritable effects in the future

Mutations in DNA are no longer the whole story!



Question 

Epigenetic modification of DNA-associated histones can 
occur through all of the following mechanisms, EXCEPT: 
A. Phosphorylation 
B. Acetylation
C. Glycosylation
D. Methylation 
E. Ubiquitination 

Sumoylation involves addition of SUMOs (small 
ubiquitin-like modifiers)



Review Questions 



Question 1

The probability of a hereditary disorder in the first 
generation born to parents exposed to radiation is 
estimated to be approximately:
A. 0.02/mSv
B. 0.2/mSv 
C. 0.002/Sv
D. 0.02/Sv
E. 0.2/Sv  



Question 1
Table 11.5 Heritable Effects – ICRP (2003)



Question 2
A 22-year-old man completed a course of radiation therapy for Hodgkin’s lymphoma one year 
ago. For the previous 6 months, he and his wife tried unsuccessfully to conceive a child. He 
expressed concern to his radiation oncologist that the radiation exposure (gonadal dose of 0.83 
Gy) may have left him sterile. How should the radiation oncologist respond?
A. The radiation dose likely caused permanent sterility
B. The dose of radiation should have had no effect on the patient’s sperm count and 

probably isn’t the cause of the couple’s fertility problems
C. The patient should not even be attempting to conceive a child due to a significantly 

increased risk for radiation-induced mutations in the offspring of irradiated individuals
D. Hormonal dysfunction caused by the radiation, not the lowered sperm count per se, 

probably accounted for the couple’s fertility problems
E. This dose should interfere with fertility for no more than about a year, so the patient 

should keep trying to conceive a child. 



Radiation Effects on Male Sterility

Self-renewal system: spermatogonia ® 
spermatocytes ® spermatids ® spermatozoa

Latent period b/w irradiation and sterility

Oligospermia and reduced fertility: 0.15 Gy

Azoospermia and temporary sterility: 0.5 Gy

Recovery is dose dependent 

Permanent sterility
      6 Gy – single dose
      2.5-3 Gy, fractionated, 2-4 wks

Induction of sterility does not affect hormone 
balance, libido, or physical capability

In male, fractionated doses cause 
more gonadal damage than a 
single dose due to reassortment 



Question 3
Which of the following statements concerning the landmark “mega-
mouse” study of radiation mutagenesis, is INCORRECT? 
A. The dose response curve for radiation-induced mutations 

was linear with no threshold. 
B. Radiation dose-rate was not found to affect the induction of 

mutations. 
C. Males were more susceptible to radiation-induced mutations 

than females. 
D. Mutation rates at the different loci studied varied widely. 
E. The estimated doubling dose for mutations was 

approximately 1 Gy.



The Megamouse Project

7 specific locus mutations were used to study 
radiation-induced hereditary effects, shown here 
were 3 coat color mutations

Russell and Russell at Oak Ridge National 
Laboratory mounted an experiment to determine 
specific locus mutation rates in the mouse 
induced by radiation

7 million mice had been used, and 
the project is referred to as the 
“megamouse project”

15 mice in position on an X-ray exposure wheel

These mutations occur spontaneously, and their incidence is increased by irradiation.  



Conclusions of the Megamouse Project 
Summarized
n There is a considerable dose-rate effect | Chapter 11 • Heritable Effects of Radiation | 167

advice to a person accidentally exposed to, 
say 0.1 Gy, to young patients with Hodgkin 
disease receiving radiotherapy, or even to 
patients subjected to diagnostic x-ray proce-
dures involving the lumbar spine or the lower 
gastrointestinal tract in which a large expo-
sure is used and the gonads must be included 
within the radiation fi eld.

 5. The estimate of the doubling dose favored 
by the Committee on the Biological Effects 
of Ionizing Radiation (BEIR V) and the 
 UNSCEAR 1988 is 1 Gy, based on low-dose-
rate exposure. This is a calculated rather than 
a measured quantity, based on the measured 
mutation rate per locus in the mouse adjusted 
for the estimated comparable number of loci 
in the human. It also allows for the fact that 
the human is usually exposed at low dose 
rate, whereas the mouse data refl ect acute 
 exposures.

■  RADIATION-INDUCED HERITABLE 
EFFECTS IN HUMANS

To estimate the risk of heritable effects in the 
human population caused by exposure to radia-
tion, two basic pieces of data are needed: fi rst, 
the baseline spontaneous mutation rate, which 

is known for humans, and second, the doubling 
dose, which can only come from mouse experi-
ments (1 Gy). Two correction factors must then 
be applied, which were derived by a task force 
of the International Commission on Radiologi-
cal Protection (ICRP) in 2000. The fi rst must 
allow for the fact that not all mutations lead to 
a disease. This so-called mutation component 
(MC) varies for different classes of heritable 
 diseases; it is simple for autosomal recessive 
 diseases and very complex for multifactorial dis-
eases. For the fi rst generation following radia-
tion exposure, the MC is about 0.3 for autosomal 
dominant and X-linked diseases, close to zero for 
autosomal recessive diseases, and about 0.01 to 
0.02 for chronic multifactorial diseases. The sec-
ond correction factor must allow for the fact that 
the seven specifi c locus mutations used to assess 
the doubling dose in the megamouse project 
are not representative of the spectrum of induc-
ible heritable diseases in humans. The success 
of experimental radiation mutagenesis studies 
in the mouse is mainly caused by the fortunate 
choice of genes that are nonessential for survival 
of the animal or the cell and also happen to be 
located in nonessential regions of the genome. 
Most human disease-causing genes are not of 
this type. Among the human autosomal and X-
linked genes studied, only 15% to 30% may be 
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FIGURE 11.3  Mutations in mice as a function 
of dose, delivered at high and low dose rates. (Cour-
tesy of Dr. William L. Russell, Oak Ridge National 
Laboratory.)
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Mutations in mice as a function of dose



Question 4

n Radiation produces unique mutations not otherwise 
seen spontaneously.  T or F
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genome includes between 25,000 to 50,000 
genes, the potential number of mutations, and 
thus heritable diseases, is  staggering.

It is a commonly held view that radiation 
produces bizarre mutants and monsters, as il-
lustrated in Figure 11.1. This view is absolutely 
false. Radiation does not result in heritable ef-
fects that are new or unique but rather increases 

the frequencies of the same mutations that already 
occur spontaneously or naturally in that species.

Heritable diseases are classifi ed into three prin-
cipal categories: mendelian, chromosomal, and 
multifactorial (Table 11.2). The baseline frequen-
cies of these different classes of heritable diseases 
in the human population have been estimated by 
the United Nations Scientifi c  Committee on the 

FIGURE 11.1  It is a commonly held view that 
radiation produces bizarre mutations or monsters 
that may be recognized readily. This is not true. Radi-
ation increases the incidence of the same mutations 
that occur spontaneously in a given population. The 
study of radiation-induced heritable effects is diffi -
cult because the mutations produced by the radia-
tion must be identifi ed on a statistical basis in the 
presence of a high natural incidence of the same 
mutations.

TABLE 11.2 Heritable Effects of Radiation

Heritable Effect Example

Gene mutations*
 Single dominant 736 (753) Polydactyly, Huntington chorea
 Recessive 521 (596)  Sickle cell anemia, Tay-Sachs disease, cystic fi brosis,

  retinoblastoma
 Sex-linked 80 (60) Color blindness, hemophilia
Chromosomal changes
 Too many or too few  Down syndrome (extra chromosome 21), 

 mostly  embryonic death
  Chromosome aberrations, Embryonic death or mental retardation

 physical abnormalities
 Robertsonian translocation
Multifactorial
  Congenital abnormalities Neural tube defects, cleft lip, cleft palate

 present at birth 
 Chronic diseases of adult onset Diabetes, essential hypertension, coronary heart disease
*The numbers following types of gene mutations refer to several human diseases known to be caused by such a mutation. 
The numbers in parentheses refer to additional possible diseases.

25858_Hall_CH11.indd   16225858_Hall_CH11.indd   162 3/11/11   4:31 AM3/11/11   4:31 AM


