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Outline



q Basic Biological Concepts q Radiobiology q Processes of Radiation Damage q Repair of Radiation Damage q Sensitivity to Radiation q Radiation Effects (High Doses)
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Basic Biological Concepts: The Cell q All living things are composed of one or more cells. • Cells organize in TISSUES. • Tissues organize in ORGANS. • Organs and tissues form Organisms.



q Each human being has about 7ž109 cells. q The genetic material contained in the nucelus is in the CHROMOSOMES: • Control cell function: gene expression. • Control cell reproduction and germinal cell generation. EPFL Doctoral Course PY-031: Radioisotope and Radiation Applications
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Basic Biological Concepts: Types of Cells q Somatic Cells • The most common cells in the human body. • They reproduce through MITOSIS: one cell gives birth to TWO cells with the same number of chromosomes as the parent. • Classes: – STEM CELLS can differentiate into especialized cells: epidermis, lining of intestine, bone marrow. – TRANSIT CELLS are cells in the process of differentiation: reticulocyte. – MATURE CELLS are fully differentiated, do not exhibit mitotic activity: muscle, neurons



q Germ Cells: • Cells used in the reproduction of the organism: espermatozoa, ova. • They divided by MEIOSIS: the two cells have half the nomber of chromosomes. EPFL Doctoral Course PY-031: Radioisotope and Radiation Applications
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Basic Biological Concepts: Cell Cycle and Cell Death q Tissues grow and are maintained through cell replication (regeneration) q Some cells never divide once adulthood is reached. q There are a specific set of steps involved in the Cell Cycle. • • • •



G1 (G0) S G2 M



Gap Phase 1 Synthesis Gap Phase 2 Mitosis



Functional cell DNA synthesis Rest Cell Division



q Cell Death:



S (6-8h), M (< 1h), G2 (2-4h), G1 (1-8h)



• Non-proliferating: loss of function. • Proliferating: loss of reproductive integrity.
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Basic Biological Concepts: The DNA Mollecule q DNA is a very large molecule. There are about 2 x 109 base pairs in the mammalian genome distributed across 15100 chromosomes. q The 3-D configuration (shape) of the molecule changes constantly and is important to function. q DNA is replicated at cell division q Double stranded helix: • Side rails of ladder composed of Sugar molecules bound together by a phosphate • Rungs are composed of the nitrogenous bases Adenine, Thymine, Guanine and Cytosine. • Adenine and Thymine combine to make up one type of rung and Guanine and Cytosine combine to make up another type. EPFL Doctoral Course PY-031: Radioisotope and Radiation Applications
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Basic Biological Concepts: The Genome q The DNA makes up the chromosomes of the cell and carries all of the functional encoding information of the cell or organism q All of the chromosomes together make up the genome q The genome is composed of many genes (60,000 in humans) q The individual genes are composed of sequences of nitrogenous bases attached to the molecular backbone. These sequences encode for protein functions etc. which control all cell functions q Large areas of a DNA strand may not be expressed in individual cells EPFL Doctoral Course PY-031: Radioisotope and Radiation Applications
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Radiobiology q What is it ?. Radiobiology is a branch of Science concerned with the action of ionizing radiation on biological tissue and living organisms. q Radiation in Radiobiology: • The physical quantity useful for defining the quality of ionizing radiation is the Linear Energy Transfer (LET). • Units of keV/µm (stopping power are in MeV/cm). • It is measured by dividing the track of particles in equal energy increments and taking the average of their lengths.
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The Biological Effect of Radiation is NOT determined by how much total energy is absorbed, But by HOW it is absorbed and WHERE
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Irradiation of Cells q Biological effects are usually thought of as effects on CELLS. q Ionizing Radiation interacts with ATOMS, by IONIZATION. q The damage follows the sequence: • Physical Stage. • Physico-chemical • Chemical Stage. • Biological and Physiological Stage.



q The most important damage is done to the DNA molecule:



Scales of Effects ATOMS MOLECULES CELLS TISSUES ORGANS



• Direct: physical. • Indirect: physico-chemical.



EPFL Doctoral Course PY-031: Radioisotope and Radiation Applications



THE WHOLE BODY Biological Effects of Radiation, R. Macian, 23.11.06 10



Laboratory for Reactor Physics and Systems Behaviour EPFL/PSI



Processes of Radiation Damage Stage



Process



Duration



Physical



Energy absorption, ionization.



10-15 s



Physico-chemical



Interaction of ions with molecules, formation of free radicals.



10-6 s



Chemical



Interaction of free radicals with molecules, cells and DNA.



seconds



Biological / Physiological



Cell death, change in genetic data in cell, mutations, cancer.



tens of minutes, to tens of years
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Direct Action Cell Damage q Direct Action Damage: • The radiation interacts DIRECTLY with the critical target in the cell. • The atoms of the target are ionized or excited through Coulomb interactions. • The interactions lead to the chain of physico-chemical events that will produce the biological damage.



q Dominant process for high LET radiation.
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Indirect Action Cell Damage q Indirect Action Damage: • The radiation interacts INDIRECTLY with other mollecules: 80% water. • Production of FREE RADICALS. • The free radicals produce Chemical Damage in the critical target molecule.



q Dominant process for Low LET radiation (2/3 of damage).
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Indirect Action Cell Damage Mechanisms q Radiation interacts with a water molecule (80% cell is water).



Incident X-ray Photon



q Ionization of the water molecule



Fast Electron e-



10-15 s



Ion Radical



10-10 s



Free Radical



10-9 s



H 2 O → H 2 O + + eq Ion Radical forms free radical



H 2 O + + H 2 O → H 3O + + OH • q Hydroxil Radical OH• diffuses and attacks the DNA Molecule.
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Chemical Changes by the breakage of bonds



Biologic Effects



10-5 s



From seconds to years
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Radiation Injury to DNA q Base pair deletion q Cross-linking injuries q Single Strand Break q Double Strand Break q Multiple (complex) lesions
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Effects of DNA Damage Effects of DNA Damage



Gene Expression A gene may respond to the radiation by changing its signal to produce protein. This may be protective or damaging.



Cell Killing



Gene Mutation Sometimes a specific gene is changed so that it is unable to make its corresponding protein properly



Chromosome Aberrations Sometimes the damage effects the entire chromosome, causing it to break or recombine in an abnormal way. Sometimes parts of two different chromosomes may be combined



Genomic Instability Sometimes DNA damage produces later changes which may contribute to cancer.



Damaged DNA may trigger apoptosis, or programmed cell death. If only a few cells are affected, this prevents reproduction of damaged DNA and protects the tissue.



Studies have shown that most radiation-induced DNA damage is normally repaired by the body EPFL Doctoral Course PY-031: Radioisotope and Radiation Applications
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Fate of Irradiated Cells q No effect. q Division Delay. q Apoptosis: cell death before it can divide. q Reproductive Failure: cell death when attempting MITOSIS. q Genomic Instability: delayed reproductive failure. q Mutation: cells contains mutation in genome. q Transformation: mutation leads to carcinogenesis. q Bystander Effects: damaged cell induces damage in surrounding ones. q Adaptative Response: increased resistance to radiation. EPFL Doctoral Course PY-031: Radioisotope and Radiation Applications



Biological Effects of Radiation, R. Macian, 23.11.06 18



Laboratory for Reactor Physics and Systems Behaviour EPFL/PSI



Cell Survival Curves q Descibes the relationship between the surviving fraction of cells and the abosorbed dose. q The surviving fraction is determined in vitro or in vivo. q The shape is influenced by the type of radiation: • High LET : exponential function. • Low LET: two slopes separated by a “shoulder”.



q Mathematical models are based on the random nature of energy deposition by radiation: • Linear Quadratic Model:



S ( D ) = e −α D − β D EPFL Doctoral Course PY-031: Radioisotope and Radiation Applications
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Repair of Radiation Damage q Cellular mechanisms are in place which can repair most if not all types of radiation injury to the DNA. q Repair is a time sensitive process: • Repair of DNA injury of all types is essentially complete by 6 hours post irradiation. • External factors affecting cellular metabolic rate may delay or accelerate it • Foundation of modern radiotherapy



q Repair is a cell cycle dependent process: • Different phases have different repair capabilities – – – –



Mitosis has the least repair capability. G2 . G1/G0. S phase has the most repair capability.



• Capability varies in G1 and S. EPFL Doctoral Course PY-031: Radioisotope and Radiation Applications
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Repair of Radiation Damage q Repair is dose rate dependent • At very low dose rates repair of SLD can keep up with radiation damage. – SLD predominate type of injury.



• Repopulation can account for LD and SLD



– Dependent on cycling cell population. – Cell cycle time short relative to dose rate.



• Affected by radiation quality. • Mutation rates may be increased.



q Repair is radiation type dependent • Low LET radiation is repaired. • Little repair of High LET radiation injury. – Dense ionization track. – Double strand breaks more likely. – Energy deposition curve dependent.



• Sublethal damage less important. – Single strand breaks, base pair deletion, etc.



qRepair is dose dependent: • Lethal Damage increase with dose. • PLD increases with dose and Accumulation of SLD increase with dose. • Survival curve is continuously bending. – Some repair always present. – Various forms of damage interact. EPFL Doctoral Course PY-031: Radioisotope and Radiation Applications
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Dose Response Curves q They are a plot of a BIOLOGICAL EFFECT against the dose given. q Three types are known: • Linear. • Linear quadratic. • Sigmoid. • They may or maynot have a Threshold:



q Treshold: largest dose for a particular effect below which no effect will be observed. EPFL Doctoral Course PY-031: Radioisotope and Radiation Applications
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Tissue and Organ Sensitivity to Radiation



q Not all tissues and organs respond in the same manner to radiation. q Two main factors: • Inherent sensitivity of the individual cells. • Kinetics of the cell population.



q Sensitivity: • Early responsive: skin, mucosa, intest. Epith. • Late responsive: spinal cord.
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Relative Biological Effectiveness (RBE) q As LET of radiation increases, the ability of radiation to produce biological damage also increases.



RBE =



Dose fromStandard Radiation to produce a given biological Effect Dose from Test Radiation to produce a given biological Effect



q RBE compares the dose of standard radiation with the dose of the test radiation: q Standard Radiation: 250 kVp X-Rays. q RBE depends on: • • • • •



Radiation Quality (LET) Radiation Dose Number of Dose Fractions. Dose Rate. Biological System. Source Hall (2000)
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Relative Biological Effectiveness (RBE) Over-kill Effect Peak RBE at about 100 keV/µm
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Dose Equivalent q Dose Equivalent relates energy absorbed in human tissue (Dose) to the Effective Biological damage of the Radiation.



H = WR ( LET ) D q Units: • REM (Roentgen Equivalent Man): usually as mrem.



Type of Radiation beta alpha X Rays gamma rays neutrons 2 MeV



WR 1 20 1 1 5 10 20 10 5



• Sievert (Sv): usually as µSv.



1Sv =100 rem EPFL Doctoral Course PY-031: Radioisotope and Radiation Applications
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Doses and Radiation Risk q Radiation Risk is Measured by the Effective Equivalent Dose. q The probability of cancer or genetic defects is proportional to the Dose Equivalent when the body is UNIFORMLY irradiated. q For non-uniform irradiations, IRCP introduced the Effective Dose Equivalent.



E=



∑



wT H T



Tissue Weighting Factors (ICRP 60) Tissue Gonads Red bone marrow Colon Lung Stomach Bladder Breast Liver Oesophagus Thyroid Skin Bone surfaces Remainder TOTAL



WT 0.2 0.12 0.12 0.12 0.12 0.05 0.05 0.05 0.05 0.05 0.01 0.01 0.05 1



All irradiated tissues
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Cellular Sensitivity to Radiation q Not all cells are equally sensitive to radiation. q Those cells activelly reproducing are more sensitive: • DNA is exposed to damage when the cell is dividing. • Non reproducing cells are more resistant to radiation.



q Classify Cells according to their rate of reproduction: • Constantly reproducing: e.g. Lymphocites. • Moderate regeneration: e.g. Gastrointestinal lining cells. • Slowest to regenerate: e.g. Muscle and Nerve cells.



q Fast reproducing cells well oxygenated are the most succeptible: • Tumors (perifery). Irradiation causes rapid shrinkage. Fractional irradiation. • Fetus: the sensitivity of the developing embryo is very large. EPFL Doctoral Course PY-031: Radioisotope and Radiation Applications
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The Oxygen Effect q The presence or absence of molecular oxigen influences the biological effet of ionizing radiation: • The larger the content of O2 above anoxia, the larger the biological effect of radiation. • Inportant for low LET radiation • Effect decreases at LET increases. • The effect reaches saturation.



q Oxigenated Enhancement Ratio (OER): • Important in Radiotherapy EPFL Doctoral Course PY-031: Radioisotope and Radiation Applications



OER =



Dose to produce a given effect without oxygen Dose to produce a given effect with oxygen
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Radioprotectors and Radiosensitizers q Chemical agents that may alter the cell response to ionizing radiation either enhancing or reducing the cell response. q Radioprotectors reduce cell response: • Influence the indirect effects of radiation by scavenging the production of free radicals. Dose Modifying Factor (DMF) =



Dose to Produce an effect with Radioprotector Dose to Produce an effect without Radioprotector



q Radiosensitizers enhance the cell response: • Promote direct and indirect effects. • Inhibt DNA repair or act like oxigen. • Boron Neutron Capture Therapy (α-particles). EPFL Doctoral Course PY-031: Radioisotope and Radiation Applications
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Systemic Effects q Effects may be morphological and/or functional q Factors:



• Which Organ. • How much Dose. q Effects



• Immediate (usually reversible): < 6 months e.g.: inflammation, bleeding. • Delayed (usually irreversible): > 6 months e.g.: atrophy, sclerosis, fibrosis. q Categorization of dose



• < 1 Gy: LOW DOSE. • 1-10 Gy: MODERATE DOSE. • > 10 Gy: HIGH DOSE. q Regeneration means replacement by the original tissue while Repair means replacement by connective tissue. EPFL Doctoral Course PY-031: Radioisotope and Radiation Applications
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Whole Body Sensitivity Factors q Whole body Sensitivity depends upon the most sensitive organs. q The most sensitive organs depend on the most sensitive cells. q The most sensitive organs are: • The blood forming organs. • The gastrointestinal System.



q The biological effect of whole body exposure to radiation depends on: • Total Dose. • Type of Cell. • Type of Radiation (LET). • Organs exposed. • Age and general state of health. • Volume of tissue exposed. • Time interval over which the Dose is received. EPFL Doctoral Course PY-031: Radioisotope and Radiation Applications
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Radiation Effects q



Basic types: • Stochastic : probability of effect related to dose, down to zero (?) dose • Deterministic : threshold for effect - below, no effect; above, certainty, and severity increases with dose. • Hereditary: (genetic) - assumed stochastic incidence, however, manifests itself in future generations.



q Related to Dose: • High Dose : Accute. Kill Cells in large quantities. Tissues and Organs are Damaged. Rapid Body Response. • Low Dose: Chronic. Damages or changes cells. Cells are damaged. Slow body response. EPFL Doctoral Course PY-031: Radioisotope and Radiation Applications
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Deterministic Effects q Due to cell killing. q Have a dose threshold. q Specific to particular tissues. q Severity of harm is dose dependent. q Examples: • Skin breakdown • Cataract of the lens of the eye • Sterility



Radiation injury from an industrial source



• Kidney failure • Acute radiation syndrome (whole body) EPFL Doctoral Course PY-031: Radioisotope and Radiation Applications
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Thresholds for Deterministic Effects q Cataracts of the lens of the eye 2-10 Gy q Permanent sterility • males



3.5-6 Gy



• females



2.5-6 Gy



Severity of effect



q Temporary sterility • males



0.15 Gy



• females



0.6 Gy dose threshold
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Stochastic Effects q Due to cell changes (DNA) and proliferation towards a malignant disease. q Severity (i.e. cancer) independent of the dose. q No dose threshold (they are presumed to occur at any dose however small). q Probability of effect increases with dose. q At low doses, damage to a cell is a random effect - either there is energy deposition or not. EPFL Doctoral Course PY-031: Radioisotope and Radiation Applications
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Stochastic Effects q Orders of Magnitude:



• 1cm3 of tissue = 109 cells. • 1 mGy --> 1 in 1000 or 106 cells hit. • 999 of 1000 lesions are repaired - leaving 103 cells damaged. • 999 of 1000 damaged cells die (not a major problem as millions of cells die every day in every person). • 1 cell may live with damage (could be mutated). q Cancer induction • The most important stochastic effect for radiation safety considerations • Is a multistage process - typically three steps: each of them requires an event… • Is a complicated process involving cells, communication between cells and the immune system... EPFL Doctoral Course PY-031: Radioisotope and Radiation Applications
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High Dose Effects q Very high doses of radiation can cause serious and immediate effects (acute effects):



Late Effects of High Dose Radiation



Minutes



CNS Syndrome



Days



GI Syndrome



Weeks



Hematopoietic Syndrom



Months



Birth defects, LD50



Years



Cancer



• After whole body exposure to very large doses of radiation, particularly sensitive cells die, resulting in serious damage to select organs and systems.



• Radiation sickness is caused by damage to organs or systems after exposure to very high doses of radiation. The symptoms depend upon the dose and time of exposure. EPFL Doctoral Course PY-031: Radioisotope and Radiation Applications
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Radiation Syndroms



Acute irradiation syndrome



Steps:



Chronic irradiation syndrome



1. Prodromic (onset of disease)



1-10 Gy



Survival time



10 - 50 Gy



2. Latency 3. Manifestation



• Mechanism: Neurovegetative disorder



> 50 Gy BONE MARROW



GASTRO INTESTINAL



• Whole body clinic of a partial-body irradiation



Lethal dose 50 / 30



• Similar to a sick feeling • Quite frequent in fractionated radiotherapy



CNS



(central nervous system)



Dose EPFL Doctoral Course PY-031: Radioisotope and Radiation Applications
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