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INTRODUCTION 

 
Radiation biology (radiobiology) is the study of the action of ionizing 

radiations on living matter. This chapter gives an overview of the biological 

effects of ionizing radiation and discusses the physical, chemical, and biological 

variables that affect dose-response at the cellular, tissue, and whole-body levels 

atdoses and dose rates relevant to diagnostic radiology. 

 
Deterministic and stochastic responses 

 
The biological effects of radiation in humans occur either in the irradiated 

individuals themselves (somatic effects) or in their descendants (hereditary or 

genetic effects). Somatic effects are divided into deterministic effects (also known 

as ‘tissue reactions’) and stochastic effects, where hereditary and genetic effects 

are all of stochastic origin only. 

Deterministic effects result from radiation-induced cell loss or damage, e.g., 

moist desquamation from interventional cardiology. Most organs or tissues of the 

body are unaffected by the loss of a few cells; however, if the number of cells lost 

is sufficiently large, there is observable harm and, hence, loss of tissue/ organ 

function. Above a particular level of dose, the so-called threshold dose, the severity 

of the effect necessarily increases with increasing dose. This threshold varies from 

one effect to another. Deterministic effects may occur a few hours or days after 

exposure (i.e., early skin reaction) or may require months or years before 

expression (i.e., development of cataract of the eye lens). 

Stochastic effects, on the other hand, are probabilistic effects. This means 

that the probability of the occurrence of an effect, but not its severity, is a function 

of dose — the probability increases with dose. These effects are assumed to 

exhibit no threshold dose below which they cannot occur. The major stochastic 

effects of concern at typical diagnostic radiology levels are cancers and genetic 

effects. These are exclusively late effects because they do not appear until years 

after radiation exposure. 
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Diagnostic radiology 

 
The amount of energy deposited in the tissue of patients as a result of 

diagnostic radiology examinations or interventional procedures is typically a 

number of orders of magnitude less than that delivered during radiation oncology. 

Consequently, the detriment caused is largely confined to stochastic effects. The 

typical effective doses from diagnostic procedures (Fig. 20.1) show that there 

is a large range in the amount of radiation dose given by various examinations. 

It should also be considered that, in a small number of procedures, radiation 

damage to tissue can occur, as seen in skin reactions from long interventional 

procedures. The occupational dose, although orders of magnitude lower than 

that of the patient during a single procedure, may become considerable for a 

worker performing large numbers of procedures, especially if the shielding 

precautions needed are not observed. Consequently, there is an increasing 

incidence of injury to the lens of the eye for some workers, for example, during 

interventional procedures. 
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FIG. 20.1. Trends in average effective doses resulting from selected diagnostic medical 

examinations, health care level I (from Ref. [20.1]). 

 

 
International organizations on radiation effects 

 
There are two large committees that collect and analyze data from the recent 

literature regarding t h e biological effects of ionizing radiation. BEIR 
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Effects of Ionizing Radiation) and UNSCEAR (United Nations Scientific 

Committee on the Effects of Atomic Radiation) report periodically on important 

issues such as risk estimates for radiation-induced cancer and hereditary (genetic) 

effects. In addition, the ICRP (International Commission on Radiological 

Protection) is involved in the recommendation and development of guidelines in 

the field of radiation protection. 

 

 
RADIATION Injury TO DEOXYRIBONUCLEIC ACID 

 
Structure of deoxyribonucleic acid 

 
Deoxyribonucleic acid (DNA) contains the genetic information of the cell. 

DNA is a large molecule and has a characteristic double helix structure consisting 

of two strands, each made up of a sequence of nucleotides. The backbone of the 

DNA strand is made of alternating sugar and phosphate groups. A nucleotide is a 

subunit of DNA and is composed of a base linked to a sugar (deoxyribose) and a 

phosphate group. The four bases are adenine (A), guanine (G), cytosine (C), and 

thymidine (T). These bases can be classified into two groups: purines (A and G) 

and pyrimidines (T and C). The unique pairing of the nucleotide bases provides 

DNA with its identity, which is used in replication. The cell’s genetic information is 

carried in a linear sequence of nucleotides that make up the organism’s set of genes. 

 

Radiation chemistry: Direct and indirect effects 

 
The physical interactions of ionizing radiation with matter lead to loss of 

radiation energy through ionization and the formation of free radicals. These 

radicals react rapidly (10–10 s) with neighboring molecules and produce secondary 

DNA or lipid radicals. Free radicals are fragments of molecules with unpaired 

electrons, which have high reactivity with cellular moleculesand, therefore, have 

a short life. Free radicals are generated in great numbers by ionizing radiation, 

owing to the process of energy absorption and breakage of chemical bonds in 

molecules. Free radicals are known to play a major role in biological tissues and 

organisms. 

When ionizing radiation energy is deposited in a certain macromolecule 

associated with observable biological effects, such as DNA, it is called a direct 

effect of radiation. Alternatively, photons may be absorbed in the water of an 

organism, causing excitation and ionization in the water molecules. The radicals 
formed, namely the hydrated electron (e –), the hydrogen atom (H·) and the 

aq 

hydroxyl radical (OH·), are able to diffuse far enough to reach and damage the 

critical targets. This is referred to as the indirect action of ionizing radiation. 
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The absorption of energy depends on the abundance of material in the path 

of the radiation. Water is the most predominant molecule in living organisms 

(about 80% of the mass of a living cell is water). Therefore, a major proportion of 

the radiation energy deposited will be absorbed in cellular water. About two-thirds 

of the biological damage caused by low linear energy transfer radiations (sparsely 

ionizing radiation), such as X-rays or electrons, is due to indirect action.A complex 

series of chemical changes occur in water after exposure to ionizingradiation; this 

process is called water radiolysis. 

 

DNA damage 

 
DNA damage is the primary cause of cell death induced by radiation. 

Radiation exposure produces a wide range of lesions in DNA, such as single- 

strand breaks, double-strand breaks (DSBs), base damage, protein–DNA cross- 

links, and protein-protein cross-links (Fig. 20.2). The number of DNA lesions 

generated by irradiation is large, but there are a number of mechanisms for DNA 

repair. As a result, the percentage of lesions causing cell death is very small. The 

numbers of lesions induced in the DNA of a cell by a dose of 1–2 Gy are 

approximately: base damage >1000; single-strand breaks ~1000; DSBs ~40. 

 
 

FIG. 20.2. Some possible lesions in DNA (reproduced from Ref. [20.2]; courtesy of R.E. Meyn 

and R. Humphrey, MD Anderson Cancer Center, Houston). 
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DSBs play a critical role in cell killing, carcinogenesis, and hereditary 

effects. There are experimental data showing that initially produced DSBs 

correlate with radiosensitivity and survival at a lower dose and that unrepaired or 

misrepaired DSBs also correlate with survival after higher doses. Furthermore, 

there is experimental evidence for a causal link between the generation of DSBs 

and the induction of chromosomal translocations with carcinogenic potential. 

 

 
 DNA REPAIR 

 
DNA repair mechanisms are important for the recovery of cells from 

radiation and other damaging agents. There are multiple enzymatic mechanisms 

for detecting and repairing radiation-induced DNA damage. DNA repair 

mechanisms, such as base excision repair, mismatch repair, and nucleotide 

excision repair respond to damage such as base oxidation, alkylation, and strand 

intercalation. 

Excision repair consists of cleavage of the damaged DNA strand by enzymes 

that cleave the polynucleotide chain on either side of the damage and enzymes that 

cleave the end of a polynucleotide chain, allowing removal of a short segment 

containing the damaged region. DNA polymerase can then fill in the resulting gap 

using the opposite undamaged strand as a template. 

For DSBs, there are two primary repair pathways, non-homologous end 

joining (NHEj) and homologous recombination. NHEj repair operates on blunt- 

ended DNA fragments. This process involves the repair proteins recognizing 

lesion termini, cleaning up the broken ends of the DNA molecule, and the final 

ligation of the broken ends. DSB repair by homologous recombination utilizes 

sequence homology with an undamaged copy of the broken region and, hence, can 

only operate in the late S or G2 phases of the cell cycle (see Section 20.5). 

Undamaged DNA from both strands is used as a template to repair the damage. In 

contrast to NHEj, the repair process of homologous recombination is error-free. 

Repair by NHEj operates throughout the cell cycle but dominates in G1/S phases 

(see Section 20.5). The process is error-prone because it does not rely on sequence 

homology. 

Unrepaired or mis repaired damage to DNA will lead to mutations and/or 

chromosome damage in the exposed cell. Mutations might lead to cancer or 

hereditary effects (when germ cells are exposed), whereas severe chromosome 

damage often leads to cell death. 
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RADIATION-INDUCED CHROMOSOME DAMAGE AND 

BIOLOGICAL DOSIMETRY 

 
In the living cell, chromosomes can be found in the nucleus of the cell. 

Chromosomes consist of DNA and proteins forming a thread-like structure 

containing genetic information arranged in a linear sequence. When the repair 

of DNA DSBs is incomplete, there may be serious implications for a cell,namely, 

it may lead to chromosomal damage (aberrations). Aberrant (damaged) 

chromosomes arise when broken ends rejoin with other broken ends to generate 

rings, dicentrics (chromosomes having two centromeres), translocations, andother 

chromosome aberrations. Symmetrical translocations and small deletions are, in 

general, non-lethal. Dicentrics and rings are ‘unstable’ aberrations andare lethal 

to the cell and, as a consequence, are not passed on to progeny. The incidence of 

dicentrics and rings declines slowly with time after exposuresince the exposed 

cells have a finite lifespan and are eliminated from their environment. 

Translocations are ‘stable’ aberrations and may persist for many years because 

they are not lethal to the cell and are passed on to progeny. When these 

translocations occur in germ cells (testes or ovaries), they may lead to an increase 

in hereditary effects in the offspring. 

Structural chromosome aberrations can be used as an indicator of radiation 

exposure. Chromosome analysis in mitotic spreads (karyotyping), micronucleus 

formation, and fluorescence in situ hybridization can detect unrepaired damage to 

DNA in chromatids, caused by radiation and a variety of DNA damaging agents. 

These cytological techniques are used in biodosimetry (assays to estimate the 

radiation dose based on the type and/or frequency of chromosomal aberrations 

in the exposed cells/tissues). Biodosimetry has provided an important tool for 

assessing doses in known or suspected cases of acute (unwanted) radiation 

exposure. 

 

 
THE CELL CYCLE 

 
The cell cycle has two well-defined time periods: mitosis (M), where 

division takes place, and the period of DNA synthesis (S). The S and M portions of 

the cell cycle are separated by two periods (gaps), G1 and G2. Cells in a growing 

population (e.g. skin, gut, bone marrow), but not resting fully differentiated G0 

phase cells, participate in the cell cycle and, thus, are more sensitive to radiation. 

Replication of the genome occurs in the S phase and mitotic propagation to 

daughter generations occurs in the G2/M phases. Typical cell generation times are 

10–40 h, with the G1 phase taking up about 30%, S phase 50%, G2 phase 
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15% and M phase 5% of the cell cycle time. There are checkpoints at the G1/S 

and G2/M boundaries that ensure the fidelity of genomic processing. 

Radiosensitivity differs throughout the cell cycle with, in general, the late S 

phase being most radioresistant, G2/M being most radiosensitive, and the G1 phase 

taking an intermediate position. The greater proportion of repair by homologous 

recombination than by NHEj in the late S phase may explain the resistance of late 

S phase cells. Chromatin compaction and poor repair competence (reduced 

enzymeaccess) could explain the high radiosensitivity in the G2/M phase. Resting 

cells, not involved in the cell cycle, are even more resistant to radiation when 

compared with late S phase cells. 

 

 
SURVIVAL CURVE THEORY 

 
Survival curves 

 
The generally accepted standard for measuring the radiosensitivity of a cell 

population is the ‘retention of reproductive integrity, i.e., the ability of a cell to 

undergo more than 5 or 6 cell divisions and produce a viable colony containing 

at least 50 cells. This is referred to as ‘cell survival’ (Fig. 20.3). Survival curves 

are best shown as a semi-log plot of survival on the ordinate against irradiation 

dose on a linear scale on the abscissa. When the surviving fraction of irradiated 

 
 

FIG 20.3. Cell survival curves for low linear energy transfer (sparsely ionizing) radiation and 

high linear energy transfer (densely ionizing) radiation. (a) The earlier multitarget single hit 

model; (b) the current linear-quadratic model. (See text for explanation of symbols used.) 
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cells are plotted as a function of dose, the curvature of the survival curve at lower 

dose is somewhat higher (also called ‘shoulder’ region), whereas at the higher 

dose the curve is straighter. In order to describe the shape of cell survival curves, 

several mathematical models of cell killing have been developed, all based on the 

random nature of energy disposition by radiation. 

 
Linear quadratic model 

 
The most common model used today is the linear-quadratic model, where 

cell death as a function of dose is described by a second-order polynomial (Fig. 

20.3(b)). This model assumes that there are two components to cell killing by 

radiation, commonly represented by two constants, α, and β. In this model, 

survival is described as a function of dose by the following equation: 

S = e−(αD+βD2 ) (20.1) 

 
A plausible explanation of the linear component is that the majority of DNA 

interactions are single radiation track events. Under these circumstances, DNA 

damage can be effectively repaired before possible interaction with another single 

track, when enough time is available, and doses are relatively low. As the dose or 

dose rate increases, multitrack events, reflecting the quadratic component, will 

predominate, resulting in an increased probability of mis repair and cell death. 

 
Target theory 

 
An alternative older model is the single-hit single-target model described by: 

 

S = e−D/D0 (20.2) 

 
where D0 is effectively the reciprocal of α (above) and represents the dose that 

reduces survival to e–1 or 37% (Fig. 20.3(a)). The target theory is based upon the 

idea that there are n targets in a cell, all of which must be ‘hit’ to kill the cell. The 

log-linear relationship is consistent with data from some bacteria, but it does not 

apply in eukaryotic cells (except at high linear energy transfer), which show 

shouldered survival curves that can be accommodated by a single-hit multitarget 

model described by: 

 

S = 1−[1−e−(D/D0 )]n (20.3) 

 

 

 

 
506 



RADIATION BIOLOGY 
 

 

This is reliable at high doses but not at low doses because it does not 

accurately describe the shoulder region at low doses, even if another single-hit 

term is added. 

 

 
CONCEPTS OF CELL DEATH 

 
Radiation doses of the order of several sieverts may lead to cell loss. Cells 

are generally regarded as having been ‘killed’ by radiation if they have lost 

reproductive integrity, even if they have physically survived. Loss of reproductive 

integrity can occur by apoptosis, necrosis, mitotic catastrophe, or induced 

senescence. Although all but the last of these mechanisms ultimately result in 

physical loss of the cell, this may take a significant time to occur. 

Apoptosis or programmed cell death can occur naturally or result from insult 

to the cell environment. Apoptosis occurs in particular cell types after low doses 

of irradiation, for example, lymphocytes, serous salivary gland cells, and certain 

cells in the stem cell zone in the testis and intestinal crypts. 

Necrosis is a form of cell death associated with loss of cellular membrane 

activity. Cellular necrosis generally occurs after high radiation doses. 

Reproductive cell death is a result of mitotic catastrophe (cells attempt 

to divide without proper repair of DNA damage), which can occur in the first 

few cell divisions after irradiation and occurs with increasing frequency after 

increasing doses. 

Ionizing radiation may also lead to senescence. Senescent cells are 

metabolically active but have lost the ability to divide. 

 

 

CELLULAR RECOVERY PROCESSES 

 
At higher doses and dose rates (i.e., multiple radiation exposures during 

interventional cardiology), cellular recovery may play an important role in the 

fixation of the radiation damage. 

 
Sublethal and potentially lethal damage repair 

 
Owing to cellular recovery, an increase in cell survival can be expected when 

the same dose is given as two fractions separated by two or more hours, compared 

with the same dose delivered in a single fraction. The greater survival when the 

dose is split in this way is attributed to sublethal damage repair between 

dose fractions. The half-time of repair, T½, is defined as the time it takes for half 

the repair to take place and is usually about 30–60 min for cells in culture, but can 
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be longer for tissues. Thus, full repair may take 6–8 h and can be longer in tissues 

(e.g., in the central nervous system it may be greater than 24 h). The recovery ratio 

is a measure of sublethal damage repair and is given by the ratio of the survival of 

cells receiving a split dose to the survival of cells receiving the total dose as a 

single dose. 

Potentially lethal damage repair is another class of repair and is determined 

by delayed plating experiments. In such experiments, contact inhibited(i.e., 

confluent cell cultures) cells are irradiated, incubated for various periods, and 

subsequently reseeded. Analysis of cell survival by colony assay then gives a 

measure of this type of repair. 

 

Fractionation effect 

 
The ‘shoulder’ or the curvature of a survival curve is usually considered to 

be a reflection of the repair capacity of a cell population. In terms of the target 

theory, this can be thought of as arising from the concept that sublethal DNA 

damaging events must be accumulated to allow sub lesion interactions for cell 

killing to occur. 

 
Dose rate effects 

 
The successive increase of cell survival with declining dose rate is consistent 

with the role of time in repair. The dominance of repair at low dose rate eliminates 

the shoulder/curvature of the survival curve and results in a straight but shallower 

line on a semi-logarithmic plot, with good separation of survival between cell lines 

with different repair capacities. This is due to the cells having different 

radiosensitivities. Repair during irradiation is negligible at dose rates of 1–5 

Gy/min, but is significant at low dose rates (<100 mGy/min). 

 

 
RELATIVE BIOLOGICAL EFFECTIVENESS 

 
When the effects of equal doses of different types of radiation are compared, 

they are shown to produce unequal biological effects. Comparison of the effects 

of different types of radiation is expressed as relative biological effectiveness and 

is defined as the ratio of doses of reference radiation and the test radiation required 

to produce an equal amount of a particular biological effect. Historically, the 

reference used was 250 kV X rays, but more recently, 60Co radiation has become 

the standard. Relative biological effectiveness varies with cell system endpoint 

and dose and is higher at low doses and at low dose rates. For high doses with a 

single fraction, the relative biological effectiveness is lower than for 
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multiple small fractions. For radiation protection purposes (at low doses and low 

dose rates), the ICRP has described the effectiveness of radiations of differing 

qualities by a series of radiation weighting factors (wR) (see Chapter 22). 

 
CARCINOGENESIS (STOCHASTIC) 

 
Mechanism of multistage carcinogenesis 

 
The development of cancer in tissues is assumed to be a multistage process 

that can be subdivided into four phases: neoplastic initiation, promotion, 

conversion and progression. This subdivision is an oversimplification, yet it 

provides a suitable framework for the identification of specific molecular and 

cellular changes involved. 

Neoplastic initiation leads to the irreversible potential of normal cellsfor 

neoplastic development by creating unlimited proliferative capacity. Thereis good 

evidence that this event results from one or more mutations in a single cell, which 

is the basis of the clonal evolution of cancer. Further neoplastic development of 

initiated cells depends on promotional events, which involve intercellular 

communication, e.g., by growth factors, hormones or environmental agents. This 

results in the proliferation of the initiated pre-neoplastic cells in a semi-

autonomous manner. 

During the process of conversion of the pre-neoplastic cells into fully 

malignant cells, additional mutations in other genes are accumulated, probably 

facilitated by increasing loss of genomic stability. The subsequent progression 

into an invasive cancer depends on still more mutations in the unstable genome. 

There is strong evidence from animal studies and some human studies that 

the risk of radiation-induced cancer may be influenced by various genes, such as 

mutations of the RB1 gene (predisposing for retinoblastoma and osteosarcoma) 

and of the BRCA1 gene (predisposing for early breast cancer and ovarian cancer), 

or the presence of polymorphisms (single nucleotide polymorphisms)in the gene. 

However, at the present state of knowledge, the role of genetic susceptibility in 

individual risk of radiation-induced cancer cannot be resolved definitively, 

although there is general agreement that it is important. 

 

Mechanism of mutation induction 

 
Two classes of cancer-associated genes have been identified: proto- 

oncogenes and tumor suppressor genes. Proto-oncogenes are normal genes 

involved in growth regulation. Mutations, for example, by the translocation 
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of a promoter, may result in an increased rate of proliferation. Proto-oncogene 

mutations to oncogenes are, thus, classified as ‘gain of function’ mutations. 

Tumor suppressor genes are genes that are involved in the growth regulation 

of normal cells and that prevent excessive cell proliferation. The critical mutations 

in these genes are ‘loss of function’ mutations, which may be the resultof partial 

or complete loss of the gene structure, e.g., by deletions. Since radiation-induced 

DNA damage preferentially causes deletions, it is generally assumed that the 

inactivating mutation of tumor suppressor genes is the most probable mechanism 

for the induction of cancer by radiation. 

There is good evidence that many, if not most, cancers are the clonal 

descendants of a single neoplastic cell and, furthermore, that a single DSB may, 

although with an extremely low probability, cause a deletion in a specific DNA 

sequence, e.g., of a tumor suppressor gene. It has, hence, been argued that, in 

principle, a single mutational event in a critical gene in a single target cell in 

vivo can create the potential for neoplastic development. Thus, a single radiation 

track traversing the nucleus of an appropriate target cell has a finite probability, 

albeit very small of generating the specific damage to DNA that results in the 

initiating mutation. This argument would strengthen the hypothesis that the risk 

of radiation-induced cancer increases progressively with increasing dose and there 

is no lower threshold. 

 

Risk models 

 
In order to evaluate the health effects of radiation on exposed populations or 

workers (persons), the incidence or frequency of a certain effect is studied in both 

the exposed and non-exposed control group (same age characteristics, same-sex 

balance, etc.). Risk estimates derived from these studies are generally presented 

as relative risk (RR), excess relative risk (ERR) or excess absolute risk (EAR) per 

unit of radiation dose. RR is the ratio of both the frequency of a certain effect(i.e., 

number of cancer cases) in the exposed group (Rr) and the frequency of the same 

effect (Ro) in the non-exposed group (RR = Rr/Ro). The ERR is RR minus1 (ERR 

= RR – 1). The EAR is the difference between the frequencies observed in the 

exposed and the non-exposed groups, respectively (EAR = Rr – Ro). 

For assessing the risk of radiation-induced cancer in humans, two 

conceptually different models are used: (i) absolute risk models and (ii) RR 

models. The absolute risk model assumes that radiation induces a ‘crop’ of cancers 

over and above the natural incidence and unrelated to it. After the latencyperiod 

has passed, the cancer risk returns to ‘spontaneous’ levels. The RR modelassumes 

that the effect of radiation is to increase the natural incidence at all agessubsequent 

to exposure by a given factor. As the natural or spontaneous cancer incidence rises 

significantly in old age, the RR model predicts a larger number 
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of radiation-induced cancers in old age. The RR model is favored by the BEIR 

committee for estimating risks after radiation exposure. 

 
Time course and latency period 

 
Epidemiological information derived from the lifespan study of the A-bomb 

survivors in Japan and data from other studies has provided the main source of 

risk estimates currently used in radiation protection. 

The time interval between exposure to irradiation and the appearance of 

cancer is known as the latency period. Leukemia has a minimum latency of about 

2 years after exposure; the pattern of risk over time peaks after 10 years (most 

cases occur in the first 15 years) and decreases thereafter. Solid tumors show a 

longer latency than leukemia, by anything from 10 to 60 years or even more. 

 

Dose-response relationship for cancer 

 
The linear non-threshold hypothesis was introduced by the ICRP as the 

best practice approach to managing risk from radiation exposure to low doses/low 

dose rates. The linear non-threshold model postulates that there is a linear 

relationship between radiation dose and health risk, without a thresholdat low 

doses. It means that there is no level of radiation exposure that can be assumed to 

have no associated health risk. The slope of the linear dose-response curve 

provides the risk coefficient (cancer risk per unit radiation dose received) 

appropriate for low-level exposures. 

 
Dose and dose rate effectiveness factor 

 
Comparison of the Japanese data for A-bomb survivors with those of other 

epidemiological studies, including studies of multiple medical and chronic 

exposures, have demonstrated that the risk calculated in proportion to the dose 

differs. Both the BEIR and UNSCEAR committees considered that there is a dose 

rate effect for low energy transfer radiation, with fewer malignancies induced if a 

given dose were to be spread out over a period of time at low dose rate than if it 

were delivered in an acute exposure. 

The dose and dose rate effectiveness factor (DDREF) are defined as the 

factor by which radiation cancer risks observed from large acute doses should 

be reduced when the radiation is delivered at a low dose rate or in a series ofsmall 

dose fractions. For general purposes in radiological protection, the ICRP 

recommends a DDREF of 2 for doses below 200 mSv at any dose rate and for 

higher doses if the dose rate is less than 100 mSv/h. 
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Cancer risk 

 
The ICRP recommendations for radiation protection purposes are based on 

the Japanese study and other epidemiological studies. The risk coefficients for 

non-radiation workers are given as 5 × 10–2 per sievert for cancer lethality by 

irradiation and 10 × 10–2 per sievert for high doses and dose rates (higher than 200 

mSv and 100 mSv/h). For workers, the risk adopted for radiation protection 

purposes is 4 × 10–2 per sievert and 8 × 10–2 per sievert for high doses and dose 

rates. These estimates show mean values for the whole population. However, there 

is ample evidence that cancer risk is dependent not only on the dose but also on 

the age at exposure, and to a lesser extent also on sex. In most cases, those exposed 

at an early age are more susceptible than those exposed at later times (Fig. 20.4) 

and females are slightly more susceptible than males. Since notall radiation 

exposures concern the whole body but only a region or part of the body, tissue 

weighing factors (wT) should be taken into account (see Chapter 22).Tables are 

available to calculate the age and sex-specific lifetime attributable incidence and 

mortality risks per organ, after partial body radiation exposure (Tables 20.1 and 

20.2). 

 

 
 

Age at time of exposure 
 

FIG. 20.4. The attributable lifetime risk from a single small dose of irradiation at various ages 

at the time of exposure. The dramatic decrease in radiosensitivity with age should be noted. The 

higher risk for the younger age groups is not expressed until late in life. These estimates are 

based on a relative risk model and on a DDREF of 2 (from Ref. [20.3] and adapted from Ref. 

[20.4]). 
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TABLE 20.1. LIFETIME ATTRIBUTABLE RISK OF CANCER INCIDENCE 

(from Ref. [20.5]) 

 
Cancer site 

Males 

Age at exposure (years) 
 

 

0 5 10 15 20 30 40 50 60 70 80 

Stomach 76 65 55 46 40 28 27 25 20 14 7 

Colon 336 285 241 204 173 125 122 113 94 65 30 

Liver 61 50 43 36 30 22 21 19 14 8 3 

Lung 314 261 216 180 149 105 104 101 89 65 34 

Prostate 93 80 67 57 48 35 35 33 26 14 5 

Bladder 209 177 150 127 108 79 79 76 66 47 23 

Other 1123 672 503 394 312 198 172 140 98 57 23 

Thyroid 115 76 50 33 21 9 3 1 0.3 0.1 0.0 

All solid 2326   1667   1325   1076 881 602 564 507 407 270 126 

Leukemia 237 149 120 105 96 84 84 84 82 73 48 

All cancers    2563   1816   1445   1182 977 686 648 591 489 343 174 

Females 

Stomach 101 85 72 61 52 36 35 32 27 19 11 

Colon 220 187 158 134 114 82 79 73 62 45 23 

Liver 28 23 20 16 14 10 10 9 7 5 2 

Lung 733 608 504 417 346 242 240 230 201 147 77 

Breast 1171 914 712 553 429 253 141 70 31 12 4 

Uterus 50 42 36 30 26 18 16 13 9 5 2 

Ovary 104 87 73 60 50 34 31 25 18 11 5 

Bladder 212 180 152 129 109 79 78 74 64 47 24 

Other 1339 719 523 409 323 207 181 148 109 68 30 

Thyroid 634 419 275 178 113 41 14 4 1 0.3 0.0 

All solid 4592   3265   2525   1988   1575   1002 824 678 529 358 177 

Leukemia 185 112 86 76 71 63 62 62 57 51 37 

All cancers    4777   3377   2611   2064   1646   1065 886 740 586 409 214 

a Number of cases per 100 000 persons exposed to a single dose of 0.1 Gy. 

Note: These estimates are obtained as combined estimates based on relative and absolute risk 

transport and have been adjusted by a DDREF of 1.5, except for leukemia, which is 

based on a linear quadratic model. 
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TABLE 20.2. LIFETIME ATTRIBUTABLE RISK OF CANCER Mortality 

(from Ref. [20.5]) 

Cancer site 

Males 

Age at exposure (years) 

0 5 10 15 20 30 40 50 60 70 80 

Stomach 41 34 30 25 21 16 15 13 11 8 4 

Colon 163 139 117 99 84 61 60 57 49 36 21 

Liver 44 37 31 27 23 16 16 14 12 8 4 

Lung 318 264 219 182 151 107 107 104 93 71 42 

Prostate 17 15 12 10 9 7 6 7 7 7 5 

Bladder 45 38 32 27 23 17 17 17 17 15 10 

Other 400 255 200 162 134 94 88 77 58 36 17 

All solid 1028 781 641 533 444 317 310 289 246 181 102 

Leukemia 71 71 71 70 67 64 67 71 73 69 51 

All cancers 1099 852 712 603 511 381 377 360 319 250 153 

Females 

Stomach 57 48 41 34 29 21 20 19 16 13 8 

Colon 102 86 73 62 53 38 37 35 31 25 15 

Liver 24 20 17 14 12 9 8 8 7 5 3 

Lung 643 534 442 367 305 213 212 204 183 140 81 

Breast 274 214 167 130 101 61 35 19 9 5 2 

Uterus 11 10 8 7 6 4 4 3 3 2 1 

Ovary 55 47 39 34 28 20 20 18 15 10 5 

Bladder 59 51 43 36 31 23 23 22 22 19 13 

Other 491 287 220 179 147 103 97 86 69 47 24 

All solid 1717   1295   1051 862 711 491 455 415 354 265 152 

Leukemia 53 52 53 52 51 51 52 54 55 52 38 

All cancers 1770   1347   1104 914 762 542 507 469 409 317 190 

a Number of cases per 100 000 persons exposed to a single dose of 0.1 Gy. 

Note: These estimates are obtained as combined estimates based on relative and absolute risk 

transport and have been adjusted by a DDREF of 1.5, except for leukemia, which is based 

on a linear quadratic model. 

 
 

RADIATION INJURY TO TISSUES (DETERMINISTIC) 

 
Tissue and organ anatomy 

 
Tissues and organs in the human body are composed of many different cells. 

The majority of cells in tissues and organs are differentiated and have developed 

a specific morphology and function. In many tissues and organs, but not all, the 
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rate of death of differentiated cells is balanced by renewal from a ‘pool’ of tissue 

stem cells in order to maintain a healthy state and function. 

Since radiation may lead to sterilization of dividing cells, in particular tissue 

stem cells, terminally differentiated (mature) cells can no longer be replaced. Lack 

of replacement can eventually result in a loss of sufficient numbers of functioning 

cells and, as a consequence, a loss of tissue and/or organ integrity and function. 

Tissue and organ reactions are generally classified under deterministic 

effects. Above a certain threshold (sufficient number of cells sterilized by 

radiation), the severity of the effect will increase steeply with increasing radiation 

dose. 

 

 Expression and measurement of damage 

 
Detailed knowledge about radiation-induced normal tissue effects comes 

primarily from experience with patients receiving radiotherapy, radiation 

accidents, and laboratory studies, mainly with rodents. The radiosensitivity of 

the cells of a number of normal tissues can be determined directly using in situ 

assays in the laboratory. Considerable variability insensitivity is apparent within 

and between the different tissues and organs. 

 

 

FIG. 20.5. Relationships between dose and the frequency and severity of tissue reactions 

(deterministic effects). Upper panel: expected sigmoidal increase in frequency in a population 

of individuals with varying sensitivities. Lower panel: expected dose–severity relationships for 

three individuals with different sensitivities (from Ref. [20.6]). 
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For the study of the response of individual organs, one widely used approach 

is to define a level of functional deficit and to determine the percentage of 

irradiated individuals (or animals in laboratory studies) that express at least this 

level of damage following different radiation doses. This approach resultsin 

sigmoidal dose-response curves (Fig. 20.5). Dose-response relationships for 

normal tissues are generally quite steep and well defined. In any exposed 

population, there is individual variation in radiosensitivity, which is influenced by 

several factors, including the hormonal status, age, and state of health of the 

individuals. 

 

 
RADIATION PATHOLOGY: ACUTE AND LATE EFFECTS 

 
Acute and late responding normal tissues 

 
Radiation-induced cell death in normal tissues generally occurs when the 

cells attempt to divide (mitosis). Tissue tends to respond on a timescale similar to 

that of the normal rate of loss of functional cells in the tissue. 

Traditionally, the effects of radiation on normal tissues have been divided 

into early (or acute) and late responses, based largely on functional and 

histopathological endpoints. Acute responses may manifest clinical symptoms 

within a few weeks of radiation exposure, while for late responses, clinical 

symptoms may take many months or years to develop. 

 

Pathogenesis of acute and late effects 

 
Acute responses occur primarily in tissues with rapid cell renewal, where 

cell division is required to maintain the function of the organ. As many cells 

express radiation damage during mitosis, there is early death and loss of cells by 

radiation. 

Examples of early responding tissues are bone marrow, gastrointestinal 

tract, and skin. In these tissues, the acute radiation responses have been 

relatedto the death of critical cell populations, such as stem cells in the crypts 

of the smallintestine, stem cells in the bone marrow, or the cells in the basal 

layer of the skin.Radiation-induced apoptosis has also been detected in many 

cells and tissues, such as lymphoid, thymic, and hematopoietic cells, 

spermatogonia,salivary glands, and intestinal crypts. In lymphoid and myeloid 

tissue, a substantialfraction of the functional cells can die by apoptosis and, thus, 

this mode of deathplays an important role in the temporal response of these 

tissues to irradiation. 

In the crypts of the small bowel, a fraction of stem cells die by apoptosis, while 

other cells die via a mitosis-linked death. 
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Late responses tend to occur in organs whose parenchymal cells divide 

infrequently (e.g., liver or kidney) or rarely (e.g., central nervous system or 

muscle) under normal conditions. Depletion of the parenchymal cell population 

owing to entry of cells into mitosis, with the resulting expression of radiation 

damage and cell death, will, thus, be slow. 

Late tissue responses also occur in tissues that manifest early reactions, such 

as skin/subcutaneous tissue and intestine, but the nature of these reactions 

(subcutaneous fibrosis, intestinal stenosis) is quite different from the early 

reactions in these tissues. One common late reaction is the slow development of 

tissue fibrosis and vascular damage that occurs in many tissues and is often seen 

in cancer patients a number of years after radiation treatment. 

 

 Radiation-induced skin reaction 

 
The skin consists of a relatively thin epidermis and the underlying dermis. 

The epidermis renews rapidly, i.e., within 15–30 d, by terminal differentiation of 

keratinocytes from the basal layer. The dermis is much thicker, is highly 

vascularized and contains connective tissue and accessory structures such as hair 

follicles, sweat glands, sebaceous glands, nerve endings, etc. 

A wide variety of expressions of radiation-induced skin effects have been 

described (Table 20.3). Early transient erythema, similar to sunburn, occurs 

a few hours after irradiation and reaches a peak value within 24 h. The early 

erythema is believed to be related to the release of 5-hydroxytryptamine by mast 

cells, increasing vascular permeability. Similar mechanisms may lead to early 

nausea and vomiting observed following irradiation of the intestine. 

A second and more severe erythema develops after a latent period of 8–10 d. 

It is bright red in color, limited to the radiation field, and is accompanied by a 

sensation of heat and itching. This second wave of erythema is mainly due to an 

inflammatory reaction of the skin. 

Expression of further acute skin reactions (moist desquamation and 

ulceration) depends on the relative rates of cell loss and cell proliferation of the 

basal cells, and they occur more rapidly in murine (7–10 d) than in human skin 

(2–4 weeks). The extent of these reactions and the length of time for recovery 

depend on the dose received and the volume (area) of skin irradiated because early 

recovery depends on the number of surviving basal cells that are needed to 

repopulate the tissue. 
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TABLE 20.3. SKIN EFFECTS AFTER A SINGLE EXPOSURE 

(data from Ref. [20.7]) 

Effect 
Acute exposure 

threshold (Gy) 

 
Onset Peak 

 
 

Temporary epilation 3 ~3 weeks 

Permanent epilation 7 ~3 weeks 

Early transient 2 ~ hours ~24 h 

Erythema: 

Main erythema 6 ~10 d ~2 weeks 

Dry desquamation 10 ~4 weeks ~5 weeks 

Moist desquamation 15 ~4 weeks ~5 weeks 

Secondary ulceration 20 >6 weeks 

Late erythema 15 ~6–10 weeks 

Dermal necrosis 18 >10 weeks 

Telangiectasia 12 > 52 weeks 
 

 

Transient erythema in human skin occurs after single doses greater than 2 Gy, 

main erythema occurs at doses greater than about 7 Gy, while moist desquamation 

(Fig. 20.6) and ulceration occur after single doses of 15–20 Gy (Table 20.3). After 

the desquamation reaches a peak value, recovery and regeneration of the 

epidermis will start from islands of surviving cells in the basal layer. 

 

FIG. 20.6. Demarcated erythema above the right elbow at 3 weeks after radiofrequency 

cardiac catheter ablation (from Ref. [20.8]). 
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Radiation-induced induced cataract formation 

 
The lens of the eye contains transparent lens fibers and a small number of 

dividing cells limited to the pre-equatorial region of the epithelium within the lens 

capsule. During life, the progeny of these mitotic cells differentiate into lensfibers 

and accrete at the equator. 

It has been known for many years that the lens of the eye is very sensitive 

to radiation. Radiation may even lead to total blindness. If dividing epithelium is 

injured by radiation, opacity (spots or cloudiness) of the lens (cataract) will develop 

because there is no mechanism for removal of injured cells and abnormal fibers. 

Moderate doses of radiation can produce cataracts or lens opacities in a 

few individuals, with the incidence increasing to 100% in individuals exposed to 

a single dose of 2 Gy or higher. The frequency of cataracts varies with exposure 

to chronic and acute doses, with chronic doses producing a lower frequency of 

cataracts than acute doses. The time period between exposure and the appearance 

of lens opacities (cataract) might vary between about 6 months and 30 years. The 

radiation dose greatly influences the latent period. In general, it can be stated that 

the higher the dose, the shorter the latent period. 

 

 

RADIATION GENETICS: RADIATION EFFECTS ON FERTILITY 

 
Target cells for infertility 

 
The reproductive organs (gonads) of humans are the testes (in males) and 

the ovaries (in females), in which the gametes are developed (spermatozoa in 

males and ova in females). Exposure of the gonads to radiation may lead to 

temporary or permanent sterility or to hereditary effects in the offspring of the 

exposed individuals, depending on the dose. 

 
Effect of irradiation on spermatogenesis 

 
The process by which male spermatogonia develop into mature spermatozoa 

is called spermatogenesis and starts in puberty. The initial development starts with 

the spermatogonial stem cells, which first proliferate to spermatogonia (types A 

and B), and then differentiate into spermatocytes (primary and secondary). The 

spermatocytes undergo meiosis to become haploid spermatids. Without further 

cell divisions, the spermatids differentiate into spermatozoa. The whole process 

takes approximately 74 d in humans. 

The primary effect of radiation on the male reproductive system is damage 

and depopulation of the spermatogonia, eventually resulting in depletion of mature 
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spermatozoa in the testes. The sensitivity of germ cells to a given dose of radiation 

is strongly related to the stage they are in at the time they are irradiated. Recovery 

of spermatogenesis will occur from the stem cell compartment when the exposure 

is below the sterilization dose. Depending on the dose, recovery to pre-irradiation 

levels of spermatozoa might take from 2–3 months up to several years. 

 
. Effect of irradiation on oogenesis 

 
The process by which primary oocytes develop into ova (egg cells) is called 

oogenesis and starts with puberty and ends with menopause. In contrast to 

spermatogenesis, where new spermatozoa are produced all the time, the female 

can only produce a limited number of egg cells since, after the fetal stage, oocytes 

no longer divide. At birth, a fixed number of oocytes is present and their number 

diminishes steadily with age. 

During development from the primary oocyte to the ovum, the developing 

oocytes are very sensitive to radiation, while the primary oocytes and the ova are 

less sensitive. Maturation from primary oocytes to mature egg cells takes several 

months. Every month, one mature egg cell (occasionally two or three) is released 

during the menstrual cycle. In the case of radiation exposure of one or both of 

the ovaries, it is recommended to delay a wanted pregnancy by at least 6 months, 

because during this period the developing and more radiosensitive oocytes will 

have been ovulated. 

 

Doses necessary for temporary and permanent sterility 

 
In males, a dose as low as 1 Gy leads to a temporary reduction in the number 

of spermatozoa, while 1.5 Gy leads to temporary sterility, whereas a doseof 2 Gy 

results in temporary sterility lasting several years. Permanent sterility can be 

produced by an acute radiation dose in the moderate range (5–6 Gy). In females, 

radiation doses of 0.65–1.5 Gy will lead to reduced fertility. A dose greater than 

6 Gy produces sterility. The ‘sterility’ dose is lower for older womenwho have 

fewer primary oocytes. 

 
Genetic effects 

 
At low doses, radiation may cause damage to the germinal cells in the 

gonads, which does not lead to cell death but may lead to DNA damage and, 

hence, to gene mutations in the exposed cells. These mutations may lead to an 

increase in hereditary diseases in the offspring of exposed parents. 

Hereditary diseases are classified into three major categories: Mendelian 

(mutation in a single gene), chromosomal and multifactorial. Although animal 
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studies clearly show the hereditary effects of radiation, no hereditary effects have 

been observed in human populations exposed to radiation. For example, no 

significant increase inheritable diseases were found in a study of 70 000 children 

of Japanese A-bomb survivors whose parents had received a conjoint radiation 

dose to their gonads of 0.15 Gy on average. 

Based on mouse data, the doubling dose (dose necessary to double the 

spontaneous mutation frequency) for low dose rate exposures is estimated to be 

1 Gy. There is no good reason to assume that in humans the doubling dose may 

differ significantly from that in mice. The mutation doubling dose, however, does 

not give any useful information about the risk of heritable disease. Therefore, the 

mouse doubling dose is combined with information derived from human 

population genetics to estimate the risk of heritable disease in the progeny of 

irradiated individuals. 

For protection purposes, the ICRP recommends a risk factor for the 

hereditary disease of 0.2% per sievert for members of the public and 0.1% per 

sievert for workers. The lower risk factor for workers than for the whole 

population is because of the difference in the age structure of the two groups. 

 
 

FETAL IRRADIATION 

 
Fetal irradiation: Effects versus gestational date 

 
Radiation-induced lethality and specific gross abnormalities in the embryo 

and fetus are dependent on two factors: the radiation dose and the stage of 

development at the time of exposure. 

Between conception and birth, the fetus passes through three basic stages 

of development: (i) pre-implantation (day 1 to 10), (ii) organogenesis(day 11 

to 42) and (iii) growth stage (day 43 to birth). The principal effects of radiation on 

a fetus are fetal or neonatal death, malformations, growth retardation,congenital 

defects, and cancer induction. Embryos in the pre-implantation stage are very 

radiosensitive and radiation damage will inevitably lead to death of the conceptus 

and early spontaneous abortion. However, those embryos that survive this stage 

develop normally. 

In the human early fetus, radiation exposure during the period of major 

organogenesis will lead to the development of abnormalities, mostly related to the 

central nervous system (brain defects and/or mental retardation), the skeleton,and 

the organ systems. However, in most cases, the damage to the fetus is too severe 

for survival, ultimately resulting in neonatal death. During this period, the 

developing brain is very sensitive to radiation. Irradiation during the fetal period 
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(after week 6) results in a much lower incidence of gross organ malformationabnormalities and mental 

retardation. 

 
What to do when the fetus has been exposed to radiation 

 
Systematic studies of the effect of radiation on the developing embryo havebeen conducted on laboratory 

animals, particularly mice and rats. In experimentalstudies, no damage to the intrauterine development of 

animals has been found fordoses below 100 mGy. Additionally, in the studies of the Hiroshima children, there is 

evidence of a threshold dose of >100 mGy. After high doses, the risk of severe mental retardation increases 

rapidly to a value of 40% at 1 Gy. In the laterstages of pregnancy, the threshold dose may be higher. 

The findings of a probable threshold of 100 mGy will influence the advice to be given to pregnant 

women after a diagnostic radiology procedure. After abdominal computed tomography investigations, in 

particular, careful analysis ofthe radiation dose to the uterus, as well as medical anamnestic exploration, has 

tobe performed. 

According to the ICRP [20.9], termination of pregnancy at fetal dosesof less than 100 mGy is not 

justified based upon radiation risk. At fetal doses between 100 and 500 mGy, the decision should be based 

upon the individual circumstances. The issue of pregnancy termination is undoubtedly managed differently 

around the world. It is complicated by individual ethical, moral, and religious beliefs, as well as perhaps laws 

or regulations at a local or national level. This complicated issue involves much more than radiation protection 

considerations and requires the provision of counseling for the patient andher partner. At fetal doses over 

500 mGy, there can be significant fetal damage, the magnitude, and type of which is a function of the dose 

and stage of pregnancy. However, one should bear in mind that in a pregnant population not exposed to 

radiation there is always a certain risk of: (i) spontaneous abortion (>15%), (ii) intrauterine growth retardation 

(~4%), (iii) genetic abnormalities (4–10%) and (iv) major malformation (2–4%). 

Regarding the radiation-induced risk of cancer, the ICRP [20.6] considers that the lifetime cancer risk 

following in utero exposure will be similar to that following radiation in early childhood, i.e., at most about 

three times that of the population as a whole (>15% per sievert). So far, no effect of gestational date oncancer 

risk has been found. 

 


