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4.1		The chemical changes that follow the absorption of ionising radiation



	We have so far considered the physical processes of the interaction of a, b, g rays, x-rays and neutrons with matter.  These processes occur both in living and in non-living matter and they are complete in the extremely short time of 10-17 to 10-15 seconds.  Let us now examine the next step in the chain of events which may lead to a biological effect.  



	Here an extrapolation must be made from the physical system previously discussed, where matter was considered as a sea of atoms, to the biological state where matter consists of molecules of various sizes each composed of many atoms.  The interaction of radiation with these molecules is assumed to be similar in nature to that with individual atoms.  



	Let us consider the biological molecule as the unit exposed to radiation.  The chain of events given in Table 4.1 summarises what occurs on the absorption of radiation by living matter and the approximate timeframe of these events.



	So far we have discussed the initial events (column 1 in Table 4.1) of excitation and ionisation which produce ions and free radicals.



	Free radicals are electrically neutral atoms or molecules having an unpaired electron in their outer orbits.





	Table 4.1.  Chain of events leading to radiation injury.



 1.Initial	

    Interaction� 2.	Chemical

	Damage� 3. Biomolecular

     Damage� 4.	Biological

	Damage��	Ionisations, excitations





	(10-17 to 10-15    seconds)�	free radicals, excited molecules



		(10-14 to 10-3      seconds)�	proteins, nucleic acids etc.



	(seconds to       hours)�	cell death,animal death, etc.



	(hours to            decades)��



	A free radical is formed by radiation when an atom is left with one of its outer orbital electrons unpaired with respect to spin.  Free radials are usually very reactive since they have a great tendency to pair the odd electron with a similar one in another radical or to eliminate the odd electron by an electron transfer reaction.  Free radicals can therefore be electron acceptors (oxidising species) or electron donors (reducing species).









	Energy of ionising radiation is several orders of magnitude higher than energies of chemical bonding and therefore in transferring the energy of radiation to matter it does not distinguish between different types of molecules.  Energy is transferred where ever there are orbital electrons.



	Radiation produces excitations and ionisations at random, so that in a complex material such as human tissue, the molecules that are most likely to be ionised or excited are those which are most abundant.  It follows that when living material (which is 70-90 percent water), is irradiated, most of the absorbed energy will be taken up by the water molecules.



	Thus for an understanding of radiobiological effects, the radiation chemistry of water is of extreme importance.



	When pure water is irradiated it is ionised producing a fast moving free electron and a positively charged water molecule:



					   �ADVANCE \D 3.60�Radiation

			�ADVANCE \U 3.60�H2O	-------------->	H2O+	+	e-	





	This electron (e-) will travel through the water until it is captured by another water molecule converting the latter into a negatively charged molecule:



			   	e-	+	H2O	----->	H2O-





	This process is a relatively slow one and the electron may become hydrated (i.e. surrounded by water molecules in such a way that the dipoles of several water molecules are orientated towards the negative charge of the electron).



	Neither H2O- nor H2O+ is stable and each dissociates to give an ion and a free radical:



			H2O+	----->	H+	+	OH.

		 	H2O-	----->	H.		+	OH-



Where the dot indicates the unpaired electron of the free radical.





	For every 10-5 J of low LET radiation energy absorbed by pure water the following new species are formed: 2.6 hydrated electrons (e-aq), 2.6 hydroxyl radicals (OH.) 0.4 hydrogen atoms (H) and a small amount of H2 and H2O2.  The first three species being radicals are highly reactive and have lifetimes (in the absence of other reactants) or scavengers of up to several hundred microseconds.



�

	These species can react with each other or dimerise and three such radical-radical interactions are given below:



				H.	+		H.	----->	H2

				OH	.	+	OH	.	----->		H2O2

			H.	+ 		OH.	----->	H2O



	They may react with other water molecules. 



e.g.		H2O	+	H.	+	----->	H2	+	OH.



or the radicals may react with their own reaction products. 



e.g.		H2O2	+	OH.	+ 	----->H2O	+	HO.2



(HO.2 is the hydroperoxy radical)



	The chemistry of these species is that of free radicals and they can therefore remove hydrogen from organic molecules, RH,



				RH	+	OH.	----->	R.	+	H2O

				RH	+	H.	----->	R.	+	H2



·	Direct and indirect action



	These reactions result in new radical species.  The primary as well as the secondary free radicals R., can react with biologically important molecules and cause radiobiological damage.  These reactions are generally held to be important in what is called the "indirect" action of radiation.  Indirect action involves aqueous free radicals as intermediaries in the transfer of radiation energy to biological molecules.  In contrast the direct action of radiation involves the simple interaction between the ionising radiation and critical biological molecules (RH).  The latter become directly ionised to form free radicals as follows:



					�ADVANCE \D 3.60�   Radiation

			�ADVANCE \U 3.60� RH	---------------->	R.	+ 	H.�ADVANCE \D 3.60�



Figure 4.1 illustrates the difference between the direct and indirect action of ionising radiation.



















Figure 4.1.  Direct and indirect actions of ionising radiation.





	From the point of view of biological damage it does not matter at all whether the critical molecule is damaged directly or indirectly.  However, it does seem likely that much radiobiological damage is a consequence of indirect action, since cells and tissues are composed of approximately 70-90 percent water.



	Free radicals may react with molecules of oxygen and such reactions are of great radiobiological significance because they may lead to the production of peroxide radicals both of hydrogen and of important organic molecules, some of which have been shown to be biologically damaging.  The increased effectiveness of radiation in the presence of oxygen is known as the "oxygen effect".  The increase yield of damaging free radicals formed in the presence of  oxygen has been proposed as the cause.  The reaction of oxygen with aqueous free radicals such as H. and e-aq lead to the production of very toxic and relatively stable hydroperoxy radicals (HO.2) and to hydrogen peroxide:



				O2		+	H.	----->	HO.2	

				O2		+	e-aq	----->	O-2

				O2-		+	H+	----->	HO.2

				2HO.2	----->	H2O2	+	O2



	Alternatively, if an organic biological molecule (RH) becomes a free radical either directly or indirectly it may interact with oxygen as follows:



		R.	+	O2	----->	RO.2 + organic peroxy radical



	It can be seen that a chain reaction may be generated involving more RH,



		        RO.2	+	RH	----->	RO2H	+	R.



	These reactions are tantamount to fixation of biological damage and occur at a rate thirty times faster than the competing reaction.



e.g.		R.  +  cysteine or other hydrogen donor give RH, i.e. reconstitution.





4.2	Relative biological effectiveness and radiation weighting factor



	Although all ionising radiation interacts with living matter in a similar way, different types of radiation differ in their effectiveness or efficiency in damaging a biological system.
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4.2.1	LET



	The physical measure for gauging the relative effectiveness of equal absorbed doses from different radiations in producing injuries is the linear energy transfer, or LET.  The higher the LET of the radiation, the greater the injury produced for a given absorbed dose.  



	LET is expressed in terms of the mean energy released in keV per micrometre of the tissue traversed (keV/mm).  As was seen in the case of specific ionisation, the LET will be affected by the velocity and the charge of the ionising particle.  Alpha particles, neutrons and protons are high LET radiations.  X and g rays and fast electrons are low LET radiations.  Biological effectiveness of radiation is related to the amount of ionisation and the distribution of that ionisation in its tracks, radiation with high LET will be more damaging per unit of dose than low LET radiations.



4.2.2	RBE



	The ratio of the amount of energy of 200 keV X-rays required to produce a given effect to the energy required of any radiation to produce the same effect is called the relative biological effectiveness (RBE) of that radiation.  The RBE of a specific radiation depends on the exact biological effect on a given species of organism under a given set of experimental conditions.  The term  is thus restricted in application to radiation biology.  For radiation protection purposes, a conservative upper limit of the RBE for the most harmful effect due to a radiation other than the reference radiation (200-keV x-rays) is used as a normalizing factor in adding doses from different radiations.  This normalizing factor, which is called the Radiation Weighting Factor (abbreviated WR), is related to LET.



	A general RBE/LET curve is given in Figure 4.2.



	Alpha particles, protons and neutrons have a higher RBE than x and g rays and electrons.  The RBE of a radiation increases with increasing LET.  This increasing RBE with increasing LET does not hold at very high values of LET.  At these high ionisation densities, much more energy is deposited in the biological system than is necessary to produce an effect.  Since much of the energy is "wasted", the RBE falls.





















Figure 4.2.  Shows the general relationship between the relative biological effectiveness (RBE) of radiation and its linear energy transfer (LET).



	Table 4.2 gives the Radiation Weighting factors, WR, of Common Ionising Radiations.





	Table 4.2.  Radiation weighting factors of common types of ionising radiation.



�PRIVATE ��



Type and Energy Range�Radiation Weighting factor,

WR�� g-rays, x-rays



 Electrons, all energies



 Neutrons, of energy:

	 < 10 keV

  	 > 10 keV to 100 keV

	 > 100 keV to 2 MeV

	 > 2 MeV -- 20MeV

	 > 20 MeV



 Protons, energy above 20 MeV



 Alpha particles, fission fragments, heavy nuclei�1



1





5

10

20

10

5



5



20��





4.2.3	Tissue susceptibility



	Different tissues within the body show differing susceptibilities to the effects of ionising radiation.  The ICRP have summarised this information in terms of the tissue weighting factors (WT) given in Table 4.3.  The tissue weighting factor represents the relative contribution of a particular organ or tissue to the total harm of one by uniform irradiation of the whole body.  It is considered that those organs or tissues with the highest WT values have the greates susceptibility to ionising radiation. 





�	Table 4.3.  Tissue Weighting Factors



�PRIVATE ��ICRP Tissue Weighting Factors����Tissue or organ



gonads

bone marrow (red)

colon

lung

stomach

bladder

breast

liver

oesophagus

thyroid

skin

bone surface

remainder�WT



0.20

0.12

0.12

0.12

0.12

0.05

0.05

0.05

0.05

0.05

0.01

0.01

0.05�Comment



Most sensitive



















Least sensitive

Least sensitive��

4.2.4	The dose rate



	Besides a knowledge of the absolute dose received by the biological material it is often necessary to know the rate at which the radiation is given.

			

	The rate at which a given dose is delivered to a biological material can markedly alter the effect produced.  A dose of radiation, irrespective of the time it takes to be delivered, will produce an identical number of ion pairs.  For a given quantity of ion pairs we may expect a given amount of biological damage.  



	The splitting (or "fractionation") of a single dose into two or more fractions separated by a time interval often results in less biological damage than is produced by a single large dose.  For instance, 10 gray given as one dose may kill almost 100 percent of a population of cells, whereas two doses of 5 gray each, given with a 24 hour interval between the first and second dose, may kill only 40 percent of the cells.  This indicates the possibility of repair of the damage produced by the first dose.  The quantity and the quality of the biological damage depend upon the dose of radiation, on the rate at which it is given, and on the distribution of the dose in the tissues



4.3	Radiation damage to biological molecules and cells



4.3.1	Damage to biological molecules and cells



	We have seen that, in order to affect living matter, radiation must interact with it and cause excitations or ionisations of the atoms of the material.  No biological damage will be caused by radiation that passes through a cell without depositing any energy.  The dissipation of the energy of particulate radiation (electrons, protons, neutrons, beta and alpha particles) is predominantly by direct ion pair production.  



	The absorption of the photons of electromagnetic radiation (x and g rays), produces "secondary electrons" (photo and recoil electrons) which in turn ionise the material.  Ionisations are seldom produced singly but occur as double and triple events known as "clusters" or "spurs".  These ionisation events are believed to be the principal cause of radiation effects in living matter.  The exact role played by excitation in the production of biological damage is less well understood.



	The direct and indirect effects of radiation upon important biological molecules results in the wide range of biological effects seen in irradiated living organisms.



	At the molecular level such effects can cause damage to proteins particularly the enzymes, RNA and DNA and it can cause interference with metabolic pathways.  Wherever damage to such proteins is not repaired by the body, these can lead to sub-cellular level effects such as damage to cell membranes, nucleus, chromosomes, mitochondria and lysosomes.  The cellular level effects resulting from these are inhibition of cell division, cell death and transformation to a malignant state.  Tissue and organ level effects produced by these cellular effects are disruption of such systems as the central nervous system, the bone marrow and the intestinal tract which may lead to death or induction of cancer.  



	When we consider effects on a whole population, we have to consider effects such as death, shorted life span, changes in genetic characteristics due to gene mutations and chromosomal aberrations in individual members depending on the dose and duration of each radiation exposure and the effectiveness of the DNA repair mechanism.



	Proteins are complex molecules made up of chains of amino acids and may have very high molecular weights.  The specific characteristics of proteins are determined by the sequence and nature of amino acids in its chain (primary structure) and by the complex folding of its chain (secondary and tertiary structures).  Some proteins act as structural components in the cell while others act as the organic catalysts or enzymes of the cell's biochemical reactions.  



	It is the effect of radiation on enzymes that is most important, when we consider the radiation effect on proteins.  The damage to proteins include decreasing their molecular weights which is due to fragmentation of molecules, changes in solubility, disorders of the secondary and tertiary structure, cross linkage and formation of aggregates, as well as the destruction of amino acids in the chain.  The biochemical criterion of damage is the loss of the ability of the enzyme to carry out its function.



	Tens of sieverts of radiation are needed to cause an appreciable inactivation of the catalytic activity of an enzyme in-vitro.  However, significant damage to certain cells in-vitro can be caused by doses of radiation in the range of several sieverts.



	It should be emphasised that enzymes are only sensitive to radiation when irradiated in dilute solutions and when no other proteins are present.  Almost any inert protein, for example serum albumin, will appreciably protect enzymes against radiation damage, and in cells, enzymes are always in close proximity to other proteins.



	Biological effects caused by the interaction of ionising radiation with living matter are mainly consequences of the alteration of DNA.  The DNA damaging process is a stochastic one and the pattern of chemical reactions involved in this process is relatively independent of the species under investigation.  Radiation produces three major types of DNA damage and a number of important biochemical repair mechanisms (Figure 4.3).



	The three major types of DNA damage are:



1.	Single strand breaks.

2.	Double strand breaks.

3.	Base damage.

	





















































Figure 4.3.  Three of the major types of radiation damage in DNA.





	The three important DNA repair pathways are (Figures 4.4 - 4.6):



1.	Excision repair.

2.	Post replication repair.

3.	Repair of double strand breaks.









































Figure 4.4.  Excision repair mechanism for the removal of such radiation induced lesions as DNA base damage and single strand breaks









































Figure 4.5.  A general model for post replication radiation induced DNA damage.

































































Figure 4.6.  Model for the repair of DNA double strand breaks.





·	Acute effects



	There is very little human data on the effects of exposure to large doses of radiation.  However animal experiments, indicate some damage to the central nervous system.  It has been found that death is not instantaneous even in animals irradiated with doses in excess of 500 Gy. 



	Another effect which shows up soon after an acute over exposure to radiation is erythema (reddening of the skin).  Since the skin is located on the surface of the body it is subject to more radiation exposure than most other tissues.  This is especially true for beta rays and low energy x-rays.  An exposure of about 3 Gy of low energy x-rays will result in erythema and larger exposure may lead to other symptoms such as changes in pigmentation, blistering and ulceration.



·	Cancer



	It became apparent in the early part of the twentieth century that groups of people such as radiologists and their patients, who were exposed to relatively high levels of radiation, showed a higher incidence of certain types of cancer than groups not exposed to radiation.  More recently, detailed studies of the populations exposed to radiation from atomic bombs, of patients exposed to radiation therapy, and groups exposed occupationally, particularly uranium miners, have confirmed the ability of radiation to induce cancer.

	Cancer is an over proliferation of cells in a body organ.  it is thought that cancer may result from damage to the control system of a single cell, causing it to divide more rapidly than a normal cell.  The defect is transmitted to the daughter cells so the population of abnormal cells builds up to the detriment of the normal cells in the organ.  The estimation of the increased risk of cancer is complicated by the long and variable latent period from about 5 to 30 years or more, between exposure and the appearance of the cancer, and by the fact that radiation-induced cancers are not normally distinguishable from those which arise spontaneously.  However, at the relatively high levels of exposure of the groups mentioned about, approximate estimates can be made.



	Another possible late effect of radiation is cataract formation in the lens of the eye.  In this case it appears that there is a threshold dose, below which cataracts are not induced.  This is of the order of 15 Sv, and so by setting dose limits so that the total dose to the lens of the eye over the whole working lifetime is below this value, the possibility of cataract formation due to radiation can be avoided.



	There is some evidence from animal experiments that exposure to radiation may slightly reduce the life expectation of individuals who do not exhibit any specific radiation induced symptoms.  Observations of human populations exposed at relatively high levels indicate that, if life-shortening occurs at all, it is small, almost certainly less than one year per sievert.





4.4	Health effects of radiation



4.4.1	Somatic effects of radiation



	The early (those that appear soon after exposure) radiation effects are those which occur in the period from a few hours up to a few weeks after an acute (occurring in a short time period, as distinct from chronic which occurs over a longer period) exposure, that is a large dose received over a few hours or less.  The effects are due to major depletion of cell population in a number of body organs due to cell killing and the prevention or delay of cell division.  The main effects are attributable to bone marrow, gastrointestinal or neuromuscular damage depending on the dose received.  



	Acute absorbed doses above about 1 Gy give rise to nausea and vomiting.  This is known as radiation sickness and it occurs a few hours after exposure, as a result of damage to cell lining the intestine.  Absorbed doses above about 2 Gy can lead to death, probably 10 to 15 days after exposure.



	There is no well defined threshold dose below which there is no risk of death due to acute doses, though below about 1.5 Gy the risk of early death would be very low.  Similarly, there is no well defined point above which death is certain, but the chances of surviving an acute dose of about 8 Gy would be very low.  A reasonable estimate can be made of the dose which would be lethal for 50% of the exposed subjects within 30 days of exposure.  This is called the LD30�ADVANCE \L 7.20�50 and is thought to have a value of about 3 Gy for man.  For doses of up to about 10 Gy, death is usually due to secondary infections because of depletion of the white blood cells which normally provide protection against infection.  The range of doses from 3 to 10 Gy is often called the region of infection death.  In this range the chances of survival can be increased by special medical treatments, which include isolating the subject in a sterile (ie. infection free) environment and giving bone marrow transfusions to stimulate white blood cell production.



	For doses above about 10 Gy survival time drops abruptly to between 3-5 days.  It remains at about this figure until much higher doses are reached.  In this region the radiation dose causes severe depletion of the cells lining the intestine.  Gross damage occurs in the lining of the intestine, followed by severe bacterial invasion.  This is called the region of gastrointestinal death.  At much higher doses, survival times become progressively shorter.



4.4.2	Hereditary effects of radiation



	The hereditary effect of radiation result from damage to the reproductive cells.  The damage takes the form of alterations, known as genetic mutations.



	Radiation can induce gene mutations which are indistinguishable from naturally occurring mutations.  Mutated genes are generally recessive and so it is generally assumed that all mutations are harmful.  This cannot be strictly true since man has attained his present advanced state via a series of mutations.  However, this has occurred over an immense time span and the number of harmful mutations which have had to be eliminated from the species over this time is incalculably large.



	Since ionizing radiation can cause an increase in the mutation rate, excessive exposure to radiation will increase the number of genetic mutations people present in future generations.  Clearly, the consequences of excessive genetic damage would be very serious indeed and strict control must be exercised over the radiation exposure of the general population.  The concept of risk in relation to exposure to ionising radiation is discussed further in section 4.



	We have considered the effects of radiation as somatic effects, which are the effects manifest on the person exposed to radiation and hereditary effects which manifest on the offspring.  The ICRP also classify radiation effects as either stochastic and deterministic effects.  Stochastic effects are those whose probability of occurrence (and not the severity) depends on the dose received.  The effects whose severity is related to the dose are known as deterministic effects and for these there can be a radiation dose threshold.



	Thus cancer induction is a stochastic effect, the probability of a radiation induced cancer of a particular type depending on the dose received.  Hereditary effects are also regarded as being stochastic.  The early effects of radiation are deterministic since their severity depends on the dose.  Similarly, the severity of some late (appearing some time after exposure) effects, such as cataracts formation, depends on the dose received and so these effects are also deterministic.
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