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Unit 1 — Radiobiology: Scope and
Historical Overview

1.1 Definition and scope of radiobiology

Radiobiology explores how ionizing radiation affects living things. It's a field that blends physics, biology,
and medicine to understand radiation's impacts on cells, tissues, and organisms. From DNA damage to
cancer treatment, it covers a lot of ground.

This topic sets the stage for our chapter on radiobiology basics. We'll learn about radiation types, biological
effects, and how this knowledge is applied in medicine and environmental protection. It's the foundation for

everything else we'll cover.

Radiobiology: Definition and Focus

Fundamentals of Radiobiology
» Radiobiology studies effects of ionizing radiation on living organisms and biological systems

* Investigates interactions between radiation and biological matter at molecular, cellular, and
organismal levels

» Examines both harmful effects of radiation exposure and potential therapeutic applications in medicine

» Explores acute and chronic radiation effects including cellular damage, DNA alterations, and
physiological responses

* Analyzes dose-response relationships to understand how different radiation doses impact biological
systems

* Integrates knowledge from physics, chemistry, biology, and medicine for comprehensive study of

radiation effects

Scope and Interdisciplinary Nature

» Encompasses wide range of radiation types (X-rays, gamma rays, alpha particles, beta particles,
neutrons)

* Investigates effects on various biological entities (microorganisms, plants, animals, humans)

« Utilizes diverse research methods (in vitro cell cultures, animal models, clinical studies,
epidemiological surveys)

* Applies principles from multiple scientific disciplines (radiochemistry, molecular biology, genetics,
physiology)

« Considers both external and internal radiation sources (environmental exposure, medical procedures,
radionuclide ingestion)

» Addresses radiation effects across different time scales (immediate cellular responses, long-term
genetic consequences)
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Key Areas of Radiobiology

Fundamental Concepts and Measurements

 Radiation physics examines properties and behavior of ionizing radiation (particle radiation,
electromagnetic radiation)

» Dosimetry measures and calculates radiation doses absorbed by biological tissues

* Investigates radiation interaction mechanisms with matter (photoelectric effect, Compton scattering,
pair production)

« Studies radiation track structure and energy deposition patterns in biological systems
» Explores concepts of linear energy transfer (LET) and relative biological effectiveness (RBE)

+ Develops and refines radiation detection and measurement technologies (ionization chambers,
solid-state detectors, film badges)

Biological Responses and Mechanisms
* Molecular radiobiology investigates radiation-induced changes at DNA and protein levels
* Cellular radiobiology examines effects on cell structures, functions, and survival

« Studies DNA damage types caused by radiation (single-strand breaks, double-strand breaks, base
modifications)

* Analyzes cellular repair mechanisms activated in response to radiation-induced damage
* Investigates radiation-induced genomic instability and bystander effects

* Examines cellular responses to radiation stress (cell cycle arrest, apoptosis, senescence)

Medical and Environmental Applications

+ Radiation-induced carcinogenesis explores processes leading to cancer development after radiation
exposure

» Radioprotection research develops methods to shield normal tissues from radiation damage
* Radiosensitization studies aim to enhance tumor sensitivity to radiation therapy

» Environmental radiobiology assesses impact on ecosystems and long-term effects of environmental
radiation

» Medical applications optimize radiation-based diagnostic (CT scans, X-rays) and therapeutic
techniques (radiotherapy)

+ Radiation epidemiology analyzes population data to understand long-term health effects of radiation
exposure

Significance of Radiobiology in Science

Medical Advancements and Public Health

+ Crucial for developing and improving radiation-based diagnostic imaging techniques (MRI, PET
scans)
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* Enhances cancer treatments through improved radiotherapy protocols and targeted radionuclide
therapies

« Informs radiation safety protocols in medical settings to protect patients and healthcare workers
+ Contributes to understanding and managing radiation-induced side effects in medical procedures

+ Aids in developing better radiation protection equipment and strategies (lead aprons, radiation
shielding)

 Supports risk assessment and management in nuclear medicine and radiology departments

Energy and Environmental Considerations

* Informs safety protocols and risk assessments in nuclear power plants (reactor design, containment
measures)

 Guides nuclear waste management strategies to minimize environmental and health risks

* Aids in assessing impact of radiation on ecosystems (Chernobyl, Fukushima)

* Develops strategies for environmental remediation after radiological incidents

« Contributes to understanding natural background radiation and its effects on living organisms

« Supports regulatory decisions regarding radiation exposure limits and safety standards

Technological and Scientific Innovations
* Supports space exploration by understanding and mitigating effects of cosmic radiation on astronauts

+ Contributes to development of radiation-based techniques for crop improvement (mutation breeding)
and pest control

+ Informs strategies for responding to potential radiological or nuclear incidents (dirty bombs, nuclear
accidents)

+ Aids in developing radiation countermeasures and treatments for radiation sickness
» Enhances understanding of evolutionary biology through study of radiation-induced mutations

* Contributes to advancements in radiation detection and measurement technologies used across
scientific fields

1.2 Historical milestones in radiobiology

Radiobiology's history is a tale of groundbreaking discoveries and technological leaps. From Réntgen's
X-rays to the Curies' radium, early findings laid the foundation for understanding radiation's effects on living
things. These breakthroughs sparked a century of research and innovation.

Key scientists like Muller and Hall shaped our grasp of radiation's genetic and cellular impacts. Their work,
along with advances in imaging and molecular biology, revolutionized medicine and safety standards.
Today, radiobiology continues to evolve, influencing everything from cancer treatment to space
exploration.
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Shaping of Radiobiology

Foundational Discoveries

* Wilhelm Conrad Roéntgen discovered X-rays in 1895 marked the beginning of radiobiology led to
immediate medical applications and public fascination

* Henri Becquerel accidentally discovered radioactivity in uranium salts in 1896 opened new avenues
for studying radiation effects on biological systems

* Marie and Pierre Curie isolated radium in 1898 provided a powerful radioactive source for early
radiobiological experiments and medical treatments

* Iréne and Frédéric Joliot-Curie developed artificial radioactivity in 1934 expanded the range of
radioisotopes available for biological research

* Allowed creation of short-lived isotopes (phosphorus-32, iodine-131)

+ Enabled tracing of metabolic pathways using radioactive tracers

Technological Advancements

* First particle accelerators created in the 1930s enabled controlled studies of high-energy radiation
effects on biological systems

* Cyclotrons and linear accelerators allowed precise dose delivery
* Facilitated research on cellular and tissue responses to various radiation types (protons, neutrons)

* Manhattan Project during World War Il accelerated research on radiation effects led to significant
advances in understanding radiation-induced mutations and cellular damage

* Revealed long-term health effects of radiation exposure (leukemia, cancer)

« Spurred development of radiation shielding and protection measures

Establishment of Radiation Safety Standards

* International Commission on Radiological Protection (ICRP) established in 1928 formalized radiation
safety standards and guidelines for occupational and medical exposures

* Introduced concept of dose limits for radiation workers
* Developed principles of justification, optimization, and dose limitation

* Linear no-threshold (LNT) model for radiation risk assessment developed in the 1950s continues to
influence radiation protection policies worldwide

* Assumes any radiation dose, no matter how small, carries some cancer risk

* Basis for ALARA principle (As Low As Reasonably Achievable)

Key Scientists in Radiobiology

Genetic and Cellular Effects

* Hermann Joseph Muller worked on X-ray-induced mutations in Drosophila melanogaster in the 1920s
demonstrated the genetic effects of radiation and earned him the Nobel Prize in 1946
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» Showed X-rays could cause heritable mutations
« Established the concept of radiation-induced genetic damage

+ Alexander Hollaender researched effects of ultraviolet radiation on microorganisms in the 1940s and
1950s laid the groundwork for understanding DNA repair mechanisms

» Discovered photoreactivation repair process
+ Studied wavelength dependence of UV-induced mutations

« Tikvah Alper studied radiation target theory and radiosensitivity of viruses in the 1960s contributed to
understanding radiation effects on different biological structures

* Developed the concept of radiation target size

* Investigated radiation resistance in extremophiles (Deinococcus radiodurans)

Cellular Repair and Radiosensitivity

* Howard Curtis worked on free radicals and their role in radiation-induced cellular damage in the 1950s
and 1960s expanded understanding of indirect radiation effects

« Identified importance of oxygen in radiation-induced damage
+ Studied radioprotective compounds (cysteamine, mercaptoethylamine)

» Warren Sinclair researched cell cycle radiosensitivity in the 1960s and 1970s provided insights into
differential effects of radiation on cells at various stages of division

« Identified most radiosensitive phases of cell cycle (G2/M)
* Developed synchronization techniques for studying phase-specific effects

» Mortimer Elkind and Harold Sutton discovered split-dose recovery in the 1960s revolutionized
understanding of cellular repair processes following radiation exposure

» Demonstrated sublethal damage repair between fractionated doses

* Influenced development of fractionated radiotherapy regimens

Education and Comprehensive Research

« Eric Hall comprehensively worked on radiobiology including his influential textbook "Radiobiology for
the Radiologist" educated generations of researchers and clinicians in the field

» Synthesized knowledge on radiation biology, physics, and clinical applications

« Contributed to understanding of radiation carcinogenesis and risk assessment
Historical Discoveries in Radiobiology

Molecular and Cellular Insights

» Watson and Crick discovered DNA structure in 1953 provided a molecular basis for understanding
radiation-induced genetic damage and mutation mechanisms

+ Enabled studies on specific DNA lesions caused by radiation (strand breaks, base modifications)
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* Facilitated research on DNA repair pathways (base excision repair, nucleotide excision repair)

« Bystander effect observed in the 1990s challenged traditional views on direct radiation damage led to
new research on intercellular signaling and non-targeted effects

» Showed unirradiated cells could exhibit radiation-like damage when near irradiated cells

+» Suggested importance of cell-to-cell communication in radiation response (cytokines, reactive oxygen
species)

Radiation Effects and Risk Models

» Radiation hormesis discovered in mid-20th century sparked ongoing debates about potential
beneficial effects of low-dose radiation exposure

* Proposed stimulatory or beneficial effects at low doses (enhanced DNA repair, immune stimulation)
+ Challenged linear no-threshold model for low-dose exposures

» Advances in molecular biology techniques since the 1970s enabled more precise studies of
radiation-induced DNA damage and repair mechanisms at the genomic level

* PCR and DNA sequencing allowed detection of specific mutations

» Microarray and next-generation sequencing technologies facilitated genome-wide studies of radiation
effects

Medical Applications and Personalized Approaches

» Advanced imaging technologies developed such as PET and SPECT revolutionized ability to study
radiation effects in vivo and improve targeted radiotherapy techniques

« Allowed real-time visualization of radiopharmaceutical distribution
» Enabled image-guided radiation therapy for improved tumor targeting

» Radiogenomics emerged in 21st century led to personalized approaches in radiation oncology
considering individual genetic susceptibilities to radiation effects

+ Identified genetic markers for radiosensitivity (ATM, BRCA1/2 mutations)

* Allowed tailoring of radiation doses based on individual genetic profiles

1.3 Interdisciplinary nature and applications

Radiobiology blends physics, chemistry, biology, and medicine to study how radiation affects living things.
It's a field that requires knowledge from many areas, using advanced tech and complex data analysis to
understand radiation's impacts at different biological levels.

This interdisciplinary approach helps us grasp both short-term and long-term effects of radiation exposure.

It looks at everything from molecular changes to whole-body responses, giving us a complete picture of
how radiation interacts with life.
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Interdisciplinary Nature of Radiobiology

Integration of Multiple Scientific Fields

» Radiobiology combines principles from physics, chemistry, biology, and medicine to study ionizing
radiation effects on living organisms

» Expertise required in radiation physics, molecular biology, genetics, biochemistry, and physiology to
understand radiation-induced cellular and tissue responses

* Incorporates epidemiology and biostatistics to assess radiation risks and develop protection standards
for human populations

« Utilizes advanced imaging techniques (CT, MRI, PET scans) and computational modeling to
investigate radiation effects at various scales

* Integrates data analysis methods from multiple disciplines to interpret complex radiobiological data
sets

Comprehensive Understanding of Radiation Interactions

« Studies radiation effects at various levels of biological organization (molecular, cellular, tissue, organ,
organism)

» Examines both acute and chronic radiation exposure impacts on living systems
* Investigates direct and indirect effects of radiation on biological molecules (DNA, proteins, lipids)
* Analyzes radiation-induced changes in gene expression and cellular signaling pathways

» Explores mechanisms of radiation-induced cell death (apoptosis, necrosis, mitotic catastrophe)

Disciplines in Radiobiology

Physical Sciences Contributions

* Physics provides understanding of radiation types (alpha, beta, gamma, neutron) and their
interactions with matter

» Explains dosimetry principles essential for quantifying radiation exposure and absorbed dose

» Chemistry elucidates radiation-induced chemical changes, including free radical formation (hydroxyl
radicals, superoxide anions)

* Describes DNA damage mechanisms resulting from direct and indirect radiation effects

« Contributes to the development of radiation detection and measurement technologies (Geiger
counters, dosimeters)

Biological Sciences Inputs

* Molecular biology and genetics elucidate radiation-induced mutations and DNA repair processes
(base excision repair, nucleotide excision repair)

* Cell biology examines radiation effects on cellular structures (mitochondria, endoplasmic reticulum)
and cell cycle progression
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* Biochemistry studies alterations in metabolic pathways and enzyme activities following radiation
exposure

* Physiology and anatomy provide insights into systemic radiation effects on organs (bone marrow,
gastrointestinal tract) and whole-body responses

» Immunology investigates radiation impact on immune system components (T cells, B cells) and
potential applications in cancer immunotherapy

Population and Data Sciences Contributions

+ Epidemiology conducts long-term studies on radiation-exposed populations (atomic bomb survivors,
nuclear power plant workers)

* Biostatistics develops models for radiation risk assessment and dose-response relationships
» Computational biology creates simulations of radiation interactions with biological systems
* Bioinformatics analyzes large-scale genomic and proteomic data sets related to radiation response

» Environmental science assesses radiation effects on ecosystems and develops strategies for
environmental monitoring

Applications of Radiobiology
Medical Applications

+ Radiation therapy optimizes dose delivery for cancer treatment while minimizing side effects on
healthy tissues

* Informs fractionation schedules and treatment planning in radiotherapy (intensity-modulated radiation
therapy, proton therapy)

+ Guides development of safer diagnostic imaging techniques (low-dose CT scans, digital radiography)

* Contributes to radionuclide therapies for targeted cancer treatment (radioiodine therapy for thyroid
cancer)

+ Aids in developing radioprotectors and mitigators for patients undergoing radiation therapy
(amifostine, palifermin)

Industrial and Environmental Applications

« Establishes radiation protection standards and safety protocols for nuclear industry workers

* Develops methods for environmental remediation of radioactively contaminated sites (Chernobyl,
Fukushima)

+ Assesses impact of low-dose radiation exposure on ecosystems and wildlife populations
« Contributes to food irradiation techniques for preservation and sterilization
* Informs radiation-based sterilization methods for medical equipment and supplies

Research and Space Exploration Applications

+ Studies fundamental biological processes like DNA repair mechanisms and cellular stress responses
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* Develops countermeasures for radiation exposure during long-duration space missions (Mars
expeditions)

* Investigates effects of cosmic radiation on astronaut health and performance (cognitive function,
cardiovascular health)

« Contributes to the development of radiation-resistant organisms for various applications
(extremophiles)

+ Aids in creating biological dosimeters for radiation exposure assessment (chromosome aberration
analysis)
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Unit 2 — Fundamentals of Radiation
Physics

2.1 Types of radiation and their properties

Radiation comes in various forms, each with unique properties. From alpha particles to gamma rays, these
types differ in their composition, charge, and penetrating power. Understanding these differences is crucial
for grasping how radiation interacts with matter and affects biological systems.

Linear Energy Transfer (LET) measures how much energy radiation deposits along its path. This concept
is key to understanding radiation's biological effects and plays a vital role in radiation protection, medical
treatments, and risk assessment in various settings.

lonizing vs Non-ionizing Radiation

Energy Thresholds and Characteristics

* lonizing radiation removes electrons from atoms or molecules creating ions

* Non-ionizing radiation lacks the capability to remove electrons

* Threshold energy for ionization measures approximately 10 electron volts (eV)

« lonizing radiation includes high-energy electromagnetic waves (X-rays, gamma rays)

* lonizing radiation also encompasses particulate radiation (alpha particles, beta particles, neutrons)

* Non-ionizing radiation comprises lower-energy electromagnetic waves (radio waves, microwaves,
infrared, visible light)

Biological Effects and Applications

* lonizing radiation causes more severe biological effects due to direct DNA and cellular structure
damage

* Non-ionizing radiation primarily induces thermal effects

» Non-ionizing radiation can cause indirect cellular damage by generating reactive oxygen species
* lonizing radiation finds applications in medical imaging (CT scans, X-rays)

* lonizing radiation proves useful in cancer treatment (radiation therapy)

* Non-ionizing radiation has various applications (telecommunications, cooking, heating)

Alpha, Beta, and Gamma Radiation

Particle Composition and Charge
* Alpha particles consist of two protons and two neutrons (helium nucleus)
* Alpha particles carry a +2 charge

* Beta particles manifest as high-energy electrons or positrons
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* Beta particles carry a -1 charge (electrons) or +1 charge (positrons)
» Gamma rays exist as high-energy electromagnetic waves
+ Gamma rays possess no mass or charge

» Gamma rays often accompany alpha or beta particles during nuclear transitions

Penetration and lonization Properties

* Alpha particles demonstrate lowest penetrating power but highest ionization density
+ Alpha particles typically travel only a few centimeters in air

« Beta particles exhibit intermediate penetrating power and ionization density

* Beta particles can penetrate several meters of air or a few millimeters of tissue

* Gamma rays show highest penetrating power but lowest ionization density

« Gamma rays require significant shielding for attenuation

» Range and biological effectiveness vary greatly among these radiation types

Applications and Health Considerations

* Alpha radiation finds use in smoke detectors and some cancer treatments (targeted alpha therapy)
* Beta radiation proves valuable in medical diagnostics (PET scans) and industrial thickness gauges
+ Gamma radiation serves essential roles in sterilization processes and non-destructive testing

* Health hazards from alpha radiation primarily concern internal exposure (inhalation, ingestion)

* Beta radiation poses risks to skin and eyes upon external exposure

« Gamma radiation presents significant external exposure hazards due to high penetration

Linear Energy Transfer (LET)

Concept and Measurement

* Linear Energy Transfer measures energy deposited by ionizing radiation per unit length of its path
through matter

» LET typically expresses in keV/pum (kiloelectron volts per micrometer)

* High-LET radiation (alpha particles) deposits large amounts of energy over short distances

» High-LET radiation causes dense ionizations and potentially more severe biological damage
* Low-LET radiation (gamma rays) deposits energy more sparsely along its track

» Low-LET radiation results in less concentrated damage but potentially affects larger tissue volumes

Biological Effectiveness and Related Concepts

* Biological effectiveness of radiation increases with LET

* Increased LET leads to higher probability of causing complex, clustered DNA damage
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* Relative Biological Effectiveness (RBE) closely relates to LET
» High-LET radiation generally demonstrates higher RBE than low-LET radiation
* Quality Factor (Q) in radiation protection considers LET when assessing radiation risk

* LET influences the Oxygen Enhancement Ratio (OER) in radiobiology

Practical Implications

» Understanding LET proves crucial for radiation protection in various settings (nuclear power plants,
medical facilities)

 LET considerations play a vital role in radiotherapy planning and treatment optimization
* LET assessment helps in evaluating radiation risks in space travel and high-altitude aviation
* LET impacts the design of radiation detectors and dosimeters

» Knowledge of LET aids in developing more effective radioprotective agents

Radiation Interactions with Matter

Electromagnetic Radiation Interactions

* Photoelectric effect transfers all photon energy to an inner-shell electron, ejecting it from the atom
* Photoelectric effect dominates for low-energy photons and high-atomic-number materials

» Compton scattering involves partial energy transfer from a photon to an outer-shell electron

» Compton scattering results in a scattered photon with reduced energy and a recoil electron

» Compton effect predominates for medium-energy photons

« Pair production occurs when high-energy photons (>1.022 MeV) interact with the electric field of a
nucleus

« Pair production creates an electron-positron pair, significant for high-energy photons and
high-atomic-number materials

Factors Influencing Interactions

* Probability of each interaction type depends on photon energy and atomic number of the absorbing
material

* Interaction cross-sections describe the likelihood of specific interactions occurring

* Photon energy determines the dominant interaction mechanism (photoelectric effect, Compton
scattering, pair production)

» Material composition affects interaction probabilities (higher atomic number increases photoelectric
effect and pair production)

+ Density of the absorbing material influences the overall attenuation of radiation

Particulate Radiation Interactions

» Elastic scattering involves collision between particles without energy transfer or state change

Fiveable archived study guides Page 13



* Inelastic scattering results in energy transfer and possible excitation or ionization of target atoms
* Nuclear reactions can occur, leading to the production of secondary particles or radiation

» Charged particles (alpha, beta) primarily interact through coulombic forces with atomic electrons
* Neutrons interact with atomic nuclei through various mechanisms (capture, scattering, spallation)
* Penetration depth and energy deposition patterns vary among radiation types

« Interaction mechanisms determine biological effects and practical applications of different radiation
types

2.2 Radioactive decay and half-life

Radioactive decay is a fascinating process where unstable atomic nuclei spontaneously emit particles or
radiation to become stable. Understanding this concept is crucial for grasping how radiation interacts with
matter and its biological effects.

Half-life, a key concept in radioactive decay, tells us how long it takes for half of a radioactive substance to
break down. This knowledge is essential for medical applications, radiation safety, and understanding the
long-term impacts of radioactive materials in the environment.

Radioactive Decay and Half-Life

Fundamentals of Radioactive Decay

» Radioactive decay involves unstable atomic nuclei spontaneously emitting particles or
electromagnetic radiation to achieve stability

» Decay constant (A) represents the probability of decay per unit time for a specific radioisotope
* Activity measures the number of nuclear disintegrations per unit time (becquerels or curies)

+ Decay follows a probabilistic nature making individual atom decay unpredictable

* Allows accurate predictions for large numbers of atoms

* Inverse relationship exists between half-life and decay constant

« Shorter half-lives correspond to larger decay constants

Half-Life Concept and Calculations

« Half-life (T1/2) represents the time required for half of the original radioisotope quantity to decay

 Calculate half-life using the equation T1/2 = 2]

 Exponential decay equation expresses activity over time: A(t) = Ag - e At
* A(t) activity at time t

* AO initial activity

* A decay constant

* t elapsed time

* Graphical representations of exponential decay
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 Curve asymptotically approaches zero without reaching it
* Visualizes relationship between activity and time

* Practical applications consider background radiation and detection efficiency

Calculating Radioactive Activity

Applying the Exponential Decay Equation

* Ensure consistent units for time and activity throughout calculations

* Calculate decay constant (A) from half-life: A= %

» Rearrange exponential decay equation to solve for different variables
» Determine time required for source to decay to specific activity level
» Example calculation: Finding remaining activity after 3 half-lives

« Initial activity: 1000 Bq

* Activity after 3 half-lives: 1000 Bq x (1/2)% = 125 Bq

* Practical scenario: Calculating decay of a medical radioisotope

» Technetium-99m with 6-hour half-life

« Initial activity: 200 MBq

* Activity after 18 hours: 200 MBq x (1/2)® = 25 MBq

Interpreting Activity Calculations

* Consider detection limits when interpreting calculated activities

» Account for measurement uncertainties in activity determinations

« Apply activity calculations to radiation safety protocols (shielding requirements)
* Use activity calculations to optimize imaging or therapy procedures
 Determine optimal injection times for nuclear medicine scans

* Plan radiation therapy treatment schedules

Half-Lives in Radiobiology
Types of Half-Lives

« Physical half-life occurs through natural radioactive processes

* Independent of environment or biological factors

* Example: lodine-131 physical half-life 8.02 days

* Biological half-life represents time for organism to eliminate half of a substance

* Involves metabolism and excretion
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* Example: lodine-131 biological half-life in thyroid ~80 days
« Effective half-life combines physical and biological half-lives

* Represents overall rate of radioisotope removal from organism or tissue
1

. U B |
* Calculate using equation: 7.; = To,: ™ Too

* Teff effective half-life
* Tphys physical half-life

+ Thio biological half-life

Significance in Radiobiology

« Effective half-life crucial for determining radiation dose in medical applications

* Impacts treatment planning in nuclear medicine and radiation therapy

+ Aids in assessing potential health risks from radioisotope exposure

* Influences choice of radioisotopes for specific diagnostic or therapeutic purposes
* Example: lodine-131 in thyroid cancer treatment

* Physical half-life: 8.02 days

* Biological half-life in thyroid: ~80 days

« Effective half-life: ~7.3 days

+ Considerations for radiation protection measures based on effective half-lives

Decay Schemes of Common Radioisotopes

Medical Radioisotopes

* Technetium-99m widely used in nuclear medicine imaging

* Decays by isomeric transition

* Emits 140 keV gamma ray

+ Half-life: 6.01 hours

* lodine-131 employed in thyroid cancer treatment

» Undergoes beta-minus decay

» Emits beta particles and gamma rays

* Half-life: 8.02 days

* Fluorine-18 common in positron emission tomography (PET)
* Decays by positron emission

« Half-life: 109.8 minutes
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Research Radioisotopes

» Carbon-14 utilized in radiocarbon dating and metabolic studies
» Undergoes beta-minus decay

* Long half-life: 5,730 years

* Phosphorus-32 employed in molecular biology research

* Decays by beta-minus emission

* Half-life: 14.3 days

* Tritium (H-3) used in autoradiography and metabolism studies
* Beta-minus emitter

* Half-life: 12.32 years

Importance of Decay Schemes

* Guide selection of appropriate radioisotopes for specific applications

« Inform optimization of detection methods (gamma cameras, PET scanners)
« Essential for implementing proper radiation safety measures

* Aid in calculating radiation dose in medical procedures

« Facilitate interpretation of experimental results in research settings

2.3 Radiation units and measurements

Radiation units and measurements are crucial for understanding and quantifying radiation exposure. From
basic concepts like exposure and absorbed dose to more complex ideas like equivalent and effective dose,
these units help us assess radiation's impact on different materials and biological systems.

Measurement devices, including gas-filled detectors, solid-state detectors, and scintillation detectors, play
a vital role in radiation detection and protection. These tools allow us to monitor radiation levels, ensure
safety, and apply radiation effectively in medical and research settings.

Radiation Dose Concepts

Exposure and Absorbed Dose

* Exposure measures ionization produced in air by X-rays or gamma rays

» Expressed in units of roentgen (R) or coulombs per kilogram (C/kg)

+ Quantifies the ability of radiation to ionize air molecules

» Absorbed dose quantifies energy deposited per unit mass of any material by ionizing radiation
* Measured in gray (Gy) or rad

* 1 Gy equals 1 joule of energy absorbed per kilogram of matter

* Applies to any material (air, water, tissue)
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Equivalent and Effective Dose

 Equivalent dose accounts for biological effectiveness of different radiation types

+ Calculated by multiplying absorbed dose by a radiation weighting factor

» Expressed in sievert (Sv) or rem

» Radiation weighting factors vary (1 for X-rays and gamma rays, 20 for alpha particles)
« Effective dose considers radiosensitivity of different organs and tissues

* Applies tissue weighting factors to equivalent dose

* Also measured in sievert (Sv) or rem

» Accounts for varying sensitivities (higher for gonads, lower for skin)

Dose Relationships and Updates

* Progression of dose concepts from physical to biological relevance

» Exposure (physical) - Absorbed dose -~ Equivalent dose — Effective dose (most biologically relevant)
* International radiation protection organizations periodically update weighting factors

» Based on latest scientific evidence

« Ensures radiation protection standards reflect current understanding of biological effects

Units of Radiation Measurement

Sl Units and Conversions

* Gray (Gy) serves as Sl unit for absorbed dose
* Defined as 1 joule of energy absorbed per kilogram of matter (1 Gy = 1 J/kg)
« Sievert (Sv) functions as Sl unit for equivalent and effective dose

* Incorporates biological effectiveness (1 Sv = 1 J/kg x WR, where WR represents radiation weighting
factor)

» Conversion between gray and sievert depends on radiation type
* For X-rays and gamma rays: 1 Gy =1 Sv
« For other radiation types: conversion involves radiation weighting factor

» Example: 1 Gy of alpha radiation = 20 Sv equivalent dose

Legacy Units and Practical Conversions

* Roentgen (R) remains a legacy unit of exposure

* Defined as amount of radiation required to produce ions carrying 1 electrostatic unit of charge in 1 cm?
of dry air at standard temperature and pressure

» Approximate conversion from roentgen to gray in air: 1 R = 0.00877 Gy (air)
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* Practical radiation protection in tissue often uses rough approximation: 1 R = 0.01 Gy = 0.01 Sv
« Traditional units still appear in older literature and some current practices
* Rad (1 rad = 0.01 Gy) for absorbed dose

* Rem (1 rem = 0.01 Sv) for equivalent and effective dose

Relative Biological Effectiveness

Concept and Definition

* Relative Biological Effectiveness (RBE) measures potential for biological damage of particular
radiation type

» Compared to reference radiation (typically 250 kV X-rays)

* RBE defined as ratio of absorbed doses

* Absorbed dose of reference radiation divided by absorbed dose of test radiation
* Both doses produce same biological effect

* RBE depends on various factors

* Linear energy transfer (LET) of radiation

» Biological endpoint studied

* Dose and dose rate

» Organism or tissue type

Importance and Applications

* RBE crucial for radiation protection and radiotherapy

« Informs development of radiation weighting factors used in calculating equivalent dose
* Helps predict and compare biological effects of different radiation types
* High-LET radiations generally have higher RBE values

* Alpha particles and neutrons exhibit higher RBE

» Compared to low-LET radiations (X-rays, gamma rays)

* Due to more concentrated energy deposition

» RBE values not fixed constants

* Vary based on experimental conditions

+ Highlights complexity of biological responses to radiation

* Understanding RBE essential for

* Risk assessment in radiation protection

* Treatment planning in medical applications (radiotherapy)
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Radiation Detection and Measurement Devices

Gas-filled Detectors

* lonization chambers collect ions produced by radiation in gas-filled chamber
* Provide accurate measurements of exposure or absorbed dose

* Applications include calibration of radiation sources, beam monitoring in radiotherapy, environmental
monitoring

» Geiger-Miiller counters use gas amplification to detect individual ionizing events
* Produce pulse for each particle or photon interaction
» Widely used for radiation surveys, contamination monitoring, educational demonstrations

« Offer high sensitivity and audible output

Solid-state Detectors

» Thermoluminescent dosimeters (TLDs) store energy from radiation exposure in crystal lattice defects
* Energy released as light when heated

» Commonly used for personal dosimetry, environmental monitoring, medical dose verification

» Advantages include small size and ability to measure cumulative dose

» Semiconductor detectors (silicon or germanium) provide high-resolution energy measurements

* Collect charge carriers produced by radiation in semiconductor material

* Crucial in spectrometry, particle physics research, advanced medical imaging techniques

« Offer excellent energy resolution and efficiency

Scintillation Detectors

« Convert radiation energy into light pulses

« Light amplified and measured by photomultiplier tube or photodiode
* Used in various applications

» Gamma spectroscopy for identifying radioactive isotopes

» Medical imaging (PET scanners)

» High-energy physics experiments

* Provide good energy resolution and high detection efficiency

« Available in different materials (inorganic crystals, organic plastics) for specific applications
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Unit 3 — Radiation Interactions with Matter

3.1 lonization and excitation processes

lonization and excitation are key processes in radiation interactions with matter. They're the main ways
energy gets transferred, causing changes in atoms and molecules. Understanding these processes is
crucial for grasping how radiation affects biological systems.

These mechanisms can lead to DNA damage, cell death, and other biological effects. Knowing how they
work helps us develop better radiation protection strategies and improve cancer treatments. It's all about
energy transfer and its consequences.

lonization and Excitation Mechanisms

Fundamental Processes

* lonization ejects electrons from atoms or molecules creating ions

* Requires energies greater than 10-33 eV depending on target material

* Results in formation of ion pairs

« Excitation raises electrons to higher energy states without removal

* Induced by both ionizing and non-ionizing radiation

* Involves absorption of photons or transfer of kinetic energy

* lonization mechanisms include photoelectric effect, Compton scattering, and pair production
» Each mechanism dominates at different energy ranges and atomic numbers

+ Excitation leads to electronic, vibrational, or rotational changes in atoms/molecules

* Both processes can form highly reactive free radicals

* Free radicals induce further chemical changes in biological systems

Energy Transfer and Molecular Changes

« lonization requires higher energy transfer than excitation

» Must exceed ionization potential of target atom/molecule

« Excitation energy insufficient for electron ejection but promotes electrons to higher levels
+ lonization alters atomic/molecular charge while excitation changes energy state

+ Relaxation after ionization emits characteristic X-rays or Auger electrons

» Excitation relaxation releases lower-energy photons or phonons

* lonization can break chemical bonds forming new species

« Excitation causes temporary changes in molecular geometry/reactivity

+ lonized states generally have shorter lifetimes than excited states
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* Influences subsequent chemical and biological effects

Factors Influencing lonization and Excitation

Radiation and Target Material Properties

* Higher-energy radiation increases ionization probability

» Atomic number (Z) of target affects interaction cross-section

* Higher-Z materials have greater ionization event probability

« Electron binding energies determine ionization thresholds and accessible excitation levels
 Absorbing medium density/composition impacts radiation mean free path

+ Affects frequency of ionization/excitation events

* Linear energy transfer (LET) determines spatial distribution of ionization

* High-LET radiation produces denser ionization along particle tracks

Environmental and Chemical Factors

« Sensitizers/quenchers modify excitation processes likelihood/extent

* Particularly important in biological systems

» Temperature and pressure affect molecular collision rates and energy distributions
* Influences ionization/excitation probabilities

* Presence of specific atoms/molecules can enhance or inhibit processes

» Water molecules play key role in biological radiation effects

Significance of lonization and Excitation in Biology

Cellular Damage Mechanisms

+ Direct DNA damage from ionization events leads to mutations/cell death
« Excitation produces reactive oxygen species (ROS) and free radicals

+ Causes indirect cellular component damage via oxidative stress

» High-LET radiation clustering creates complex DNA damage

* Challenges cellular repair mechanisms

» Water molecule excitation initiates radiolysis

* Produces reactive species cascade amplifying radiation damage

» Membrane ionization/excitation disrupts integrity and function

* Potential cell death or altered signaling pathways
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Biological Responses and Applications

+ Balance of direct/indirect effects influences overall radiation response

* Includes adaptive responses and bystander effects

» Understanding processes crucial for radiation protection strategies

* lonization/excitation knowledge optimizes radiotherapy treatments

* Assessing radiation risks in various environments (space travel, nuclear facilities)
* Basis for developing radioprotective agents and radiosensitizers

* Enhances therapeutic ratio in cancer treatments

3.2 Direct and indirect effects of radiation

Radiation can damage cells directly by hitting DNA or indirectly by creating harmful molecules in water.
Both ways can mess up DNA, proteins, and cell parts. The type of radiation and cell conditions affect which
way does more damage.

Understanding these effects helps explain how radiation hurts cells and causes problems like cancer. It's
key for figuring out radiation risks and developing ways to protect against damage or use radiation for
medical treatments.

Radiation Effects on Biological Systems

Direct vs Indirect Radiation Effects
* Direct effects involve ionization or excitation of target molecules (DNA) by incident radiation
» Occur within 107-18 to 10”-15 seconds
+ Cause single-strand breaks, double-strand breaks, and base modifications in DNA

« Indirect effects result from radiation interacting with surrounding molecules (water) to produce free
radicals

» Happen over 10*-12 to 10*-6 seconds

» Generate reactive oxygen species (ROS) like hydroxyl radicals, hydrogen peroxide, and superoxide
anions

* Lead to oxidative damage in DNA, proteins, and lipids

Factors Influencing Radiation Effects

* Linear Energy Transfer (LET) determines predominance of direct or indirect effects
* High-LET radiation (alpha particles, neutrons) causes more direct effects

* Low-LET radiation (X-rays, gamma rays) primarily induces indirect effects

» Oxygen effect enhances indirect damage by forming peroxy radicals

* More pronounced in low-LET radiation exposures

* Increases damage in well-oxygenated tissues
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* Cellular water content affects proportion of indirect effects
» Dehydrated cells or spores experience fewer indirect effects
* Dose rate influences balance between direct and indirect effects

* High dose rates favor direct effects

Mechanisms of Radiation Damage

DNA Damage and Repair
» Direct effects cause DNA ionization or excitation
* Result in single-strand breaks, double-strand breaks, and base modifications
* Clustered DNA damage occurs within 1-2 helical turns
* Particularly challenging for cellular repair mechanisms
* DNA damage response (DDR) pathways activate to detect and repair lesions
* Include ATM and ATR signaling cascades
* Repair mechanisms address different types of damage
* Base excision repair (BER) for oxidative base damage
* Nucleotide excision repair (NER) for bulky DNA adducts

» Homologous recombination (HR) and non-homologous end joining (NHEJ) for double-strand breaks

Cellular Structure Damage

* Membrane damage from lipid peroxidation disrupts cellular homeostasis and signaling pathways
* Alters membrane fluidity and permeability

* Interferes with membrane-bound proteins and receptors

* Protein oxidation leads to various cellular dysfunctions

» Causes enzyme inactivation and altered protein folding

* Disrupts cellular processes dependent on protein function

* Bystander effects propagate damage to neighboring cells

+ Occur through intercellular signaling and gap junctions

+ Can induce genomic instability in non-irradiated cells
Direct vs Indirect Effects in Radiation Exposure

Radiation Type and Energy

* High-LET radiation predominantly causes direct effects
« Examples include alpha particles and neutrons

« Creates dense ionization tracks in cellular material
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* Low-LET radiation primarily induces indirect effects
» X-rays and gamma rays fall into this category

» Generates ROS through water radiolysis

Environmental Factors

» Oxygen levels influence indirect damage

» Well-oxygenated tissues experience enhanced indirect effects

* Hypoxic environments may reduce indirect damage

* Presence of radioprotectors or radiosensitizers modulates effect contributions
» Radioprotectors (amifostine) can reduce indirect damage

» Radiosensitizers (cisplatin) may enhance both direct and indirect effects

* Fractionated radiation exposures alter balance of effects

* Allow for cellular repair between exposures

» May induce adaptive responses in cells

Cellular Responses to Radiation Damage

Antioxidant Defense and Signaling

* Antioxidant defense systems combat ROS-induced damage
 Superoxide dismutase converts superoxide to hydrogen peroxide
* Glutathione peroxidase neutralizes hydrogen peroxide

* Cell cycle checkpoints activate to allow time for DNA repair

» G1/S checkpoint prevents replication of damaged DNA

* G2/M checkpoint halts mitosis in presence of unrepaired damage

Cell Fate Decisions

* Apoptosis triggered if damage is too extensive for repair
* Prevents propagation of mutations to daughter cells

* Involves activation of caspase cascades

» Senescence may occur in cells with irreparable damage
* Cells cease division but remain metabolically active

« Can contribute to tissue aging and dysfunction

* Cellular repair and survival may lead to mutations

« Potential for carcinogenesis if DNA repair is error-prone

* May result in long-term genomic instability
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3.3 Linear energy transfer (LET) and relative biological effectiveness
(RBE)

Radiation interactions with matter get complicated when we consider how energy is deposited. Linear
energy transfer (LET) measures energy deposition per distance, while relative biological effectiveness
(RBE) compares damage from different radiation types. These concepts help explain why some radiation
packs a bigger punch.

Understanding LET and RBE is crucial for radiation protection and treatment. High-LET radiation causes
more damage per unit dose, making it effective for killing cancer cells but risky for healthy tissue. Low-LET
radiation spreads energy out, potentially causing less severe effects but still posing risks.

Linear Energy Transfer: Radiation Quality

Defining LET and Its Significance

* Linear energy transfer (LET) quantifies energy deposited by ionizing radiation per unit distance in
matter measured in keV/pm

» LET determines radiation's biological effectiveness by influencing energy deposition distribution within
cellular structures

» High-LET radiation deposits large energy amounts in small volumes creates dense ionization tracks
potentially causing severe biological damage

» Low-LET radiation spreads energy deposition over larger volumes results in sparse ionization events
potentially causing less severe biological effects

* LET concept explains biological effectiveness differences between various ionizing radiation types
(gamma rays, neutrons, heavy charged particles)

» LET values vary significantly depending on radiation type and energy ranging from <1 keV/um for
high-energy photons to >100 keV/um for alpha particles and heavy ions

Factors Affecting LET

+ Radiation type strongly influences LET (electrons, protons, neutrons, alpha particles)
« Particle energy impacts LET with higher energy particles generally having lower LET

« Interaction medium composition affects LET due to differences in atomic structure and electron
density

* Particle charge determines ionization density along the track influencing LET
* LET changes as particles slow down and lose energy traversing matter (Bragg peak phenomenon)

» Secondary particles produced through nuclear interactions can have different LET values from
primary particles

Relative Biological Effectiveness: LET Relationship

Understanding RBE

+ Relative biological effectiveness (RBE) measures biological damage caused by specific radiation type
compared to reference radiation (250 kVp X-rays or 60Co gamma rays)

Fiveable archived study guides Page 26



* RBE calculation involves ratio of doses required to produce same biological effect (reference radiation
dose in denominator, test radiation dose in numerator)

* RBE generally increases with increasing LET showing non-linear relationship varying based on
studied biological endpoint

* RBE-LET relationship typically peaks at LET values around 100-200 keV/um then may decrease due
to "overkill" effects

* Factors influencing RBE include specific biological system or endpoint, dose rate, fractionation, and
tissue oxygenation status

» Understanding RBE-LET relationship crucial for accurately predicting biological effects in radiation
therapy and protection especially with different radiation types

Applications of RBE in Radiation Biology

* RBE used to compare effectiveness of different radiation types in cancer treatment (proton therapy,
carbon ion therapy)

+ Radiation protection guidelines incorporate RBE concepts through radiation weighting factors (wR)

» RBE considerations essential in space radiation risk assessment due to presence of high-LET cosmic
rays

* Environmental radiation protection accounts for RBE when assessing impact of various radionuclides

+ Radiobiology research uses RBE to investigate mechanisms of radiation-induced cellular damage and
repair

* RBE values help optimize dose fractionation schemes in radiotherapy to maximize tumor control and
minimize normal tissue toxicity

Biological Effects: High vs Low LET Radiation
DNA Damage and Repair

* High-LET radiation (alpha particles, neutrons) produces dense ionization tracks leading to complex
and clustered DNA damage

* Low-LET radiation (X-rays, gamma rays) causes widely dispersed and more repairable DNA damage
primarily through indirect effects involving free radical production

» Oxygen enhancement ratio (OER) generally lower for high-LET radiation making it more effective in
treating hypoxic tumors

* High-LET radiation less dependent on cell cycle phase for biological effectiveness
» Low-LET radiation shows greater variation in effectiveness across different cell cycle stages

* DNA repair mechanisms less effective for high-LET radiation-induced damage potentially increasing
genomic instability and carcinogenesis risk

Cellular and Tissue Responses

* Dose-response curve for cell survival more linear for high-LET radiation

» Low-LET radiation typically produces shoulder in survival curve at low doses
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* High-LET radiation generally more effective at inducing cell death, chromosomal aberrations, and
mutations per unit dose

* Bystander effects more pronounced with high-LET radiation affecting non-irradiated neighboring cells
* Tissue responses to high-LET radiation may show reduced sparing effect with dose fractionation

+ Relative biological effectiveness of high-LET radiation can vary among different cell types and tissues

Predicting Biological Consequences of Radiation Exposure

Dose and LET Considerations

* High-LET radiation expected to produce more severe biological effects than low-LET radiation for
given absorbed dose due to higher RBE

» DNA repair mechanism effectiveness reduced for high-LET radiation-induced damage potentially
leading to increased genomic instability and carcinogenesis

* High-LET radiation more effective in treating radioresistant tumors by overcoming hypoxia and cell
cycle-related radioresistance

» Low-LET radiation effects more influenced by dose fractionation with repair between fractions
potentially reducing overall biological impact

» Mixed radiation field biological consequences (space radiation environments) estimated by
considering LET spectrum and corresponding RBE values

* Long-term health risks (cancer induction) potentially higher for high-LET radiation exposures due to
increased complex DNA damage and chromosomal aberration probability

Modeling and Risk Assessment

* Biophysical models incorporate LET and RBE to predict radiation-induced cell killing and tissue
responses

» Monte Carlo simulations used to estimate energy deposition patterns and resulting biological effects
for different radiation types

+ Radiobiological modeling crucial for treatment planning in particle therapy (protons, carbon ions)

+ Epidemiological studies of radiation-exposed populations inform risk models accounting for LET
differences

» Microdosimetric approaches consider local energy deposition patterns to refine biological effect
predictions

» Systems biology approaches integrate LET-dependent molecular and cellular responses to predict
tissue-level outcomes

Implications of LET and RBE in Radiation Protection and Treatment

Radiation Protection Strategies

» Radiation protection guidelines and dose limits account for varying biological effectiveness of radiation
types through radiation weighting factors (wR) based on RBE
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« Shielding design considers LET of radiation source as high-LET radiation may require different
materials or thicknesses than low-LET radiation

» Space radiation protection addresses complex mixed radiation field with varying LET components
presenting unique risk assessment and shielding strategy challenges

* Occupational radiation protection programs incorporate LET and RBE concepts in dosimetry and risk
assessment

» Environmental radiation monitoring accounts for LET differences when evaluating potential health
impacts of various radiation sources

+ Personal dosimetry methods may need adaptation to accurately reflect biological effectiveness of
different radiation types

Radiotherapy Optimization

» External beam radiotherapy choice between photons, protons, or heavy ions influenced by LET
characteristics resulting dose distributions and biological effectiveness

* Treatment planning systems for particle therapy incorporate RBE models to accurately predict
biological effect and optimize dose delivery across treatment volume

* Potential for secondary particle production in particle therapy considered due to LET and RBE
changes along particle track and in surrounding tissues

» Combination therapies may leverage LET differences to enhance overall treatment effectiveness
(photons with particle boost)

+ Adaptive radiotherapy strategies may account for LET and RBE variations during treatment course

» Normal tissue complication probability models incorporate LET-dependent biological effectiveness to
optimize treatment plans
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Unit 4 — Cellular Radiobiology:
Biomolecular Effects

4.1 Radiation effects on proteins and lipids

Radiation can wreak havoc on proteins and lipids in our cells. It messes with protein structure and function,
leading to enzyme malfunction and wonky cell signaling. Meanwhile, lipids get oxidized, causing
membrane chaos and cellular mayhem.

These effects are part of a bigger picture of how radiation damages our cells. From DNA breaks to
mitochondrial meltdowns, understanding protein and lipid damage helps us grasp the full impact of
radiation on living things.

Radiation Damage to Proteins

Mechanisms of Protein Damage

* lonizing radiation causes direct and indirect damage to proteins through free radical and reactive
oxygen species (ROS) formation

+ Oxidation of amino acid side chains occurs particularly in susceptible residues (cysteine, methionine,
tryptophan, tyrosine, phenylalanine)

* Protein crosslinking forms intra- and inter-molecular bonds altering structure and function

» Examples include disulfide bridges between cysteine residues or carbonyl-amine crosslinks
» Radiation breaks peptide bonds causing protein fragmentation

* Results in shorter polypeptide chains and loss of functional domains

» Conformational changes in protein structure affect folding and potentially lead to aggregation or
denaturation

* Examples include unfolding of alpha-helices or disruption of beta-sheets

Consequences of Protein Damage
* Loss of enzymatic activity occurs when radiation alters active sites or cofactor binding regions
« For instance, oxidation of catalytic cysteine in proteases like cathepsins
* Altered cellular signaling results from damaged receptor proteins or signal transduction molecules
* Example: oxidation of kinase domains in growth factor receptors
« Disruption of protein-protein interactions impacts cellular processes and protein complex formation
» Radiation damage to binding sites on transcription factors can affect gene regulation
» Accumulation of damaged proteins overwhelms cellular repair mechanisms

* Leads to proteotoxic stress, potentially triggering apoptosis or cellular senescence
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« Example: buildup of oxidized proteins in the endoplasmic reticulum activates the unfolded protein
response

Lipid Peroxidation Mechanisms

Initiation and Propagation

* Lipid peroxidation initiates when ionizing radiation interacts with water molecules generating hydroxyl
radicals

* Hydroxyl radicals abstract hydrogen atoms from lipid molecules forming lipid radicals
* Lipid radicals react with molecular oxygen forming lipid peroxyl radicals propagating the chain reaction

* Polyunsaturated fatty acids (PUFAs) show high susceptibility to radiation-induced peroxidation due to
multiple double bonds

* Examples include linoleic acid (18:2) and arachidonic acid (20:4)
« Lipid hydroperoxides form during the propagation phase

* These unstable compounds decompose to form reactive aldehydes (malondialdehyde,
4-hydroxynonenal)

Biological Implications

* Membrane damage occurs as lipid peroxidation disrupts the lipid bilayer structure

* Increased membrane permeability results from oxidized lipids altering membrane fluidity

* Loss of membrane integrity impacts cellular functions and homeostasis

* Oxidized lipids form adducts with proteins and DNA leading to further cellular damage

» Example: 4-hydroxynonenal forms covalent bonds with histidine residues in proteins

* Lipid peroxidation products disrupt cellular homeostasis and impair energy metabolism

» Oxidized cardiolipin in mitochondrial membranes affects electron transport chain efficiency
» Accumulation of lipid peroxidation byproducts triggers inflammatory responses

+ Oxidized phospholipids activate NF-kB signaling pathways promoting inflammation

Antioxidants for Radiation Protection

Enzymatic Antioxidants

* Superoxide dismutase (SOD) converts superoxide radicals to hydrogen peroxide

* Three forms exist in humans: cytosolic Cu/Zn-SOD, mitochondrial Mn-SOD, and extracellular
EC-SOD

« Catalase decomposes hydrogen peroxide into water and oxygen
* Primarily located in peroxisomes but also found in mitochondria and cytosol

« Glutathione peroxidase reduces hydrogen peroxide and lipid hydroperoxides using glutathione as a
cofactor
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« Exists in multiple isoforms with varying tissue distribution and substrate specificity

Non-enzymatic Antioxidants

+ Vitamin C (ascorbic acid) directly neutralizes free radicals and regenerates other antioxidants

» Water-soluble antioxidant found in both intracellular and extracellular fluids

« Vitamin E (tocopherols and tocotrienols) interrupts lipid peroxidation chain reactions in membranes
* a-tocopherol integrates into cellular membranes protecting lipids from peroxidation

« Glutathione serves as a major cellular antioxidant and cofactor for glutathione peroxidase

* Exists in reduced (GSH) and oxidized (GSSG) forms maintaining cellular redox balance

« Carotenoids (beta-carotene, lycopene) quench singlet oxygen and neutralize peroxyl radicals

» Accumulate in cellular membranes providing protection against lipid peroxidation

Antioxidant Mechanisms and Effectiveness

* Free radical scavenging neutralizes reactive oxygen species reducing initial radiation damage
» Metal ion chelation by antioxidants (flavonoids, phytic acid) reduces hydroxyl radical production

* Upregulation of cellular repair mechanisms enhances removal and replacement of damaged
biomolecules

+ Nrf2 activation by some antioxidants induces expression of antioxidant and detoxification genes
+ Antioxidant effectiveness depends on concentration, localization, and timing of administration

* Pre-treatment with antioxidants may provide better protection than post-exposure administration
» Combination of different antioxidants often shows synergistic effects in radiation protection

» Example: vitamin C regenerates vitamin E, enhancing overall antioxidant capacity

Radiation Impact on Membranes

Structural Changes in Membranes

* Lipid peroxidation in cellular membranes alters membrane fluidity and permeability

» Oxidized lipids increase membrane disorder and create hydrophilic regions

+ Radiation-induced oxidation of membrane proteins disrupts their function

« Affects processes like ion transport, signal transduction, and cell adhesion

* Example: oxidation of sulfhydryl groups in ion channel proteins alters gating properties
» Changes in membrane lipid composition alter lipid raft structures

* Impacts cellular signaling and protein trafficking

« Disruption of lipid rafts affects receptor clustering and signal transduction efficiency
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Functional Consequences of Membrane Damage

* Increased calcium influx disrupts intracellular calcium homeostasis

« Can trigger apoptotic pathways through mitochondrial permeability transition

» Mitochondrial membrane damage impairs energy production and increases oxidative stress
» Oxidation of cardiolipin affects electron transport chain complexes and ATP synthesis

* Alterations in plasma membrane structure affect cell-cell communication

+ Disruption of gap junctions impacts intercellular signaling and tissue homeostasis

» Extracellular matrix interactions change due to damaged membrane receptors

* Altered integrin function affects cell adhesion and migration

* Long-term consequences include impaired cellular function and altered cell morphology

» Chronic membrane damage can lead to genomic instability and potential carcinogenesis

* Disrupted signaling pathways (MAPK, PI3K/AKT) may promote uncontrolled cell growth

4.2 Radiation-induced damage to nucleic acids

Radiation can wreak havoc on our DNA, causing various types of damage. From simple base modifications
to complex double-strand breaks, these lesions can have serious consequences for cells if left unrepaired.

Our bodies have evolved sophisticated repair mechanisms to deal with radiation-induced DNA damage.
However, when these systems fail, the long-term effects can be severe, including genomic instability,
cellular senescence, and even cancer.

Radiation-induced DNA lesions

Types and Frequencies of DNA Lesions

+ Radiation induces various DNA lesions including base modifications, sugar modifications,
DNA-protein crosslinks, single-strand breaks (SSBs), and double-strand breaks (DSBs)

» Base modifications occur most frequently at ~1000 lesions per Gy of ionizing radiation
* Involve oxidation, deamination, and alkylation of DNA bases

+ Sugar modifications happen at 600-1000 lesions per Gy

* Include oxidation and fragmentation of the deoxyribose backbone

* DNA-protein crosslinks form at 150 lesions per Gy

* Result from radiation-induced covalent bonds between DNA and nearby proteins

» Single-strand breaks (SSBs) occur at ~1000 per Gy

* Double-strand breaks (DSBs) happen less often at ~40 per Gy

+ Lesion frequencies vary based on radiation type/energy, cellular environment, and DNA conformation
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Factors Influencing DNA Damage

+ Radiation type impacts damage patterns

« High linear energy transfer (LET) radiation (alpha particles) produces more complex DSBs
* Low LET radiation (X-rays, gamma rays) causes more dispersed damage

* Cellular oxygen levels affect damage

* Higher oxygen increases free radical production and oxidative DNA damage

* Hypoxic conditions can make cells more radioresistant

* DNA conformation influences damage susceptibility

* Tightly packed heterochromatin protects DNA more than loose euchromatin

* Actively transcribed genes may be more vulnerable to radiation damage

« Cell cycle phase affects damage and repair capacity

+ S phase cells are most radiosensitive due to open chromatin during replication

* GO/G1 phase cells are more radioresistant

DNA Breaks: Formation and Consequences

Single-Strand Break (SSB) Formation and Effects

+ SSBs form when radiation breaks one DNA strand

+ Caused by direct ionization or free radical attack

» SSBs can lead to replication fork collapse during DNA synthesis
* May result in more severe double-strand breaks if unrepaired

+ SSB repair involves several steps: 1. Detection by PARP1 enzyme
2. End processing to remove damaged nucleotides 3. Gap filling by DNA polymerase 4. Nick sealing by
DNA ligase

* Unrepaired SSBs can cause:
« Stalled replication forks
* Transcription blockage

« Eventual conversion to DSBs

Double-Strand Break (DSB) Formation and Consequences
» DSBs involve breakage of both DNA strands
» Can occur simultaneously or from two nearby SSBs on opposite strands
» DSBs are considered most lethal form of DNA damage
* Lead to chromosomal aberrations, cell cycle arrest, and apoptosis if unrepaired

» DSB complexity varies

Fiveable archived study guides Page 34



» Simple DSBs have clean DNA ends

» Complex DSBs have additional damage within 1-2 helical turns (clustered lesions)
* High-LET radiation produces more complex, difficult-to-repair DSBs

» DSBs trigger DNA damage response (DDR) signaling

» Activate ATM and DNA-PK kinases

* Phosphorylate histone H2AX to mark damage sites

* Recruit repair factors like 53BP1 and BRCA1

* Unrepaired DSBs can result in:

» Chromosomal translocations

« Large deletions or duplications

* Mitotic catastrophe and cell death

DNA Repair Mechanisms

Excision Repair Pathways

* Base Excision Repair (BER) addresses small base modifications 1. Glycosylase removes damaged
base 2. AP endonuclease cleaves DNA backbone 3. DNA polymerase fills gap 4. DNA ligase seals nick

* Nucleotide Excision Repair (NER) handles bulky lesions and crosslinks 1. XPC-RAD23B or UV-DDB
recognizes damage 2. TFIIH unwinds DNA around lesion 3. XPF-ERCC1 and XPG nucleases excise
damaged region 4. DNA polymerase and ligase fill and seal gap

* Mismatch Repair (MMR) corrects base mismatches and small loops 1. MutS proteins recognize
mismatch 2. MutL proteins recruit exonuclease 3. Exonuclease removes error-containing strand 4. DNA
polymerase and ligase restore correct sequence

Double-Strand Break Repair Pathways

* Homologous Recombination (HR) uses sister chromatid template 1. MRN complex and CtIP resect
DNA ends 2. RPA coats single-stranded DNA 3. BRCA2 loads RAD51 to form nucleoprotein filament 4.
RAD51 filament invades homologous template 5. DNA synthesis and resolution of intermediates

» Non-Homologous End Joining (NHEJ) directly ligates broken ends 1. Ku70/80 binds DNA ends 2.
DNA-PKcs is recruited and activated 3. Artemis processes DNA ends if necessary 4.
XRCC4-XLF-Ligase IV complex seals break

+ Choice between HR and NHEJ influenced by:
* Cell cycle phase (HR in S/G2, NHEJ throughout)
» Chromatin structure

» Complexity of DNA damage
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Unrepaired DNA Damage: Long-Term Effects

Genomic Instability and Cellular Senescence

* Unrepaired/misrepaired DNA damage leads to genomic instability
* Increased mutations, chromosomal aberrations, and aneuploidy

* Persistent DNA damage triggers cellular senescence

» Permanent cell cycle arrest contributing to tissue aging

» Senescent cells secrete inflammatory factors (SASP)

+ Radiation-induced bystander effects amplify damage

* Non-irradiated cells show DNA damage and instability

» Mediated by secreted factors and gap junctions

* Epigenetic alterations persist long-term after exposure

» Changes in DNA methylation patterns

« Altered histone modifications (acetylation, methylation)

Carcinogenesis and Hereditary Effects

* Misrepaired DSBs can cause chromosomal rearrangements
* Translocations activate oncogenes (BCR-ABL in leukemia)

* Deletions inactivate tumor suppressors (p53)

» Radiation-induced mutations in critical genes promote cancer
* DNA repair genes (BRCA1/2, MLH1)

* Cell cycle regulators (RB1, CDKN2A)

* Apoptosis mediators (BAX, BCL2)

* Transgenerational effects may occur through:

« Epigenetic modifications in germ cells

* Persistent genomic instability in offspring

* Increased cancer risk in irradiated populations

 Atomic bomb survivors show elevated rates of leukemia and solid tumors

» Radiotherapy patients have higher risk of secondary cancers

4.3 Free radical formation and oxidative stress

Radiation exposure triggers free radical formation, causing cellular damage. These unstable molecules
wreak havoc on DNA, proteins, and lipids, leading to oxidative stress. Understanding this process is crucial
for grasping radiation's biological effects.
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Cells have defense mechanisms against free radicals, but high radiation doses can overwhelm them. This
balance between damage and protection determines cell survival, influencing radiation therapy outcomes
and long-term health effects after exposure.

Free Radicals and Radiation Exposure

Formation and Characteristics of Free Radicals

* Free radicals manifest as highly reactive molecules or atoms with unpaired electrons in their outer
shell causing instability and increased reactivity

« lonizing radiation generates free radicals through radiolysis of water initiating primary free radical
formation in biological systems

« Common radiation-produced free radicals encompass hydroxyl radicals (OH¢), superoxide anion
radicals (O2--), and hydrogen atoms (H¢)

* Free radical formation occurs rapidly within 10*-10 seconds post-radiation exposure triggering a
cascade of chemical reactions

* Linear energy transfer (LET) of radiation influences the density and distribution of free radicals along
the radiation track

« High LET radiation (alpha particles) produces more concentrated free radical clusters

* Low LET radiation (X-rays) generates more dispersed free radical formation

Mechanisms of Free Radical Generation

* Direct free radical formation occurs through ionization of target molecules by radiation
« Example: Radiation directly ionizes a DNA molecule, creating a DNA radical

* Indirect free radical formation involves interactions between radiation and water molecules or other
cellular components

« Example: Radiation interacts with water to produce hydroxyl radicals, which then damage nearby
biomolecules

* Free radical formation initiates radiation-induced cellular damage leading to various biological effects
» DNA damage (mutations, strand breaks)
* Lipid peroxidation (membrane damage)

* Protein oxidation (enzyme inactivation)

Reactive Oxygen Species in Oxidative Stress

Types and Sources of Reactive Oxygen Species

+ Reactive oxygen species (ROS) comprise a subset of free radicals and oxygen-containing reactive
molecules

* Examples: Hydrogen peroxide (H202), singlet oxygen, hydroxyl radicals

* ROS play a central role in radiation-induced oxidative stress by damaging cellular macromolecules
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* DNA oxidation leads to base modifications and strand breaks

* Protein oxidation causes structural changes and loss of function

* Lipid peroxidation disrupts membrane integrity

» Mitochondria serve as major sources of ROS production following radiation exposure
« Electron transport chain dysfunction increases superoxide production

+ Mitochondrial DNA damage further amplifies ROS generation

Cellular Responses to ROS

* ROS production can overwhelm cellular antioxidant defenses resulting in oxidative stress and
potential cell death or mutation

+ Radiation-induced ROS activate various signaling pathways influencing cellular responses
* Inflammation (NF-kB activation)

* Cell cycle arrest (p53 pathway)

* Apoptosis (caspase activation)

* The "oxygen effect" in radiobiology partially stems from increased production and reactivity of ROS in
the presence of molecular oxygen

» Oxygen enhances the fixation of radiation-induced damage

* Hypoxic cells show increased radioresistance due to reduced ROS formation

» The bystander effect in radiation biology involves ROS diffusion to neighboring cells
* Non-irradiated cells near irradiated cells experience oxidative stress

» This phenomenon extends radiation impact beyond directly irradiated cells

Antioxidant Defense Mechanisms

Enzymatic Antioxidant Systems

« Cellular antioxidant defense mechanisms include enzymatic systems neutralizing free radicals and
ROS

» Key enzymatic antioxidants target specific types of ROS:

* Superoxide dismutase (SOD) converts superoxide to hydrogen peroxide

« Catalase breaks down hydrogen peroxide to water and oxygen

* Glutathione peroxidase reduces hydrogen peroxide and lipid peroxides

* The nuclear factor erythroid 2-related factor 2 (Nrf2) pathway regulates cellular antioxidant response
* Nrf2 activates transcription of various antioxidant genes

* Example: Nrf2 upregulates glutathione synthesis enzymes
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Non-Enzymatic Antioxidants and Cellular Redox Balance

* Non-enzymatic antioxidants act as scavengers directly neutralizing free radicals and ROS
* Glutathione serves as a major cellular antioxidant and redox buffer

« Vitamin C (ascorbic acid) neutralizes various ROS and regenerates vitamin E

« Vitamin E (tocopherols) protects cell membranes from lipid peroxidation

* Cellular antioxidant defenses maintain redox homeostasis preventing excessive oxidative damage
from radiation exposure

* The balance between ROS production and antioxidant defenses determines cell survival following
radiation exposure

* Moderate ROS levels activate adaptive responses and enhance radioresistance
» Excessive ROS overwhelm antioxidant defenses leading to cell death

+ High radiation doses can overwhelm antioxidant defense mechanisms

* This principle finds application in radiation oncology for tumor cell killing

» Normal tissue toxicity results from antioxidant depletion in healthy cells

Consequences of Oxidative Stress

Biomolecular Damage and Cellular Dysfunction

» Oxidative stress induces DNA damage potentially leading to mutations and genomic instability
« Single and double-strand breaks disrupt DNA structure

» Base modifications (8-oxoguanine) cause mispairing during replication

* DNA-protein crosslinks interfere with transcription and replication

* Lipid peroxidation disrupts cell membrane integrity and function affecting cellular homeostasis
* Increased membrane permeability alters ion balance

+ Disruption of membrane-bound proteins impairs signaling and transport

* Protein oxidation leads to structural changes, loss of function, and aggregation

* Enzyme inactivation impairs cellular metabolism

» Oxidized proteins can form toxic aggregates (neurodegenerative diseases)

Signaling Pathway Activation and Long-term Effects

+ Oxidative stress activates stress-responsive signaling pathways influencing cell fate decisions
* MAPK pathway activation regulates cell proliferation and differentiation

* NF-kB pathway mediates inflammatory responses and cell survival

* p53 pathway determines cell cycle arrest or apoptosis

+ Chronic oxidative stress contributes to various pathological conditions
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 Cancer development through sustained DNA damage and genomic instability

» Neurodegenerative diseases (Alzheimer's, Parkinson's) via protein aggregation

« Cardiovascular disorders through endothelial dysfunction and atherosclerosis

» Radiation-induced oxidative stress modulates epigenetic marks altering gene expression patterns
* DNA methylation changes affect gene silencing or activation

+ Histone modifications alter chromatin structure and accessibility

* Cellular response to oxidative stress involves complex interplay between pro-survival and pro-death
signaling

+ Low-level oxidative stress activates adaptive responses (hormesis)
+ Severe oxidative stress triggers apoptosis or necrosis

» The balance determines the ultimate fate of irradiated cells
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Unit 5 — DNA Damage and Repair
Mechanisms

5.1 Types of DNA damage caused by radiation

lonizing radiation can wreak havoc on our DNA, causing various types of damage. From single-strand
breaks to complex chromosomal aberrations, these lesions can have serious consequences for our cells.
Understanding these mechanisms is crucial for grasping how radiation affects our bodies.

DNA damage occurs through direct and indirect pathways, each with unique characteristics. Direct
damage happens instantly when radiation hits DNA, while indirect damage involves free radicals attacking
DNA over time. Both types can lead to mutations, cell death, or even cancer if left unchecked.

DNA Damage from lonizing Radiation

Types of DNA Lesions

* Single-strand breaks (SSBs) sever one strand of the DNA double helix
* Double-strand breaks (DSBs) involve both strands breaking in close proximity
» Base modifications alter individual nucleotide bases through oxidation, deamination, or alkylation

» DNA-protein crosslinks form covalent bonds between DNA and nearby proteins, interfering with
normal DNA functions

* Clustered DNA damage (multiply damaged sites) involves multiple lesions within 1-2 helical turns of
DNA

* Large-scale chromosomal aberrations include deletions, inversions, and translocations

Characteristics of Radiation-Induced Damage

* lonizing radiation generates reactive oxygen species (ROS) and free radicals that attack DNA
molecules

 Hydroxyl radical (OH+) serves as the primary ROS initiating DNA damage in aqueous cellular
environments

 Radiation-induced excitation and ionization of DNA molecules directly cause bond breakage and
structural alterations

* DNA radicals (sugar radicals, base radicals) lead to strand breaks and base modifications through
subsequent chemical reactions

» Hydrated electrons interact with DNA bases, particularly pyrimidines, causing base damage or loss

» Oxygen effect enhances radiation-induced DNA damage by "fixing" chemical changes initiated by free
radicals
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Molecular Mechanisms of Radiation-Induced DNA Lesions

Direct DNA Damage

* Occurs when ionizing radiation directly interacts with and deposits energy in DNA molecules
» Causes immediate chemical changes to DNA structure

* Prevalent with high-LET radiation (alpha particles)

* Time scale typically ranges from femtoseconds to picoseconds

* Less susceptible to modification by chemical radioprotectors or radiosensitizers

Indirect DNA Damage
* Results from interaction of radiation-generated free radicals and reactive species with DNA
* Primarily occurs through water radiolysis
* Dominates with low-LET radiation (X-rays, gamma rays)
* Time scale ranges from milliseconds to seconds
» More susceptible to modification by chemical radioprotectors or radiosensitizers

» Enhanced by oxygen through formation of peroxyl radicals, which "fix" DNA lesions and reduce
repairability

Factors Influencing DNA Damage Mechanisms

+ Radiation type impacts relative contribution of direct vs. indirect damage

* Dose rate affects the distribution and severity of DNA lesions

* Cellular oxygen concentration influences the extent of indirect damage

* Presence of radioprotectors or radiosensitizers modulates damage susceptibility

« Cellular antioxidant capacity affects the ability to neutralize radiation-induced free radicals

Direct vs Indirect DNA Damage

Comparison of Damage Mechanisms

+ Direct damage involves immediate energy deposition in DNA molecules

* Indirect damage mediated by radiation-generated reactive species

* Relative contribution depends on radiation type, dose rate, and cellular oxygen concentration
* Direct effects more prevalent with high-LET radiation (alpha particles)

* Indirect effects dominate with low-LET radiation (X-rays, gamma rays)

« Time scales differ significantly (femtoseconds to picoseconds for direct, milliseconds to seconds for
indirect)

* Indirect damage more susceptible to chemical modification
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Biological Implications

* Direct damage often results in more complex, clustered lesions

* Indirect damage produces a wider variety of DNA lesions

» Oxygen enhances indirect damage through peroxyl radical formation

* Repair mechanisms may differ for direct vs. indirect damage

* Cellular response pathways activated by direct and indirect damage may vary

+ Potential for different mutagenic outcomes based on damage mechanism

Biological Consequences of Radiation-Induced DNA Lesions

Cellular Responses to DNA Damage

* Double-strand breaks (DSBs) considered most lethal form of DNA damage

» DSBs potentially lead to cell death or chromosomal aberrations if misrepaired

« Single-strand breaks (SSBs) generally less harmful than DSBs

* SSBs can convert to DSBs during DNA replication or if clustered closely together

» Base modifications lead to mutations if not repaired before DNA replication

* DNA-protein crosslinks interfere with transcription, replication, and DNA repair processes

* Clustered DNA damage challenges cellular repair mechanisms, persisting longer than isolated lesions

Long-Term Effects and Consequences

* Unrepaired or misrepaired DNA damage results in cell death, senescence, genomic instability, or
carcinogenesis

* Type and extent of DNA damage influence cellular response

« Different DNA repair pathways activated based on lesion type

* Cell cycle checkpoints or apoptosis triggered by severe or persistent damage

» Mutations arising from misrepaired lesions contribute to carcinogenesis or heritable genetic changes

» Chromosomal aberrations lead to large-scale genomic alterations and potential loss of genetic
information

* Persistent DNA damage can induce chronic inflammation and oxidative stress, further promoting
genomic instability

5.2 DNA repair pathways and mechanisms

DNA repair pathways are your body's superheroes, swooping in to fix radiation-induced damage. From
base excision repair zapping oxidized bases to nucleotide excision repair tackling bulky lesions, these
mechanisms work tirelessly to maintain genetic integrity.

Double-strand break repair is the heavy hitter, using homologous recombination or non-homologous end
joining to mend the most severe DNA wounds. Meanwhile, specialized repair mechanisms like mismatch
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repair and direct reversal add extra layers of protection against radiation's harmful effects.

DNA Repair Pathways

Base Excision and Nucleotide Excision Repair

* Base excision repair (BER) addresses oxidative damage to DNA bases caused by ionizing radiation
* Removes individual damaged bases

« Utilizes DNA glycosylases to recognize and excise damaged bases

+ Creates apurinic/apyrimidinic (AP) sites for further processing

* Nucleotide excision repair (NER) removes bulky DNA lesions

* Excises larger segments of nucleotides containing damage

* Repairs UV radiation-induced damage and certain ionizing radiation-induced lesions

* Involves recognition, incision, excision, synthesis, and ligation steps

Double-Strand and Single-Strand Break Repair

* Double-strand break repair (DSBR) fixes radiation-induced double-strand breaks through two main
pathways

* Homologous recombination (HR) uses a homologous template for accurate repair

» Non-homologous end joining (NHEJ) directly ligates broken ends without a template

+ Single-strand break repair (SSBR) addresses common radiation-induced single-strand breaks
« Often utilizes components of the BER pathway

* Involves detection, end processing, gap filling, and ligation steps

Specialized Repair Mechanisms
* Mismatch repair (MMR) corrects base mismatches and small insertions/deletions
* Targets errors that occur during DNA replication
* Becomes particularly important under radiation-induced replication stress
* Direct reversal repair reverses specific types of DNA damage without excision
* Directly corrects chemical modifications (O6-methylguanine)

* Operates through specialized enzymes (O6-methylguanine DNA methyltransferase)
DNA Repair Mechanisms: Comparisons

Excision Repair Pathways

* BER and NER both involve damaged DNA excision but differ in scale
* BER removes individual bases (thymine glycol)

* NER excises larger nucleotide segments (6-4 photoproducts)
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* BER typically repairs smaller lesions while NER handles bulkier damages
* BER addresses oxidative damage (8-oxoguanine)

* NER removes UV-induced dimers (cyclobutane pyrimidine dimers)

Double-Strand Break Repair Strategies
* HR and NHEJ both repair double-strand breaks but differ in accuracy and template requirement
* HR requires a homologous template, typically a sister chromatid
» NHEJ directly ligates broken ends without a template
* HR operates mainly in S and G2 phases, while NHEJ functions throughout the cell cycle
* HR provides more accurate repair (preserves original sequence)

* NHEJ is faster but more error-prone (potential for insertions/deletions)

Specialized vs. General Repair Mechanisms

* MMR specifically targets replication errors, unlike BER and NER

* Corrects base mismatches (G-T mismatches)

* Repairs small insertions/deletions (1-4 nucleotide loops)

* Direct reversal repair uniquely reverses damage without DNA excision
* Removes alkyl groups from guanine (O6-methylguanine)

 Contrasts with excision-based methods of BER and NER

Key Players in DNA Repair

Enzymes in Base Excision Repair

* DNA glycosylases recognize and remove damaged bases in BER

« Different glycosylases target specific types of damage (uracil-DNA glycosylase)
+ Create AP sites for further processing

* AP endonucleases cleave the DNA backbone at AP sites

* Prepare DNA for subsequent repair steps (APE1)

* Generate 3'-OH termini for DNA synthesis

Polymerases and Ligases

» DNA polymerases synthesize new DNA to replace excised damaged sections
+ Pol B in BER fills short gaps

* Pol 8 and € in NER perform longer stretch synthesis

* DNA ligases seal nicks in the DNA backbone after repair synthesis

* Ligase Il in BER and SSBR
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* Ligase | in NER and long-patch BER

Double-Strand Break Repair Proteins
* MRN complex (Mre11-Rad50-Nbs1) detects and processes double-strand breaks
* Initiates both HR and NHEJ pathways
* Performs end resection for HR
* Rad51 facilitates homology search and strand invasion in HR
» Forms nucleoprotein filaments on ssDNA
« Catalyzes homologous pairing and strand exchange
* Ku70/80 and DNA-PKcs are key components of NHEJ
* Bind to DNA ends and facilitate their alignment

* Recruit additional factors for end processing and ligation

Efficiency vs Limitations of DNA Repair

Pathway-Specific Efficiencies

* BER efficiently repairs single base modifications

* Rapid response to common oxidative damages (8-oxoguanine)

* May be overwhelmed by extensive damage from high radiation doses

* NER handles a wide variety of bulky DNA lesions

« Effectively removes UV-induced damages (cyclobutane pyrimidine dimers)
* Slower process compared to BER

* Less effective in non-transcribed genomic regions

Cell Cycle Dependence and Accuracy

* HR provides high-fidelity repair of double-strand breaks

+ Limited to S and G2 phases when sister chromatids are available

» Ensures accurate repair in actively dividing cells

* NHEJ operates throughout the cell cycle but with lower accuracy
 More error-prone than HR (potential for small deletions or insertions)

+ Faster response to DSBs in non-dividing cells

Limitations and Challenges

+ High doses of radiation can compromise repair pathway efficiency
» Extensive damage may saturate repair mechanisms

* Cellular energy depletion can impair repair processes
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» Complex DNA lesions may evade normal repair processes

* Clustered damages from high-LET radiation challenge repair machinery
» Some lesions persist, leading to genomic instability or cell death

* MMR efficiency may decrease in cells with high mutation rates

* Chronic low-dose radiation exposure can overwhelm MMR capacity

* Leads to increased genomic instability over time

5.3 Consequences of unrepaired DNA damage

DNA damage from radiation can wreak havoc on cells. When left unrepaired, it can lead to cell death,
mutations, and genomic instability. These effects ripple through generations of cells, potentially causing
cancer and other long-term health issues.

Understanding the consequences of unrepaired DNA damage is crucial for grasping radiation's impact on
our bodies. From cell cycle disruption to epigenetic changes, these effects highlight why our DNA repair
mechanisms are so important for maintaining cellular health and preventing disease.

DNA Damage Outcomes in Irradiated Cells

Cell Death and Mutation

* Unrepaired DNA damage triggers cell death through apoptosis or necrosis depending on damage
extent and type

» Mutations arise when damaged DNA replicates before repair alters gene expression or protein
function

» Chromosomal aberrations result from unrepaired double-strand breaks leading to deletions,
translocations, or fusions (Philadelphia chromosome in chronic myeloid leukemia)

» Genomic instability emerges characterized by increased genetic alterations in subsequent cell
generations

Cell Cycle Disruption and Epigenetic Changes

* Cell cycle arrest occurs at checkpoints preventing damaged cells from dividing until repair completion
or cell death initiation (G1/S and G2/M checkpoints)

» Senescence induces permanent cell cycle arrest in cells with persistent DNA damage

« Epigenetic changes affect gene expression due to unrepaired DNA damage altering DNA methylation
patterns (hypermethylation of tumor suppressor genes)

DNA Damage, Genomic Instability, and Carcinogenesis

Genomic Instability and Cancer Hallmarks

* Unrepaired or misrepaired DNA damage leads to genomic instability increasing mutations and
chromosomal aberrations

» Genomic instability drives accumulation of additional mutations necessary for carcinogenesis (mutator
phenotype)
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+ Specific mutations in oncogenes or tumor suppressor genes initiate carcinogenic process (BRCA1/2
mutations in breast cancer)

» Chromosomal instability causes aneuploidy and structural abnormalities commonly observed in
cancer cells (trisomy 21 in acute myeloid leukemia)

Telomere Dysfunction and Epigenetic Alterations

* Telomere dysfunction associated with genomic instability contributes to chromosomal fusions and
breakage-fusion-bridge cycles promoting cancer progression

* Epigenetic alterations from DNA damage lead to aberrant gene expression patterns potentially
contributing to carcinogenesis (hypermethylation of p16 tumor suppressor gene)

» Accumulation of DNA damage and genomic instability over time increases likelihood of cellular
transformation and cancer development

Defective DNA Repair and Radiation Sensitivity

DNA Repair Deficiencies and Radiosensitivity

+ Defects in DNA repair pathways (homologous recombination, non-homologous end joining)
significantly increase cellular sensitivity to ionizing radiation

* Inherited DNA repair deficiency syndromes exhibit heightened radiosensitivity (Ataxia-telangiectasia,
Nijmegen breakage syndrome)

* Impaired DNA repair accumulates unresolved DNA damage increasing likelihood of cell death or
genomic instability following radiation exposure

* Defective DNA repair mechanisms lower threshold for radiation-induced carcinogenesis as damaged
DNA more likely misrepaired or replicated with errors

DNA Repair and Cancer Treatment

» Radiotherapy efficacy influenced by DNA repair capacity of tumor cells with deficient repair potentially
enhancing tumor radiosensitivity

» DNA repair gene polymorphisms contribute to individual differences in radiation sensitivity and cancer
susceptibility (XRCC1 polymorphisms)

* Understanding DNA repair mechanism status in tumors informs personalized radiotherapy strategies
and predicts treatment outcomes (PARP inhibitors in BRCA-deficient tumors)

Long-Term Effects of Radiation-Induced DNA Damage

Cellular Dysfunction and Genomic Instability

* Persistent DNA damage chronically activates DNA damage response pathways altering cellular
metabolism and energy allocation

» Accumulating mutations from unrepaired or misrepaired DNA damage progressively impair cellular
function and tissue homeostasis

+ Radiation-induced genomic instability transmits to daughter cells affecting function of entire cell
populations or tissues long after initial exposure

Fiveable archived study guides Page 48



* Epigenetic changes alter gene expression patterns leading to long-term changes in cellular phenotype
and function (radiation-induced hypomethylation of repetitive elements)

Tissue Aging and Bystander Effects

* Cellular senescence induced by persistent DNA damage contributes to tissue aging and age-related
pathologies through pro-inflammatory factor secretion (senescence-associated secretory phenotype)

+ Radiation-induced bystander effects cause DNA damage and functional changes in non-irradiated
cells amplifying long-term impact on tissue function

+ Chronic oxidative stress associated with radiation-induced DNA damage leads to cumulative cellular
dysfunction contributing to various pathological conditions (radiation-induced fibrosis)
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Unit 6 — Cell Survival Curves &
Linear-Quadratic Model

6.1 Cell survival curve parameters and interpretation

Cell survival curves are crucial tools in radiobiology. They show how radiation dose affects cell survival,
using key parameters like DO, Dq, and n. These curves help scientists compare radiosensitivity between
cell types and predict tumor responses to radiation therapy.

The curves' shape reveals important info about cell behavior under radiation. Factors like oxygen levels,
cell cycle phase, and radiation type all impact the curve. Understanding these elements is vital for
developing effective radiation treatments and protecting healthy tissues.

Cell survival curves

Graphical representation and key parameters
* Cell survival curves depict the relationship between radiation dose and surviving cell fraction
» X-axis shows radiation dose while y-axis displays surviving cell fraction on a logarithmic scale
» DO (mean lethal dose) represents the dose reducing survival to 37% on the exponential curve portion
* Dq (quasi-threshold dose) indicates the shoulder region width before exponential cell killing begins
* n (extrapolation number) signifies the y-intercept of the extrapolated exponential curve portion
« Initial curve slope reveals radiosensitivity of the cell population at low doses
* Final curve slope indicates radiosensitivity of the most resistant cell subpopulation

« Curve shape provides insights into cell type, radiation quality, and cellular repair mechanisms

Applications and interpretations
« Survival curve parameters enable radiosensitivity comparisons between different cell lines
» Parameters help predict tumor response to radiotherapy treatments
* Broader shoulder regions correlate with increased cellular repair capacity and radioresistance
» Mammalian cells exhibit more pronounced shoulder regions compared to simpler organisms (bacteria)
+ Shoulder presence supports the target theory of radiation-induced cell death
 Multiple targets must be inactivated for cell death to occur according to this theory
» Oxygen concentration impacts curve shape (well-oxygenated cells show increased radiosensitivity)

« Cell cycle phase influences curve characteristics (G2/M phase cells display heightened
radiosensitivity)

* Linear energy transfer (LET) of radiation affects curve shape (high-LET radiation produces straighter
curves)
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Shoulder region significance

Cellular repair and damage accumulation

 Shoulder region represents the initial curve portion with gradual decrease in cell survival

» Demonstrates cells' ability to accumulate and repair sublethal damage before death occurs

+ Width correlates with cell's capacity for DNA repair and recovery from radiation-induced damage

* Broader shoulder indicates greater repair capacity and increased radioresistance

* Reflects complexity of repair mechanisms in different organisms (mammalian cells vs. prokaryotes)
« Supports target theory of radiation-induced cell death (multiple targets for inactivation)

* Sublethal damage repair occurs during low-dose irradiation, contributing to shoulder formation

Factors influencing shoulder characteristics

» Oxygen concentration affects shoulder width (hypoxic cells show broader shoulders)
* Cell cycle phase impacts shoulder region (G1 phase cells exhibit wider shoulders than M phase)

* Linear energy transfer (LET) of radiation influences shoulder extent (high-LET produces narrower
shoulders)

» Temperature during irradiation alters shoulder width (lower temperatures lead to broader shoulders)
* Dose rate affects shoulder characteristics (lower dose rates result in more pronounced shoulders)

» Chemical modifiers can impact shoulder region (radiosensitizers narrow shoulders, radioprotectors
widen them)

Linear vs quadratic components

Linear-quadratic model fundamentals

« Linear-quadratic model describes cell survival curves using linear (a) and quadratic (8) components
* Linear component (aD) represents cell killing by single-hit events, proportional to radiation dose

» Quadratic component (BD?) signifies cell killing by multi-hit events, proportional to dose squared

* a/p ratio measures cell sensitivity to dose per fraction changes, used in radiotherapy planning

» Low a/B ratios (1-4 Gy) indicate late-responding tissues or tumors (prostate cancer)

+ High a/p ratios (8-10 Gy) signify early-responding tissues or tumors (squamous cell carcinomas)

* At low doses, linear component dominates cell killing

« At higher doses, quadratic component becomes more significant

Component interactions and clinical implications

* Transition from linear to quadratic dominance occurs where aD equals D?

* Transition point numerically equals the a/f ratio
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* Understanding components helps optimize radiotherapy fractionation schedules
+ Fractionation aims to maximize tumor control while minimizing normal tissue complications
* Hypofractionation (fewer, larger fractions) may benefit low a/p ratio tumors (prostate cancer)

+ Hyperfractionation (more frequent, smaller fractions) may benefit high a/f ratio tumors (head and neck
cancers)

+ Linear-quadratic model aids in predicting biological effective dose (BED) for different fractionation
schemes

» Model helps compare different radiotherapy regimens and their potential biological effects

Radiation dose impact on survival

Dose-response relationship
« Cell survival decreases non-linearly as radiation dose increases, following survival curve shape
* DO (mean lethal dose) reduces cell survival to 37% (1/e) on the exponential curve portion
* Quasi-threshold dose (Dq) indicates shoulder region width before exponential cell killing

« Extrapolation number (n) relates to shoulder region width as y-intercept of extrapolated exponential
curve

+ Dose fractionation increases overall cell killing through reassortment into radiosensitive cell cycle
phases

* Oxygen enhancement ratio (OER) describes increased biological effectiveness with oxygen presence

+ Relative biological effectiveness (RBE) compares different radiation types' effects at the same
physical dose

Modifying factors and biological considerations

» Radiation quality influences cell survival (high-LET radiation produces greater biological effect)
* Dose rate affects survival (lower dose rates generally result in increased survival)

» Radiosensitizers enhance radiation effects (halogenated pyrimidines, cisplatin)

» Radioprotectors reduce radiation damage (amifostine, free radical scavengers)

* Cell cycle phase during irradiation impacts survival (G2/M most sensitive, late S least sensitive)
* Hyperthermia can enhance radiation effects when combined with radiotherapy

* Genetic factors influence radiosensitivity (mutations in DNA repair genes increase sensitivity)

» Microenvironment conditions affect cellular response (hypoxia, pH, nutrient availability)

6.2 Linear-quadratic model and its applications

The Linear-Quadratic model is a cornerstone in radiobiology, helping predict cell survival after radiation
exposure. It uses a simple equation to describe the relationship between radiation dose and cell death,
considering both single-hit and multi-hit events.
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This model is crucial for planning radiotherapy treatments, balancing tumor control with normal tissue
protection. It helps optimize fractionation schedules and dose delivery, making it an essential tool in cancer
treatment and radiation protection.

Linear-Quadratic Model

Mathematical Representation and Components

+ Linear-quadratic (LQ) model describes relationship between radiation dose and cell survival using
equation § = g~ (a0 +8D?)

* S represents surviving fraction of cells

* D represents radiation dose

* a and f are cell type or tissue-specific constants

» a component associated with single-hit cell killing events (linear portion of survival curve)

* B component associated with multi-hit cell killing events (quadratic portion of survival curve)

+ a/f ratio indicates dose where linear and quadratic components contribute equally to cell killing
* Model produces characteristic shouldered survival curve on semi-logarithmic plot

» Widely used in radiobiology and radiotherapy for predicting cell survival and planning treatments

Graphical Representation and Interpretation

» Semi-logarithmic plot displays survival fraction (y-axis) versus radiation dose (x-axis)
* Curve shape characterized by initial shoulder region followed by steeper decline

» Shoulder region reflects cell's capacity to repair sublethal damage

« Steeper decline at higher doses indicates increased cell killing

* Linear component (aD) dominates at low doses

* Quadratic component (3D*2) becomes more significant at higher doses

* Area under the curve represents overall radiosensitivity of the cell population

» Comparing curves for different cell types reveals variations in radiosensitivity

Model Application for Cell Survival

Prediction and Calculation Methods

« Cell survival predictions require knowledge of a and 8 parameters for specific cell type or tissue

* Calculate dose-response relationship by inputting different dose values into LQ equation

* Surviving fraction decreases exponentially with increasing radiation dose

* Model fractionation effects by considering total dose, number of fractions, and time between fractions
* Biologically effective dose (BED) derived from LQ model compares different fractionation schedules

« BED calculation: BED = nd(1 + d/(a/B)) where n is number of fractions and d is dose per fraction
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* Isoeffect calculations compare different radiation treatment regimens producing equivalent biological
effects

Clinical Applications and Treatment Planning

* Estimate tumor control probability (TCP) and normal tissue complication probability (NTCP) in
radiotherapy planning

» TCP calculation considers initial number of clonogenic cells and their radiosensitivity
* NTCP models incorporate tissue-specific parameters and dose-volume relationships
* Optimize treatment plans by balancing TCP and NTCP using LQ model predictions

» Guide dose escalation strategies in hypofractionated radiotherapy (fewer fractions with higher doses
per fraction)

« Evaluate effectiveness of different fractionation schemes (conventional, accelerated,
hyperfractionated)

* Assess impact of overall treatment time on tumor control and normal tissue toxicity

Biological Basis of Model Components

Linear Component and DNA Damage

« Linear component (aD) represents lethal damage from single radiation track

* Typically associated with direct DNA double-strand breaks

* More prevalent in high-LET (linear energy transfer) radiations (neutrons, heavy ions)
* Contributes to cell killing even at low doses

* Less influenced by cellular repair mechanisms

* Dominant in cells with deficient DNA repair pathways

» Examples of high a values found in radiosensitive cell lines (ATM-deficient cells, BRCA1/2 mutants)

Quadratic Component and Damage Interaction

* Quadratic component (8D"2) represents lethal damage from interaction of two separate radiation
tracks

* Often associated with accumulation and interaction of sublethal damage

 More significant at higher doses or with prolonged exposure times

* Influenced by cellular repair capacity and kinetics

* Reflects complexity of DNA damage and misrepair events

* Examples of damage interaction include formation of chromosome aberrations, complex DNA lesions

« Contributes to increased effectiveness of fractionated radiotherapy (allows normal tissue repair
between fractions)
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Tissue-Specific Responses and Radiosensitivity

« Variations in radiosensitivity among cell types and tissues reflected in respective a and 3 values
+ a/ ratio indicative of tissue radiosensitivity
* Low a/f ratios (1-4 Gy) typically associated with late-responding tissues (spinal cord, lung)

+ High a/B ratios (5-20 Gy) associated with early-responding tissues and most tumors (skin, mucosa,
hematopoietic system)

* Cell cycle phase influences radiosensitivity (G2/M most sensitive, late S least sensitive)
» Oxygenation status affects radiosensitivity (hypoxic cells more radioresistant)
* Examples of radiosensitive tissues: lymphocytes, testis, bone marrow

» Examples of radioresistant tissues: brain, kidney, liver

Model Limitations and Assumptions

Cellular Heterogeneity and Population Dynamics

* LQ model assumes homogeneous cell population, not accurately representing tumor and normal
tissue heterogeneity

+» Does not account for cancer stem cells or variations in clonogenic potential within tumors

* Neglects potential for adaptive responses or induced radioresistance in some cell populations

* Fails to incorporate changes in radiosensitivity due to tumor microenvironment (hypoxia, acidosis)
» Cannot predict emergence of resistant subclones during fractionated radiotherapy

» Examples of heterogeneity impact: treatment resistance in glioblastoma, variable response in head
and neck cancers

Dose Range Limitations and Modifications

» Model may overestimate cell killing at high doses (>10 Gy)
* Does not account for low-dose hypersensitivity observed in some cell lines
* Increased radioresistance at very high doses not captured by standard LQ model

* Modified versions developed for high-dose applications (Universal Survival Curve,
Linear-Quadratic-Linear model)

« Limitations in predicting effects of ultra-high dose rate exposures (FLASH radiotherapy)

« Examples of high-dose applications: stereotactic body radiotherapy (SBRT), stereotactic radiosurgery
(SRS)

Time Factors and Biological Complexities

+ Basic LQ model does not explicitly incorporate time factors (repair kinetics, repopulation)

» Assumptions about independence of fractionated doses may not hold for very short interfraction
intervals
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* Does not account for accelerated repopulation in tumors during prolonged treatment courses
* Neglects potential impact of circadian rhythms on radiosensitivity

* Fails to consider bystander effects or non-targeted effects of radiation

» Cannot predict individual radiosensitivity variations due to genetic factors

* Examples of time factor importance: accelerated radiotherapy in head and neck cancers, protracted
treatments in prostate cancer

6.3 Dose fractionation and radiobiological modeling

Dose fractionation in radiotherapy divides total radiation into smaller doses over time. This maximizes
tumor cell kill while minimizing damage to healthy tissues. It exploits the "4 Rs" of radiobiology: repair,
redistribution, repopulation, and reoxygenation.

The linear-quadratic model is crucial for optimizing fractionation. It describes the relationship between
radiation dose and cell survival, helping calculate biologically equivalent doses for different schemes. This
model is key to balancing tumor control with normal tissue complications.

Dose fractionation in radiotherapy

Fundamentals of dose fractionation

* Dose fractionation divides total radiation dose into smaller, multiple doses delivered over an extended
period in radiotherapy treatments

» Maximizes tumor cell kill while minimizing damage to surrounding healthy tissues

* Exploits differential repair capabilities between tumor cells and normal cells allowing healthy tissues to
recover between treatments

* Involves delivering 1.8-2 Gy per fraction, five days a week, for several weeks (standard fractionation)

* Alternative schemes exist based on tumor type, location, patient condition, and treatment goals

Radiobiological principles of fractionation
« "4 Rs" of radiobiology play crucial roles in fractionated radiotherapy effectiveness
* Repair: DNA damage repair between fractions
* Redistribution: Cell cycle progression between fractions
* Repopulation: Proliferation of surviving cells
* Reoxygenation: Improved oxygenation of hypoxic tumor regions
+ Exploits oxygen effect as reoxygenation of hypoxic tumor cells occurs between fractions
» Hypoxic cells more resistant to radiation

» Reoxygenation increases radiosensitivity

Fiveable archived study guides Page 56



Linear-quadratic model for optimization

Linear-quadratic model basics

» Mathematical framework describing relationship between radiation dose and cell survival

« Expressed as S = e~ (@D +BD?)

+ S: surviving fraction

* D: dose

* a and B: tissue-specific parameters

* a/B ratio represents dose at which linear and quadratic components of cell killing are equal

* High a/B ratio (typically >10 Gy): more sensitive to changes in dose per fraction (early-responding
tissues, many tumors)

* Low a/B ratio (<3 Gy): more sensitive to changes in overall treatment time (late-responding tissues,
some tumors)

Applications in fractionation optimization

« Calculates biologically equivalent doses (BED) for different fractionation schemes

+ Optimizes fractionation schedules by balancing tumor control probability (TCP) with normal tissue
complication probability (NTCP)

« Limitations at high doses per fraction require alternative models for hypofractionated or stereotactic
treatments

» Used to compare and design new fractionation schemes (conventional, hypofractionated, accelerated)

Biological effects of dose fractionation

Conventional and altered fractionation schemes

+ Conventional fractionation (1.8-2 Gy per fraction)

* Optimal repair of sublethal damage in normal tissues

* Reoxygenation of hypoxic tumor cells

* Hyperfractionation

» Smaller doses per fraction (< 1.8 Gy) multiple times per day

* Improves therapeutic ratio for rapidly proliferating tumors

* Accelerated fractionation

* Reduces overall treatment time by increasing fractions per week
+ Counters accelerated repopulation in fast-growing tumors

+ Hypofractionation

* Larger doses per fraction (> 2 Gy) and fewer total fractions
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* Improves patient convenience and resource utilization

« Stereotactic body radiotherapy (SBRT): very high doses in 1-5 fractions

Impact on tumor control and normal tissue toxicity

* Fractionation scheme choice affects acute and late toxicities

* Larger doses per fraction generally increase risk of late effects

« Different schemes have varying effects on tumor control

» Depends on radiobiological characteristics of tumor and surrounding normal tissues

» Extreme hypofractionation (SBRT) exploits differential repair capabilities between tumor and normal
tissues

* Acute effects typically occur during or shortly after treatment (skin reactions, mucositis)

« Late effects may develop months or years after treatment (fibrosis, organ dysfunction)

Biologically effective dose and applications

BED concept and calculation

* Biologically effective dose (BED) compares different fractionation schedules in terms of biological
effect

« Calculated using formula: BED = nd(1 + d/(a/B))

* n: number of fractions

* d: dose per fraction

* a/B: tissue-specific ratio

 Based on linear-quadratic model incorporating total dose and fractionation effects

» Expressed in units of Gy with subscript indicating o/ ratio (BED10 for a/f = 10 Gy)

Clinical applications of BED

« Compares and converts between different fractionation schemes while maintaining biological
equivalence

* Helps design new fractionation schedules
« Particularly useful when altering conventional schemes or implementing hypofractionation

* Used in treatment planning to assess tumor control probability and normal tissue complication
probability

* Assists in dose escalation studies and adaptive radiotherapy

+ Limitations for very large doses per fraction require cautious use in extreme hypofractionation
scenarios

Fiveable archived study guides Page 58



Dose rate impact on radiobiological modeling

Dose rate effects and modeling

* Dose rate influences biological effects of radiation

+ Dose-rate effect: lower dose rates generally result in reduced biological effects compared to higher
dose rates for a given total dose

» Continuous low dose rate irradiation allows ongoing repair of sublethal damage
* Potentially reduces overall cell kill compared to acute exposures

+ Linear-quadratic model modifications incorporate dose-rate effects

* Introduces time factors and repair half-times

* Pulsed dose rates (brachytherapy) require special consideration due to interplay between dose
delivery and repair processes

Emerging dose rate considerations

* Very high dose rates (FLASH radiotherapy) exhibit unique radiobiological effects

+ Challenge conventional modeling approaches

+ Potential for reduced normal tissue toxicity while maintaining tumor control

* Impact of dose rate on normal tissue toxicity and tumor control crucial for treatment plan optimization
* Dose rate considerations in brachytherapy (low dose rate vs. high dose rate)

* Proton and heavy ion therapy introduce complex dose rate patterns requiring specialized
radiobiological models
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Unit 7 — Radiation—-Induced Chromosomal
Aberrations

7.1 Types of chromosomal aberrations

Radiation can wreak havoc on our chromosomes, causing various types of damage. From deletions and
duplications to inversions and translocations, these changes can mess with our genetic material in different
ways. It's like a molecular game of mix-and-match gone wrong.

Understanding these aberrations is crucial in radiobiology. They can lead to cell death, genetic disorders,
or even cancer. By studying how radiation messes with our chromosomes, we can better grasp its effects
on our bodies and develop ways to protect ourselves.

Chromosomal aberrations from radiation

Types of radiation-induced chromosomal changes

» Radiation exposure induces various chromosomal aberrations

* Deletions involve loss of genetic material (small segments to entire chromosome arms)
* Duplications repeat chromosomal segments leading to excess genetic material

* Inversions reverse orientation of chromosomal segment within same chromosome

* Translocations exchange genetic material between non-homologous chromosomes

* Ring chromosomes form when both chromosome ends fuse creating circular structure
+ Radiation causes numerical aberrations

* Aneuploidy alters chromosome number (gain or loss of chromosomes)

* Polyploidy creates multiple sets of chromosomes (triploid, tetraploid)

Mechanisms of aberration formation

* lonizing radiation damages DNA through direct and indirect effects

* Direct effects break chemical bonds in DNA molecule

* Indirect effects produce free radicals that attack DNA (hydroxyl radicals)

* DNA double-strand breaks lead to chromosomal aberrations if misrepaired

» Non-homologous end joining can cause deletions or translocations

* Homologous recombination errors may result in duplications or inversions

» Centromere dysfunction from radiation damage can cause numerical aberrations
* Impaired spindle attachment leads to chromosome missegregation (aneuploidy)

» Centrosome amplification results in multipolar mitosis (polyploidy)
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Numerical vs structural aberrations

Characteristics of numerical aberrations

* Numerical aberrations alter chromosome number without changing structure

* Aneuploidy involves gain or loss of individual chromosomes (trisomy, monosomy)
* Polyploidy creates extra sets of entire genome (triploidy, tetraploidy)

* Typically result from errors in cell division processes

* Mitotic nondisjunction causes aneuploidy in somatic cells

* Meiotic nondisjunction leads to aneuploidy in gametes

* Detection methods for numerical changes

« Karyotyping visualizes entire chromosome set

* Fluorescence in situ hybridization (FISH) with chromosome-specific probes

* Flow cytometry measures total DNA content (polyploidy)

Characteristics of structural aberrations

« Structural aberrations modify chromosome structure without altering overall count
* Deletions remove chromosomal segments (terminal, interstitial)

* Duplications repeat genetic material (tandem, inverted)

« Inversions reverse segment orientation (paracentric, pericentric)

+ Translocations exchange material between chromosomes (reciprocal, Robertsonian)
* Often caused by DNA damage and improper repair mechanisms

* lonizing radiation induces DNA double-strand breaks

» Chemical mutagens form DNA adducts leading to strand breaks

+ Detection techniques for structural changes

* Molecular cytogenetic methods (FISH, spectral karyotyping)

» Comparative genomic hybridization (CGH) arrays

» Next-generation sequencing approaches (whole genome, mate-pair)

Stable vs unstable aberrations

Properties of stable aberrations
* Persist through cell divisions without significant genetic loss or dysfunction
* Balanced translocations exchange equal genetic material (reciprocal translocations)
* Inversions maintain genetic content in reversed orientation

» Small interstitial deletions or duplications may have minimal impact
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* More likely transmitted to daughter cells

« Stable aberrations can persist in cell populations over time

» May become heritable if present in germ cells

* Examples of stable aberrations

* Philadelphia chromosome in chronic myeloid leukemia (BCR-ABL fusion)

* Inversions in factor VIII gene causing hemophilia A

Characteristics of unstable aberrations

* Lead to cell death or further genetic instability during subsequent divisions
* Acentric fragments lack centromere, causing loss during mitosis

* Dicentric chromosomes form bridges during anaphase, disrupting division
* Ring chromosomes undergo breakage-fusion-bridge cycles

+ Often result in asymmetric cell division

» Formation of micronuclei containing lagging chromosomes

* Nucleoplasmic bridges from dicentric chromosomes

» Examples of unstable aberrations

* Dicentric chromosomes in radiation-exposed lymphocytes

* Ring chromosomes in ataxia telangiectasia syndrome

Consequences of chromosomal aberrations

Cellular and molecular effects

* Alter gene expression causing cellular dysfunction

* Deletions or duplications change gene dosage

* Translocations disrupt regulatory sequences or create fusion genes
* Impact cell cycle and survival

* Large-scale changes trigger cell cycle arrest or apoptosis

+ Accumulation of aberrations leads to cellular senescence

* Influence DNA repair and genomic stability

* Aberrations may impair DNA damage response pathways

» Chromosomal instability promotes further mutations

Health and developmental impacts

+ Associated with genetic disorders and developmental abnormalities

* Trisomy 21 causes Down syndrome (developmental delays, characteristic facial features)
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» 22q11.2 deletion syndrome leads to DiGeorge syndrome (heart defects, immune deficiency)
* Increase cancer risk through various mechanisms

« Activation of oncogenes (MYC translocation in Burkitt lymphoma)

* Loss of tumor suppressor genes (RB1 deletion in retinoblastoma)

« Affect reproductive function and fertility

* Balanced translocations can cause recurrent miscarriages

» Sex chromosome aneuploidies impact fertility (Klinefelter syndrome, Turner syndrome)

« Contribute to aging process and age-related diseases

» Accumulation of aberrations in somatic cells over time

» Mosaic loss of chromosome Y in males associated with increased mortality

7.2 Mechanisms of chromosomal damage and misrepair

Radiation zaps DNA, causing chaos in our chromosomes. It's like a molecular wrecking ball, smashing
genes and scrambling our genetic code. This damage can lead to all sorts of problems, from cell death to
cancer.

But our cells aren't helpless. They've got repair mechanisms to fix the damage. Sometimes these repairs
work perfectly, but other times they mess up, creating even more chromosomal mayhem. It's a constant
battle between radiation and our cellular repair crews.

Radiation-Induced Chromosomal Damage

Direct and Indirect DNA Damage Mechanisms

* lonizing radiation directly interacts with DNA molecules causing ionization and excitation of atoms
within the DNA structure

* Free radicals primarily hydroxyl radicals produced through radiolysis of water molecules in cells
indirectly damage DNA

» Radiation-induced DNA damage includes single-strand breaks, double-strand breaks, base
modifications, and DNA-protein crosslinks

* Linear energy transfer (LET) of radiation influences spatial distribution and complexity of DNA damage

* Clustered DNA damage consisting of multiple lesions within 1-2 helical turns characterizes
radiation-induced chromosomal damage

* Example: Multiple oxidized bases and strand breaks within a small DNA region

Immediate and Delayed Effects

 Radiation causes immediate damage to DNA structure
+ Delayed effects occur through genomic instability and bystander effects
» Genomic instability leads to increased mutation rates in subsequent cell generations

* Bystander effects induce damage in neighboring non-irradiated cells
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* Persistent chromosomal damage can result in:
* Cell cycle arrest
* Apoptosis

« Carcinogenesis

DNA Double-Strand Breaks in Aberrations

DSB Formation and Consequences

* DNA double-strand breaks (DSBs) form most critical lesions for chromosomal aberrations

* Frequency of radiation-induced chromosomal aberrations directly proportional to number of
unrepaired or misrepaired DSBs

* DSBs lead to various types of chromosomal aberrations:

* Deletions (loss of genetic material)

* Inversions (reversal of DNA segment)

* Translocations (exchange of genetic material between chromosomes)
* Dicentric chromosomes (two centromeres on one chromosome)

+ Spatial proximity of DSBs within nucleus influences likelihood of aberration formation through
illegitimate rejoining

* Example: DSBs in close proximity more likely to form translocations

Complexity and Persistence of DSBs

» Complexity of DSBs particularly those induced by high-LET radiation affects probability of misrepair
and aberration formation

* High-LET radiation (alpha particles) produces more complex DSBs than low-LET radiation (X-rays)
* Persistent DSBs can result in:

» Chromosome fragmentation

« Chromosome loss leading to aneuploidy

+ Cell death through mitotic catastrophe

» DSB complexity influences repair pathway choice and efficiency

* Simple DSBs more easily repaired by Non-Homologous End Joining (NHEJ)

» Complex DSBs may require Homologous Recombination (HR) for accurate repair

Cellular Repair of Chromosomal Aberrations

DNA Repair Pathways

* Non-homologous end joining (NHEJ) and homologous recombination (HR) serve as primary DNA
repair pathways for double-strand breaks
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* NHEJ remains active throughout cell cycle and can lead to small insertions or deletions at repair site
potentially causing mutations

* Example: NHEJ may insert or delete a few nucleotides at the break site

* HR operates most actively during S and G2 phases and requires homologous template for accurate
repair reducing likelihood of aberrations

* Example: HR uses sister chromatid as a template for precise repair

* Misrepair through NHEJ can result in chromosomal translocations when DSBs from different
chromosomes incorrectly join

« Example: Philadelphia chromosome in chronic myeloid leukemia

Factors Influencing Repair Pathway Choice

+ Choice between NHEJ and HR influenced by factors such as:

* Cell cycle phase (NHEJ predominant in G1, HR in S/G2)

» Chromatin structure (open chromatin favors HR)

» Complexity of DSB (simple breaks favor NHEJ, complex breaks favor HR)

« Alternative end joining pathways such as microhomology-mediated end joining (MMEJ) contribute to
formation of chromosomal aberrations

* MMEJ uses short homologous sequences to align broken ends, often resulting in deletions

* Kinetics of DSB repair influence probability of aberration formation with slower repair increasing
likelihood of misrejoining

* Rapid repair reduces chance of illegitimate rejoining between distant DSBs

Factors Influencing Chromosomal Aberrations

Radiation Characteristics and Dose

+ Radiation dose and dose rate significantly affect frequency and complexity of chromosomal
aberrations

+ Higher doses produce more aberrations
* Lower dose rates allow more time for repair, potentially reducing aberration frequency

+ Quality of radiation (LET) influences spatial distribution of energy deposition and resulting pattern of
DNA damage

* High-LET radiation (neutrons) produces more complex aberrations than low-LET radiation (gamma
rays)

+ Cell cycle phase at time of irradiation impacts types of aberrations observed with G1 phase cells more
prone to chromosome-type aberrations

» Example: Dicentrics more common in G1 irradiated cells
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Biological and Environmental Factors

* Inherent radiosensitivity of different cell types and tissues affects frequency of chromosomal
aberrations

* Lymphocytes more radiosensitive than fibroblasts

* Genetic factors including mutations in DNA repair genes modulate individual's susceptibility to
radiation-induced chromosomal damage

* Example: Ataxia telangiectasia patients show increased chromosomal aberrations after radiation
exposure

» Environmental factors such as oxygen concentration and temperature influence formation and
persistence of chromosomal aberrations

+ Higher oxygen levels increase aberration frequency due to enhanced free radical production

» Time between irradiation and observation affects observed frequency of aberrations due to cell
division and selection processes

* Unstable aberrations (dicentrics) decrease in frequency over time as cells divide

7.3 Biological dosimetry using chromosomal aberrations

Chromosomal aberrations are like radiation's fingerprints on our DNA. They're changes in our
chromosomes that happen when we're exposed to radiation. Scientists can count these changes to figure
out how much radiation someone's been exposed to.

This method, called biological dosimetry, is super helpful when we don't have other ways to measure
radiation exposure. It's used in emergencies, for worker safety, and in long-term health studies. It's a key
tool in understanding how radiation affects our bodies.

Biological Dosimetry and its Applications

Concept and Importance of Biological Dosimetry

* Biological dosimetry measures radiation dose using biological markers in living organisms exposed to
ionizing radiation

» Complements physical dosimetry by estimating absorbed dose based on biological effects rather than
direct radiation measurements

* Proves particularly useful in scenarios lacking physical dosimeters or during accidental radiation
exposure

* Enables retrospective dose estimates, allowing assessment of past radiation exposures

* Supports radiation protection efforts, emergency response to radiation accidents, and long-term health
risk assessment of radiation workers

* Plays a crucial role in epidemiological studies by establishing dose-response relationships for various
health effects of radiation exposure
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Applications in Radiation Protection and Research

» Assesses occupational exposure in radiation workers (nuclear power plant employees, medical
radiologists)

« Evaluates accidental exposures in emergency scenarios (nuclear plant accidents, radiological
terrorism)

* Supports long-term health studies of populations exposed to radiation (atomic bomb survivors,
Chernobyl victims)

+ Aids in validating and refining radiation protection standards and guidelines
* Contributes to research on individual radiosensitivity and personalized radiation risk assessment

* Assists in identifying potential cases of radiation exposure in medical triage situations

Chromosomal Aberrations as Biomarkers

Types and Characteristics of Radiation-Induced Chromosomal
Aberrations

» Chromosomal aberrations manifest as structural changes in chromosomes induced by ionizing
radiation

* Frequency of chromosomal aberrations in peripheral blood lymphocytes correlates with absorbed
radiation dose

+ Dicentric chromosomes, characterized by two centromeres, serve as the most specific and sensitive
indicators of radiation exposure

* Ring chromosomes form when chromosome ends fuse, creating a circular structure
« Translocations involve the exchange of genetic material between non-homologous chromosomes
* Acentric fragments result from chromosome breakage without centromere attachment

* Inversions occur when a chromosome segment reverses its orientation within the same chromosome

Dose-Response Relationships and Influencing Factors

* Dose-response relationship for chromosomal aberrations typically follows a linear-quadratic model for
low-LET radiation

* Linear component (aD) dominates at low doses, while quadratic component (3D?) becomes more
significant at higher doses

 Radiation quality affects aberration yield (high-LET radiation produces more complex aberrations)

* Dose rate influences aberration formation (lower dose rates generally produce fewer aberrations per
unit dose)

« Individual radiosensitivity factors (genetic predisposition, age, health status) can modify aberration
yields

* Persistence of aberrations varies (dicentrics have a half-life of about 1 year, while translocations
persist for decades)
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* Environmental factors (chemical mutagens, lifestyle choices) may contribute to background aberration
levels

Methods for Assessing Chromosomal Aberrations

Dicentric Chromosome Assay (DCA)

* Serves as the gold standard method for assessing chromosomal aberrations in biological dosimetry
* Involves culturing peripheral blood lymphocytes for 48 hours to reach first mitotic division

» Utilizes colcemid to arrest cell division at metaphase

* Prepares metaphase spreads through hypotonic treatment and fixation

* Applies Giemsa staining to visualize chromosomes (appears purple under light microscope)

* Analyzes typically 500-1000 metaphases per sample to detect and quantify dicentric chromosomes

» Enhances detection of specific aberrations using fluorescence in situ hybridization (FISH) techniques
(centromere-specific probes)

Alternative and Complementary Techniques

* Cytokinesis-block micronucleus (CBMN) assay measures micronuclei formation as an indicator of
chromosomal damage

* Premature chromosome condensation (PCC) allows analysis of chromosomal aberrations without cell
division (useful for high-dose exposures)

* Fluorescence in situ hybridization (FISH) enables detection of stable aberrations like translocations for
long-term exposure assessment

» Automated microscopy systems and image analysis software increase efficiency and objectivity of
aberration scoring

» Next-generation sequencing approaches detect radiation-induced mutations and chromosomal
rearrangements at the molecular level

« Electron paramagnetic resonance (EPR) dosimetry of tooth enamel provides an alternative biological
dosimetry method for long-term dose assessment

Interpreting Biological Dosimetry Results

Dose Estimation and Calibration

+ Estimates dose by comparing observed frequency of chromosomal aberrations to established
dose-response calibration curves

» Generates calibration curves through in vitro irradiation of blood samples with known doses of
radiation

* Tailors calibration curves to specific radiation qualities (gamma rays, x-rays, neutrons) and dose rates

« Fits yield of dicentric chromosomes to linear-quadratic model: Y = ¢ + aD + BD? (Y: yield, D: dose, c,
a, B: coefficients)
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* Calculates uncertainties in dose estimates using statistical methods (Poisson distribution for
aberration yields)

* Applies 95% confidence limits to provide a range for estimated doses

* Considers time between exposure and blood sampling for accurate dose estimation (lymphocytes with
unstable aberrations eliminated over time)

Advanced Analysis and Integration

* Detects and quantifies partial-body exposures by analyzing aberration distribution among cells
(Dolphin's method)

« Distinguishes between acute and chronic exposures based on aberration complexity and distribution

* Integrates biological dosimetry results with physical dosimetry and clinical symptoms for
comprehensive dose assessment

* Applies Bayesian statistical approaches to combine multiple biodosimetry assays for improved dose
estimates

« Utilizes dose reconstruction techniques to estimate organ doses from whole-body biological dosimetry
results

+ Considers confounding factors (medical procedures, occupational exposures) when interpreting
results in non-accident scenarios

» Employs Monte Carlo simulations to assess uncertainties in complex exposure scenarios
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Unit 8 — Radiation-Induced Genomic
Mutations

8.1 Types of radiation-induced mutations

Radiation can cause various types of mutations in our DNA, from small changes to big rearrangements.
These mutations can happen in different cells and have varying impacts depending on the radiation dose
and type. It's like a game of genetic roulette!

Understanding how radiation messes with our genes is crucial for grasping its effects on our bodies. From
point mutations to chromosomal chaos, radiation can leave a lasting mark on our genetic blueprint,
potentially leading to health issues down the line.

Radiation-induced mutations

Types of mutations

+ Radiation-induced mutations fall into three main categories point mutations, chromosomal aberrations,
and genomic instability

+ Point mutations alter individual nucleotides or small DNA sequences through base substitutions
(changing one base to another), insertions (adding bases), or deletions (removing bases)

» Chromosomal aberrations involve larger structural changes to chromosomes
* Deletions remove sections of chromosomes

* Duplications create extra copies of chromosome regions

* Inversions flip sections of chromosomes

* Translocations move sections between different chromosomes

» Genomic instability increases the rate of genetic changes in irradiated cell progeny, persisting for
multiple generations

+ Radiation can induce germline mutations in reproductive cells (sperm, eggs) or somatic mutations in
non-reproductive body cells

» Mutation severity depends on radiation dose, radiation type, and affected genes/chromosomes

+ Epigenetic modifications alter gene expression without changing DNA sequence (DNA methylation,
histone modifications)

Factors influencing mutations
» Radiation dose correlates with mutation likelihood and severity
» Radiation type impacts mutation induction
* High-LET radiation (alpha particles, neutrons) causes more complex DNA damage
* Low-LET radiation (X-rays, gamma rays) induces less severe damage

* Specific genes or chromosomal regions have varying radiation sensitivity

Fiveable archived study guides Page 70



* Cell cycle stage during irradiation affects mutation susceptibility
« Individual genetic factors influence radiation response and mutation probability
* Presence of oxygen enhances radiation-induced mutations through reactive oxygen species formation

* Dose rate affects mutation induction slower delivery allows more DNA repair

Molecular mechanisms of mutations

DNA damage mechanisms

* lonizing radiation primarily damages DNA through

+ Direct ionization of DNA molecules

* Production of reactive oxygen species (ROS) that attack DNA

* Double-strand breaks (DSBs) represent the most severe radiation-induced DNA damage
« Often lead to chromosomal aberrations if improperly repaired

» Base modifications occur from radiation exposure

» Thymine dimers form when adjacent thymine bases bond

* Oxidized bases like 8-oxoguanine result from ROS attack

« Single-strand breaks (SSBs) happen when one DNA strand is severed

» DNA-protein crosslinks form when radiation causes DNA to bind nearby proteins

+ Clustered DNA damage involves multiple lesions within 1-2 helical turns of DNA

Cellular response and repair

* DNA repair mechanisms address radiation-induced damage

* Non-homologous end joining (NHEJ) directly rejoins broken DNA ends

* Homologous recombination (HR) uses sister chromatid as repair template

+ Base excision repair (BER) removes and replaces damaged bases

* Nucleotide excision repair (NER) excises and replaces damaged DNA segments
* Errors in DNA repair processes can lead to mutations

* Misrepair more likely when damage is extensive or repair systems overwhelmed
* Cell cycle checkpoints activate to allow time for DNA repair

* G1/S checkpoint prevents replication of damaged DNA

* G2/M checkpoint ensures damage is repaired before cell division

* Apoptosis eliminates severely damaged cells to prevent mutation propagation

+ Bystander effect causes non-irradiated cells to exhibit radiation-like damage

» Mediated by signaling molecules and gap junctions between cells
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Dose-mutation frequency relationship

Models and concepts

* Linear no-threshold (LNT) model proposes linear relationship between dose and mutation frequency
» Assumes no safe threshold dose exists

 Widely used for radiation protection guidelines

* Threshold model suggests a dose below which no mutations occur

» Supported by evidence of adaptive responses at low doses

« Linear-quadratic model describes mutation frequency as combination of linear and quadratic dose
terms

* Accounts for both single-hit and multi-hit mutation events

+ Relative biological effectiveness (RBE) compares biological effects of different radiation types

+ Defined as ratio of doses required to produce same biological endpoint

* Generally higher for high-LET radiation (neutrons, alpha particles)

* Dose and dose rate effectiveness factor (DDREF) adjusts risk estimates for low doses and dose rates

* Accounts for potentially reduced effects at low doses/rates

Factors affecting dose-response

+ Adaptive response describes increased radiation resistance after low-dose exposure

* May reduce mutation frequency at subsequent higher doses

* Dose fractionation impacts mutation induction

» Multiple small doses allow DNA repair between exposures

+ Can result in different mutation frequency than single large dose

* Dose rate effect shows how same total dose over different time periods varies mutation frequency
 Lower dose rates generally produce fewer mutations due to ongoing repair

+ Radiation quality characterized by linear energy transfer (LET) influences dose-response
+ High-LET radiation typically more effective at inducing mutations per unit dose

* Genetic susceptibility modifies individual dose-response relationships

* DNA repair gene mutations can increase radiation sensitivity

« Antioxidant levels affect cellular response to radiation-induced ROS

Radiation types vs mutation induction

lonizing radiation effects

+ High-LET radiation (alpha particles, neutrons) induces more complex DNA damage
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* Creates clustered lesions difficult for cells to repair accurately

* Results in higher mutation frequency per unit dose than low-LET radiation
» Low-LET radiation (X-rays, gamma rays) causes more repairable DNA damage
* Primarily induces single-strand breaks and base modifications

» Mutation induction efficiency lower than high-LET radiation

« Particle radiation (protons, heavy ions) produces unique damage patterns
* Forms dense ionization tracks through cells

» Can cause severe localized damage in affected regions

« Ultraviolet (UV) radiation primarily induces specific DNA lesions

+ Cyclobutane pyrimidine dimers form between adjacent pyrimidines

* 6-4 photoproducts distort DNA structure

* Both can lead to characteristic UV-induced mutation spectra (C to T transitions)

Non-ionizing radiation and other factors

* Non-ionizing radiation has limited direct mutagenic potential

+ Radiofrequency (RF) and extremely low-frequency (ELF) electromagnetic fields
» May have epigenetic effects or induce oxidative stress

» Oxygen effect enhances radiation-induced mutations

* Presence of oxygen increases ROS formation

* Leads to greater DNA damage and mutation frequency

» Combined effects of different radiation types can be complex

* Synergistic effects observed with some combinations (UV + ionizing radiation)

» Antagonistic effects possible due to adaptive responses or competing repair mechanisms
+ Radiation interactions with chemical mutagens may enhance or mitigate effects
» Some chemicals act as radiosensitizers, increasing mutation frequency

» Others may have radioprotective properties, reducing radiation-induced mutations

8.2 Genomic instability and its consequences

Radiation-induced genomic instability is a key concept in understanding long-term effects of exposure. It
causes cells to become more prone to mutations and genetic changes, even generations after initial
radiation exposure. This phenomenon challenges traditional views on radiation biology.

Genomic instability plays a crucial role in radiation-induced carcinogenesis and other delayed health
effects. It amplifies initial radiation damage, increases cancer risk, and contributes to non-cancer diseases.
Understanding these mechanisms is vital for improving radiation protection and risk assessment.

Fiveable archived study guides Page 73



Genomic instability in radiation exposure

Defining genomic instability

» Genomic instability increases the genome's tendency to acquire mutations and alterations following
ionizing radiation exposure

* Persistent, elevated rate of genetic changes occurs in progeny of irradiated cells, even after many
generations

» Manifests as chromosomal aberrations, gene mutations, microsatellite instability, and changes in gene
expression patterns

* Occurs in both directly irradiated cells and non-irradiated descendants through bystander effects

« Challenges traditional target theory of radiation biology by suggesting radiation effects extend beyond
direct DNA damage

» Examples of genomic instability manifestations include:
* Chromosomal translocations (Philadelphia chromosome in chronic myeloid leukemia)

* Gene amplifications (HER2 amplification in breast cancer)

Mechanisms and implications

+ Radiation-induced DNA damage triggers genomic instability through:

* Unrepaired or misrepaired double-strand breaks

» Oxidative stress and elevated reactive oxygen species (ROS) production

* Epigenetic alterations affecting gene expression and chromatin structure

» Genomic instability amplifies initial radiation effects by:

* Increasing mutation rates in subsequent cell generations

» Promoting clonal expansion of cells with acquired growth advantages

* Facilitating the accumulation of genetic alterations necessary for carcinogenesis
« Implications for radiation protection include:

» Reassessment of linear no-threshold (LNT) model for radiation risk

* Consideration of long-term effects beyond initial DNA damage

Markers of genomic instability

Chromosomal and cytogenetic markers

» Chromosomal aberrations indicate genomic instability (deletions, translocations, aneuploidy)

* Increased micronuclei formation in cells serves as a cytogenetic biomarker of chromosomal damage
and instability

* Specific chromosomal markers include:
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* Dicentric chromosomes (radiation-induced biomarker)
* Ring chromosomes (indicator of chromosomal instability)
* Fluorescence in situ hybridization (FISH) techniques detect subtle chromosomal rearrangements

» Chromosomal instability (CIN) leads to numerical and structural chromosomal changes

Molecular and biochemical markers

* Elevated levels of reactive oxygen species (ROS) and oxidative stress associate with genomic
instability

* DNA repair pathway dysregulation, particularly in double-strand break repair mechanisms, hallmarks
genomic instability

* Telomere dysfunction and shortening link to genomic instability and cellular senescence

* Alterations in epigenetic markers indicate genomic instability:

» Changes in DNA methylation patterns (global hypomethylation, gene-specific hypermethylation)
+ Histone modifications (acetylation, methylation changes)

» Gene expression profile changes, particularly in DNA repair, cell cycle regulation, and apoptosis
genes, indicate instability

* Specific molecular markers include:
» Increased expression of Y-H2AX (marker of DNA double-strand breaks)

* Elevated levels of 8-oxo-dG (indicator of oxidative DNA damage)

Genomic instability in carcinogenesis

Mechanisms of carcinogenesis

» Genomic instability drives radiation-induced carcinogenesis by accelerating genetic alterations
accumulation for malignant transformation

* Contributes to multi-step carcinogenesis process by increasing probability of:

* Activating oncogenes (RAS, MYC)

* Inactivating tumor suppressor genes (TP53, RB1)

* Leads to loss of heterozygosity, unmasking recessive mutations in tumor suppressor genes

* Persistent nature extends window for carcinogenic mutations long after initial radiation exposure

» Promotes clonal expansion of cells with growth advantages, facilitating tumor progression and
heterogeneity

+ Contributes to radiation-induced second primary cancers in cancer survivors post-radiotherapy

Impact on cancer development

» Genomic instability affects various stages of cancer development:

« Initiation: Increases mutation rate in critical genes
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» Promotion: Enhances survival and proliferation of pre-malignant cells

* Progression: Facilitates acquisition of invasive and metastatic properties

* Influences tumor heterogeneity and evolution:

* Generates diverse subclones within tumors

* Promotes adaptation to microenvironmental pressures and treatment resistance
» Examples of genomic instability-driven cancers:

+ Colorectal cancer with microsatellite instability (MSI)

* Hereditary nonpolyposis colorectal cancer (Lynch syndrome) due to DNA mismatch repair deficiency
Long-term consequences of genomic instability

Delayed health effects

* Radiation-induced genomic instability persists for many cell generations, leading to delayed health
effects years or decades post-exposure

* Increases lifetime cancer risk, particularly in tissues with high proliferative capacity (bone marrow,
gastrointestinal tract)

* Contributes to non-cancer diseases development:
« Cardiovascular disorders (radiation-induced heart disease)
* Neurodegenerative conditions (cognitive decline in brain tumor survivors)

+ Transgenerational effects may occur due to genomic instability in germ cells, potentially affecting
offspring

« Chronic inflammation and accelerated aging processes associate with persistent genomic instability

Implications for radiation protection

* Long-term consequences of genomic instability challenge radiation protection and risk assessment in
occupational and medical exposures

* Necessitates reassessment of radiation protection guidelines:

« Consideration of non-targeted effects in risk models

+ Evaluation of individual radiosensitivity in personalized medicine

* Drives development of interventions to mitigate radiation-induced genomic instability:
* Antioxidant therapies to reduce oxidative stress

» Targeted DNA repair pathway modulators

* Influences long-term follow-up strategies for radiation-exposed populations:

» Cancer screening protocols for atomic bomb survivors

+ Health monitoring programs for radiation workers
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8.3 Transgenerational effects of radiation exposure

Radiation exposure can have far-reaching consequences beyond the directly affected individual.
Transgenerational effects involve biological changes in offspring of irradiated individuals, potentially
manifesting in multiple generations through genetic and epigenetic mechanisms.

Understanding these effects is crucial for assessing long-term impacts on populations and ecosystems.
Evidence from animal studies and human populations suggests increased cancer risk, altered gene
expression, and genomic instability in descendants of those exposed to radiation.

Transgenerational Effects of Radiation

Concept and Manifestation

* Transgenerational effects of radiation exposure involve biological changes or health consequences in
offspring of irradiated individuals without direct exposure

« Effects can manifest in multiple generations (F1, F2, and beyond) following initial exposure
+ Challenges traditional understanding of radiation effects focused on direct exposure consequences
* Involves genetic, epigenetic, or other biological mechanisms passed down through the germline

« Altered gene expression, increased cancer susceptibility, developmental abnormalities, and changes
in fertility or reproductive outcomes may occur

« Severity and nature of effects vary based on radiation dose, type, and specific biological systems
affected

* Crucial for comprehending long-term impacts on populations and ecosystems (human communities,
wildlife populations)

Factors Influencing Transgenerational Effects

» Radiation dose determines the extent of initial damage and potential for transgenerational effects
* Type of radiation (gamma rays, alpha particles, neutrons) influences the nature of biological damage

+ Timing of exposure during gametogenesis or embryonic development affects transgenerational
outcomes

« Sex of the exposed parent may lead to different transgenerational effects (paternal vs. maternal
exposure)

* Genetic background and individual susceptibility factors influence the manifestation of effects

» Environmental factors and lifestyle choices may interact with radiation-induced changes across
generations

» Adaptive responses and DNA repair mechanisms can modulate the transmission of radiation-induced
alterations

Evidence for Transgenerational Effects

Animal Model Studies

* Rodent studies provide substantial evidence through controlled experimental designs
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* Increased cancer incidence observed in offspring of irradiated mice (lung tumors, leukemia)

« Altered gene expression patterns detected in multiple tissues of descendant generations

« Epigenetic changes, including DNA methylation alterations, persist across generations in mice
* Drosophila models show increased genomic instability and mutation rates in offspring

« Other invertebrate models (C. elegans) demonstrate transgenerational effects on lifespan and stress
resistance

» Large mammals (minipigs, non-human primates) used to study effects more relevant to human biology

Human Population Studies

+ Epidemiological studies of atomic bomb survivors' offspring suggest potential increased cancer risk

» Research on children of Chernobyl liquidators indicates possible increases in chromosomal
aberrations

« Studies of populations near nuclear test sites show elevated rates of certain congenital malformations

» Occupational radiation exposure studies examine health outcomes in workers' children (nuclear
industry, medical professionals)

+ Challenges include confounding factors, limited sample sizes, and isolating radiation effects from
other influences

* Longitudinal studies tracking multiple generations provide valuable insights (Japanese atomic bomb
survivor cohorts)

* Biomarker studies in human populations investigate potential transgenerational molecular signatures

Mechanisms of Transgenerational Effects

Genetic and Epigenetic Alterations
+ Radiation-induced mutations in germ cells passed to offspring lead to heritable genetic disorders
* DNA methylation patterns altered by radiation transmitted across generations
« Histone modifications affected by radiation exposure persist in germ cells and embryos

* Non-coding RNAs, particularly microRNAs, play a role in regulating gene expression across
generations

» Genomic instability characterized by increased mutation rates and chromosomal aberrations persists
transgenerationally

» Telomere length changes induced by radiation may affect cellular aging in offspring

* Retrotransposon activation by radiation exposure can lead to insertional mutagenesis across
generations

Cellular and Physiological Mechanisms

« Alterations in germline stem cell niche affect long-term reproductive potential and genetic integrity

* Bystander effects and radiation-induced inflammatory responses indirectly influence germ cells
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» Mitochondrial DNA damage inherited maternally affects cellular energy metabolism in offspring
+ Oxidative stress induced by radiation persists across generations, affecting cellular function

» Endocrine disruption caused by radiation exposure can have transgenerational effects on
development

+ Altered immune function in irradiated individuals may affect offspring's immune system development

» Neurodevelopmental changes induced by parental radiation exposure can impact offspring behavior

Implications for Radiation Protection

Regulatory and Policy Considerations

+ Radiation protection standards require reevaluation to account for potential transgenerational risks

* Risk assessment models should consider effects manifesting in future generations

+ Collective dose concept in radiation protection may need expansion to include impacts on offspring

« Ethical considerations must address long-term consequences for populations and future generations
» Medical practices involving radiation require additional scrutiny and informed consent procedures

» Environmental radiation protection strategies should consider transgenerational effects on
ecosystems

» Regulatory frameworks for nuclear energy and waste management need to incorporate
transgenerational considerations

Research and Risk Assessment Priorities

* Long-term, multi-generational studies needed to better characterize transgenerational effects

» Development of biomarkers for transgenerational effects to improve risk assessment and early
detection

* Investigation of potential interventions to mitigate transgenerational effects of radiation exposure

* Improved dosimetry methods to accurately assess germline dose and predict transgenerational risk
* Integration of transgenerational data into computational models for radiation risk prediction

+ Exploration of gene-environment interactions in modulating transgenerational radiation effects

» Assessment of combined effects of radiation and other environmental stressors across generations
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Unit 9 — Cell Cycle Effects and
Radiosensitivity

9.1 Cell cycle phases and checkpoints

Cell cycle phases and checkpoints are crucial for understanding how cells grow and divide. These
processes control when and how cells replicate their DNA and split into two daughter cells. Knowing these
steps helps us grasp why some cells are more sensitive to radiation than others.

Checkpoints act like quality control, making sure everything's ready before moving to the next phase.
When these checkpoints fail, it can lead to cancer. This topic connects to radiosensitivity by showing how
cells in different cycle phases respond differently to radiation damage.

Phases of the Cell Cycle

Interphase and Mitosis
* Cell cycle consists of interphase (G1, S, G2 phases) and mitosis (M phase), followed by cytokinesis
» G1 phase involves cell growth, protein synthesis, and preparation for DNA replication
* Cells increase in size and produce necessary proteins for DNA replication
* Duration varies depending on cell type (hours to days)
» S phase encompasses DNA replication, duplicating the cell's genetic material
* DNA synthesis occurs, resulting in two identical sets of chromosomes
» Takes approximately 8-10 hours in a typical mammalian cell
» G2 phase continues cell growth and protein synthesis, preparing for mitosis
* Cells synthesize proteins needed for chromosome condensation and spindle formation

* Typically lasts 3-4 hours in mammalian cells

Mitotic Phase and Cytokinesis
* Mitosis (M phase) divided into prophase, metaphase, anaphase, and telophase
* Prophase: Chromatin condenses into visible chromosomes
» Metaphase: Chromosomes align along the cell's equator
» Anaphase: Sister chromatids separate and move to opposite poles
* Telophase: Nuclear envelopes reform around daughter chromosomes
« Cytokinesis physically divides the cytoplasm, typically occurring at the end of telophase
* In animal cells, a contractile ring of actin and myosin pinches the cell in two
* Plant cells form a cell plate that grows outward to separate daughter cells

» Some cells enter quiescent state called GO, temporarily or permanently exiting cell cycle

Fiveable archived study guides Page 80



* Examples include neurons and skeletal muscle cells (permanent GO)

« Liver cells can re-enter the cycle from GO when stimulated (temporary GO0)

Checkpoints in Cell Cycle Regulation
Major Cell Cycle Checkpoints

» G1/S checkpoint (restriction point) controls entry into S phase

* Influenced by growth factors (platelet-derived growth factor) and cell size

* Ensures sufficient resources for DNA replication and cell division

* Intra-S checkpoint monitors DNA replication and responds to replication stress
* Activated by stalled replication forks or DNA damage during S phase

+ Slows DNA synthesis and prevents late origin firing

* G2/M checkpoint ensures complete DNA replication and repair before mitosis
* Prevents cells with unreplicated or damaged DNA from entering mitosis

« Activated by incomplete replication or DNA damage (double-strand breaks)

* Spindle assembly checkpoint (SAC) operates during mitosis

* Ensures proper chromosome attachment to mitotic spindle before anaphase

* Prevents chromosome missegregation and aneuploidy

Checkpoint Functions and Consequences

» Checkpoints trigger cell cycle arrest, allowing time for repair mechanisms

* Arrest can be temporary (allowing repair) or permanent (senescence or apoptosis)

* Example: DNA damage activates p53, leading to p21 expression and cell cycle arrest

« Failure of checkpoint mechanisms leads to genomic instability and cancer development
» Mutations in checkpoint proteins (p53, ATM) found in many cancers

» Chromosomal aberrations and aneuploidy result from defective checkpoints

Cell Cycle Control Mechanisms

Cyclin-CDK Complexes and Inhibitors
* Cyclin-dependent kinases (CDKs) and cyclins central to cell cycle control
» CDKs are serine/threonine kinases activated by binding to cyclins
+ Cyclin levels fluctuate throughout the cell cycle, regulating CDK activity
« Different cyclin-CDK complexes active during specific cell cycle phases
+ Cyclin D-CDK4/6 in G1 phase promotes G1/S transition

* Cyclin E-CDK?2 initiates S phase and DNA replication
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* Cyclin A-CDK2 regulates S phase progression

* Cyclin B-CDK1 drives mitotic entry and progression

+ CDK inhibitors (CKls) regulate cyclin-CDK activity and induce cell cycle arrest
* p21 and p27 (CIP/KIP family) inhibit a broad range of cyclin-CDK complexes

* INK4 family (p16, p15, p18, p19) specifically inhibit CDK4/6

Key Regulatory Proteins and Pathways
+ Retinoblastoma protein (pRb) and E2F transcription factors control G1/S transition
* pRb binds and inhibits E2F in G1
+ Cyclin D-CDK4/6 phosphorylates pRb, releasing E2F to activate S phase genes
» Tumor suppressor p53 crucial for cell cycle arrest and apoptosis
* Activated by DNA damage, oncogene activation, or cellular stress
* Induces p21 expression, leading to CDK inhibition and cell cycle arrest
» Anaphase-promoting complex/cyclosome (APC/C) regulates mitotic progression
 E3 ubiquitin ligase that targets cyclin B and securin for degradation
» Cdc20 and Cdh1 co-activators determine APC/C substrate specificity
* Protein kinases ATM and ATR key sensors of DNA damage
* ATM responds primarily to double-strand breaks
* ATR activated by single-stranded DNA at stalled replication forks

* Both activate checkpoint signaling cascades (CHK1, CHK2) to arrest cell cycle

Cell Cycle Dysregulation in Cancer

Genetic Alterations and Proliferation

* Mutations in proto-oncogenes and tumor suppressors lead to uncontrolled proliferation
» Oncogene activation (RAS, MYC) promotes continuous cell division

» Tumor suppressor inactivation (p53, pRb) removes growth restraints

+ Overexpression of cyclins or CDKs results in aberrant cell cycle progression

* Cyclin D1 amplification common in breast and esophageal cancers

* CDK4 amplification found in melanoma and sarcomas

* Inactivation of CKiIs allows unchecked cell division

* p16 deletion frequent in pancreatic cancer and melanoma

* p27 downregulation associated with poor prognosis in various cancers
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Genomic Instability and Cancer Progression

* Loss of function in checkpoint proteins allows division of damaged cells

* p53 mutations found in over 50% of human cancers

+ ATM mutations cause ataxia-telangiectasia and increased cancer risk

» Chromosomal instability arises from defects in mitotic checkpoint proteins
* Mutations in SAC components (MAD2, BUB1) lead to aneuploidy

+ Cohesion defects cause premature sister chromatid separation

+ Dysregulation of apoptotic pathways prevents elimination of abnormal cells
* Overexpression of anti-apoptotic proteins (BCL-2) in follicular lymphoma

* Inactivation of pro-apoptotic proteins (BAX) in colon cancer

* Increased replicative potential through telomere maintenance mechanisms
* Telomerase activation in ~85% of human cancers

* Alternative lengthening of telomeres (ALT) in some sarcomas and gliomas
* Cell cycle dysregulation understanding led to targeted cancer therapies

» CDK4/6 inhibitors (palbociclib) for breast cancer treatment

+ Mitotic spindle poisons (paclitaxel) disrupt cell division in various cancers

9.2 Variation in radiosensitivity throughout the cell cycle

Cells dance through the cell cycle, changing their radiosensitivity with each step. G2 and M phases are the
most vulnerable, while late S phase offers the best protection. This variation is crucial for understanding
how radiation affects cells differently.

The cell's journey impacts its ability to handle radiation damage. DNA repair mechanisms, chromatin
structure, and metabolic state all play a role. Knowing these differences helps scientists design better
cancer treatments and protect healthy tissues.

Radiosensitivity across cell cycle phases

Variations in radiosensitivity

+ Radiosensitivity varies significantly throughout different cell cycle phases

* Cells exhibit varying degrees of susceptibility to radiation-induced damage

* Susceptibility changes as cells progress through the cycle

* G2 and M phases demonstrate highest radiosensitivity

* Cells in these phases more susceptible to radiation-induced cell death

* Increased vulnerability linked to chromatin condensation and DNA segregation

* Late S phase exhibits highest radioresistance
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* Active DNA synthesis and repair mechanisms protect cells

* Presence of sister chromatids enables more efficient DNA repair
* G1 phase shows intermediate radiosensitivity

+ Sensitivity increases as cells approach G1/S transition

» Changes in repair pathway availability influence vulnerability

Quiescent cells and microenvironment factors

» GO phase (quiescent) cells typically display lower radiosensitivity

» Compared to actively cycling cells in other phases

» Reduced metabolic activity and DNA replication decrease damage potential
* Cell type impacts radiosensitivity of quiescent cells

« Stem cells in GO may exhibit different sensitivity than differentiated cells

» Tissue-specific factors influence cellular response to radiation

» Microenvironment affects radiosensitivity across all phases

* Oxygen levels modulate cellular response (oxygen effect)

+ Nutrient availability influences metabolic state and repair capacity

» Extracellular matrix composition impacts cell signaling and survival pathways
Mechanisms of varying radiosensitivity

DNA and chromatin factors

* DNA content influences radiosensitivity

« Larger genomes provide more targets for radiation damage

* Ploidy level affects cellular ability to compensate for genetic damage

» Chromatin structure plays crucial role in radiation protection

» Condensed chromatin offers greater shielding against radiation-induced damage
+ Histone modifications alter chromatin compaction throughout cell cycle

* DNA repair mechanisms significantly impact survival post-radiation

» Homologous recombination (HR) most active in S and G2 phases

» Non-homologous end joining (NHEJ) functions throughout cell cycle

« Efficiency and availability of repair pathways vary by phase

Cell cycle regulation and protein dynamics

* Cell cycle checkpoints contribute to radiosensitivity

* G1/S and G2/M checkpoints allow time for DNA repair
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» Checkpoint activation can initiate apoptosis in severely damaged cells

* Pro-survival and pro-apoptotic protein expression fluctuates

+ Bcl-2 family proteins regulate apoptotic response to radiation

* p53 activation varies across cell cycle, influencing cell fate decisions

* Cyclin-dependent kinase (CDK) activity modulates repair pathway choice
» CDK1 activation in G2/M promotes HR over NHEJ

» CDK inhibition in G1 favors NHEJ for DNA double-strand break repair

Cellular metabolism and oxidative stress

» Oxygen concentration impacts radiosensitivity

» Well-oxygenated cells generally more radiosensitive

* Increased production of reactive oxygen species (ROS) in presence of oxygen
+ Cellular metabolism affects radiation response

* High metabolic activity can increase ROS production

» Mitochondrial function influences cellular energy availability for repair

* Free radical availability varies across cell cycle phases

* Influences extent of indirect radiation damage

« Antioxidant capacity fluctuates, modulating cellular protection

Implications for radiotherapy

Treatment optimization strategies

* Cell cycle-dependent radiosensitivity informs dose fractionation

« Allows targeting cancer cells in most vulnerable phases

* Fractionation schedules can be designed to maximize tumor cell kill
* Cell cycle synchronization techniques enhance treatment efficacy

* Increase proportion of tumor cells in radiosensitive phases

» Methods include serum starvation, chemical inhibitors (hydroxyurea)
» Radiosensitizing agents target specific cell cycle phases

» Enhance effectiveness of radiotherapy (gemcitabine, paclitaxel)

* Exploit varying radiosensitivity of cancer cells

Challenges and considerations

* Minimizing damage to normal tissues crucial

« Particularly important for rapidly dividing cell populations (bone marrow, gut epithelium)
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« Differential radiosensitivity between normal and tumor cells exploited
« Tumor heterogeneity presents challenges

+ Cell cycle distributions vary within tumors

* Achieving uniform radiosensitization across tumor volume difficult

» Combining radiotherapy with cell cycle-specific chemotherapy

* Potential to improve treatment outcomes

* Targets cells in different phases of cell cycle (cisplatin, 5-fluorouracil)

Cell cycle and DNA repair efficiency
DNA repair pathway dynamics

* DNA repair efficiency varies significantly across cell cycle phases

« Certain repair pathways more active or exclusive to specific phases
« Influences overall cellular radiosensitivity

» Homologous recombination (HR) most efficient in S and G2 phases
* Requires sister chromatids as templates for repair

* High-fidelity mechanism for complex DNA damage

* Non-homologous end joining (NHEJ) active throughout cell cycle

* Plays prominent role in G1 phase when HR not possible

* More error-prone but faster than HR

Protein availability and checkpoint regulation
» Key DNA repair proteins fluctuate throughout cell cycle
* BRCA1, BRCA2, RAD51 expression and activity vary
* Influences repair pathway choice and efficiency
* Cell cycle checkpoints provide critical time for DNA repair
* G2/M checkpoint particularly important for repair completion
+ Allows damage assessment before cell division
» Complexity of radiation-induced DNA damage varies by phase
« Affects cell's ability to efficiently repair damage

* Influences overall radiosensitivity and survival

Epigenetic and chromatin factors

« Epigenetic modifications impact DNA repair across cell cycle

* Histone acetylation/methylation patterns change
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* Affects accessibility of DNA repair machinery to damaged sites
» Chromatin remodeling processes occur during different phases
* Alter chromatin structure and DNA accessibility

* Influence efficiency of damage detection and repair

* Nucleosome positioning affects repair protein recruitment

» Changes throughout cell cycle

* Impacts speed and accuracy of DNA damage response

9.3 Cell cycle-based strategies in radiation therapy

Cell cycle-based strategies in radiation therapy exploit the varying radiosensitivity of cells during different
phases. By targeting tumor cells when they're most vulnerable, these approaches aim to maximize cancer
cell killing while minimizing damage to healthy tissues.

Understanding cell cycle checkpoints and DNA repair mechanisms is crucial. Techniques like chemical
synchronization and genetic manipulation help align tumor cells in specific phases, enhancing the
effectiveness of radiation therapy and potentially reducing side effects.

Rationale for Cell Cycle-Based Radiotherapy

Radiosensitivity Variations Across Cell Cycle

+ Cell cycle phases exhibit varying radiosensitivity leads to differential susceptibility to radiation-induced
damage

* G2/M phase demonstrates highest radiosensitivity
« Late S phase shows greatest radioresistance

* Cell cycle-based strategies exploit radiosensitivity differences enhances therapeutic ratio of radiation
therapy

» Tumor cells often possess dysregulated cell cycle control mechanisms increases vulnerability to cell
cycle-targeted approaches

» Understanding molecular mechanisms governing cell cycle progression and DNA damage response
pathways enables development of effective cell cycle-based strategies

Goals and Mechanisms

+ Cell cycle-based radiation therapy aims to maximize tumor cell killing while minimizing damage to
normal tissues

« Exploits differences in radiosensitivity between tumor and normal cells
* Targets specific cell cycle phases where tumor cells are most vulnerable

« Utilizes knowledge of cell cycle checkpoints and DNA repair mechanisms
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Synchronizing Tumor Cells in Cell Cycle Phases

Chemical and Biological Methods

» Chemical synchronization arrests cells in specific cell cycle phases

» Hydroxyurea for G1/S phase

* Nocodazole for M phase

» Serum starvation and release synchronizes cells in GO/G1 phase

* Deprives cells of growth factors

* Reintroduces growth factors to initiate synchronous cell cycle progression

» Genetic manipulation of cell cycle regulators (cyclins, CDKs) synchronizes cells in desired phases

» Targeted molecular inhibitors of specific cell cycle checkpoints accumulate cells in particular phases
+ CDK4/6 inhibitors for G1 phase

» ATR inhibitors for S phase

Physical and Technical Approaches

* Cell sorting techniques physically separate cells based on DNA content or specific cell cycle markers
* Flow cytometry
* Fluorescence-activated cell sorting (FACS)

+ Pulsed-field gel electrophoresis separates cells based on DNA content allows synchronization in
specific cell cycle phases

+ Choice of synchronization method depends on tumor type, desired cell cycle phase, and potential
interactions with radiation therapy

» Advanced imaging techniques (PET tracers) monitor tumor cell cycle dynamics non-invasively

Benefits and Limitations of Cell Cycle-Based Radiotherapy

Potential Advantages

* Increased tumor cell killing targets cells in most radiosensitive phases

* Dose reduction in normal tissues decreases side effects of radiation therapy

» Enhanced efficacy of combination therapies (chemoradiation) optimizes timing of treatments

* Potential for personalized treatment planning based on individual tumor cell cycle characteristics

* Improved therapeutic index increases tumor control while sparing normal tissues

Challenges and Drawbacks

» Tumor cell population heterogeneity leads to non-uniform response to synchronization attempts
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* Rapid proliferation and genetic instability of tumor cells causes quick desynchronization reduces
effectiveness

» Normal tissues may be affected by cell cycle synchronization methods potentially increases toxicity

» Complexity of implementing cell cycle-based strategies in clinical settings poses logistical challenges
for widespread adoption

« Limited specificity of current synchronization agents may result in off-target effects

Research and Future Directions in Cell Cycle-Targeted Radiotherapy

Current Research Focus

» Development of more specific and less toxic synchronization agents for combination with radiation
therapy

* Investigation of molecular biomarkers predicts tumor cell cycle distribution and response to cell
cycle-based strategies

» Advanced imaging techniques (PET tracers for cell cycle phases) enable non-invasive monitoring of
tumor cell cycle dynamics

» Combination approaches using cell cycle-targeted drugs with radiation and immunotherapy enhance
overall treatment efficacy

» Nanoparticle-based delivery systems for cell cycle-modulating agents improve tumor targeting and
reduce systemic toxicity

Emerging Technologies and Approaches

* Personalized treatment planning based on individual tumor cell cycle characteristics optimizes therapy

* Integration of artificial intelligence and machine learning optimizes treatment timing and dosing in cell
cycle-based radiotherapy

» Development of real-time cell cycle monitoring techniques enables adaptive radiotherapy

« Exploration of circadian rhythm-based approaches synchronizes treatment with natural cell cycle
fluctuations

* Investigation of epigenetic modulators influences cell cycle progression and radiosensitivity

Fiveable archived study guides Page 89



Unit 10 — Radiation Effects on Tissues
and Organs

10.1 Tissue radiosensitivity and the law of Bergonié and Tribondeau

Tissue radiosensitivity is crucial in understanding how radiation affects our bodies. Some tissues are more
vulnerable to radiation damage than others, depending on factors like cell division rate and specialization.

The Law of Bergonié and Tribondeau explains why certain tissues are more sensitive to radiation. It helps
doctors plan radiation treatments and guides safety measures for people working with radiation.

Tissue Radiosensitivity and Its Implications

Concept and Importance of Tissue Radiosensitivity
« Tissue radiosensitivity measures relative susceptibility of different tissues to ionizing radiation damage
» Determined by cellular characteristics
* Rate of division
* Metabolic activity
* Degree of differentiation
* Influences development of tissue reactions (deterministic effects)
* Impacts risk of stochastic effects (cancer induction) in different organs
* Crucial for understanding differential radiation effects on organ systems

* Helps predict potential side effects of radiation exposure

Radiosensitivity and Organ Effects
» Organs composed of more radiosensitive tissues face higher risk of radiation-induced effects
* Radiation-induced damage manifests as both acute and chronic effects
* Acute effects occur shortly after exposure (nausea, hair loss)
+ Chronic effects develop over time (fibrosis, cancer)
« Differential radiosensitivity explains varying responses of organs to radiation
* Bone marrow (highly sensitive)

* Brain tissue (less sensitive)

Law of Bergonié and Tribondeau

Fundamental Principles

» Formulated in 1906 by French radiobiologists Jean Bergonié and Louis Tribondeau
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* Relates cellular characteristics to radiosensitivity

« States radiosensitivity of tissue directly proportional to reproductive capacity
* Inversely proportional to degree of differentiation

* Cells more radiosensitive if they have:

* High mitotic rate

* Long dividing future

» Unspecialized type

Application and Limitations

* Provides basis for understanding tissue radiosensitivity patterns

» Explains why certain tissues more radiosensitive (bone marrow, intestinal epithelium)
« Clarifies why other tissues less sensitive (nerve, muscle tissue)

* Serves as general guide, not absolute rule

* Crucial for radiation oncologists in treatment planning

* Aids radiologists in assessing radiation risks

* Guides radiation protection specialists in risk assessment

Factors Influencing Tissue Radiosensitivity

Cellular Characteristics

+ Cell proliferation rate primary factor

* Rapidly dividing cells more radiosensitive

* Increased opportunities for radiation-induced DNA damage during mitosis
+ Degree of cell differentiation inversely correlates with radiosensitivity

* Less differentiated cells (stem cells) generally more radiosensitive

« Fully differentiated cells less sensitive

* Cell cycle phase at irradiation time influences sensitivity

* Late G2 and M phases most sensitive

* Late S phase most resistant

Environmental and Genetic Factors

» Oxygen concentration affects radiosensitivity
* Oxygen enhancement effect makes well-oxygenated cells more sensitive
* Hypoxic cells less sensitive

+» Genetic factors impact cellular radiosensitivity
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* DNA repair capacity

* Presence of tumor suppressor genes (p53)

* Tissue microenvironment modulates radiosensitivity
* pH levels

» Temperature

* Presence of radioprotective or radiosensitizing agents

Applications of Bergonié and Tribondeau Law

Radiotherapy Optimization
» Guides treatment planning by targeting rapidly dividing cancer cells
* Minimizes damage to slower-growing healthy tissues
* Informs fractionation of radiotherapy doses
+ Allows normal tissues to recover between treatments
« Effectively damages cancer cells
* Contributes to development of tissue weighting factors
+ Used to calculate effective dose

* Assesses radiation risks to different organs

Radiation Protection Strategies

+ Informs design of radiation shielding

* Helps determine safe exposure limits for body parts in various settings
» Occupational exposure (nuclear power plant workers)

» Medical settings (radiologists, technicians)

+» Optimizes imaging protocols in diagnostic radiology

+ Balances image quality with radiation dose

* Minimizes risks to radiosensitive organs (thyroid, breast)

+ Aids space radiation protection strategies

* Protects astronauts from cosmic radiation

* Focuses on radiosensitive tissues (bone marrow, central nervous system)
» Guides development of radioprotective agents

* Mitigates radiation-induced damage in clinical scenarios

* Assists in emergency response planning (nuclear accidents)
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10.2 Acute and late effects on major organ systems

Radiation can cause both acute and late effects on our organs. Acute effects happen fast, within weeks,
from high doses. They're often reversible. Late effects take months or years to show up, even from lower
doses. They're usually permanent and can get worse over time.

Different organs react differently to radiation. The blood-forming system is super sensitive, while the brain
can take more. Understanding these effects helps doctors plan cancer treatments and deal with radiation
accidents. It's all about balancing killing cancer cells while protecting healthy tissue.

Radiation Effects on Organ Systems

Acute vs Late Radiation Effects

« Acute radiation effects manifest within hours to weeks after exposure from high doses over a short
period

+ Characterized by rapid cell death and tissue damage
« Severity and onset depend on dose, with higher doses causing more severe and rapid effects
+ Often reversible with proper medical intervention

« Late radiation effects appear months to years after exposure from lower doses over time or a single
high dose

* Involve progressive tissue changes and potential genetic alterations

 Can occur at lower doses than acute effects

* Typically irreversible and may be progressive

» Threshold doses for acute and late effects vary among organ systems based on radiosensitivity
* Examples:

* Acute: Nausea and vomiting within hours of radiation therapy

« Late: Development of cataracts years after radiation exposure to the eye

Specific Effects on Major Organ Systems

* Hematopoietic system acute effects

* Lymphocyte depletion

» Thrombocytopenia

* Neutropenia

* Increased risk of infection and bleeding

» Hematopoietic system late effects

+ Chronic bone marrow suppression

* Increased risk of leukemia (particularly acute myeloid leukemia)

» Gastrointestinal acute effects
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* Nausea, vomiting, diarrhea
* Potential mucosal ulceration and hemorrhage

» Radiation-induced gastrointestinal syndrome at high doses leads to severe dehydration and
electrolyte imbalances

+ Gastrointestinal late effects

+ Chronic enteritis

* Malabsorption

* Fibrosis of the intestinal wall

« Central nervous system acute effects (rare, occur at very high doses)
+ Cerebral edema

* Increased intracranial pressure

+ Altered consciousness

+ Central nervous system late effects

+ Cognitive impairment (memory loss, decreased processing speed)
* Demyelination

+ Radiation-induced necrosis

» Compromised blood-brain barrier leading to increased permeability and potential neurological
complications

Acute vs Late Radiation Effects

Characteristics and Timing

* Acute effects occur within hours to weeks after exposure

* Result from high radiation doses over short periods

» Manifest rapidly due to extensive cell death and tissue damage

* Late effects develop months to years post-exposure

» Stem from lower doses over extended periods or single high-dose events
* Involve gradual tissue changes and potential genetic alterations

» Dose-dependency influences acute effect severity and onset

* Higher doses lead to more severe and rapid manifestations

 Lower threshold doses required for late effects compared to acute

Reversibility and Progression

* Acute effects often show reversibility with proper medical intervention

» Example: Recovery of skin burns from radiation therapy
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« Late effects typically irreversible and may worsen over time

» Example: Progressive lung fibrosis years after chest irradiation
* Threshold doses for effects vary among organ systems

* Reflects differing radiosensitivity of tissues

* Example: Bone marrow more sensitive than brain tissue

Mechanisms of Radiation Effects

Cellular and Molecular Processes

* Acute effects primarily result from direct DNA damage and rapid cell death

« Particularly affects rapidly dividing cells in tissues (bone marrow, intestinal lining)
* Radiation-induced free radical formation contributes to cellular damage

* Leads to oxidative stress, impacting both acute and late effects

+ Late effects involve chronic inflammation and fibrosis

* Progressively alters tissue structure and function

» Example: Lung fibrosis reducing respiratory capacity

Long-term Consequences

* Genetic instability and mutations in surviving cells

* Increases risk of secondary malignancies (leukemia, solid tumors)

* Bystander effects spread radiation-induced injury

*» Non-irradiated cells exhibit damage due to signals from irradiated cells

» Stem cell depletion in affected tissues

« Impairs regenerative capacity, contributing to both acute and late effects

» Example: Depletion of hematopoietic stem cells leading to long-term bone marrow suppression
« Epigenetic changes alter gene expression patterns

* Potentially leads to long-term functional changes in tissues

» Example: Altered DNA methylation patterns in irradiated cells

Clinical Implications of Radiation Effects

Radiotherapy Considerations
» Understanding acute and late effects crucial for treatment planning
« Informs optimal dose fractionation schedules
* Helps balance tumor control with normal tissue toxicity

* Acute effects may necessitate treatment interruptions or dose modifications
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* Allows for tissue recovery and minimizes severe toxicity

« Example: Reducing radiation dose to prevent severe mucositis in head and neck cancer patients
« Late effects require long-term follow-up and impact quality of life

» Necessitates appropriate supportive care strategies

* Example: Regular cardiac monitoring for patients who received chest radiation

Accidental Exposure Management

+ Rapid assessment of radiation dose and potential organ system involvement critical

« Initiates appropriate medical interventions

» Example: Using biodosimetry techniques to estimate radiation exposure in nuclear accidents
* Prophylactic measures employed to mitigate acute effects

» Administration of radioprotectors or growth factors

» Example: Giving granulocyte colony-stimulating factor to stimulate white blood cell production

Long-term Considerations

* Risk of secondary malignancies due to late effects

* Impacts long-term survivorship care for radiotherapy patients and accident survivors

» Example: Increased breast cancer risk in women who received chest radiation for Hodgkin lymphoma
+ Multidisciplinary approaches essential for managing complex clinical implications

* Involves radiation oncologists, medical physicists, and other specialists

« Example: Collaborating with endocrinologists to manage thyroid dysfunction after neck irradiation

10.3 Radiation-induced fibrosis and tissue remodeling

Radiation-induced fibrosis is a long-term side effect of cancer treatment that can seriously impact patients'
lives. It happens when too much collagen builds up in tissues after radiation, making them stiff and less
functional. This process can affect various organs, from skin to lungs to heart.

Understanding how fibrosis develops is crucial for improving cancer care. Scientists are studying the
molecular pathways involved and working on ways to detect and treat it early. Managing fibrosis often
requires a team approach, combining different therapies to help patients maintain quality of life after
radiation.

Radiation-induced fibrosis

Definition and characteristics

+ Radiation-induced fibrosis manifests as a chronic, progressive condition characterized by excessive
deposition of extracellular matrix components (collagen) in irradiated tissues

* Fibrosis emerges as a major component of late radiation effects, typically appearing months to years
after radiation exposure
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» Development of fibrosis results in tissue stiffness, reduced elasticity, and impaired organ function in
affected areas

* Fibrosis can occur in various organs and tissues (skin, lungs, heart, gastrointestinal tract)

« Severity and extent of fibrosis depend on factors such as total radiation dose, fractionation schedule,
and individual patient susceptibility

* Fibrosis contributes significantly to long-term morbidity in cancer survivors who have undergone
radiotherapy treatments

Impact on tissue function

» Excessive collagen deposition leads to altered tissue architecture and compromised organ
functionality

» Reduced tissue elasticity impairs normal physiological processes (breathing in lung fibrosis, cardiac
contractility in heart fibrosis)

* Fibrotic changes can cause tissue contraction and deformity (skin contractures, bowel strictures)
* Vascular changes associated with fibrosis may lead to reduced blood supply and tissue hypoxia
« Fibrosis can interfere with normal cellular functions and tissue homeostasis

* Progressive nature of fibrosis can result in gradual deterioration of organ function over time

Molecular mechanisms of fibrosis

Cellular response to radiation damage

+ Radiation-induced DNA damage triggers a complex cascade of cellular and molecular events leading
to fibrosis

« Activation of pro-fibrotic cytokines, particularly transforming growth factor-beta (TGF-B), plays a
central role in initiating and sustaining the fibrotic process

 Chronic inflammation and oxidative stress contribute to the perpetuation of the fibrotic response

+ Radiation exposure leads to phenotypic changes in fibroblasts, transforming them into myofibroblasts,
which are key effector cells in fibrosis

» Myofibroblasts produce excessive amounts of extracellular matrix proteins (collagens, fibronectin,
proteoglycans)

» Endothelial cell damage and vascular changes play a role in tissue hypoxia and perpetuation of the
fibrotic process

Molecular pathways and mediators

» TGF-B signaling pathway activation leads to increased production of extracellular matrix proteins

* Upregulation of pro-fibrotic genes (COL1A1, COL3A1, CTGF) through SMAD-dependent and
SMAD-independent pathways

* Activation of other pro-fibrotic mediators (PDGF, CTGF, IL-13) contributes to the fibrotic process
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* Dysregulation of matrix metalloproteinases (MMPs) and their inhibitors (TIMPs) contributes to
aberrant extracellular matrix remodeling

* Increased expression of adhesion molecules (integrins) promotes fibroblast activation and matrix
deposition

« Epigenetic changes, including DNA methylation and histone modifications, influence gene expression
patterns in fibrosis

Tissue remodeling after radiation

Phases of tissue remodeling

+ Tissue remodeling involves a dynamic process of breakdown and reorganization of existing tissue
structures in response to radiation-induced damage

« Initial acute inflammation characterized by rapid influx of inflammatory cells and release of
pro-inflammatory mediators (TNF-q, IL-13)

« Chronic inflammatory phase follows, with sustained infiltration of immune cells and ongoing release of
inflammatory mediators

 Radiation-induced cell death triggers compensatory proliferation and differentiation of surviving cells

+ Balance between extracellular matrix production and degradation becomes disrupted, leading to
excessive matrix deposition

* Vascular remodeling occurs, including changes in vessel density, permeability, and functionality
(angiogenesis, vessel regression)

Consequences of tissue remodeling

* Altered tissue architecture results in loss of organ-specific functions (reduced alveolar gas exchange
in lung fibrosis)

» Reduced tissue compliance affects mechanical properties (stiffened heart tissue in cardiac fibrosis)
* Increased susceptibility to further injury due to compromised tissue integrity

» Remodeling process can continue for years after radiation exposure, leading to progressive
deterioration of tissue function

» Changes in tissue microenvironment may influence tumor recurrence or secondary malignancies

 Impaired wound healing and tissue regeneration in irradiated areas

Clinical significance of fibrosis

Impact on patient outcomes

+ Radiation-induced fibrosis and tissue remodeling significantly impact the quality of life of cancer
survivors who have undergone radiotherapy

» Fibrosis leads to organ-specific complications (reduced lung function, cardiac dysfunction, skin
contractures)
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* Progressive nature of fibrosis results in delayed onset of symptoms, presenting challenges for
long-term patient management

* Fibrosis and tissue remodeling can limit options for future treatments (surgery, re-irradiation) in cases
of cancer recurrence

* Increased risk of treatment-related morbidity in subsequent cancer therapies

* Potential impact on overall survival and disease-free survival in cancer patients

Management and future directions

* Understanding mechanisms of radiation-induced fibrosis crucial for developing strategies to prevent or
mitigate its effects

« Current research focuses on identifying biomarkers for early detection of fibrosis (circulating
microRNAs, specific cytokine profiles)

» Development of targeted therapies to modulate the fibrotic process (TGF-f inhibitors, antioxidants)

» Management of radiation-induced fibrosis often requires a multidisciplinary approach (supportive care,
physical therapy, pharmacological interventions)

* Emerging treatments include stem cell therapies and tissue engineering approaches to promote
regeneration

* Importance of long-term follow-up and monitoring of cancer survivors for late effects of radiotherapy

» Ongoing efforts to optimize radiation treatment planning to minimize risk of fibrosis while maintaining
therapeutic efficacy
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Unit 11 — Acute Radiation Syndrome &
Effects

11.1 Phases and symptoms of acute radiation syndrome

Acute radiation syndrome (ARS) is a complex condition that unfolds in distinct phases. From the initial
prodromal stage to the final recovery or death phase, ARS symptoms progress and vary based on
radiation dose and individual factors.

Understanding ARS symptoms is crucial for diagnosing and treating radiation exposure. Early symptoms
like nausea and fatigue can evolve into severe multi-organ complications. The dose-response relationship
and long-term consequences highlight the importance of proper radiation protection and medical
management.

Phases of Acute Radiation Syndrome

Timeline and Progression

* Acute radiation syndrome (ARS) progresses through four distinct phases prodromal, latent, manifest
illness, and recovery or death

* Prodromal phase occurs within minutes to days after exposure marked by initial symptoms
* Latent phase follows prodromal phase lasting from days to weeks depending on radiation dose

» Manifest iliness phase typically begins 2-6 weeks post-exposure characterized by most severe ARS
symptoms

» Recovery or death phase occurs within several months after exposure outcomes depend on exposure
severity and medical interventions

Phase Characteristics
» Prodromal phase severity and onset correlate directly with radiation dose received
« Latent phase features temporary symptom improvement while cellular damage progresses silently

» Manifest iliness phase affects multiple organ systems including hematopoietic, gastrointestinal, and
neurovascular

» Recovery phase involves gradual symptom improvement and organ function restoration

* Death phase results in multi-organ failure and potentially fatal complications
Symptoms of Acute Radiation Syndrome
Early Stage Symptoms

» Prodromal phase manifests nausea, vomiting, anorexia, and fatigue

» Symptom onset and severity depend on radiation dose received

* Latent phase may show temporary improvement in symptoms
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* Cellular damage continues to progress during latent phase despite apparent improvement

Advanced Stage Symptoms
» Manifest iliness phase presents severe symptoms affecting multiple organ systems
» Hematopoietic syndrome includes infection, bleeding, and anemia due to bone marrow suppression
* Gastrointestinal syndrome causes severe diarrhea, dehydration, and electrolyte imbalances

» Neurovascular syndrome leads to neurological symptoms and cardiovascular collapse at very high
doses

* Recovery phase marked by gradual improvement of symptoms and organ function restoration

Radiation Dose and Severity

Dose-Response Relationship
* ARS symptom severity and progression directly correlate with total radiation dose received
* Doses below 0.5 Gy typically do not produce clinically significant ARS symptoms
* Moderate doses (1-2 Gy) primarily affect the hematopoietic system increasing in severity with dose

* Higher doses (4-10 Gy) lead to both hematopoietic and gastrointestinal syndromes significantly
increasing mortality risk

* Very high doses (>10 Gy) result in rapid onset of severe symptoms including neurovascular syndrome
often fatal within days to weeks

Influencing Factors

* Dose rate affects severity and progression of ARS symptoms
* Radiation type (gamma, neutron) influences symptom development and severity
« Individual factors such as age, health status, and genetic predisposition impact ARS manifestation

« Partial-body vs whole-body exposure leads to different symptom patterns and severities

Long-Term Consequences of Radiation Syndrome

Cancer and Organ Damage

» ARS survivors face increased risk of various cancer types particularly leukemia and solid tumors
* Radiation-induced DNA damage contributes to long-term cancer risk

« Chronic health issues may arise from specific organ damage lung fibrosis (lungs), kidney dysfunction
(kidneys), cardiovascular problems (heart)

* Long-term medical monitoring essential for managing delayed effects and improving health outcomes

Reproductive and Neurological Effects

« Survivors may experience long-term effects on fertility and reproductive health
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* Temporary or permanent sterility possible depending on radiation dose
* Increased risk of birth defects in offspring of ARS survivors

« Cognitive impairments and neurological disorders may develop from radiation damage to central
nervous system

+ Psychological consequences include post-traumatic stress disorder (PTSD) and anxiety related to
radiation exposure experience

11.2 Dose-response relationships in deterministic effects

Radiation can pack a serious punch, causing predictable damage when exposure crosses certain
thresholds. These deterministic effects, like skin burns and radiation sickness, get worse as the dose goes
up. It's crucial to understand how our bodies react to different radiation levels.

Dose-response relationships help us grasp how bad things can get at various exposure levels. By studying
these patterns, we can set safety limits, predict outcomes, and plan better responses to radiation
emergencies. It's all about keeping people safe in a world where radiation is both friend and foe.

Deterministic Effects of Radiation

Key Characteristics and Examples

* Deterministic effects manifest when radiation exposure exceeds a threshold dose
« Severity increases with higher radiation doses above the threshold
+ Also known as tissue reactions or non-stochastic effects
* Severity directly proportional to absorbed dose above threshold
* Typically appear within hours to weeks after exposure
* Predictable in individuals exposed to doses above threshold
* Examples include:
+ Radiation-induced cataracts
+ Skin burns
+ Acute radiation syndrome (radiation sickness)
* Hair loss
* Sterility
Biological Mechanisms and Factors
* Result from widespread cell death or functional impairment in affected tissues
« Severity influenced by factors such as:
* Total absorbed dose
* Dose rate (acute vs chronic exposure)

* Type of radiation (alpha, beta, gamma, neutron)
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» Radiosensitivity of affected tissue
« Individual factors (age, health status, genetics)
» Repair mechanisms may mitigate effects at lower doses or dose rates

 High doses can overwhelm cellular repair processes, leading to tissue damage

Threshold Dose for Deterministic Effects

Concept and Significance

* Minimum radiation dose required to produce a specific deterministic effect

» No observable effect occurs below threshold, regardless of exposure duration
* Thresholds vary for different effects and tissues

* Crucial for establishing radiation protection practices and safety limits

* Distinguishes deterministic effects from stochastic effects (no threshold)

* Typically expressed in gray (Gy) or sievert (Sv) units

« Aids in risk assessment and management of potential radiation exposures

Factors Influencing Threshold Doses

* Tissue radiosensitivity (bone marrow more sensitive than muscle)
* Dose rate (acute vs chronic exposure)

* Type of radiation (high vs low LET)

* Individual factors:

* Age (children often more sensitive)

+ Health status

* Genetic predisposition

» Environmental factors (temperature, oxygen levels)

* Presence of radioprotective or radiosensitizing agents

Dose-Response Curves for Deterministic Effects

Characteristics and Analysis

* Typically show sigmoid shape with clear threshold

« Steepness above threshold indicates rate of severity increase

+ Unique curves for different effects reflect biological mechanisms

« Latency period inferred from curves (higher doses = shorter latency)
* Used to predict likelihood and severity in exposed populations

+ Aid in establishing radiation protection standards
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* Help determine intervention levels in emergencies

Factors Affecting Dose-Response Relationships

* Dose rate influences curve shape (acute vs chronic exposure)

* Fractionation can alter response (multiple small doses vs single large dose)
« Individual radiosensitivity causes variation in population responses

« Tissue type and function affect shape and threshold of curves

* Presence of other stressors (heat, chemicals) can modify response

» Adaptive responses may occur with low-dose exposures

* Dose range studied can impact interpretation of curve shape

Severity of Deterministic Effects vs Dose Levels

Low to Moderate Doses

* Doses below threshold result in no observable deterministic effects
« Slightly above threshold:

+ Mild to moderate effects

* Longer latency periods

* Examples: temporary hair loss, mild skin erythema

* Moderate doses:

* More pronounced effects

* Shorter latency periods

* Examples: severe skin burns, temporary sterility

High Doses and Acute Exposures

» Well above threshold:

* Severe effects

« Short latency periods

* Potentially life-threatening consequences

* Examples: acute radiation syndrome, permanent sterility

* Severity increases non-linearly, rapid increase over small dose range

* Acute exposures generally more severe than protracted exposures of same total dose
* Very high doses can cause:

* Multi-organ failure

* Central nervous system damage

Fiveable archived study guides Page 104



* Death within hours to days

11.3 Treatment strategies for radiation injuries

Radiation injuries can be severe, but there are strategies to manage them. From immediate
decontamination to long-term care, treatment focuses on minimizing damage and supporting affected body
systems. Understanding these approaches is crucial for grasping the full impact of acute radiation
syndrome.

Stem cell therapy and growth factors play a vital role in treating radiation-induced bone marrow failure.
Long-term follow-up is essential, as survivors may face delayed effects. Regular monitoring and
organ-specific surveillance help catch and address potential issues early on.

Immediate Management of Radiation Exposure

Rapid Assessment and Decontamination

» Conduct rapid assessment and triage of exposed individuals based on severity of exposure and
presence of contamination

* Use radiation detection devices (Geiger counters) to measure contamination levels
« Categorize patients into high, medium, and low exposure groups

* Perform decontamination procedures to prevent further radiation exposure

* Remove contaminated clothing and place in sealed containers

» Wash exposed skin and hair thoroughly with soap and water

* Use specialized decontamination solutions (DTPA) for specific radionuclides

Medical Interventions
* Administer potassium iodide (KI) within first few hours post-exposure
* Protects thyroid gland from radioactive iodine uptake
» Dosage varies by age (130 mg for adults, lower doses for children)
* Provide antiemetic medications promptly to manage radiation-induced nausea and vomiting
* Use 5-HT3 receptor antagonists (ondansetron)
« Consider combining with corticosteroids for enhanced effect
« Initiate fluid and electrolyte replacement therapy
» Address dehydration and electrolyte imbalances from gastrointestinal damage
* Use isotonic crystalloid solutions (normal saline, Ringer's lactate)
* Implement infection prevention measures
* Isolate patients in clean environment (HEPA-filtered rooms)

» Administer prophylactic antibiotics (fluoroquinolones, broad-spectrum)
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Trauma Management

» Assess and manage traumatic injuries or burns coexisting with radiation exposure
* Prioritize life-threatening injuries (hemorrhage control, airway management)

+ Use standard trauma protocols while considering radiation effects

* Initiate specialized burn care for radiation-induced skin injuries

* Apply appropriate dressings (silver sulfadiazine for moist desquamation)

+ Monitor for signs of radiation dermatitis progression

Supportive Care for Acute Radiation Syndrome

Hematopoietic Support

* Provide blood product transfusions to address bone marrow suppression effects
» Administer packed red blood cells for anemia (hemoglobin < 7-8 g/dL)

+ Transfuse platelets for thrombocytopenia (platelet count < 10,000/pL)

» Manage neutropenia to prevent infections

» Use reverse isolation techniques

» Administer granulocyte colony-stimulating factor (G-CSF) to stimulate neutrophil production

Gastrointestinal and Nutritional Support

* Maintain nutrition through parenteral or enteral feeding

« Calculate caloric needs based on metabolic demands (25-35 kcal/kg/day)

+ Consider elemental or semi-elemental formulas for compromised GI function
* Manage radiation-induced diarrhea

* Administer antidiarrheal agents (loperamide)

* Replace fluid and electrolyte losses

* Prevent fluid and electrolyte imbalances

» Monitor serum electrolyte levels regularly

« Correct imbalances with targeted replacement (potassium, magnesium)

Multisystem Care

* Implement skin care protocols for radiation-induced injuries

* Apply specialized dressings (hydrocolloid, hydrogel) to promote healing

* Use topical treatments (aloe vera, hyaluronic acid) to soothe and protect skin
* Develop pain management strategies tailored to individual patient needs

« Utilize multimodal analgesia (opioids, NSAIDs, adjuvants)
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+ Consider nerve blocks for localized pain

* Provide psychological support and counseling

« Offer individual and group therapy sessions

» Address acute stress reactions and long-term mental health impacts
* Monitor and manage potential multi-organ dysfunction

* Assess respiratory function (oxygen saturation, arterial blood gases)

« Evaluate cardiovascular status (ECG, echocardiography)

Stem Cell Therapy for Radiation Injuries

Hematopoietic Stem Cell Transplantation

 Consider hematopoietic stem cell transplantation (HSCT) for severe bone marrow failure
+ Evaluate patients with prolonged pancytopenia (ANC < 500/uL for > 2 weeks)

» Assess HLA compatibility for potential allogeneic transplantation

* Determine optimal timing for HSCT

+ Balance need for hematopoietic recovery against transplantation risks

+ Consider transplantation window (typically 7-14 days post-exposure)

» Choose between autologous and allogeneic transplantation

* Use autologous stem cells if previously harvested and stored

* Seek suitable donor match for allogeneic transplantation (siblings, unrelated donors)

Growth Factor Therapy
» Administer granulocyte colony-stimulating factor (G-CSF) to accelerate neutrophil recovery
« Start G-CSF early (within 24-72 hours of exposure)
+ Continue until absolute neutrophil count > 1000/uL
* Use erythropoietin (EPO) to stimulate red blood cell production
+ Consider for patients with persistent anemia (hemoglobin < 10 g/dL)
» Monitor iron stores and supplement as needed
* Apply thrombopoietin receptor agonists for radiation-induced thrombocytopenia
« Utilize agents like romiplostim or eltrombopag

« Initiate when platelet count < 20,000/uL and bleeding risk is high
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Long-Term Follow-Up for Radiation Survivors

Comprehensive Health Monitoring

» Conduct regular comprehensive health assessments for delayed effects of acute radiation exposure
(DEARE)

* Perform annual physical examinations

« Utilize specialized screening protocols based on exposure dose and affected organs
* Implement periodic blood tests and bone marrow examinations

+ Monitor complete blood counts and differential

* Perform bone marrow biopsies every 2-5 years to assess for dysplasia or malignancy
« Carry out regular thyroid function tests and imaging studies

» Check TSH, free T4 levels annually

» Conduct thyroid ultrasound every 1-2 years to screen for nodules or cancer

Organ-Specific Surveillance

* Perform cardiovascular monitoring to detect radiation-induced heart disease
» Conduct annual ECGs and measure cardiac biomarkers (troponin, BNP)

» Schedule stress tests or echocardiograms every 3-5 years

» Execute neurological assessments for cognitive impairments

» Administer neurocognitive testing batteries annually

« Utilize brain imaging (MRI) if symptoms of CNS effects develop

* Implement dermatological follow-up for long-term skin changes

+ Perform full-body skin examinations annually

 Monitor for fibrosis, telangiectasias, or skin cancers in exposed areas

Psychosocial Support
+ Continue long-term psychological support and monitoring
« Offer annual mental health screenings for PTSD, depression, and anxiety
* Provide access to support groups for radiation exposure survivors
» Address potential socioeconomic impacts of radiation exposure
* Assist with occupational rehabilitation if needed

* Provide guidance on navigating long-term disability claims related to exposure
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Unit 12 — Stochastic Effects & Radiation
Carcinogenesis

12.1 Mechanisms of radiation carcinogenesis

Radiation carcinogenesis is a complex process involving DNA damage, repair mechanisms, and cellular
changes. It's crucial to understand how radiation affects our cells and DNA, potentially leading to cancer.
This knowledge helps us grasp the risks and protective measures associated with radiation exposure.

The mechanisms of radiation carcinogenesis include direct and indirect DNA damage, bystander effects,
and epigenetic changes. These processes can trigger mutations, genomic instability, and altered gene
expression, setting the stage for cancer development. Understanding these mechanisms is key to radiation
protection and cancer prevention strategies.

Radiation Carcinogenesis Mechanisms

Direct and Indirect DNA Damage

+ Radiation-induced carcinogenesis alters cellular DNA through direct and indirect mechanisms leading
to mutations and genomic instability

* Direct damage breaks chemical bonds in DNA resulting in single-strand breaks (SSBs) and
double-strand breaks (DSBs)

* Indirect damage produces reactive oxygen species (ROS) and free radicals oxidizing DNA bases and
causing various lesions

* ROS examples include superoxide anion (O2+-) and hydroxyl radical (OHe)

» Oxidized DNA bases include 8-oxoguanine and thymine glycol

* lonizing radiation induces point mutations, chromosomal aberrations, and gene amplifications
* Point mutations examples involve base substitutions (C-T transitions)

» Chromosomal aberrations include deletions, inversions, and translocations

+ Radiation potentially activates oncogenes or inactivates tumor suppressor genes

* Oncogene activation examples include RAS and MYC

» Tumor suppressor inactivation examples involve p53 and RB1

Bystander Effect and Epigenetic Changes
+ Bystander effect transmits damaging signals from irradiated cells to neighboring non-irradiated cells
« Signaling molecules involved include cytokines and reactive nitrogen species
* Epigenetic changes contribute to radiation-induced carcinogenesis by affecting gene expression
» DNA methylation pattern alterations occur primarily at CpG islands

« Histone modifications include acetylation, methylation, and phosphorylation
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* Linear no-threshold (LNT) model and threshold model describe the relationship between radiation
dose and cancer risk at low doses

* LNT model assumes no safe dose of radiation

» Threshold model proposes a dose below which no increased cancer risk occurs

DNA Damage and Cancer
DNA Repair Mechanisms

» DNA damage from ionizing radiation leads to mutations if not properly repaired, potentially initiating
carcinogenesis

* Double-strand breaks (DSBs) repaired primarily through non-homologous end joining (NHEJ) or
homologous recombination (HR)

* NHEJ operates throughout the cell cycle, often resulting in small insertions or deletions
* HR requires a homologous template, typically occurring in S and G2 phases

« Errors in DNA repair processes lead to chromosomal translocations, deletions, or amplifications
common in many cancers

* Philadelphia chromosome in chronic myeloid leukemia results from a translocation between
chromosomes 9 and 22

* p53 tumor suppressor gene plays a crucial role in DNA damage response, cell cycle arrest, and
apoptosis initiation

* p53 activates transcription of p21, inducing cell cycle arrest

* p53 upregulates pro-apoptotic genes (BAX, PUMA) in response to severe DNA damage

DNA Repair Deficiencies and Oxidative Stress

« Deficiencies in DNA repair pathways increase susceptibility to radiation-induced carcinogenesis
» Xeroderma pigmentosum involves defects in nucleotide excision repair

* Ataxia-telangiectasia results from mutations in the ATM gene, crucial for DSB repair

» Accumulation of unrepaired or misrepaired DNA damage over time leads to genomic instability
* Microsatellite instability results from defects in mismatch repair genes

+ Radiation-induced oxidative stress overwhelms cellular antioxidant defenses, causing persistent DNA
damage

+ Antioxidant defenses include enzymes (superoxide dismutase, catalase) and molecules (glutathione)

* Persistent oxidative damage leads to 8-oxoguanine formation and strand breaks

Genomic Instability in Carcinogenesis

Mechanisms of Genomic Instability

* Genomic instability increases tendency of genome to acquire mutations and alterations, characteristic
of most cancer cells
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» Radiation exposure induces genomic instability through various mechanisms

» Chromosome aberrations include dicentric chromosomes and ring chromosomes

» Gene amplifications occur in regions containing oncogenes (HERZ2 in breast cancer)
* Microsatellite instability results from defects in DNA mismatch repair

* Delayed genomic instability phenomenon describes new chromosomal aberrations and gene
mutations in progeny of irradiated cells

* Occurs several cell generations after initial radiation exposure

* Manifests as increased rates of gene mutation, chromosomal reorganization, and cell death

Telomeres and Epigenetic Factors

* Telomere dysfunction induced by radiation contributes to genomic instability

» Promotes chromosome end-to-end fusions and breakage-fusion-bridge cycles

» Telomere shortening accelerates in irradiated cells, leading to premature senescence

* Epigenetic alterations induced by radiation change chromatin structure and gene expression
* DNA hypomethylation can activate oncogenes and mobile genetic elements

+ Histone modifications affect DNA repair protein recruitment to damage sites

 Mitochondrial dysfunction from radiation exposure increases oxidative stress

» Mutations in mitochondrial DNA lead to inefficient electron transport chain function

* Increased ROS production causes further nuclear and mitochondrial DNA damage

+ Mutator phenotype concept suggests genomic instability accelerates accumulation of mutations for
cancer progression

* Mutations in DNA repair genes (MSH2, MLH1) lead to hypermutation in colorectal cancers

Initiating vs Promoting Events

Characteristics of Initiating and Promoting Events

« Initiating events in radiation carcinogenesis involve direct DNA damage and mutations transforming
normal cells into premalignant cells

« Single high-dose radiation exposure can cause initiating mutations
» Examples include activation of K-RAS oncogene or inactivation of p53 tumor suppressor

* Promoting events enhance proliferation and survival of initiated cells without directly causing
mutations

* Chronic low-dose radiation exposure can act as a promoter
» Promotion often involves stimulation of cell division or inhibition of apoptosis

 Radiation acts as both initiator and promoter in carcinogenesis, depending on dose, dose rate, and
cellular context

Fiveable archived study guides Page 111



* High doses typically initiate, while low doses may promote

* Fractionated radiation therapy can have both initiating and promoting effects

« Initiating events typically irreversible, occurring after single radiation exposure
* DNA double-strand breaks leading to chromosomal translocations

» Promoting events often reversible, requiring prolonged or repeated exposures

« Epigenetic changes affecting gene expression can be reversed

Carcinogenesis Models and Environmental Factors

 Multi-stage model of carcinogenesis describes progression from initiation to promotion to malignant
transformation and tumor progression

« Initiation involves DNA damage and mutation

» Promotion increases proliferation of initiated cells

* Progression involves acquisition of additional mutations and malignant phenotype
 Radiation-induced changes in tissue microenvironment act as promoting events in carcinogenesis
* Inflammation increases production of growth factors and cytokines

+ Altered cell signaling affects cell proliferation and survival pathways

» Radiation hormesis concept suggests low doses of radiation may have protective effects against
cancer

* Challenges traditional initiator-promoter model in some contexts
* Proposed mechanisms include enhanced DNA repair and antioxidant responses

* Examples include increased lifespan in irradiated mice and reduced cancer rates in some high
background radiation areas

12.2 Dose-response models for cancer induction

Dose-response models for cancer induction are crucial tools in radiobiology. They help us understand how
radiation exposure relates to cancer risk, guiding safety standards and risk assessments in various fields
like medicine and nuclear power.

These models come in different flavors, each with its own assumptions and implications. The linear
no-threshold model is widely used but debated. It's important to grasp their strengths and limitations to
make informed decisions about radiation safety.

Dose-response models for cancer risk

Types of dose-response models

» Dose-response models mathematically represent the relationship between radiation exposure and
cancer risk to estimate health effects at various dose levels

* Main dose-response models for cancer risk assessment include:

* Linear no-threshold (LNT) model assumes direct proportionality between dose and risk
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* Linear-quadratic model combines linear and quadratic components often used for cell survival curves
* Threshold model proposes a dose below which no adverse effects occur
» Hormesis model suggests low doses of radiation may have beneficial effects

+ Choice of model significantly impacts risk estimates, particularly at low doses where empirical data
remains limited

» Each model carries different implications for radiation protection standards and risk assessment
across exposure scenarios

Applications and implications

» Dose-response models guide development of radiation protection standards in various industries
(nuclear power, medical imaging)

* Models inform occupational exposure limits for radiation workers
* Risk estimates from models shape public health policies and radiation safety guidelines

* Models help evaluate potential health impacts of environmental radiation contamination (nuclear
accidents)

» Radiation therapy treatment planning utilizes dose-response relationships to optimize tumor control
and minimize normal tissue damage

» Environmental impact assessments for nuclear facilities incorporate dose-response model predictions

Linear no-threshold model

LNT model principles

* Linear no-threshold (LNT) model assumes a linear relationship between radiation dose and cancer
risk with no safe threshold

* Model postulates even the smallest radiation dose carries some cancer risk, increasing proportionally
with dose

* LNT extrapolates from high-dose data to low-dose regions where direct observations prove
challenging

» Widely adopted by regulatory bodies for radiation protection due to conservative nature and
implementation simplicity

» Supports ALARA (As Low As Reasonably Achievable) principle, encouraging minimization of radiation
exposure in all situations

» Mathematical representation: Risk = a x Dose, where a represents the slope of the dose-response
curve

Implications for radiation protection

* LNT model influences radiation protection standards across industries (nuclear, medical, research)
» Shapes medical imaging protocols to minimize patient exposure (reduced CT scan doses)

* Informs occupational exposure limits for radiation workers (annual dose limits)
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* Drives design of radiation shielding in facilities handling radioactive materials
* Influences emergency response planning for radiological incidents (evacuation zones)
» Guides environmental monitoring programs for radioactive contamination

« Critics argue LNT may overestimate risks at low doses, potentially leading to unnecessary regulatory
burdens and public anxiety

Limitations of dose-response models

Data and methodological constraints

» Models rely on extrapolations from high-dose data, creating significant uncertainties in low-dose risk
estimates relevant to most human exposures

» Epidemiological studies underlying models have inherent limitations:

» Confounding factors (lifestyle, genetic predisposition)

* Recall bias in retrospective studies

* Long latency periods for cancer development complicate cause-effect relationships

* Interindividual variability in radiation sensitivity and response remains unaccounted for in most models

* Models typically assume uniform radiation energy distribution, potentially misrepresenting localized
exposures or heterogeneous dose distributions within tissues

* Dose and dose rate effectiveness factor (DDREF) introduces additional uncertainty when
extrapolating from high-dose, high-dose-rate studies to low-dose, low-dose-rate scenarios

Biological complexities and uncertainties

+ Potential influence of adaptive responses to low-dose radiation not fully incorporated into current
models

* Bystander effects, where non-irradiated cells show responses, challenge simple dose-response
relationships

* Genomic instability induced by radiation may have long-term effects not captured by acute exposure
models

* Synergistic effects between radiation and other carcinogens (chemical exposures) not adequately
addressed

* Tissue-specific sensitivities to radiation-induced carcinogenesis vary, complicating uniform risk
models

+ Uncertainties in dosimetry, particularly for internal emitters and historical exposure reconstructions,
significantly impact risk estimate accuracy

« Epigenetic effects of radiation exposure may influence cancer risk in ways not accounted for by
current models
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Low vs high dose radiation effects

Mechanisms of damage and repair

* High-dose radiation exposure associates with direct DNA damage and cell death, leading to
deterministic effects and clear increase in cancer risk

» Low-dose radiation effects are primarily stochastic, with cancer induction as the main concern, but
exact mechanisms and risk levels remain debated

* High doses can overwhelm cellular repair mechanisms, while low doses may allow for more effective
DNA repair

» Low doses potentially trigger adaptive responses, enhancing cellular defense mechanisms against
subsequent exposures

* DNA double-strand breaks more common in high-dose exposures, while low doses primarily cause
single-strand breaks and base modifications

» Oxidative stress plays a larger role in low-dose effects, potentially leading to indirect DNA damage
over time

Dose-rate and biological impact

* Dose-rate effect suggests same total dose delivered over longer period (low dose rate) may have less
biological impact than when delivered acutely (high dose rate)

* Fractionation in radiation therapy exploits this principle to maximize tumor damage while sparing
normal tissues

* High-dose exposures provide more robust epidemiological data for cancer risk assessment

» Low-dose effects often rely on extrapolation and theoretical models due to statistical limitations in
epidemiological studies

* Tissue sensitivity to radiation-induced carcinogenesis varies between high and low doses:
* Some tissues (breast, thyroid) show greater sensitivity at lower doses
* Other tissues (bone marrow) display more linear dose-response relationships

 Concept of radiation hormesis suggests possible beneficial effects at very low doses (enhanced
immune response, increased longevity in some animal studies)

+ Chronic low-dose exposure may have different biological consequences than acute high-dose
exposure, even if total dose is equivalent

12.3 Risk assessment and epidemiological studies

Radiation risk assessment and epidemiological studies are crucial for understanding cancer risks from
radiation exposure. These methods combine data from various sources to estimate health hazards and
establish dose-response relationships for different cancer types.

Challenges in this field include long latency periods, accurate dose reconstruction, and the need for large
sample sizes. Ethical limitations and potential biases also complicate research, making it essential to
critically evaluate study designs and synthesize evidence from multiple sources.
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Radiation Risk Assessment Principles

Fundamental Concepts and Models

* Risk assessment in radiobiology systematically evaluates potential health hazards from radiation
exposure incorporating deterministic and stochastic effects

* Linear no-threshold (LNT) model assumes any radiation dose carries some level of risk

» Dose-response relationships describe how biological effects change with increasing radiation dose
* Risk coefficients quantify increased cancer risk per unit of radiation dose

* Excess relative risk (ERR)

» Excess absolute risk (EAR)

« Effective dose concept allows comparison of different radiation exposures by accounting for
tissue-specific radiosensitivities

* Measured in Sieverts (Sv)

+ Considers radiation type and affected organs

Assessment Methods and Data Sources

» Monte Carlo simulations estimate risks in complex exposure scenarios

« Statistical modeling techniques account for uncertainties in risk assessment
* Risk assessment incorporates data from multiple sources

+ Epidemiological studies (Life Span Study of atomic bomb survivors)

» Animal experiments (rodent studies on radiation-induced cancers)

+ Cellular/molecular research (DNA damage and repair mechanisms)

Epidemiology in Radiation Cancer Risk

Types of Epidemiological Studies
* Cohort studies form the backbone of understanding radiation-induced cancer risks
* Follow exposed populations over time (Chernobyl liquidators)
» Compare cancer incidence to unexposed groups
 Case-control studies investigate rare outcomes or specific cancer types
» Match cases with radiation-induced cancers to controls without cancer
* Analyze differences in past radiation exposure
* Ecological studies examine population-level data to identify trends
» Analyze cancer rates in areas with varying background radiation levels

* Investigate cancer incidence near nuclear facilities
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Applications and Contributions

 Epidemiological studies establish dose-response relationships for various cancer types
 Leukemia shows a linear dose-response at low to moderate doses

* Solid cancers exhibit a linear-quadratic response in some studies

» Research informs radiation protection standards and guidelines

* Occupational exposure limits

* Medical imaging protocols

« Studies identify susceptible subpopulations and potential modifying factors

» Age at exposure (children more sensitive to thyroid cancer)

» Gender differences in radiation sensitivity

+ Epidemiological data contributes to development and refinement of risk models

* BEIR VIl report uses epidemiological data to estimate lifetime cancer risks

Interpreting Radiation and Cancer Studies

Statistical Measures and Analysis

« Statistical significance and confidence intervals indicate strength and reliability of associations
* p-values < 0.05 typically considered significant

* 95% confidence intervals provide range of plausible effect sizes

* Relative risk (RR) and odds ratio (OR) express magnitude of association
* RR of 1.5 indicates 50% increased risk in exposed group

* OR > 1 suggests positive association between exposure and outcome

» Dose reconstruction techniques estimate past radiation exposures

* Physical methods (thermoluminescence dosimetry of building materials)
* Biological methods (chromosome aberration analysis)

» Confounding factors must be accounted for in analysis

» Smoking status in lung cancer studies

 Occupational exposures to other carcinogens

Evaluating Causality and Evidence Synthesis

« Bradford Hill criteria assess causal relationships
« Strength of association
« Consistency across studies

* Specificity of the effect
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» Temporality (exposure precedes outcome)

* Biological gradient (dose-response)

* Plausibility and coherence with existing knowledge

» Experimental evidence (when available)

* Meta-analyses and pooled analyses synthesize evidence from multiple studies
* Increase statistical power to detect small effects

« Evaluate consistency of findings across different populations

« Critical evaluation of study design assesses validity and generalizability

» Sample size and statistical power

* Follow-up duration adequacy

« Control of potential biases (selection bias, information bias)

Challenges of Radiation Epidemiology Studies

Methodological and Practical Challenges

* Long latency periods between exposure and cancer development necessitate extended follow-up
* Solid cancers may take 10-20 years to develop

+ Leukemia has shorter latency (2-5 years)

« Accurate dose reconstruction presents significant challenges

* Historical exposures often poorly documented

* Internal contamination difficult to assess retrospectively

* Low-dose exposures require extremely large sample sizes

* Detecting small increases in risk (< 1%) requires cohorts of hundreds of thousands

« Statistical power limitations in studying rare outcomes

Bias and Confounding Issues

« Selection bias and healthy worker effect complicate occupational studies

* Workers may be healthier than general population

« Survivors of acute radiation events may not represent typical exposures

* Recall bias affects accuracy of self-reported exposure histories

« Differential recall between cases and controls in case-control studies

« Difficulty in accurately remembering past medical procedures

» Technological advancements in radiation detection lead to inconsistencies

* Improved dosimetry methods over time
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* Challenges in comparing historical and modern exposure assessments

Ethical and Practical Limitations

» Ethical considerations limit controlled experiments on human radiation exposure
* Reliance on observational studies and natural experiments

* Animal studies used to supplement human data

* Publication bias can skew perception of radiation risks

+ Positive findings more likely to be published

» Meta-analyses must account for potential unpublished negative results

* Logistical challenges and costs of long-term studies

* Maintaining cohorts over decades

* Funding constraints for extended follow-up periods
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Unit 13 — Radiation Protection and
Dosimetry

13.1 Principles of radiation protection (ALARA)

Radiation protection is all about keeping exposure as low as possible while still getting the job done.
ALARA, which stands for "As Low As Reasonably Achievable," is the golden rule. It's about finding that
sweet spot between safety and effectiveness.

Time, distance, and shielding are your best friends when it comes to radiation protection. These principles
help minimize exposure in various settings, from hospitals to nuclear plants. It's not just about following
rules—it's about understanding the science behind them to stay safe.

ALARA in radiation protection
Concept and importance of ALARA

* ALARA (As Low As Reasonably Achievable) aims to minimize radiation exposure while achieving
necessary diagnostic or therapeutic goals

» Emphasizes any radiation exposure carries risk and requires justification by procedure benefits

» Requires continuous evaluation and optimization of radiological procedures, equipment, and protocols
* Represents an ethical obligation for radiation workers to protect themselves and others

» Extends beyond individual protection to population-level radiation safety and long-term public health

* Applied in various fields (medical imaging, nuclear medicine, radiation therapy, industrial radiography)
+ Each field employs specific strategies for dose reduction

* Medical imaging: low-dose CT protocols, digital radiography

* Nuclear medicine: optimized radiopharmaceutical doses

+ Radiation therapy: precise treatment planning and delivery

Implementation of ALARA

* Involves balancing radiation dose reduction with maintaining diagnostic or therapeutic efficacy

» Requires consideration of economic and social factors in determining "reasonably achievable" levels
« Utilizes technological advancements to reduce exposure (digital detectors, dose modulation software)
+ Implements administrative controls (exposure limits, proper training, standard operating procedures)
» Encourages use of alternative non-ionizing imaging modalities when appropriate (ultrasound, MRI)

» Promotes regular equipment maintenance and quality assurance programs

* Emphasizes importance of proper patient positioning and collimation to minimize unnecessary
exposure
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Radiation protection principles

Time, distance, and shielding fundamentals

+ Time reduction decreases total radiation dose received

« Efficient workflow and proper preparation minimize unnecessary exposure time

* Examples: pre-planning procedures, using preset imaging protocols

* Distance maximization significantly reduces exposure (inverse square law)

* Intensity decreases with the square of the distance from the source

» Examples: using long-handled tools, remote handling equipment

+ Shielding attenuates or blocks radiation between source and individual

« Effectiveness depends on radiation type, energy, and shielding material properties

* Examples: lead aprons for X-rays, concrete walls for gamma radiation

Application of protection principles

« Principles often applied in combination for optimal radiation protection

« Selection and application depend on specific radiation source and work environment
» Medical settings: lead shields, time limits for fluoroscopy procedures

* Nuclear power plants: containment structures, remote monitoring systems

» Understanding physics behind each principle crucial for effective implementation

* Principles guide design of radiation safety protocols and facility layouts

* Regular training ensures proper application of principles by radiation workers

» Continuous assessment of principle effectiveness through dose monitoring and audits
Dose optimization in imaging

Balancing dose reduction and image quality

+ Dose optimization finds balance between lowest possible radiation dose and required image quality
+ Diagnostic reference levels (DRLs) provide benchmarks for typical doses in specific procedures

» Advanced technologies enable reduced exposure without compromising image quality

* |lterative reconstruction algorithms in CT

» Automatic exposure control systems in radiography

 Optimization strategies include adjusting exposure parameters

* kVp (kilovoltage peak) affects contrast and penetration

* mAs (milliampere-seconds) influences image noise and radiation dose

* Filtration reduces low-energy photons that contribute to patient dose

Fiveable archived study guides Page 121



* Pulsed fluoroscopy reduces overall exposure time in interventional procedures
» Dose-aware imaging protocols tailored to patient characteristics and clinical indications
* Pediatric-specific protocols with lower dose settings

* Body mass index (BMI)-based CT protocols

Quality assurance and technology in optimization

+ Quality assurance programs ensure consistent performance and protocol adherence

* Regular equipment calibration maintains optimal dose-image quality balance

« Justification and appropriateness of radiological examinations considered

« Alternative non-ionizing imaging modalities evaluated when applicable (ultrasound, MRI)

* Dose tracking software monitors cumulative patient exposure across multiple examinations

« Artificial intelligence and machine learning algorithms assist in optimizing exposure parameters
« Continuous education of radiologists and technologists on latest optimization techniques

* Collaboration between medical physicists, radiologists, and manufacturers drives optimization
innovations

Radiation protection measures effectiveness

Personal and structural protection

* Personal protective equipment (PPE) provides localized protection

* Lead aprons attenuate scattered radiation in fluoroscopy

* Thyroid shields protect radiosensitive thyroid gland

* Leaded eyewear reduces lens exposure in interventional procedures

« Structural shielding essential in designing radiation-safe facilities

* Lead-lined walls in X-ray rooms

 Concrete barriers in radiation therapy vaults

* Protective screens in nuclear medicine hot labs

« Patient-specific protection measures require careful consideration

» Gonadal shielding effectiveness varies depending on examination type

* Fetal shielding in pregnant patients balanced with diagnostic requirements
+ Radiation monitoring devices assess protection measure effectiveness

* Personal dosimeters (film badges, thermoluminescent dosimeters) track individual exposure

» Area monitors identify high-exposure zones within facilities
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Technological and procedural advancements

* Digital radiography and PACS (Picture Archiving and Communication Systems) reduce repeat
exposures

* Improved image processing allows for lower initial exposure settings

« Electronic image storage eliminates need for retakes due to lost films

* Implementation of dose reduction technologies in modern imaging equipment

» Automatic exposure control in CT scanners

* Dynamic collimation in fluoroscopy units

* Training and education of radiation workers fundamental to protection effectiveness
* Proper use of protection measures

* Understanding of radiation risks and ALARA principles

* Regular updates on new protection strategies and technologies

* Regular audits and reviews of radiation protection practices

« Identify areas for improvement in clinical settings

« Evaluate effectiveness of implemented measures

» Ensure compliance with regulatory requirements and best practices

* Incident reporting and analysis systems help prevent future radiation safety issues
* Root cause analysis of overexposure events

* Sharing of lessons learned across healthcare institutions

13.2 Dosimetry techniques and instruments

Radiation dosimetry is crucial for measuring and monitoring exposure to ionizing radiation. Various
techniques and instruments, from thermoluminescent dosimeters to electronic personal devices, offer
precise measurements for different scenarios. Understanding these tools is key to effective radiation
protection.

Interpreting dosimetry reports involves analyzing dose quantities, units, and exposure limits. Proper
calibration and maintenance of dosimeters ensure accurate measurements. This knowledge is essential for
radiation safety professionals to assess and minimize radiation risks in various settings.

Radiation Dosimeter Types

Thermoluminescent and Optically Stimulated Luminescence Dosimeters
» Thermoluminescent dosimeters (TLDs) utilize crystalline materials to store radiation energy
* Release stored energy as light when heated
» Measure absorbed dose through light intensity analysis

* Common TLD materials include lithium fluoride and calcium fluoride
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* Optically stimulated luminescence (OSL) dosimeters employ materials that emit light when stimulated
by specific wavelengths

* Provide non-destructive readout method

* Allow for multiple readings of the same dosimeter

» Widely used materials include aluminum oxide doped with carbon (Al203:C)
» Both TLDs and OSLs offer high sensitivity and wide dose range capabilities
« Suitable for personal dosimetry and environmental monitoring

» Can measure doses from pGy to several Gy

Electronic Personal Dosimeters and Advanced Systems

« Electronic personal dosimeters (EPDs) use electronic sensors for real-time radiation detection
* Provide immediate dose rate and cumulative dose information

« Often incorporate alarms for exceeding preset dose or dose rate thresholds

* Typically use silicon diode or GM tube detectors

» Advanced dosimetry systems incorporate multiple detection methods

« Offer comprehensive radiation exposure assessment across energy ranges and types
* May combine active and passive dosimetry techniques

* Example: combining EPD with TLD for redundancy and extended dose range coverage
+ Selection of dosimeter type depends on various factors

 Radiation type being measured (gamma, beta, neutron)

* Required accuracy and sensitivity

* Specific monitoring scenario (personal vs. area monitoring)

» Environmental conditions (temperature, humidity, electromagnetic fields)

Dosimeter Operation and Applications

lonization-Based Detectors

* lonization chambers measure electrical current produced by radiation-induced gas ionization

* Provide accurate dose measurements across wide energy ranges

« Commonly used in radiation therapy beam calibration and area monitoring

» Geiger-Miiller (GM) tubes detect radiation through gas ionization and electron avalanche multiplication
« Offer high sensitivity for individual radiation events

« Limited energy discrimination capabilities

» Widely used in portable survey meters and contamination monitors
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* Neutron detectors employ specialized materials for neutron capture and secondary radiation
production

* Boron trifluoride (BF3) tubes for slow neutron detection
* Helium-3 (3He) detectors for high-efficiency neutron monitoring

» Fission chambers for high-energy neutron detection in reactor environments

Solid-State and Scintillation Detectors

« Scintillation detectors use materials that emit light when exposed to radiation

* Couple with photomultiplier tubes or photodiodes for signal conversion

« Offer good energy resolution and high detection efficiency

» Common scintillators include sodium iodide (Nal) and cesium iodide (Csl)

» Semiconductor detectors directly convert radiation energy into electrical signals

* Provide excellent energy resolution for spectroscopic applications

« Silicon diodes used for beta and low-energy photon detection

» Cadmium telluride (CdTe) or cadmium zinc telluride (CZT) for high-energy gamma spectroscopy
* Passive integrating dosimeters accumulate radiation effects over time

* Film badges use radiation-sensitive emulsions to record cumulative exposure

* Track-etch detectors employ polymers that develop microscopic damage tracks from charged
particles

Interpreting Dosimetry Reports

Dose Quantities and Units

* Dosimetry reports include information on radiation type, dose quantity, and measurement period
* Absorbed dose measured in Gray (Gy), 1 Gy = 1 J/kg of absorbed energy

» Equivalent dose in Sievert (Sv) accounts for biological effectiveness of different radiation types
« Effective dose in Sv considers tissue radiosensitivity for whole-body exposure assessment

* Reports often provide both shallow dose (Hp(0.07)) and deep dose (Hp(10)) measurements

* Hp(0.07) reflects skin dose at 0.07 mm depth

* Hp(10) indicates dose to deeper tissues at 10 mm depth

* Important for assessing both deterministic and stochastic radiation effects

Exposure Assessment and Regulatory Compliance

* Interpretation involves comparing measured values to established exposure limits
* Occupational dose limits (20 mSv/year averaged over 5 years for most countries)

* Public exposure limits (1 mSv/year for planned exposure situations)
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* ALARA principle emphasizes keeping doses As Low As Reasonably Achievable

+ Assessment of cumulative doses over time essential for long-term exposure evaluation
« Lifetime dose tracking for radiation workers

« Identification of trends or unusual exposure patterns

* Correlation of dosimetry data with specific work practices or medical procedures

* Helps optimize radiation protection strategies

« Identifies areas for improvement in radiation safety protocols

» Example: analyzing dose data for interventional radiologists to optimize lead apron use

Dosimeter Calibration and Maintenance

Calibration Procedures and Frequency

« Calibration involves comparing dosimeter response to known radiation sources

» Ensures measurements are traceable to national or international standards

« Typically performed using certified reference radiation fields

« Calibration frequency depends on various factors

* Instrument type and stability characteristics

» Usage patterns and environmental conditions

+ Regulatory requirements (annual calibration common for many devices)

* Cross-calibration between different dosimetry systems enhances overall accuracy
» Compares responses of different detector types in same radiation field

* Helps identify systematic errors or biases in measurement techniques

Quality Control and Maintenance

» Regular quality control checks verify instrument stability between formal calibrations

+ Daily or weekly consistency tests using check sources

» Background radiation measurements to detect contamination or malfunction

» Maintenance procedures preserve functionality and reliability of dosimetry instruments

+ Cleaning of detector surfaces and housing

« Battery replacement and electronic component checks

+ Software updates for digital systems

* Proper documentation of calibration and maintenance activities crucial for regulatory compliance
« Calibration certificates and traceability records

» Maintenance logs and repair history
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+ Quality assurance program documentation

13.3 Regulatory frameworks and occupational exposure limits

Radiation protection regulations and occupational exposure limits are crucial safeguards in managing
ionizing radiation risks. International bodies like ICRP and IAEA set global standards, while national
agencies enforce them. These guidelines ensure worker and public safety across various industries.

Occupational exposure limits, based on ICRP recommendations, cap yearly doses for radiation workers.
The ALARA principle encourages minimizing exposure below legal limits. Special considerations for
pregnant workers and different body parts further refine these protective measures.

Radiation Protection Regulations

International Regulatory Bodies

* International Commission on Radiological Protection (ICRP) provides recommendations for radiation
protection standards globally

* International Atomic Energy Agency (IAEA) develops safety standards and guidance on radiation
protection practices worldwide

 European Atomic Energy Community (Euratom) establishes uniform safety standards for workers and
public in European Union member states

+ National regulatory bodies implement and enforce radiation protection standards within their countries
(Canadian Nuclear Safety Commission, Australian Radiation Protection and Nuclear Safety Agency)

U.S. Regulatory Agencies

* Nuclear Regulatory Commission (NRC) regulates use of radioactive materials and enforces radiation
safety standards in the United States

» Environmental Protection Agency (EPA) sets guidelines for environmental radiation protection and
public exposure standards in the U.S.

 National Council on Radiation Protection and Measurements (NCRP) provides recommendations on
radiation protection and measurements in the United States

Regulatory Responsibilities

* Develop and update radiation protection standards based on scientific evidence and risk assessments
« Establish dose limits for occupational and public exposure to ionizing radiation

* Provide guidance on radiation safety practices and protocols in various industries (medical, nuclear
power, research)

» Conduct inspections and audits to ensure compliance with radiation protection regulations

* Investigate incidents involving radiation exposure and enforce penalties for non-compliance
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Occupational Exposure Limits

ICRP Recommendations

* ICRP recommends effective dose limit of 20 mSv per year for occupational exposure averaged over 5
years

* Maximum allowable dose of 50 mSyv in any single year for radiation workers
« Limits based on extensive research on biological effects of radiation and risk assessments

+ Recommendations serve as foundation for many national and international radiation protection
standards

ALARA Principle

* ALARA (As Low As Reasonably Achievable) fundamental principle in radiation protection
* Emphasizes minimizing exposure even below regulatory limits

* Implemented through engineering controls (shielding, ventilation)

» Administrative controls (time, distance, contamination control) reduce exposure

* Personal protective equipment (lead aprons, thyroid shields) provides additional protection

Special Considerations

« Different exposure limits set for various body parts (higher limits for extremities compared to
whole-body exposure)

* Lower exposure limits applied for pregnant radiation workers to protect developing fetus
* Typically 1 mSv limit for fetal exposure during entire pregnancy

* Occupational exposure limits may vary slightly between countries but generally follow ICRP
recommendations

» Some countries implement more stringent limits (15 mSv per year in some European nations)

Radiation Exposure Records

Personal Dosimetry

* Personal dosimetry devices measure and record individual radiation doses
* Film badges use radiation-sensitive film to measure cumulative exposure

» Thermoluminescent dosimeters (TLDs) utilize crystals that emit light when heated, proportional to
radiation exposure

* Optically stimulated luminescence (OSL) dosimeters use light-sensitive materials to measure radiation
dose

* Electronic personal dosimeters provide real-time dose rate and cumulative dose information

Fiveable archived study guides Page 128



Record-keeping Requirements

* Employers must maintain exposure records for specified period often extending beyond employment
term

* Typically 30 years or lifetime of facility, whichever is longer
* Dose records serve as legal documents in potential litigation or compensation claims
» Used in epidemiological studies to assess long-term health effects of occupational radiation exposure

» Regular review of exposure records helps identify trends and optimize radiation protection practices

Reporting and Investigation

» Immediate reporting to regulatory authorities mandatory when individual's dose exceeds established
limits

+ Radiation incidents (unplanned exposures, loss of radioactive sources) require prompt reporting
* Investigation and root cause analysis required for cases of overexposure

« Corrective actions implemented to prevent future occurrences (improved training, equipment
upgrades, procedural changes)

* Regulatory bodies may conduct independent investigations for serious incidents

Non-Compliance Implications

Legal and Regulatory Consequences

« Severe penalties for regulatory non-compliance include fines, license suspension or revocation
« Criminal charges possible in extreme cases of willful negligence or repeated violations

* Healthcare professionals may face disciplinary action, loss of professional licenses

* Potential legal liability for negligence in radiation protection practices (malpractice lawsuits)

* Increased regulatory scrutiny, including more frequent inspections and audits

Institutional Impact

» Reputational damage to healthcare institutions or research facilities
* Loss of accreditation from professional organizations or regulatory bodies
* Decreased patient trust due to radiation safety violations

* Insurance coverage affected (higher premiums, potential loss of coverage for non-compliant
institutions)

* Operational inefficiencies from increased regulatory oversight and remediation efforts

+ Costly and time-consuming remediation (equipment upgrades, staff retraining, new safety protocols)

Health and Safety Risks

* Increased health risks for workers, patients, and public due to radiation protection failures
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* Potential long-term health consequences (increased cancer risk, genetic effects)
* Psychological impact on affected individuals (anxiety, stress related to potential health effects)
» Compromised quality of patient care in medical settings due to suboptimal radiation safety practices

» Environmental contamination risks in cases of improper handling or disposal of radioactive materials
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Unit 14 — Radiotherapy: Biological Basis &
Applications

14.1 Radiotherapy modalities and dose fractionation

Radiotherapy modalities and dose fractionation are key aspects of cancer treatment. External beam
radiotherapy and brachytherapy offer different approaches to delivering radiation, each with unique
advantages for specific tumor types and locations.

Dose fractionation exploits biological differences between tumor and normal cells. By understanding the "4
Rs" of radiobiology and using models like the linear-quadratic equation, oncologists can optimize treatment
schedules to maximize tumor control while minimizing side effects.

External Beam vs Brachytherapy

Delivery Methods and Applications

+ External beam radiotherapy (EBRT) delivers radiation from outside the body using linear accelerators
or other radiation-producing machines

* Brachytherapy involves placing radioactive sources directly in or near the tumor
* EBRT treats larger areas and deeper-seated tumors

* Brachytherapy typically used for more localized treatments and delivers higher doses to smaller
volumes

» Common EBRT techniques include 3D conformal radiotherapy (3D-CRT), intensity-modulated
radiotherapy (IMRT), and volumetric modulated arc therapy (VMAT)

* Brachytherapy classified as temporary (removable sources) or permanent (seeds left in place)

* Brachytherapy also categorized as low-dose-rate (LDR) or high-dose-rate (HDR) based on dose
delivery rate

Treatment Planning and Delivery

« EBRT requires careful patient positioning and immobilization for accurate dose delivery (thermoplastic
masks, vacuum cushions)

+ Brachytherapy often involves surgical procedures for source placement (catheters, applicators)

* Image-guidance plays a crucial role in both EBRT and brachytherapy for precise target localization
and treatment delivery

* EBRT uses on-board imaging systems (cone-beam CT, MV/kV imaging)
* Brachytherapy employs ultrasound, CT, or MRI for applicator placement and dose planning

* EBRT planning utilizes complex algorithms to optimize dose distribution (inverse planning, Monte
Carlo simulations)

* Brachytherapy planning focuses on source positioning and dwell times to achieve desired dose
coverage
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Rationale for Dose Fractionation

Biological Principles

* Dose fractionation in radiotherapy exploits the differential response to radiation between tumor cells
and normal tissues

» Maximizes tumor control while minimizing normal tissue toxicity

* The "4 Rs" of radiobiology form the biological basis for fractionation

* Repair allows normal tissues to recover between fractions

» Repopulation of surviving cells occurs during treatment course

* Redistribution of tumor cells into more radiosensitive cell cycle phases
* Reoxygenation of hypoxic tumor regions increases radiosensitivity

* Normal tissues generally have a greater capacity to repair sublethal damage between fractions
compared to tumor cells

* Fractionation allows for redistribution of surviving tumor cells into more radiosensitive phases of the
cell cycle (G2/M phase)

* Reoxygenation of hypoxic tumor regions occurs between fractions, increasing radiosensitivity of
previously resistant hypoxic cells

Quantitative Models and Applications

« Linear-quadratic model quantifies and compares biological effects of different fractionation schedules
* Uses a/p ratio to characterize tissue-specific radiation sensitivity

« Standard fractionation typically delivers 1.8-2 Gy per fraction, 5 days a week

* Biologically effective dose (BED) calculation helps compare different fractionation schemes

« BED = nd(1 + d/(a/B))

* n number of fractions, d dose per fraction, a/f tissue-specific ratio

» Equivalent dose in 2 Gy fractions (EQDZ2) allows for standardized comparison

«EQD2 =Dx(d + a/B)/(2 + a/B)

+ D total dose, d dose per fraction, a/p tissue-specific ratio

Biological Basis of Hypofractionation vs Hyperfractionation

Hypofractionation Principles
* Hypofractionation delivers larger doses per fraction over a shorter overall treatment time
+ Exploits lower o/ ratio of certain tumors compared to surrounding normal tissues
* Potentially improves therapeutic ratio for tumors with low a/p ratios (prostate cancer, a/f = 1.5 Gy)

+ Capitalizes on greater sensitivity of low a/f tumors to larger fraction sizes
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* Reduces overall treatment time, potentially mitigating accelerated repopulation in fast-growing tumors
» Examples of hypofractionated regimens
» Stereotactic body radiotherapy (SBRT) for early-stage lung cancer (54 Gy in 3 fractions)

* Moderate hypofractionation for prostate cancer (60 Gy in 20 fractions)

Hyperfractionation Principles

 Hyperfractionation uses smaller doses per fraction delivered multiple times per day
+ Takes advantage of faster repair kinetics of normal tissues compared to tumors
» Aims to reduce late normal tissue toxicity while maintaining or improving tumor control

« Particularly beneficial for rapidly proliferating tumors with high o/ ratios (head and neck cancers, a/8
=10 Gy)

« Allows for dose escalation without significantly increasing late effects
» Examples of hyperfractionated regimens
* Head and neck cancer treatment (81.6 Gy in 68 fractions, 1.2 Gy twice daily)

» Limited-stage small cell lung cancer (45 Gy in 30 fractions, 1.5 Gy twice daily)

Comparative Analysis

+ a/B ratio derived from linear-quadratic model key factor in determining appropriateness of altered
fractionation schedules

+ Both approaches consider time factor in radiobiology
* Hypofractionation potentially reduces impact of accelerated repopulation in fast-growing tumors
* Hyperfractionation exploits differential repair rates between tumors and normal tissues

» Choice between hypo- and hyperfractionation depends on tumor type, location, and surrounding
normal tissue constraints

« Clinical trials comparing altered fractionation to standard fractionation crucial for establishing optimal
treatment protocols

Advantages and Limitations of Stereotactic Radiotherapy

Advantages and Clinical Applications

« Stereotactic radiotherapy (SRT) delivers highly conformal, high-dose radiation to small target volumes
with extreme precision

« Often administered in single or few fractions (1-5 treatments)

* Ability to treat inoperable tumors (brain metastases, early-stage lung cancer)

* Reduced overall treatment time improves patient convenience and resource utilization
+ Potentially improved local control rates for certain tumor types

* Achieves higher biological effective dose (BED) compared to conventional fractionation
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* Potentially overcomes radioresistance in some tumors due to high fractional doses
* Applications include
* Intracranial SRT (acoustic neuromas, pituitary adenomas)

« Stereotactic body radiotherapy (SBRT) for lung, liver, and spine lesions

Limitations and Considerations

* Risk of severe toxicity if normal tissues inadvertently irradiated due to high doses per fraction
« Effectiveness highly dependent on accurate target delineation and patient immobilization

» Requires advanced imaging and motion management techniques

* 4D-CT for respiratory motion assessment

* Real-time tumor tracking systems

» May be less effective for larger tumors or those with significant microscopic spread

* Typically treats smaller volumes with limited margins, risking geographical miss

* Long-term effects and optimal fractionation schemes still under investigation

* Necessitates careful patient selection and rigorous follow-up

* Technical challenges

* Requires specialized equipment (Gamma Knife, CyberKnife, linear accelerators with stereotactic
capabilities)

» Demands high level of quality assurance and expertise from treatment team

14.2 Tumor radiobiology and the 4 R's of radiotherapy

Tumor radiobiology is crucial for understanding how cancer cells respond to radiation. The Four
R's—Repair, Redistribution, Repopulation, and Reoxygenation—explain why some tumors are harder to
kill than others and how we can make radiation treatment more effective.

These concepts help doctors plan better treatments. By tweaking the timing and dose of radiation, they can
hit cancer cells when they're most vulnerable. It's like finding the weak spots in a tumor's armor and striking
at just the right moment.

Four R's of Radiotherapy

Fundamental Concepts and Definitions

* Four R's of radiotherapy encompass biological processes influencing tumor response to radiation
treatment

* Repair involves cells mending radiation-induced DNA damage between fractionated doses
* Redistribution describes surviving cells moving through cell cycle phases after radiation exposure
» Repopulation refers to surviving tumor cells proliferating during fractionated radiotherapy

* Reoxygenation improves oxygenation of hypoxic tumor regions between radiation fractions
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» Each R exhibits distinct temporal dynamics impacting overall radiotherapy effectiveness

» Understanding Four R's optimizes fractionation schedules and improves therapeutic outcomes

Repair and Redistribution Mechanisms

* Repair reduces radiotherapy effectiveness allowing tumor cells to survive and proliferate

* Repair capacity influences fractionation schedules (hyperfractionation potentially overcomes rapid
repair)

+ Redistribution enhances efficacy by moving cells into radiosensitive cell cycle phases
* Impact of redistribution depends on tumor cell cycle kinetics and radiation fraction timing
 Sublethal damage repair occurs within hours after radiation exposure

+ Redistribution typically takes place over 6-24 hours following irradiation

Repopulation and Reoxygenation Processes

» Repopulation counteracts radiotherapy effects during prolonged treatments

» Onset and rate of repopulation vary among tumor types affecting required treatment time
* Accelerated fractionation schedules combat repopulation in fast-growing tumors

» Reoxygenation improves radiosensitivity by increasing oxygen effect

*» Degree and timing of reoxygenation influence optimal interval between fractions

* Repopulation typically begins 2-4 weeks into fractionated radiotherapy

* Reoxygenation can occur within hours to days after irradiation

Impact of Four R's on Tumor Response

Repair and Redistribution Effects
» Repair mechanisms reduce radiotherapy effectiveness (tumor cells survive and proliferate)
* Repair capacity influences fractionation schedules (hyperfractionation for rapidly repairing tumors)
* Redistribution enhances efficacy (cells move into radiosensitive cell cycle phases)
* Impact of redistribution depends on tumor cell cycle kinetics and fraction timing

» DNA repair pathways (homologous recombination, non-homologous end joining) affect overall repair
capacity

* Cell cycle checkpoints (G1/S, G2/M) play crucial roles in redistribution process
Repopulation and Reoxygenation Influences

* Repopulation counteracts radiotherapy effects (particularly during prolonged treatments)
* Accelerated fractionation schedules necessary for some rapidly proliferating tumors

» Onset and rate of repopulation vary among tumor types (affects required treatment time)
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* Reoxygenation improves tumor radiosensitivity (increases oxygen effect)
* Degree and timing of reoxygenation influence optimal fraction intervals
» Tumor doubling time impacts repopulation rate (ranges from days to weeks)

» Reoxygenation can increase radiosensitivity by a factor of 2-3 in some tumors

Tumor Hypoxia and Radioresistance

Hypoxia Mechanisms and Effects

» Tumor hypoxia refers to oxygen-deficient regions within solid tumors

» Abnormal vasculature and rapid tumor growth cause hypoxic conditions

* Hypoxic tumor cells significantly more radioresistant than well-oxygenated cells

» Oxygen enhancement ratio quantifies increased radioresistance (up to 3 times more resistant)
* Hypoxia associated with poor prognosis and increased treatment failure likelihood

« Chronic hypoxia leads to more aggressive and treatment-resistant phenotypes

* Acute hypoxia results from temporary fluctuations in blood flow

Strategies to Overcome Hypoxia-Induced Radioresistance

» Hyperbaric oxygen therapy increases oxygen levels in tumor tissue

* Hypoxic cell radiosensitizers (nimorazole) mimic oxygen's radiosensitizing effect
» Hypoxia-activated prodrugs (evofosfamide) selectively target hypoxic regions

* Fractionated radiotherapy exploits reoxygenation to improve efficacy

* Bioreductive drugs (tirapazamine) activated in low-oxygen environments

* Targeting hypoxia-inducible factors (HIFs) disrupts cellular adaptation to hypoxia

« Combining radiotherapy with angiogenesis inhibitors (bevacizumab) modulates tumor oxygenation

Tumor Radiosensitivity and Treatment Planning

Factors Influencing Tumor Radiosensitivity

« Intrinsic radiosensitivity influenced by DNA repair capacity, cell cycle phase, and oxygen status
+ Radiosensitivity quantified using cell survival curve parameters (a/f ratio)

* Highly radiosensitive tumors (lymphomas) require lower total doses and fewer fractions

+ Radioresistant tumors (melanomas) need higher doses and altered fractionation

» Tumor microenvironment affects overall radiosensitivity (stromal interactions, immune response)
» Growth kinetics and tumor heterogeneity impact radiation response

* Genetic factors (p53 status, EGFR expression) contribute to radiosensitivity variations
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Treatment Planning and Personalization

» Understanding radiosensitivity crucial for personalizing radiotherapy regimens
* Dose prescription, fractionation schedule, and multimodality integration based on radiosensitivity

* Predictive assays and biomarkers guide treatment decisions (gene expression profiles, circulating
tumor DNA)

* Normal tissue radiosensitivity considered to optimize therapeutic ratio
» Adaptive radiotherapy adjusts treatment based on tumor response and radiosensitivity changes
» Combination strategies (radiosensitizers, immunotherapy) exploit tumor-specific radiosensitivity

* Image-guided radiotherapy improves targeting of radioresistant tumor subvolumes

14.3 Normal tissue complications and therapeutic ratio

Radiotherapy aims to zap cancer while sparing healthy tissues. It's a delicate balance between killing
tumor cells and avoiding damage to surrounding areas. This balance is called the therapeutic ratio, and it's
crucial for effective treatment.

Normal tissue complications can range from mild skin irritation to severe organ damage. Understanding
these risks helps doctors plan treatments that maximize tumor control while minimizing side effects. It's all
about finding the sweet spot for each patient.

Therapeutic Ratio in Radiotherapy

Concept and Importance

» Therapeutic ratio quantifies balance between tumor control probability (TCP) and normal tissue
complication probability (NTCP) in radiotherapy

* Ideal therapeutic ratio maximizes tumor control while minimizing normal tissue complications
« Influenced by radiation dose, fractionation schedule, and treatment volume
» Mathematical models (linear-quadratic model) estimate and optimize therapeutic ratio

» Advanced treatment techniques (IMRT, proton therapy) improve therapeutic ratio

Optimization Strategies
* Implement intensity-modulated radiation therapy (IMRT) for precise dose delivery
« Utilize proton therapy to exploit charged particle properties for improved dose distribution
+ Optimize fractionation schedules based on radiobiological principles
* Integrate image-guided radiation therapy (IGRT) to enhance treatment accuracy
» Combine radiotherapy with targeted therapies or immunotherapy for enhanced tumor control

* Apply adaptive radiotherapy to account for anatomical changes during treatment
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Normal Tissue Complications of Radiotherapy

Acute Complications

* Occur during or shortly after treatment, typically reversible

« Skin erythema manifests as redness and irritation of irradiated skin

» Mucositis involves inflammation of mucous membranes (mouth, throat, gastrointestinal tract)
» Nausea and fatigue commonly experienced during treatment course

» Temporary hair loss in irradiated areas (scalp for brain treatments)

Late Complications

» Develop months to years post-treatment, often irreversible
* Fibrosis leads to tissue hardening and reduced flexibility
+ Organ dysfunction affects specific irradiated sites (lung, heart, liver)
» Secondary malignancies may arise in irradiated areas years after treatment
+ Cognitive impairment possible with brain irradiation
Site-Specific Complications
« Brain irradiation risks cognitive decline and radiation necrosis
* Lung treatments may induce pneumonitis and pulmonary fibrosis
* Breast radiotherapy associated with lymphedema and potential cardiac toxicity
* Prostate cancer treatment can lead to erectile dysfunction and rectal bleeding

* Severity and frequency of complications depend on dose and individual patient factors

Factors Influencing Tissue Tolerance

Tissue-Specific Factors

» Radiosensitivity determined by organ's cellular composition and proliferative capacity
* Well-oxygenated tissues generally more radiosensitive
« Tissue architecture and functional organization impact radiation response

+ Stem cell population and regenerative capacity influence tissue recovery

Treatment-Related Factors

* Total radiation dose and dose per fraction affect complication risk
* Larger irradiated volumes associated with increased complication probability
 Time-dose-fractionation relationships impact tissue response

+ Overall treatment time and interfraction interval influence tissue repair
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» Concurrent treatments (chemotherapy, targeted therapies) may enhance normal tissue toxicity

Patient-Specific Factors

» Age impacts tissue repair capacity and complication risk

» Comorbidities (diabetes, hypertension) may exacerbate radiation effects

* Genetic predisposition to radiation sensitivity varies among individuals

* Lifestyle factors (smoking, alcohol consumption) can influence tissue tolerance

* Prior treatments (surgery, chemotherapy) may alter tissue response to radiation
Minimizing Toxicity, Maximizing Control

Advanced Treatment Planning Techniques

* Intensity-modulated radiation therapy (IMRT) conforms dose to target volume

* Volumetric modulated arc therapy (VMAT) improves dose distribution and treatment efficiency
* Image-guided radiation therapy (IGRT) enhances treatment accuracy

+ Adaptive radiotherapy accounts for anatomical changes during treatment course

« Particle therapy (proton therapy) exploits physical properties for improved dose distribution

Biological Approaches

» Radioprotectors (amifostine) selectively protect normal tissues

* Mitigators enhance normal tissue repair capabilities

» Combine radiotherapy with targeted therapies for synergistic effects

* Integrate immunotherapy to enhance tumor control while sparing normal tissues

* Optimize fractionation schedules (hypofractionation, hyperfractionation) based on radiobiology

Treatment Planning Optimization

* Reduce planning target volume margins through improved imaging and setup accuracy
* Implement dose constraints for organs at risk based on established guidelines

« Utilize biological optimization models in treatment planning systems

» Employ multi-criteria optimization to balance competing treatment objectives

* Implement automated planning techniques to improve plan quality and consistency

Dose-Volume Histograms for Complication Probability

DVH Fundamentals

* Graphical representations of dose distribution within volume of interest (tumor, organ at risk)

* Provide quantitative information on percentage of volume receiving specific dose
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» Cumulative DVHs assess likelihood of complications based on dose-volume constraints
* Facilitate comparison of different treatment plans and potential impact on NTCP

* Integral part of treatment plan optimization and selection process

NTCP Modeling

* Lyman-Kutcher-Burman model utilizes DVH data to estimate complication probability
* Integration of DVH analysis with biological models improves prediction accuracy

* NTCP models account for volume effect in organ response to radiation

+ Parallel and serial organ architecture considerations in NTCP modeling

» Machine learning approaches enhance NTCP prediction using large patient datasets

Clinical Applications

« Establish and refine dose-volume constraints for specific organs at risk
+ Guide treatment plan selection based on quantitative DVH analysis

* Assess trade-offs between tumor coverage and normal tissue sparing
* Predict potential complications and guide patient counseling

* Support clinical decision-making in adaptive radiotherapy approaches
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Unit 15 — Medical Imaging — Radiobiology
Considerations

15.1 Radiobiological aspects of diagnostic radiology

Diagnostic radiology uses ionizing radiation to create medical images, but it comes with potential risks.
Understanding the radiobiological effects, from DNA damage to cellular responses, is crucial for balancing
diagnostic benefits with radiation exposure. This knowledge informs strategies to minimize patient risk.

Radiation dose in diagnostic imaging varies by modality and patient factors. Techniques like optimizing
exposure parameters, using shielding, and implementing advanced reconstruction algorithms help reduce
radiation exposure. Justification and optimization principles ensure that imaging benefits outweigh potential
risks for each patient.

Radiobiological effects of diagnostic radiology

DNA Damage and Cellular Responses

* lonizing radiation in diagnostic radiology interacts with cellular DNA causing direct and indirect
damage through free radical formation

+ Radiation-induced DNA damage leads to various cellular responses (cell cycle arrest, DNA repair,
apoptosis, mutations)

* Rapidly dividing cells show higher radiosensitivity (bone marrow, gastrointestinal epithelium)
* DNA damage mechanisms include:

+ Direct damage: radiation directly breaks DNA strands

* Indirect damage: radiation creates free radicals that subsequently damage DNA

* Cellular responses to radiation damage:

* Cell cycle arrest allows time for DNA repair

* DNA repair mechanisms attempt to fix radiation-induced damage

» Apoptosis eliminates severely damaged cells

» Mutations may occur if damage is not properly repaired

Radiation Effects and Risk Models

 Deterministic effects typically not observed in diagnostic radiology due to low doses
« Stochastic effects may occur with probability proportional to dose

+ Linear no-threshold (LNT) model estimates cancer risk at low doses:

» Assumes linear relationship between dose and risk

* No threshold dose below which risk is zero

+ Radiation hormesis suggests potential beneficial effects of low doses:
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« Controversial concept

* Proposes low doses may enhance cellular repair mechanisms
* May stimulate immune response

» Examples of stochastic effects:

 Radiation-induced cancer (leukemia, thyroid cancer)

» Genetic mutations potentially passed to offspring
Radiation dose in diagnostic imaging

Exposure Parameters and Modalities

 Radiation dose primarily affected by exposure parameters:

* kVp (kilovoltage peak): determines X-ray beam penetration

* mAs (milliampere-seconds): relates to X-ray beam intensity

» Exposure time: duration of radiation exposure

+ Choice of imaging modality impacts radiation dose:

» Radiography: relatively low dose (chest X-ray ~0.1 mSv)

* CT: higher dose (abdominal CT ~10 mSv)

* Fluoroscopy: variable dose depending on procedure duration

» Automatic exposure control (AEC) systems optimize radiation dose:
* Adjust exposure based on patient size and anatomical region

* Help maintain consistent image quality across different patients

Patient and Technical Factors

« Patient-specific factors influence radiation dose:

» Body habitus: larger patients require higher doses

* Age: pediatric patients more radiosensitive

» Anatomical region: varying tissue densities affect dose requirements
* Technical factors modulate radiation dose:

* Filtration: removes low-energy X-rays, reducing skin dose

* Collimation: limits X-ray beam to area of interest

» Source-to-image distance (SID): affects radiation intensity at detector
» Cumulative dose considerations:

» Multiple imaging procedures increase total radiation exposure

« Particularly important for patients with chronic conditions
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* Dose tracking systems help monitor cumulative patient exposure
Minimizing radiation exposure

Dose Reduction Techniques

» ALARA principle implementation balances dose reduction and diagnostic efficacy
 Optimization of exposure parameters reduces unnecessary radiation:

* Adjust kVp and mAs based on patient size and imaging task

* Use lower doses for follow-up studies when possible

» Advanced image reconstruction techniques allow dose reduction:

* Iterative reconstruction in CT (reduces dose by 30-60%)

» Model-based iterative reconstruction further lowers dose

+ Shielding techniques protect radiosensitive organs:

+ Lead aprons for gonadal protection

* Thyroid shields during dental X-rays

 Bismuth shields for breast tissue in chest CT

Equipment and Protocol Optimization

* Pulsed fluoroscopy reduces radiation exposure in interventional procedures:
* Lowers dose by up to 50% compared to continuous fluoroscopy

« Last-image-hold feature minimizes unnecessary exposure

* Regular quality assurance programs ensure optimal equipment performance:
* Prevent unnecessary exposure due to equipment malfunction

+ Calibration of AEC systems maintains dose consistency

* Integration of decision support tools avoids unnecessary imaging:

* Clinical decision rules (Ottawa Ankle Rules)

* Appropriateness criteria (ACR Appropriateness Criteria)

* Protocol optimization examples:

» Low-dose CT protocols for lung cancer screening

* Ultra-low-dose protocols for paranasal sinus imaging

Justification and optimization in diagnostic radiology

Principles and Implementation

« Justification principle ensures benefits outweigh potential risks:

+ Considers alternative non-radiation imaging modalities (ultrasound, MRI)
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+ Evaluates necessity of repeat examinations

+ Optimization tailors imaging protocols for individual patients:

* Achieves diagnostic quality with lowest possible radiation dose

« Considers patient-specific factors (age, body habitus, clinical indication)
* Clinical decision support systems aid in proper justification:

+ Guide referring physicians to choose appropriate imaging studies

* Integrate evidence-based guidelines into ordering process
 Continuous education on radiation protection maintains safety culture:

* Regular training for radiologists, technologists, and referring physicians

» Updates on latest dose reduction techniques and technologies

Regulatory and Communication Aspects

* Regular audits and dose monitoring programs identify improvement areas:
* Diagnostic reference levels (DRLs) provide benchmarks for typical examinations
* Dose tracking software allows comparison with national averages

« Effective patient communication essential for informed consent:

* Explain risks and benefits of radiological procedures

» Address patient concerns about radiation exposure

* Regulatory bodies establish and enforce guidelines:

« International Commission on Radiological Protection (ICRP)

+ National regulatory agencies (FDA in the US, PHE in the UK)

» Examples of regulatory guidelines:

* Image Gently campaign for pediatric imaging

» Bonn Call for Action on radiation protection in medicine

15.2 Nuclear medicine and molecular imaging

Nuclear medicine and molecular imaging use radiopharmaceuticals to diagnose and treat diseases. These
techniques rely on radiation emission from targeted compounds, allowing visualization of specific biological
processes. Understanding the principles behind these methods is crucial for safe and effective medical
imaging.

Radiopharmaceuticals interact with cellular structures, causing biological effects. The choice of
radionuclide and targeting molecule impacts imaging quality and therapeutic efficacy. Balancing radiation
exposure with diagnostic benefits is essential, as is implementing proper safety measures for patients and
healthcare workers.
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Radiobiological Principles in Nuclear Medicine

Radiation Emission and Biological Effects

* Nuclear medicine techniques rely on radiation emission from radiopharmaceuticals administered to
patients for diagnostic or therapeutic purposes

* lonizing radiation interacts with cellular structures and DNA causing biological effects

» Radiopharmaceuticals target specific organs, tissues, or cellular processes enabling functional
imaging and localized therapy

« Effective half-life combines physical and biological half-lives determining radiopharmaceutical
residence time in the body

* Linear energy transfer (LET) of different radiation types influences biological effectiveness and
potential tissue damage

+ High LET radiation (alpha particles) causes more localized damage

* Low LET radiation (gamma rays) spreads energy over a larger area

Imaging Techniques and Radiotracer Kinetics

* Molecular imaging often utilizes positron emission tomography (PET) or single-photon emission
computed tomography (SPECT)

* PET uses positron-emitting radioisotopes (F-18, C-11)
* SPECT uses gamma-emitting radioisotopes (Tc-99m, 1-123)
* PET and SPECT detect and quantify radiopharmaceutical distribution in vivo

 Radiotracer kinetics and compartmental modeling interpret dynamic behavior of radiopharmaceuticals
in biological systems

» Two-compartment model (vascular and extravascular spaces)

» Three-compartment model (adds intracellular space)

Radiation Exposure in Nuclear Medicine vs Other Modalities

Internal vs External Radiation Exposure

* Nuclear medicine involves internal radiation exposure from administered radiopharmaceuticals
» Most other imaging modalities use external radiation sources (X-rays, CT scans)

« Effective dose in nuclear medicine varies based on:

» Radiopharmaceutical used

* Administered activity

« Patient factors (body mass, metabolism)

» Nuclear medicine often delivers higher effective doses than conventional X-ray imaging

* Provides unique functional information not obtainable through anatomical imaging alone
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* PET/CT or SPECT/CT hybrid imaging combines doses from nuclear medicine and CT components

* Results in higher overall patient doses compared to individual modalities

Radiation Risks and Safety Considerations

» Stochastic risks (cancer induction) from nuclear medicine generally lower than diagnostic benefits for
justified examinations

* Nuclear medicine can result in radiation exposure to individuals other than the patient

* Necessitates radiation safety precautions for family members and public

* Time, distance, and shielding principles applied

« Short-lived radioisotopes in many nuclear medicine procedures minimize long-term radiation exposure
* Tc-99m (6-hour half-life)

* F-18 (110-minute half-life)

+ Radiation protection principles (ALARA - As Low As Reasonably Achievable) guide nuclear medicine
practice

Radiopharmaceuticals for Imaging and Therapy

Design and Selection of Radiopharmaceuticals

» Radiopharmaceuticals combine radionuclide with targeting molecule

« High affinity and specificity for particular biological targets

» Radionuclide choice for imaging or therapy depends on physical properties:

+ Half-life

» Emission type (gamma, beta, alpha)

* Energy

 Targeted molecular imaging allows non-invasive visualization and quantification of:
* Specific cellular processes

* Receptor expression

* Metabolic pathways

» Theranostic radiopharmaceuticals integrate diagnostic imaging and targeted radionuclide therapy
» Same or similar molecular targeting mechanisms

* Examples: Lu-177 DOTATATE for neuroendocrine tumors, 1-131 for thyroid cancer

Advances in Radiopharmaceutical Development

* Targeted alpha therapy opens new avenues for treating metastatic and radiation-resistant cancers
» Ra-223 for bone metastases

» Ac-225 labeled antibodies for various cancers
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» Radiochemistry and bioengineering advances lead to novel radiopharmaceuticals

* Improved target-to-background ratios

* Enhanced pharmacokinetic properties

* Personalized medicine in nuclear medicine tailors radiopharmaceutical selection and dosing
 Based on individual patient characteristics

+ Considers disease status and progression

Patient-Specific Dosimetry in Nuclear Medicine

Dosimetry Methods and Calculations

« Patient-specific dosimetry calculates individualized absorbed doses

* Optimizes therapeutic efficacy

» Minimizes toxicity to organs at risk

* Medical Internal Radiation Dose (MIRD) schema fundamental for dose calculations
* Organ-level S-values

* Time-integrated activity coefficients

* Voxel-based dosimetry methods provide higher resolution dose maps
+ Accurate dosimetry requires quantitative imaging data

+ Serial SPECT/CT or PET/CT scans

* Determines time-activity curves for various organs and tissues

« Patient-specific factors impact absorbed dose distribution:

* Body mass

* Organ size

* Biokinetics of radiopharmaceutical

Clinical Implementation and Challenges

* Dosimetry crucial in treatment planning for radionuclide therapies
* Activity prescription based on desired target doses

* Considers dose-limiting organs (kidneys, bone marrow)

» Advanced techniques provide more accurate dose estimates:

+ 3D image-based dosimetry

* Monte Carlo simulations

+ Challenges in implementing patient-specific dosimetry:

» Standardization of methods
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* Time efficiency in clinical workflow

* Integration into existing nuclear medicine practices

* Future directions in dosimetry:

« Artificial intelligence for automated organ segmentation

* Real-time dosimetry during treatment administration

15.3 Balancing diagnostic quality and radiation exposure

Medical imaging balances diagnostic quality with radiation exposure. Higher doses produce clearer images
but increase patient risk. Factors like contrast, spatial resolution, and signal-to-noise ratio influence image
quality, while diagnostic reference levels guide optimization.

Risk-benefit analysis weighs diagnostic value against potential long-term effects. Factors include patient
age, urgency, alternative methods, and cumulative exposure. The ALARA principle aims to minimize
radiation while maintaining necessary diagnostic information through technical, operational, and
administrative controls.

Image Quality vs Radiation Exposure

Balancing Image Quality and Radiation Dose

» Radiation dose and image quality relationship fundamentally impacts medical imaging with higher
doses producing clearer images but increasing patient risk

+ Image quality determined by factors (contrast, spatial resolution, signal-to-noise ratio) influenced by
radiation exposure levels

+ Diagnostic reference levels (DRLs) provide guidelines for optimizing radiation dose while maintaining
adequate image quality for specific procedures

+ Diagnostic efficacy relates to imaging procedure's ability to provide accurate diagnostic information
balanced against radiation risk

« lterative reconstruction algorithms and advanced image processing techniques improve image quality
while allowing lower radiation doses

* Example: Model-based iterative reconstruction (MBIR) in CT imaging
* Example: Noise reduction filters in digital radiography

« Different imaging modalities (CT, fluoroscopy, radiography) have varying dose-quality relationships
requiring modality-specific optimization strategies

« CT typically requires higher radiation doses for optimal image quality

« Digital radiography can achieve good image quality at lower doses compared to traditional film-based
systems

Risk-Benefit Analysis in Medical Imaging

* Risk-benefit analysis involves considering diagnostic value against potential long-term effects of
radiation exposure

* Factors to consider in risk-benefit analysis:
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« Patient age and life expectancy

+ Urgency of diagnosis

+ Alternative non-radiation based diagnostic methods

» Cumulative radiation exposure from previous procedures

* Examples of risk-benefit scenarios:

« Pediatric imaging requiring careful consideration due to higher radiation sensitivity

* Emergency trauma cases where immediate diagnosis outweighs long-term radiation risks
ALARA Principle in Imaging
Implementation of ALARA

* ALARA (As Low As Reasonably Achievable) principle aims to minimize radiation exposure while
maintaining necessary diagnostic information

+ Implementation involves technical factors (equipment selection, protocol optimization), operational
factors (proper positioning, collimation), and administrative controls (policy development, staff training)

* Dose reduction techniques essential for ALARA in CT imaging:
» Tube current modulation adjusts radiation output based on patient anatomy
» kVp optimization selects appropriate tube voltage for patient size and exam type

» Beam filtration removes low-energy photons that contribute to patient dose without improving image
quality

* Appropriate shielding devices and techniques crucial for reducing unnecessary radiation exposure
* Examples: Lead aprons, thyroid shields, gonadal shielding when appropriate

* Quality assurance programs ensure consistent application of ALARA principles across imaging
procedures and facilities

* Regular equipment calibration and maintenance

* Periodic review of imaging protocols and dose levels

Continuous Improvement and Collaboration

* Periodic review and updating of imaging protocols based on technological advancements and current
best practices necessary for maintaining ALARA compliance

» Balancing ALARA with maintaining diagnostic image quality requires ongoing collaboration between
radiologists, medical physicists, and technologists

* Regular meetings to discuss dose optimization strategies
* Participation in dose registries and benchmarking programs
« Examples of collaborative efforts:

 Multi-disciplinary teams developing facility-specific imaging protocols
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* Radiologists and technologists working together to optimize positioning and technique factors

Advanced Imaging for Reduced Radiation

Technological Advancements in Dose Reduction

« Digital radiography systems offer improved dose efficiency compared to traditional film-screen
systems allowing lower radiation exposures while maintaining image quality

» Example: Computed radiography (CR) and digital radiography (DR) systems

+ Dual-energy CT technology enables material differentiation and can reduce need for multiple scans
potentially lowering overall patient dose

« Applications: Virtual non-contrast imaging, bone removal in CT angiography

« Iterative reconstruction algorithms in CT imaging significantly reduce radiation dose while preserving
or improving image quality compared to traditional filtered back projection

» Examples: Adaptive Statistical Iterative Reconstruction (ASIR), Sinogram Affirmed Iterative
Reconstruction (SAFIRE)

» Advanced detector technologies offer improved signal-to-noise ratios and energy discrimination
potentially enabling lower-dose imaging

« Example: Photon-counting detectors in CT provide spectral information and improved spatial
resolution

Artificial Intelligence and Hybrid Imaging

« Artificial intelligence and machine learning applications in medical imaging show promise in optimizing
protocols, improving image reconstruction, and enhancing diagnostic accuracy at lower doses

* Examples: Automated exposure control systems, noise reduction algorithms

* Hybrid imaging modalities can reduce overall radiation exposure by replacing CT components with
non-ionizing MRI for anatomical imaging

« Example: PET/MRI for oncological imaging reduces radiation compared to PET/CT

* Image guidance systems in interventional radiology reduce fluoroscopy time and radiation exposure
during complex procedures

* Example: Cone-beam CT guidance for needle biopsies and tumor ablations

Patient Education and Informed Consent

Effective Communication of Radiation Risks

« Patient education on risks and benefits of medical imaging procedures crucial for informed
decision-making and compliance with safety protocols

« Effective communication of radiation risks contextualized by comparing to everyday risks and
emphasizing diagnostic benefits of procedure

» Example: Comparing CT scan radiation to background radiation from air travel
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* Informed consent processes include clear explanations of procedure, its purpose, potential risks, and
alternative options when applicable

» Understanding patient concerns and addressing misconceptions about radiation exposure improves
patient cooperation and reduces anxiety during imaging procedures

» Common misconceptions: All radiation is harmful, one CT scan causes cancer

Patient Empowerment and Cultural Considerations

 Educating patients on importance of providing accurate medical history including previous radiation
exposures and pregnancies essential for appropriate justification and optimization of imaging
procedures

* Empowering patients to ask questions about their imaging procedures promotes shared
decision-making and can lead to better health outcomes

* Encourage patients to inquire about necessity of exam and alternative diagnostic options

+ Cultural competence in patient education important as different cultural backgrounds may influence
perceptions of medical procedures and radiation risks

* Examples:
» Addressing language barriers with professional medical interpreters

* Considering cultural beliefs about medical interventions and technology
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Unit 16 — Environmental Radiobiology and
Radioecology

16.1 Natural and anthropogenic sources of environmental radiation

Environmental radiation comes from both natural and human-made sources. Natural sources like cosmic
rays, terrestrial radiation, and radon gas make up about 80% of our average annual exposure. The rest
comes from medical procedures, industrial applications, and nuclear energy.

Understanding these sources is crucial for assessing radiation risks and protecting public health. Natural
radiation levels vary based on location and geology, while human-made sources can change over time due

to technological advances and regulatory changes.

Natural Radiation Sources

Cosmic and Terrestrial Radiation

» Cosmic radiation originates from space consists of high-energy particles that interact with Earth's
atmosphere producing secondary radiation

* Intensity increases with altitude and latitude
* Contributes approximately 13% of average annual radiation dose

* Terrestrial radiation emanates from naturally occurring radioactive materials in the Earth's crust
including uranium, thorium, and their decay products

* Varies based on local geology (higher levels in granite-rich areas)

+ Accounts for about 20% of average annual radiation exposure

Radon and Internal Radiation Sources

» Radon gas a decay product of uranium serves as the most significant natural source of radiation
exposure for most populations

+ Contributes approximately 50% of average annual radiation dose

 Concentrations vary dramatically between buildings and rooms due to soil composition and
construction

» Radioactive isotopes in food and water contribute to internal radiation exposure through ingestion
* Potassium-40 found in bananas, potatoes, and other foods
+ Carbon-14 present in all living organisms

*» Together account for about 10% of average annual radiation dose
Anthropogenic Radiation Sources
Medical and Industrial Applications

* Medical procedures constitute the largest source of anthropogenic radiation exposure
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* Diagnostic X-rays (chest X-rays, mammograms)

* Nuclear medicine (PET scans, thyroid treatments)

+ Radiation therapy for cancer treatment

+ Account for 15-20% of average annual radiation exposure in developed countries

* Industrial applications utilize radioactive sources that can potentially lead to environmental
contamination

* Industrial radiography for non-destructive testing of materials
» Well logging in oil and gas exploration

« Sterilization of medical equipment and food products

Nuclear Energy and Weapons

* Nuclear power plants and fuel cycle facilities release small amounts of radioactive materials during
normal operation

« Potential for larger releases during accidents (Chernobyl, Fukushima)
+ Contribute less than 0.1% to average annual radiation dose for most populations

* Nuclear weapons testing particularly atmospheric tests conducted in the mid-20th century has
contributed to global environmental radiation levels

* Global fallout has decreased over time but still present in environment

+ Contributes less than 1% to average annual radiation dose for most populations

Natural vs Anthropogenic Radiation

Relative Contributions

+ Natural sources typically account for the majority (about 80%) of the average person's annual
radiation exposure

» Radon gas alone contributes to approximately 50% of the average annual radiation dose

» Cosmic and terrestrial radiation combined account for about 33%

» Anthropogenic sources contribute the remaining 20% of average annual radiation exposure
» Medical procedures represent the largest anthropogenic source (15-20%)

* Nuclear power, weapons testing, and industrial sources contribute less than 1% combined

Variability Factors

+ Relative contributions can vary significantly based on individual factors
« Lifestyle choices (living at high altitudes, frequent air travel)
* Medical history (number and type of medical imaging procedures)

» Geographical location (local geology, proximity to nuclear facilities)
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* Occupational exposure can significantly alter individual radiation doses
+ Airline crew members receive higher cosmic radiation doses
* Nuclear power plant workers may have increased exposure

» Medical professionals working with radiation (radiologists, nuclear medicine technicians)

Radiation Levels: Variations

Geographical Variations

» Cosmic radiation exposure increases with altitude and latitude

* Higher doses at mountain elevations and polar regions

» Lower doses at sea level and equatorial regions

* Terrestrial radiation levels vary based on local geology

* Higher levels in areas rich in granite or uranium-bearing rocks (parts of Brazil, Iran)
* Lower levels in sedimentary rock areas

* Radon concentrations vary dramatically between locations

* Influenced by soil composition, building materials, and ventilation

« Can differ significantly even between adjacent buildings

Temporal Variations

» Anthropogenic radiation levels may show temporal variations

+ Short-term spikes related to nuclear accidents (Chernobyl, Fukushima)

* Long-term changes due to weapons testing or changes in medical practices

* Natural radiation levels can exhibit long-term variations

« Climate change potentially altering distribution of natural radionuclides

* Geological events (earthquakes, volcanic eruptions) affecting radon release

* Long-term environmental monitoring programs track changes in radiation levels
* Essential for identifying potential sources of contamination

* Provide data for assessing long-term trends and health impacts

16.2 Ecological effects of radiation exposure

Radiation exposure can profoundly impact ecosystems, from DNA damage in individual organisms to shifts
in entire food webs. Understanding these effects is crucial for assessing environmental risks and
developing strategies to protect biodiversity in contaminated areas.

Different species vary widely in their sensitivity to radiation, influenced by factors like DNA repair capacity
and life history traits. This variability shapes how ecosystems respond to radiation exposure, potentially
leading to long-term changes in community structure and function.
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lonizing Radiation's Impact on Ecosystems

Radiation Interaction Mechanisms

* lonizing radiation interacts with matter through direct and indirect action causing ionization and
excitation of atoms and molecules in living organisms and their environment

* DNA damage leads to mutations, cell death, and altered reproductive capacity in organisms

» Radiation-induced oxidative stress disrupts cellular processes and damages biomolecules affecting
organism health and ecosystem function

* Bioaccumulation and biomagnification of radionuclides in food chains increases radiation exposure in
higher trophic levels (predators)

« Chronic low-dose radiation exposure alters ecosystem structure and function through subtle changes
in species interactions and community composition

« Shifts in dominant species

» Changes in predator-prey relationships

Ecosystem-Specific Effects

» Radiation modifies soil properties and microbial communities affecting nutrient cycling and plant
growth in terrestrial ecosystems

* Altered decomposition rates
» Changes in soil pH and organic matter content

» Aquatic ecosystems experience changes in water chemistry and plankton communities due to
radiation exposure impacting the entire food web

« Shifts in phytoplankton species composition

* Reduced zooplankton diversity

+ Radiation affects different ecosystems uniquely based on their characteristics and resident species
* Forests may experience changes in tree growth and understory vegetation

+ Grasslands might see alterations in plant community structure and soil microbiota

Radiosensitivity of Species

Factors Influencing Radiosensitivity

» Radiosensitivity varies widely among species with some organisms being more resistant to radiation
effects than others

* The law of Bergonié and Tribondeau states rapidly dividing, undifferentiated cells are generally more
radiosensitive than slowly dividing, differentiated cells

» Mammals are typically more radiosensitive than other vertebrates while insects and microorganisms
tend to be more radioresistant
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* Plant radiosensitivity varies by species, growth stage, and environmental conditions with actively
growing tissues being more susceptible to radiation damage

* Factors influencing radiosensitivity include DNA repair capacity, antioxidant defenses, and life history
traits such as lifespan and reproductive strategy

* Species with efficient DNA repair mechanisms show higher radioresistance

» Organisms with longer lifespans may accumulate more radiation-induced damage over time

Quantification and Adaptation

» Radiosensitivity can be quantified using dose-response relationships such as LD50 values (lethal
dose for 50% of a population) or ED50 values (effective dose for 50% of a population)

« Chronic low-dose radiation exposure may lead to the development of radioresistance in some species
through adaptive responses or selection for resistant individuals

* Some plants in the Chernobyl exclusion zone have shown increased antioxidant production

« Certain bacteria strains have developed enhanced DNA repair mechanisms in high-radiation
environments

Radiation Exposure Effects on Biota

Acute High-Dose Effects

« Acute high-dose radiation exposure causes immediate effects such as cell death, tissue damage, and
organ failure in non-human biota

* Developmental abnormalities and malformations occur in offspring of irradiated parents particularly
during early life stages

* Increased incidence of birth defects in wildlife near nuclear accident sites

» Behavioral changes such as altered mating patterns or foraging behavior may result from both acute
and chronic radiation exposure

* Reduced reproductive success in birds exposed to high radiation levels

* Immune system suppression increases susceptibility to diseases and parasites in radiation-exposed
organisms

Chronic Low-Dose Effects

* Chronic low-dose radiation exposure leads to long-term effects including reduced fertility, shortened
lifespan, and increased cancer incidence in affected populations

+ Radiation-induced epigenetic changes affect gene expression patterns and potentially lead to
transgenerational effects

« Altered DNA methylation patterns in plants growing in contaminated soils

» Ecosystem-level effects of chronic radiation exposure include shifts in species composition, altered
nutrient cycling, and changes in ecosystem services

» Reduced decomposition rates in irradiated forests
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» Changes in pollinator abundance and diversity in contaminated areas

Radiation-Induced Mutations and Biodiversity

Genetic Variability and Adaptation

 Radiation-induced mutations increase genetic variability within populations potentially enhancing
adaptive capacity in changing environments

» Radiation exposure acts as a selective pressure favoring radioresistant genotypes and potentially
leading to evolutionary changes in affected populations

* Development of melanin-rich fungi in high-radiation environments (Chernobyl)

» Changes in genetic diversity resulting from radiation exposure impact the long-term resilience and
adaptability of ecosystems

* Increased genetic diversity in some plant populations near nuclear accident sites

Population and Community Impacts

* Deleterious mutations reduce individual fitness and reproductive success leading to population decline
or local extinctions

« Altered competitive abilities due to radiation-induced mutations shift species interactions and
community structure

» Changes in plant-herbivore relationships due to altered plant chemical defenses

» Radiation-induced mutations in keystone species or ecosystem engineers have cascading effects on
ecosystem function and biodiversity

» Mutations in dominant tree species affecting forest structure and composition

* The impact of radiation-induced mutations on population dynamics and biodiversity depends on
factors such as population size, generation time, and environmental context

» Small populations more vulnerable to negative effects of radiation-induced mutations

+ Short-lived organisms may show more rapid evolutionary responses to radiation exposure

16.3 Radiological protection of non-human biota

Radiological protection of non-human biota is a crucial aspect of environmental radiobiology. It involves
assessing radiation doses, following international guidelines, and implementing mitigation strategies to
safeguard ecosystems from harmful effects of ionizing radiation.

Environmental monitoring plays a key role in this field, using various methods to track radionuclide levels in
air, water, soil, and organisms. This data helps scientists understand radiation impacts on different species
and ecosystems, guiding protection efforts and policy decisions.

Radiation Dose Assessment for Biota

Dosimetry Concepts and Approaches

+» Dosimetry for non-human biota estimates absorbed doses from external and internal radiation
exposure
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» Reference Animals and Plants (RAPs) model radiation doses for representative species in different
ecosystems

* Transfer factors and concentration ratios estimate radionuclide uptake and accumulation in organisms
and environments

* Dose conversion coefficients (DCCs) convert environmental media concentrations to absorbed dose
rates for organisms

« Allometric relationships scale dosimetric models across species of varying sizes and anatomies (mice
to elephants)

Advanced Assessment Techniques

» Monte Carlo simulations provide more accurate dose assessments in complex geometries

* Voxel phantoms create detailed 3D models of organisms for precise dose calculations

* ERICA Tool software package designed for environmental dose assessment to non-human biota
+ RESRAD-BIOTA software calculates radiation doses to aquatic and terrestrial organisms

« Combines environmental measurements with modeling to estimate total radiation exposure

Dosimetry Challenges and Considerations

+ Account for variability in organism size, shape, and habitat within species

* Consider seasonal changes in behavior and physiology affecting radionuclide uptake (hibernation)
* Assess impact of different types of radiation (alpha, beta, gamma) on various tissues and organs
+ Evaluate chronic low-dose exposure effects versus acute high-dose scenarios

* Incorporate uncertainty analysis to account for limitations in data and model assumptions

International Radiation Protection Guidelines

Key International Organizations and Publications

* International Commission on Radiological Protection (ICRP) Publication 108 provides framework for
assessing radiation effects on non-human biota

+ United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) reports on
radiation effects in environment and non-human biota

* International Atomic Energy Agency (IAEA) Safety Standards Series No. GSG-8 addresses protection
of environment from harmful effects of ionizing radiation

+ European Union's EURATOM Basic Safety Standards Directive includes provisions for protection of
non-human species from ionizing radiation

» Convention on Biological Diversity (CBD) recognizes potential impacts of radiation on biodiversity and
ecosystem health
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Regional and Ecosystem-Specific Guidelines

* Arctic Monitoring and Assessment Programme (AMAP) provides guidelines specific to radiological
protection in Arctic ecosystems

* OSPAR Commission's Radioactive Substances Strategy aims to protect marine environment of
North-East Atlantic from radioactive discharges

» Regional guidelines address unique challenges of specific ecosystems (coral reefs, rainforests)

» Ecosystem-specific guidelines consider local species sensitivity and environmental conditions

Evolving Approaches in Environmental Radiation Protection

« Shift from anthropocentric to ecocentric approach in radiation protection

* Integration of ecosystem services concept into radiological protection frameworks
» Development of species sensitivity distributions for radiation effects

* Consideration of multiple stressor interactions (radiation + chemical pollutants)

* Emphasis on population-level effects rather than individual organism impacts

Radiation Impact Mitigation Strategies

Source Control and Environmental Remediation

+ Source control strategies prevent or minimize release of radionuclides into environment (containment
structures)

» Environmental remediation techniques reduce radionuclide concentrations in contaminated areas
* Soil removal physically extracts contaminated soil

» Phytoremediation uses plants to extract radionuclides from soil (sunflowers for cesium)

+ Habitat modification reduces exposure pathways for vulnerable species (creating buffer zones)

+ Biomonitoring programs using indicator species assess effectiveness of mitigation strategies over time
(lichens for air pollution)

Assessment and Management Approaches

* Ecological risk assessment methodologies evaluate potential impacts of radiation on ecosystem
structure and function

» Adaptive management approaches allow adjustment of mitigation strategies based on ongoing
monitoring and assessment results

* Cost-benefit analysis determines most effective and economically viable mitigation strategies for
different scenarios

* Multi-criteria decision analysis incorporates various factors in selecting optimal mitigation approaches

Innovative Mitigation Technologies

» Nanotechnology-based remediation techniques for more efficient radionuclide removal
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* Bioremediation using radiation-resistant microorganisms to degrade or sequester radionuclides
* Engineered barriers and reactive materials for long-term containment of radioactive waste

» Remote sensing and robotics for safer assessment and remediation of highly contaminated areas

Environmental Monitoring for Radiological Protection

Monitoring Methods and Technologies

» Environmental monitoring programs collect data on radionuclide concentrations in air, water, soil, and
biota

* In situ measurements provide real-time data on environmental radiation levels (handheld detectors)

« Laboratory analysis of environmental samples offers detailed radionuclide characterization (gamma
spectroscopy)

* Remote sensing and aerial surveys map large-scale radionuclide distributions in environment (satellite
imagery)

» Environmental dosimeters and continuous monitoring systems provide real-time data on radiation
levels in specific locations

Ecological and Food Chain Monitoring

* Bioaccumulation and biomagnification processes assessed through analysis of radionuclide
concentrations in different trophic levels

+ Sentinel species monitored to indicate ecosystem health and potential radiation impacts (mussels in
marine environments)

* Food chain studies track radionuclide transfer from soil to plants to animals

+ Seasonal variations in radionuclide uptake and distribution considered in monitoring programs

Data Management and Quality Assurance

* Quality assurance and quality control procedures ensure reliability and comparability of environmental
monitoring data

» Data management systems integrate monitoring results to support decision-making processes in
radiological protection

* Intercomparison exercises between laboratories maintain consistency in analytical methods
* Uncertainty analysis incorporated into data interpretation and reporting

* Long-term data archives maintained for trend analysis and historical comparisons
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Unit 17 — Radiobiology: Emerging Topics
and Future

17.1 Radiation-induced bystander effects and adaptive responses

Radiation-induced bystander effects and adaptive responses challenge traditional ideas in radiobiology.
These phenomena show that radiation can affect cells indirectly and that low doses might protect against
higher doses, shaking up how we think about radiation's impacts.

Understanding these effects could change how we approach radiation protection and cancer treatment.
They highlight the complex ways cells and tissues respond to radiation, opening new doors for research
and potentially improving how we use radiation in medicine.

Radiation-Induced Bystander Effects

Definition and Manifestations

 Radiation-induced bystander effects occur in non-irradiated cells near or receiving signals from
irradiated cells

+ Bystander effects manifest as DNA damage, chromosomal aberrations, mutations, apoptosis, and
altered gene expression

* Challenges traditional target theory of radiation biology assuming effects solely from direct energy
deposition

* Observed in various cell types (fibroblasts, epithelial cells, immune cells)

Mechanisms and Implications

» Gap junction-mediated cell-to-cell communication enables signal transmission between irradiated and
non-irradiated cells

* Release of soluble factors (cytokines, growth factors) into extracellular space affects nearby cells

* Production of reactive oxygen species (superoxide, hydrogen peroxide) induces oxidative stress in
bystander cells

* Potentially increases radiotherapy effectiveness by damaging cancer cells beyond directly irradiated
volume

* Poses risks to healthy tissue surrounding tumors, potentially increasing normal tissue complications

Mechanisms of Adaptive Responses

Cellular and Molecular Basis

+ Adaptive response induces radioresistance to higher doses after exposure to low doses of ionizing
radiation

 Characterized by reduced chromosomal aberrations, increased DNA repair capacity, and enhanced
antioxidant defenses
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* Activates DNA damage response proteins (ATM, p53) to initiate repair processes
+ Upregulates repair enzymes (DNA-PK, PARP) to enhance DNA repair efficiency

* Modulates cell cycle checkpoints to allow more time for DNA repair before cell division

Dose and Time Dependencies

* Typically observed within specific dose range and time window
* Priming dose usually between 1-100 mGy (equivalent to 1-2 chest X-rays)
+ Challenging dose administered 4-24 hours later to assess adaptive response

+ Epigenetic mechanisms (DNA methylation, histone modifications) contribute to persistence of
adaptive responses

« Individual variations exist due to genetic factors, age, and physiological status

Research on Bystander Effects and Adaptive Responses

Recent Advances

+ Studies focus on molecular mechanisms of bystander effects, including role of exosomes and
microRNAs

* Investigations explore potential exploitation of bystander effects to enhance radiotherapy efficacy

» Research examines adaptive responses for radioprotection strategies (occupational workers,
astronauts)

« Animal models and 3D tissue cultures used to understand in vivo relevance of cellular observations

» Ongoing research determines dose-response relationships and temporal dynamics across cell types
and tissues

Current Debates and Challenges

« Clinical significance of bystander effects and adaptive responses remains under investigation

* Potential impact on radiation protection standards and radiotherapy protocols debated

* Interplay between bystander effects and adaptive responses reveals complex tissue-level interactions
« Variability in individual responses complicates application in radiation protection and therapy

* Long-term consequences of bystander effects and adaptive responses require further study

Impact on Radiation Protection and Radiotherapy

Radiation Protection Implications

* Bystander effects necessitate reassessment of radiation risk models for low-dose exposures

» Adaptive responses challenge linear no-threshold model, potentially supporting radiation hormesis
concept

* Integration of these phenomena into protection guidelines may lead to more nuanced exposure limits

Fiveable archived study guides Page 162



« Individual variability in responses highlights need for personalized radiation protection strategies

Radiotherapy Applications
+ Understanding bystander effects could lead to novel radioprotectors or radiosensitizers
+ Adaptive responses might be exploited for pre-conditioning strategies to protect normal tissues
» Non-targeted nature of bystander effects raises concerns about secondary malignancies
* Integration into treatment planning models could improve dose-response predictions

« Personalized approaches in radiotherapy may account for individual variations in bystander and
adaptive responses

17.2 Personalized radiotherapy and radiogenomics

Personalized radiotherapy is revolutionizing cancer treatment. By tailoring plans to each patient's unique
characteristics, doctors can maximize tumor control while minimizing side effects. This approach uses
cutting-edge tech like genomic profiling and Al to create ultra-precise treatment strategies.

Radiogenomics takes personalization even further by studying how genes affect radiation response. By
combining genetic info with imaging data, doctors can predict outcomes and adjust treatments accordingly.
This field is opening new doors for more effective, less toxic cancer care.

Personalized Radiotherapy for Cancer Treatment

Tailoring Treatment Plans to Individual Patients

* Personalized radiotherapy tailors radiation treatment plans to individual patient characteristics (tumor
biology, genetics, physiological factors)

+ Optimizes treatment efficacy while minimizing side effects by considering patient-specific factors
influencing radiation response

« Utilizes genomic profiling and molecular imaging techniques for precise tumor targeting and dose
optimization

« Improves local tumor control, reduces normal tissue toxicity, and enhances overall treatment
outcomes

* Incorporates adaptive radiotherapy modifying treatment plans based on tumor response and
anatomical changes during treatment

* Integrates artificial intelligence and machine learning algorithms in treatment planning and delivery
systems

» Enhances accuracy of dose calculations
* Improves target volume delineation

* Predicts potential treatment outcomes

Advanced Techniques in Personalized Radiotherapy

» Employs functional imaging techniques (PET-CT, functional MRI) to identify metabolically active tumor
regions
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+ Allows for dose escalation to radioresistant areas

» Enables dose de-escalation to radiosensitive regions

« Utilizes circulating tumor DNA (ctDNA) analysis for real-time monitoring of treatment response
» Guides adaptive radiotherapy decisions

* Detects early signs of treatment resistance

« Implements hypofractionation strategies based on individual tumor radiobiology

« Shortens treatment duration for patient convenience

* Potentially improves tumor control through higher biologically effective doses

* Incorporates 3D printing technology for patient-specific bolus and immobilization devices

* Enhances treatment accuracy

* Improves patient comfort during radiation sessions

Radiogenomics in Radiation Therapy

Genetic Factors Influencing Radiation Response

» Radiogenomics studies genetic variations influencing individual responses to radiation therapy
» Combines radiological imaging data with genomic information to predict treatment outcomes

* Analyzes single nucleotide polymorphisms (SNPs) and gene expression profiles

» Determines association with radiation response

* Identifies normal tissue complication risks

« Utilizes various omics technologies (genomics, transcriptomics, proteomics) to create comprehensive
patient profiles

* Employs machine learning algorithms to analyze complex radiogenomic datasets

» Develops predictive models for treatment response

* Assesses toxicity risk for individual patients

« Integrates radiomics (quantitative features from medical images) with genomic data
» Enhances predictive power of radiogenomic models

 Improves accuracy of treatment outcome predictions

Applications of Radiogenomics in Treatment Planning

+ Guides personalized dose prescriptions based on individual genetic profiles
+ Informs fractionation schedule decisions to optimize tumor control and minimize side effects
* Assists in selecting appropriate radiosensitizers or radioprotectors for specific patients

« Identifies patients at high risk for radiation-induced toxicities
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* Allows for proactive management strategies

* Enables closer monitoring during treatment

* Predicts likelihood of tumor recurrence after radiotherapy

« Informs decisions on treatment intensification or adjuvant therapies

* Facilitates patient counseling on expected treatment outcomes and potential side effects
* Improves informed decision-making process

* Enhances patient engagement in treatment planning
Research in Personalized Radiotherapy and Radiogenomics

Current Research Trends and Initiatives

» Conducts large-scale, multi-institutional studies to validate radiogenomic biomarkers
* Develops clinically applicable prediction models for treatment response and toxicity

« Identifies genetic signatures associated with radiosensitivity in different cancer types and normal
tissues

* Integrates multi-omics data (genomics, epigenomics, metabolomics) to improve predictive accuracy

» Advances novel imaging techniques (radiomics, Al-based image analysis) for personalized
radiotherapy

« Evaluates efficacy of personalized dose prescriptions based on radiogenomic profiles in clinical trials
» Assesses impact on tumor control

* Measures reduction in treatment-related toxicities

* Progresses research on real-time adaptive radiotherapy systems

* Incorporates daily imaging for treatment plan modifications

+ Develops rapid re-planning algorithms for on-the-fly adjustments

Emerging Areas of Investigation

» Explores combined modality approaches in personalized cancer treatment

* Investigates personalized chemoradiotherapy regimens

« Studies synergistic effects of immunoradiotherapy based on genetic profiles

» Examines role of tumor microenvironment in radiation response

* Analyzes impact of stromal cells on treatment outcomes

* Investigates potential targets for radiosensitization

* Develops liquid biopsy techniques for non-invasive monitoring of treatment response
« Utilizes circulating tumor cells (CTCs) as biomarkers

 Explores potential of exosomes in predicting radiation sensitivity
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* Investigates impact of gut microbiome on radiation response and toxicity
« Studies potential for microbiome modulation to enhance treatment efficacy

+ Explores probiotics as radioprotectors for normal tissues

Challenges and Opportunities of Personalized Radiotherapy

Implementation Challenges in Clinical Practice

* Requires significant technological infrastructure and computational resources
* May present barriers for some healthcare facilities
 Necessitates substantial initial investment

» Demands standardization of radiogenomic data collection, analysis, and interpretation across
institutions

* Ensures consistency and reproducibility of results

* Facilitates multi-center collaborations and data sharing

» Addresses ethical considerations in personalized medicine

* Manages privacy concerns related to genetic data

» Ensures equitable access to personalized treatments

* Integrates personalized approaches into existing clinical workflows

* Requires modification of established treatment protocols

* Necessitates additional training for healthcare professionals

+ Navigates regulatory challenges for implementing novel technologies
» Requires approval processes for personalized treatment algorithms

» Addresses reimbursement issues for personalized radiotherapy approaches

Opportunities for Advancing Cancer Care

* Improves patient outcomes through more precise and effective treatments
* Potentially reduces healthcare costs associated with overtreatment

» Minimizes management of unnecessary side effects

* Develops decision support systems incorporating radiogenomic data

* Enhances clinical decision-making process

« Streamlines treatment planning workflows

* Fosters collaboration between radiation oncologists, medical physicists, bioinformaticians, and
geneticists

* Promotes interdisciplinary approach to cancer treatment

* Accelerates translation of research findings into clinical practice
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* Provides ongoing education and training for healthcare professionals

* Ensures widespread adoption of radiogenomics principles

» Keeps practitioners updated on latest advancements in personalized medicine
» Enables patient-centered care through personalized treatment approaches

* Improves patient satisfaction and engagement

* Potentially enhances treatment compliance and outcomes

17.3 Space radiation biology and interplanetary travel

Space radiation poses unique challenges for human interplanetary travel. High-energy particles penetrate
spacecraft and human tissue, causing cellular damage and increasing health risks. Prolonged exposure
during long missions leads to cumulative effects on the central nervous system and cardiovascular system.

Astronauts face radiation levels up to 200 times higher than on Earth during Mars missions. Space
radiation differs from terrestrial sources in energy and composition, including heavy ions not typically
present on Earth. This makes the biological effects more complex and potentially more damaging.

Space Radiation Risks for Humans

Unique Characteristics of Space Radiation

+ Space radiation comprises high-energy particles (galactic cosmic rays (GCRs), solar particle events
(SPEs)) not typically encountered on Earth

« Earth's magnetosphere and atmosphere shield against space radiation, protection absent during
interplanetary travel

» Space radiation particles penetrate spacecraft walls and human tissue, causing cellular damage and
increased cancer risk

* Prolonged exposure during long-duration missions leads to cumulative health effects (damage to
central nervous system and cardiovascular system)

 Unpredictable nature of solar particle events challenges mission planning and crew safety

 Microgravity conditions potentially exacerbate radiation exposure effects, creating synergistic negative
impact on astronaut health

Radiation Exposure Levels and Measurement

* Astronauts on the International Space Station (ISS) receive radiation doses ~10 times higher than on
Earth

» Mars mission astronauts could be exposed to radiation levels 100-200 times higher than on Earth
» Radiation dose measured in units of Sieverts (Sv) or millisieverts (mSv)

« Typical Earth background radiation ~3 mSv/year

* ISS astronauts receive ~80 mSv for a 6-month mission

* Mars mission could result in a total dose of 600-1000 mSv over 3 years
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Comparison to Terrestrial Radiation Sources

» Space radiation differs from terrestrial sources in energy and composition

* Terrestrial radiation sources include natural (radon, cosmic rays) and artificial (medical X-rays, nuclear
power)

» Space radiation particles have higher energy and greater penetrating power than most terrestrial
sources

 Space radiation includes heavy ions (iron, carbon) not typically present in terrestrial radiation

* Biological effects of space radiation more complex and potentially more damaging than terrestrial
sources

Biological Effects of Space Radiation

DNA Damage and Cellular Effects

» Space radiation causes direct and indirect DNA damage, leading to mutations, chromosomal
aberrations, and potential carcinogenesis

 High-energy particles generate reactive oxygen species (ROS) within cells, causing oxidative stress
and damage to cellular components

* DNA double-strand breaks particularly challenging for cells to repair accurately
* Cellular senescence and apoptosis can result from severe DNA damage
« Epigenetic changes may occur, altering gene expression patterns without changing DNA sequence

» Mitochondrial DNA particularly susceptible to radiation damage, potentially impacting cellular energy
production

Acute and Long-Term Health Effects

» Exposure results in acute effects (radiation sickness) and long-term effects (increased cancer risk,
degenerative tissue diseases)

* Acute radiation syndrome symptoms include nausea, vomiting, fatigue, and immune system
suppression

* Long-term effects include increased risk of cancer (lung, breast, leukemia)
« Cataracts form at lower radiation doses in space compared to Earth

« Cardiovascular system susceptible to space radiation effects (increased risk of cardiovascular
disease, degenerative cardiac changes)

* Bone loss and muscle atrophy exacerbated by combined effects of radiation and microgravity
Neurological and Cognitive Impacts

* Space radiation impacts central nervous system, potentially leading to cognitive deficits, memory
impairment, and increased risk of neurodegenerative disorders

* Hippocampus particularly sensitive to radiation damage, affecting learning and memory formation

Fiveable archived study guides Page 168



* Neuroinflammation and oxidative stress in the brain contribute to cognitive decline
« Potential increased risk of conditions like Alzheimer's disease and dementia
» Behavioral changes and mood disorders observed in animal models exposed to space-like radiation

* Impaired decision-making and reaction time could affect astronaut performance during critical mission
tasks

Space Radiation Biology Research

Ground-Based Simulation Studies

» Ground-based research uses particle accelerators and animal models to simulate space radiation
conditions and study biological effects

* NASA Space Radiation Laboratory (NSRL) at Brookhaven National Laboratory simulates space
radiation environment

+ Animal studies provide insights into tissue-specific effects and long-term consequences of radiation
exposure

* Cell culture experiments allow for detailed analysis of molecular and cellular responses to radiation
+ Radiation effects on plants studied to understand potential impacts on space-based agriculture

» Computational models developed to predict radiation-induced damage and test potential
countermeasures

Human Spaceflight Data Analysis

+ Studies on astronauts who completed long-duration missions provide valuable data on cumulative
effects of space radiation exposure on human health

 Twin Study (Scott Kelly and Mark Kelly) offered unique opportunity to study genetic and physiological
changes in space

* Retrospective analysis of astronaut health records reveals long-term trends in radiation-induced
health effects

* Biomarker studies identify potential indicators of radiation exposure and damage
 Cognitive testing before, during, and after missions assesses impact on brain function

+ Long-term follow-up of retired astronauts provides data on late effects of space radiation exposure

Emerging Research Areas

« Current research focuses on understanding mechanisms of DNA damage and repair in response to
space radiation exposure

+ Investigations into effects of space radiation on central nervous system and cognitive function ongoing

» Research on potential countermeasures (pharmaceutical interventions, dietary supplements)
conducted to mitigate radiation effects

» Development of advanced radiation detection and dosimetry technologies crucial for accurately
monitoring astronaut exposure
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« Studies on combined effects of space radiation and other space environmental factors (microgravity)
essential for understanding overall impact on human health

 Exploration of individual variability in radiation sensitivity and development of personalized risk
assessment tools

Mitigating Space Radiation Risks
Shielding Technologies

+ Shielding materials and designs developed to reduce radiation exposure, focusing on lightweight and
multi-functional materials for spacecraft construction

* Traditional materials (aluminum, polyethylene) provide some protection but have limitations

» Advanced materials (boron nitride nanotubes, hydrogenated graphene) show promise for improved
shielding

» Water walls and onboard supplies serve dual purpose as radiation shielding and necessary resources

* Active shielding technologies (electromagnetic fields) explored to deflect charged particles away from
spacecraft and crew

« Inflatable habitats with integrated shielding materials considered for expanded living space and
protection

Biomedical Countermeasures

+ Radioprotective drugs and antioxidants researched to enhance body's natural defense mechanisms
against radiation damage

» Amifostine, a radioprotective drug used in cancer treatment, studied for space applications

+ Dietary supplements (antioxidants, omega-3 fatty acids) investigated for their potential protective
effects

+ Stem cell therapies explored for repairing radiation-induced tissue damage
« Exercise regimens developed to mitigate combined effects of radiation and microgravity

* Genetic screening and personalized medicine approaches investigated to identify individuals with
increased radiation resistance or susceptibility

Mission Planning and Operational Strategies

* Mission planning strategies (optimizing travel routes, timing) crucial for reducing overall radiation
doses during interplanetary travel

+ Solar cycle considerations impact mission timing to minimize exposure to solar particle events

* Development of real-time radiation monitoring systems and early warning capabilities for solar particle
events essential for crew safety

» Spacecraft design incorporates dedicated radiation shelters for use during solar storms

* Potential use of artificial gravity systems during long-duration missions may help mitigate combined
effects of radiation and microgravity
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* Crew rotation strategies and mission duration limits proposed to manage cumulative radiation
exposure
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