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BSc (Cardiovascular imaging) MODULE: CARDIAC IMAGING

Principles of radiation and protection
By the end of this session, the student should be able to:

· Understand the origin of ionising radiation.

· Understand the risks associated with ionising radiation.

· Explain what safety measures could be applied to protect patients and personnel.

A.
THE ORIGIN OF IONISING RADIATION.

Radiation is energy that travels through space or matter.  Two types of radiation used in diagnostic imaging are electromagnetic (EM) and particulate.

Electromagnetic radiation.  EM radiation has no mass, is unaffected by either electrical or magnetic fields, and has a constant speed in a given medium.  Although EM radiation propagates through matter, it does not require matter for its propagation.  Its maximal speed (2.998 x 108 m/s) occurs in vacuum.  In other media, its speed is a function of the transport characteristics of the medium.  EM radiation travels in straight lines; however, its trajectory can be altered either by absorption (removal of radiation) or scattering (change in trajectory).
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EM radiation is characterised by wavelength ((), frequency (() and energy per photon (E), see the electromagnetic spectrum shown above.  Categories of EM radiation (including radiant heat; radio, TV, and microwaves; infrared, visible, and ultraviolet light; and x and gamma rays) comprise the electromagnetic spectrum.  Categories used in diagnostic imaging include: (i) gamma rays (resulting from changes in the energy of the nuclei of radioactive atoms) are used to image the distribution of radiopharmaceuticals; (ii) x-rays, which are extranuclear in origin, are currently the primary tool in diagnostic imaging; (iii) visible light is produced in detecting x and gamma rays and is used for the observation and interpretation of images; and (iv) radiofrequency EM radiation in the FM region is used as the transmission and reception signal for magnetic resonance imaging (MRI).

There are two equally correct ways of describing EM radiation – as waves and as particle-like units of energy called photons or quanta.  In some situations, EM radiation behaves as waves and, in other situations, like particles.

Wave characteristics.  All waves (mechanical or electromagnetic) are characterised by their amplitude (maximal height), wavelength ((), frequency (() and period.  The amplitude is the intensity of the wave.  The wavelength is the distance between any two identical points on adjacent cycles.  The time required to complete one cycle of a wave (i.e. one () is the period.  The number of cycles accomplished per second is the frequency (1/period).  The speed, wavelength and frequency of all waves are related by:

c = ((
where c is the speed, ( is the wavelength and ( is the frequency.

Particle characteristics.  When interacting with matter, EM radiation can exhibit particle-like behaviour.  These particle-like bundles of energy are called quanta or photons.  The amount of energy in a quantum is equal to its frequency times Planck’s constant h:

E = h( = hc/(
where h = 6.62 x 10-34 Js.

EM radiation of higher frequency than the visible light region of the spectrum carries sufficient energy per photon to remove bound electrons from atomic shells, thus producing ionised atoms and molecules.  Radiation in this portion of the spectrum (ultraviolet, x-rays, and gamma rays) is called ionising radiation.

Particulate radiation.  Protons are found in the nuclei of all atoms and have single positive charge.  Electrons exist in orbits surrounding the atomic nucleus and, when emitted by the nuclei of radioactive atoms, are called beta particles.  Positrons, emitted from nuclei during a certain type of radioactive decay, are identical to electrons in every way except that their charges are positive.  A neutron is an uncharged nuclear particle that has a mass slightly smaller than that of a proton.  An alpha particle consists of two protons and two neutrons; it thus has a +2 charge.  These particles are usually released with a high kinetic energy and loose energy mainly through ionisation processes, where atomic electrons are removed due to direct collisions or electrostatic attraction/repulsion forces.

Gamma rays.  Only certain combinations of neutrons and protons in the nucleus are stable.  On a plot of the atomic number (number of protons) versus the neutron number (number of neutrons) they fall along a “line of stability”, see diagram below.  Combinations of neutrons and protons that are not stable can exist but change gradually, atom by atom, to combinations that are stable.  Two kinds of instability are neutron excess and neutron deficiency (proton excess).  Such nuclei have excess internal energy compared with a stable arrangement of neutrons and protons.  They achieve stability by the conversion of a neutron to a proton or vice versa, with the emission of particulate radiation (beta particle, positron).  Nuclides undergoing this transformation process are said to be radioactive, and the transformation process itself is called radioactive decay or radioactive disintegration.  The nuclide at the beginning of the decay sequence is referred to as the parent, and the successive nuclides produced by decay are referred to as daughter nuclides.
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Radioactive decay of a nucleus often results in the formation of a daughter nucleus in an excited state.  The EM radiation emitted from the daughter nucleus as the excited state decays to a lower (more stable) energy state is called gamma radiation.

X-rays.  X–rays are produced by the conversion of electron kinetic energy into electromagnetic radiation.  This is achieved by using an x-ray tube, see diagram below.  A large potential difference is applied between two electrodes in an evacuated glass envelope.  One electrode is negatively charged and is the source of electrons (the cathode), and the other is positively charged, the target of electrons (the anode).  Electrons released from the cathode travel to the anode, and en route they are accelerated and attain kinetic energy due to the high potential difference.  On impact with the target electrode, the kinetic energy is converted to other forms.  The vast majority of interactions produce unwanted heat by collisional interactions with electrons in the target.  Occasionally (typically 0.5% of the time), the energy lost by the electron can be substantial, resulting in the production of a high-energy x-ray.  This occurs when an incident electron comes in close proximity to the large electric field caused by the positive charge of the target nucleus.  The electron is decelerated, resulting in loss of kinetic energy, which is released as electromagnetic radiation.  This EM radiation falls in the x-ray portion of the spectrum and is called x-rays.
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It is therefore important to note that x-rays are always generated as a result of electron interactions outside the nucleus of the atom, while gamma rays originate from the atomic nucleus itself.

B.
PROTECTION AGAINST IONISING RADIATION.

Ionising radiation is any form of radiation that possesses enough energy to dislodge an electron from one of the energy levels of an atom.  When atoms in the human body are ionised in this way, cells may be impaired and will either die or experience genetic changes.  The genetic changes may cause cancer or it may be latent for a period without any harmful effect to the human body.  Because of the extent of the damage that may be caused by radiation, the use of all radiation is strictly controlled by legislation.  Control of radiation is based on the recommendations of the International Commission on Radiological Protection (ICRP).  The ICRP is an international research body that consolidates information on the detrimental effects of ionising radiation on the human body.  This Commission consists of specialists in the fields of radiology, radiation protection, physics, biology, genetics, biochemistry and biophysics.  Although the ICRP does not have any legislative power, most countries accept their recommendations.  Basic knowledge of the guidelines concerning radiation protection and maximum annual dose limits suggested by ICRP 60 and ICRP103 are therefore of cardinal importance to all who may be involved in the use of ionising radiation.  In the UK control over the implementation of the different norms for maintaining these limits fall under the Department of Health and the Department for the Environment, Food and Rural Affairs.

The detrimental effects of radiation:  The detrimental effects of radiation can be subdivided in stochastic and deterministic effects.  Deterministic effects are all effects that will almost never occur unless a certain threshold of radiation is exceeded.  When the threshold is exceeded, the effect will usually occur and the severity of the effect will be proportional to the dose received.  Examples of deterministic effects include the development of cataracts, erythema or necrosis of the skin as well as reduced fertility caused by radiation to the gonads.  As these threshold values are relatively high, the possibility that radiation workers or patients undergoing diagnostic examinations (either radiology or nuclear medicine) will experience any detrimental deterministic effect under normal conditions is negligible.  However, these effects may become visible at the very high doses that may be experienced during radiation accidents or during radiation therapy.  Death, which may occur at extremely high doses, may also be regarded as a deterministic effect.

Stochastic effects are the most common biological effects that may be experienced and include induction of cancer and hereditary genetic changes.  The induction of cancer is the most important and must therefore be limited by adequate radiation protection procedures.  Stochastic effects are characterised by the fact that no threshold value exists, and that the degree of the effect is independent of the dose.  However, the risk of a detrimental effect increases linearly with dose -- even at very small doses.   Although the chance for the induction of cancer is very low at low doses, the risk cannot be ignored.  Because there is no minimum dose level involved, risk for cancer cannot be ignored and all radiation must be regarded as potentially dangerous.  This has led to the adoption of the ALARP principle in radiation protection: "All doses should be kept As Low As Reasonably Practicable, social and economic factors taken into account."

Radiation dosimetry units:  The absorbed dose is defined as the amount of energy absorbed per unit mass of tissue.  The SI unit of absorbed dose is the gray (Gy) and is defined as one joule per kilogram absorbed energy.  The term, absorbed dose is usually used to indicate the mean dose of a particular organ – the so-called target organ.  Not all types of radiation will result in the same biological detriment (even if the same doses are received) nor are all organs in the body equally sensitive to radiation.  The effective dose combines these factors and the absorbed dose to evaluate the risk of radiation absorbed in local regions of the body (e.g. during skull, chest, or ankle radiographs) compared to uniform whole body irradiation.  The SI unit of effective dose is the sievert (Sv).

Determination of dose limits:  The detrimental effects of radiation can be reduced by putting a limit on the amount of radiation that can be administered.  The aim of the limits on whole body dose is to reduce the stochastic effects, mainly cancer.  The dose to any specific organ is also restricted to that value that will prevent any deterministic effects to the organ.  This approach to dose limits tries to prevent the deterministic effects totally while the risks of stochastic effects as well as the hereditary effects are kept to a minimum.  A clear distinction is drawn between the limits relating to the general public and radiation workers.  All people receiving a concernable amount of radiation due to their occupation, must be registered as radiation workers.

The ICRP tried to determine the radiation dose that will be tolerable to the radiation worker community.  Unfortunately there are still no norms as to what would be acceptable levels of radiation risks.  However, good evidence exists that a 1/100 chance of dying in an occupation will be completely unacceptable, while a 1/1000 chance lies on the edge of tolerability.  The public at large generally accept public dangers like public transport that will result in a death risk of less than 1/100 000 per annum.  Although the risk of death plays an important role in the determination of an acceptable radiation risk, other factors must also be included.  These additional factors include the age at which death will occur, the number of living years lost by an individual, the shortening of the life expectancy of the individual, the age distribution of the people at risk of dying because of cancer, the increase in the risk of dying at any particular age, the amount of trauma and/or morbidity as well as the loss in quality of life caused by the disease to the individual.

Notwithstanding the difficulties in trying to quantify human life and quality of life by taking all these factors into consideration, dose limits were calculated that will generally be regarded as at the edge of tolerability.  It was assumed that all radiation workers would be subjected to radiation at a constant level for their whole life span, starting at the age of 18 years with retirement at the age of 65 years.  This resulted in an effective dose limit of 20 mSv per annum for radiation workers, and a dose limit of 1 mSv per annum for the general public.

Radiation risk to the fetus:  Younger people, and fetuses particularly, are much more prone to the detrimental effects of radiation.  Current guidance on radiation risk to the fetus can be found in [5]. Radiation to the fetus may potentially cause the following detrimental effects:  death of the fetus, malformation of organs and limbs, mental retardation, cancer and also genetic changes that can be transferred to the descendants.  The induction of cancer and the transfer of genetic changes are stochastic effects.  Fortunately all the other effects are deterministic effects with a threshold value of approximately 100 mGy. Normal diagnostic medical exposures using X-rays or radionuclides should never result in fetal doses in excess of 100mGy. Therefore the radiation dose to the fetus that is likely to result from any diagnostic procedure in current use should present no risk of causing fetal death, malformation, growth retardation or impairment of mental development. The main concern is that of induction of childhood cancers.
For the majority of diagnostic medical procedures, giving fetal doses of up to 1 mGy, the associated risks of childhood cancer are very low (<1 in 10,000) and judged to be acceptable  when compared with the natural risk (1 in 500). Consequently, all such examinations can be carried out on pregnant women, as long as they have been clinically justified and the dose is kept to a minimum consistent with diagnostic requirements.
Exposure of pregnant women to higher dose procedures (1 to 50mGy) leads to a higher fetal dose and at the highest doses, may lead to a doubling of the childhood cancer risk compared to the natural rate. Consequently, such examinations should be avoided on pregnant women if this can be achieved without serious detrimental effects on their health. However, if such examinations are clinically justified or are carried our inadvertently, the childhood cancer risk associated with them is still low in absolute terms (below 1 in 200 and mostly below 1 in 1000) and termination of the pregnancy would not be justified solely on the basis of radiation risk to the unborn child. 

Principles of radiation protection:  The general principles of radiation protection for the control of external radiation may be summarised as distance, shielding and time.

Distance:  The energy fluence from an X-ray beam is inversely proportional to the square of the distance, d, from the target.  Because the exposure rate, X, is proportional to the energy fluence, it follows that 






It is thus possible to reduce the radiation dose by a significant amount by increasing the distance from the target.  For example, if the radiation exposure rate is 900 mR/h at a distance of 50 cm from the target, the exposure rate will decrease to 100 mR/h at a distance of 150 cm.

Shielding:  It is often necessary to be very close to the X-ray tube when screening procedures are conducted.  It will be necessary to place a shield between the source of radiation and the person involved.  The thickness of such a shield must be appropriate for the purpose and can be calculated.  For mono-energetic beams the thickness, d, required can be obtained from the following equation:





 

Time:  The dose received when somebody is working in an area exposed to a certain exposure rate will be directly proportional to the time spent in that area.  The work must therefore be completed in the shortest possible time.  This is true for radiographic screening where the screening time as well as the time spent close to the tube must be kept as short as possible.
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