the physics of radiation therapy

The physics of radiation therapy is a cornerstone of modern cancer treatment,
enabling us to precisely target and destroy malignant cells while minimizing
harm to healthy tissues. This sophisticated medical discipline harnesses the
power of ionizing radiation, understanding its interactions with matter at a
fundamental level to deliver effective and safe doses. From the generation of
radiation to its absorption and biological effects, a deep comprehension of
physics is paramount for oncologists, physicists, and technologists. This
article delves into the intricate physical principles that underpin radiation
oncology, exploring how radiation is produced, how it travels, and how it
ultimately damages cancer cells, paving the way for improved treatment
outcomes.
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Understanding Ionizing Radiation

At its heart, radiation therapy relies on the controlled application of
ionizing radiation. But what exactly is ionizing radiation? Simply put, it's
energy that travels in the form of electromagnetic waves or particles,
possessing enough energy to knock electrons out of atoms or molecules. This
process, known as ionization, is crucial because it's the initial step that
leads to biological damage within cells. Think of it like a tiny, energetic
bullet that can disrupt the delicate machinery of life.

Ionizing radiation 1is broadly categorized into two main types:
electromagnetic radiation and particle radiation. Electromagnetic radiation
includes high-energy photons, such as X-rays and gamma rays. These are
essentially packets of energy that can penetrate deep into tissues. Particle
radiation, on the other hand, involves subatomic particles like electrons,
protons, and neutrons, each with its own unique properties regarding how it
interacts with matter and deposits energy.

Electromagnetic Radiation in Therapy

X-rays and gamma rays are the workhorses of external beam radiation therapy.
X-rays are typically generated by machines called linear accelerators
(LINACs), while gamma rays are emitted from radioactive isotopes. Both have
the ability to travel significant distances through the body. Their primary
mechanism of action in therapy involves indirectly causing DNA damage. When
these high-energy photons pass through cells, they can ionize water
molecules, creating free radicals. These highly reactive molecules then go on
to damage cellular components, most critically the DNA, leading to cell



death.

Particle Radiation in Therapy

Particle radiation offers distinct advantages due to its different energy
deposition patterns. For instance, electrons, while less penetrating than
photons, deposit their energy over a very specific range, making them
suitable for treating superficial tumors. Protons, a form of charged particle
radiation, are particularly interesting because they exhibit the "Bragg peak"
phenomenon. This means they deposit most of their energy at a specific depth
and then stop abruptly, delivering a high dose to the tumor while sparing
tissues beyond it. This precision is revolutionary for treating tumors
located near sensitive organs.

Sources of Radiation for Therapy

The radiation used in cancer treatment doesn't just appear out of thin air;
it's carefully generated or harnessed from specific sources. These sources

are designed to produce radiation with the right energy and characteristics
for therapeutic use. Understanding these sources is key to appreciating the
technology behind radiation therapy.

Linear Accelerators (LINACs)

Linear accelerators are the most common machines used in modern external beam
radiation therapy. They are sophisticated devices that accelerate electrons
to very high speeds using electromagnetic waves. These high-speed electrons
can then be used directly to treat superficial lesions, or they can strike a
target made of heavy metal (like tungsten) to produce high-energy X-rays. The
beauty of LINACs lies in their flexibility; they can be precisely aimed at
tumors from various angles, allowing for complex treatment plans.

Radioactive Isotopes (Radionuclides)

Another important source of radiation comes from radiocactive isotopes, also
known as radionuclides. These are atoms with unstable nuclei that
spontaneously decay, emitting radiation. In radiation therapy, these isotopes
can be used in two main ways: for brachytherapy, where a radiocactive source
is placed directly inside or near the tumor, or for systemic therapy, where a
radiocactive substance is injected or swallowed and travels throughout the
body to target cancer cells. Common examples include Iodine-131 for thyroid
cancer and Palladium-103 or Iridium-192 for brachytherapy.

Radiation Production Methods

The way radiation is produced directly influences its properties and how it's



used in treatment. Different methods are employed to generate the specific
types and energies of radiation required for various therapeutic
applications. This involves complex physics principles and engineering
marvels.

Generating X-rays

As mentioned, LINACs are primary generators of X-rays for therapy. The
process involves accelerating electrons to near the speed of light and then
directing them onto a metal target. When these fast-moving electrons collide
with the atoms of the target material, they decelerate rapidly, emitting
photons - these are the therapeutic X-rays. The energy of these X-rays can be
precisely controlled by adjusting the energy of the accelerated electrons.
This control is vital for tailoring the radiation's depth of penetration and
energy deposition.

Emitting Gamma Rays

Gamma rays originate from the nucleus of radioactive atoms as they undergo
radiocactive decay. Unlike X-rays, which are produced by electron
interactions, gamma rays are an intrinsic property of the nucleus. For
therapeutic purposes, specific isotopes are chosen for their decay
characteristics, such as the energy of the gamma rays emitted and their half-
life (the time it takes for half of the radicactive material to decay). These
isotopes are often used in sealed sources for brachytherapy or in radioactive
pharmaceuticals for targeted internal radiation.

Interaction of Radiation with Matter

Once radiation is produced, its effectiveness in destroying cancer cells
depends entirely on how it interacts with the tissues it passes through. This
interaction is a complex dance of energy transfer at the atomic and molecular
level. Understanding these interactions allows us to predict where the
radiation will deposit its energy and what kind of damage it will cause.

Photon Interactions

When photons (X-rays or gamma rays) encounter matter, they can undergo
several types of interactions. The most significant for medical imaging and
therapy are the photoelectric effect and Compton scattering. The
photoelectric effect is more dominant at lower photon energies and involves
the complete absorption of a photon, ejecting an electron from an atom.
Compton scattering, more prevalent at higher energies used in therapy,
involves the photon losing some of its energy and changing direction after
colliding with an electron, with the electron also being ejected. These
interactions are responsible for the energy deposition and subsequent
ionization within tissues.



Charged Particle Interactions

Charged particles like electrons and protons interact with matter
differently. Because they are charged, they are strongly influenced by the
electrical forces within atoms. Electrons, being light, lose energy
relatively quickly through numerous small interactions, resulting in a finite
range of penetration. Protons, being much heavier, undergo fewer scattering
events and deposit most of their energy at a specific depth, as described by
the Bragg peak. This characteristic is highly advantageous for precisely
targeting tumors.

Photoelectric Effect: Photon absorbed, electron ejected. More
significant at lower photon energies.

e Compton Scattering: Photon loses energy and scatters, ejecting an
electron. Dominant at higher therapeutic photon energies.

e Pair Production: High-energy photon converts into an electron-positron
pair. Occurs at very high photon energies.

e Charged Particle Interactions: Electrons and protons lose energy through
Coulomb interactions with atomic electrons and nuclei.

Radiation Dose and Measurement

Measuring and quantifying the amount of radiation delivered is absolutely
critical in radiation therapy. It’s not just about aiming the beam; it’s
about delivering a precise dose that’s enough to kill cancer cells but not so
much that it causes unacceptable damage to healthy tissues. This is where the
science of dosimetry comes in.

Units of Radiation Dose

The standard unit for absorbed dose in radiation therapy is the Gray (Gy).
One Gray 1s defined as one joule of energy absorbed per kilogram of tissue.
Historically, the Rad was used, but the Gray is the SI unit. For a given dose
in Grays, the biological effect can vary depending on the type of radiation.
This is where the concept of Equivalent Dose comes into play, often expressed
in Sieverts (Sv) for radiation protection purposes, though Gy is the primary
unit for treatment dose prescription. We aim for a specific number of Grays,
delivered over a certain number of treatment sessions, to achieve the
therapeutic goal.

Dose Calculation and Verification

Calculating the precise dose distribution within the patient is a complex
process that involves sophisticated treatment planning software. This
software takes into account the radiation beam's energy, the patient's



anatomy (obtained from CT scans), and the desired treatment plan.
Verification of the delivered dose is also paramount. This can involve in-
vivo dosimetry, where detectors are placed on or in the patient during
treatment, or phantom studies, which are simulations of the patient's anatomy
using materials that mimic tissue properties, to ensure the planned dose is
accurately delivered.

Radiotherapy Delivery Techniques

The advancement of physics has led to increasingly sophisticated ways of
delivering radiation therapy, each designed to maximize tumor control and
minimize side effects. These techniques leverage our understanding of
radiation's physical properties to shape the radiation beam and target the
tumor with exceptional precision.

External Beam Radiation Therapy (EBRT)

EBRT is the most common form of radiation therapy, where radiation is
delivered from a machine outside the body. Techniques within EBRT have
evolved significantly. Standard 3D conformal radiation therapy (3D-CRT) uses
beams shaped to match the tumor's contours. Intensity-modulated radiation
therapy (IMRT) takes this a step further by modulating the intensity of the
radiation beam across the treatment area, allowing for highly conformal dose
distributions and sparing of surrounding healthy organs. Volumetric Modulated
Arc Therapy (VMAT) is an even more advanced form of IMRT where the LINAC
rotates around the patient while delivering radiation, further optimizing
dose delivery.

Brachytherapy

Brachytherapy, as mentioned earlier, involves placing radioactive sources
directly inside or very close to the tumor. This allows for a high dose to be
delivered to the tumor while the dose to surrounding healthy tissues drops
off very rapidly with distance. It can be delivered as temporary implants
(sources are removed after treatment) or permanent implants (low-dose-rate
sources are left in place). The physics here is critical for calculating the
safe placement and duration of the radiocactive sources.

Particle Therapy (Proton Therapy)

Proton therapy represents a frontier in radiation oncology, leveraging the
unique physical properties of protons. As discussed, protons deposit most of
their energy at a specific depth (Bragg peak), offering superior sparing of
tissues beyond the tumor compared to photon therapy. This is particularly
beneficial for tumors located near critical structures like the brainstem,
spinal cord, or eyes, as well as for treating pediatric cancers where long-
term effects of radiation are a major concern.



Biological Effects of Radiation

The ultimate goal of radiation therapy is to damage and kill cancer cells.
This damage occurs at the molecular level, primarily through the ionization
caused by radiation. Understanding these biological effects allows us to
optimize treatment fractionation and timing.

DNA Damage and Cell Death

The most critical target for radiation-induced damage is the DNA within the
cell nucleus. Ionization events can directly break DNA strands or create
reactive oxygen species that indirectly damage DNA. If this damage is severe
and cannot be repaired by the cell's own mechanisms, it can trigger
programmed cell death (apoptosis) or lead to uncontrolled cell division and
mutations that ultimately result in cell death. Cancer cells, often with
compromised DNA repair mechanisms and rapid division rates, are generally
more susceptible to radiation damage than healthy cells.

Dose-Fractionation and the 4 R's of Radiobiology

Radiation is typically delivered in multiple small doses, called fractions,
over several weeks, rather than a single large dose. This concept, known as
fractionation, is based on the "4 R's of radiobiology": Repair,
Reoxygenation, Redistribution, and Repopulation. Healthy tissues have more
time between fractions to repair sublethal radiation damage than cancer
cells. They can also become better reoxygenated, as oxygen is crucial for
radiation's effectiveness. Cells that were not actively dividing during one
fraction may enter the cell cycle (redistribution) for subsequent fractions,
becoming more susceptible. Finally, by controlling tumor cell repopulation,
fractionation helps keep the tumor at bay. The physics of dose delivery
ensures that each fraction contributes to the overall therapeutic effect
while allowing these biological processes to occur.

Frequently Asked Questions about the Physics of
Radiation Therapy

Q: What is the primary goal of understanding the
physics of radiation therapy?

A: The primary goal is to ensure the precise and safe delivery of ionizing
radiation to target cancer cells while minimizing damage to surrounding
healthy tissues. This involves understanding how radiation is produced, how
it interacts with matter, and how to accurately measure and deliver the
prescribed dose.



Q: How do X-rays and gamma rays differ in their
physical properties relevant to radiation therapy?

A: Both are electromagnetic radiation, but X-rays are typically generated by
machines (like LINACs) through electron interactions with a target, while
gamma rays are emitted from the nucleus of radioactive isotopes during decay.
In terms of therapy, they are often used interchangeably, but their
production methods and energy spectra can differ, influencing penetration and
dose deposition.

Q: What is the significance of the Bragg peak in
proton therapy?

A: The Bragg peak is a physical phenomenon where protons deposit most of
their energy at a specific, controllable depth within the body and then stop
abruptly. This characteristic allows for a very high dose to be delivered
precisely to the tumor while significantly sparing tissues beyond it, which
is a major advantage over photon therapy for certain cancer types.

Q: How is radiation dose measured in radiation
therapy, and why is accuracy so important?

A: Radiation dose is measured in Grays (Gy), representing the amount of
energy absorbed per unit mass of tissue. Accuracy 1s paramount because
radiation therapy is a dose-dependent treatment; too little dose may be
ineffective, while too much can cause severe damage to healthy organs,
leading to debilitating side effects and potentially limiting the prescribed
treatment course.

Q: What is intensity—-modulated radiation therapy
(IMRT), and what physical principles does it utilize?

A: IMRT is an advanced form of external beam radiation therapy that uses
computer—-controlled "multileaf collimators" to shape and modulate the
intensity of radiation beams. It utilizes physical principles of radiation
attenuation and precise beam shaping to deliver a highly conformal radiation
dose that closely matches the complex shape of a tumor, thereby sparing
surrounding healthy tissues more effectively than older techniques.

Q: Why is radiation therapy typically delivered in
multiple small doses (fractions) rather than one
large dose?

A: This approach, known as fractionation, 1s based on radiobiological
principles. It allows healthy tissues more time to repair sublethal radiation
damage between treatments, while cancer cells, which often have impaired
repair mechanisms and divide more rapidly, are continuously attacked.
Fractionation also takes advantage of reoxygenation and redistribution of
cells within the cell cycle to enhance therapeutic efficacy.



Q: What are the primary physical mechanisms by which
radiation damages cancer cells?

A: The primary physical mechanism is ionization, where radiation imparts
enough energy to eject electrons from atoms and molecules within cells. This
ionization can directly damage critical cellular components like DNA, or it
can lead to the formation of free radicals (especially from water
ionization), which then indirectly cause damage. If the damage is severe, it
triggers cell death pathways.
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