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4.2 CHARGE COUNTING NANODOSIMETRY

Nanodosimetry is a specialized branch of radiation dosimetry that studies the
stochastic interaction of ionizing radiation with matter at nanometer dimensions
comparable to DNA segments (1-10 nm). Charge counting nanodosimetry focuses on
measuring individual ionization events produced within a nanometric sensitive volume.
It provides a direct link between physical radiation interactions and biological damage

mechanisms.

Principle of Charge Counting Nanodosimetry

The principle is based on counting discrete ionization events (charges) produced
by a single radiation track within a nanometric target volume. Since DNA damage results
from clustered ionizations at very small scales, measuring ionization cluster size

distribution is crucial.

e A nanometric site is simulated using a low-pressure gas volume equivalent to
DNA dimensions.

e When ionizing radiation passes through the medium, it produces discrete
ionizations.

e Each ionization event generates an electron-ion pair (charge).

e An electric field collects these charges toward a sensitive detector.

e Single-event charge detection electronics count the number of ionizations per
radiation track.

e Statistical analysis provides ionization cluster size distribution.

e Cluster size frequency correlates with probability of single-strand and double-

strand DNA breaks.
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Instrumentation and Working Mechanism

e Low-pressure gas chamber to simulate nanometric biological targets.

e Collimated radiation source (photons, electrons, protons, or heavy ions).
e Electric field arrangement for charge collection.

e Charge-sensitive preamplifier for detecting single electron signals.

e Pulse processing and counting system.

e Data acquisition system for cluster size probability distribution analysis.

Applications in Radiation Biology

e Understanding mechanisms of radiation-induced DNA damage at molecular
scale.

e Differentiation between low Linear Energy Transfer (LET) and high LET
radiation.

e Establishing correlation between ionization clusters and cell survival curves.

e Improving models of Relative Biological Effectiveness (RBE).

e Supporting Monte Carlo simulations of radiation track structure.

Applications in Radiation Therapy
e Biological optimization in proton and heavy ion therapy.
e Improved treatment planning by incorporating nanodosimetric parameters.
e Evaluation of radiation quality in targeted radionuclide therapy.
e Prediction of normal tissue complication probability (NTCP).

e Development of personalized radiotherapy protocols.

Advantages and Limitations

Advantages:
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e Provides nanometer-scale information relevant to DNA damage; better
prediction of biological effectiveness compared to conventional dosimetry;

bridges the gap between radiation physics and radiobiology.
Limitations:

e Complex and expensive instrumentation; indirect simulation of biological

tissue using gas; requires advanced statistical and computational analysis.

Charge counting nanodosimetry plays a vital role in modern radiation science by
quantifying ionization clusters at DNA-scale dimensions. Its ability to relate radiation
track structure to biological response makes it highly valuable in radiation biology

research and in the biological optimization of advanced radiotherapy techniques.

Electron-based and ion-based nanodosimetry.

The primary types of nanodosimetry are electron-based nanodosimetry and ion-
based nanodosimetry. Both techniques differ in the type of radiation used—electrons
and ions—which leads to differences in how energy is deposited in biological tissues,

particularly at the molecular level.

Principles of Electron-Based Nanodosimetry:

In electron-based nanodosimetry, the energy deposition is primarily due to the
interaction of electrons with the material. Electrons are charged particles with relatively
low mass, and when they pass through a material, they undergo a series of interactions

that result in the ionization of atoms or molecules within the material.

Electron Interaction Characteristics:
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e Electrons tend to produce sparse ionization along their path due to their
lower mass and charge compared to ions. This results in a more uniform
energy distribution.

e The ionization density is lower, and the tracks are typically less concentrated
in terms of damage.

e Electrons are also characterized by their penetration depth and can travel
long distances through the material before losing their energy. For this
reason, they are often used to simulate radiation interactions in surface

tissues, such as in radiotherapy treatments involving electron beams.

Applications in Nanodosimetry:
Electron-based nanodosimetry can be useful for:

e Studying low-energy radiation interactions and their effects on biological
tissues.

e Assessing the effects of diagnostic imaging, such as X-rays and CT scans,
where electron interactions are similar to photon interactions.

e Understanding molecular damage, including single-strand DNA breaks, base
damage, and other biological endpoints typically associated with low

ionization density.

Principles of lon-Based Nanodosimetry:

lon-based nanodosimetry involves using charged ions (protons, alpha particles, or
heavier ions like carbon or helium) to interact with biological material. These ions are
significantly heavier and more charged than electrons, leading to denser ionization
tracks. This means the energy deposition is much more concentrated along the ion’s

path compared to electrons, which causes more localized molecular damage.
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lon Interaction Characteristics:

Dense ionization: lons produce a high density of ionization over a small
distance, creating concentrated energy deposition regions.

The high linear energy transfer (LET) of ions leads to higher biological
effectiveness at inducing complex DNA damage such as double-strand breaks,
which are often difficult for the cell to repair and can lead to cell death.

Heavy ions, like carbon ions, have a unique Bragg peak in their energy
deposition, where the ionization density is highest at the end of the particle’s

track, providing targeted damage to tumors in cancer therapy.

Applications in Nanodosimetry:

lon-based nanodosimetry is essential for:

Understanding the biological effects of high-LET radiation, which is relevant in
heavy-ion therapy and certain types of particle therapy.

Evaluating double-strand breaks and chromosomal aberrations in DNA caused
by the concentrated energy deposition.

Assessing the effects of proton therapy, which is increasingly used in cancer
treatment to focus radiation on tumors with minimal damage to surrounding

healthy tissue.

Differences in Energy Deposition Patterns:

The main difference between electron-based and ion-based nanodosimetry lies

in the energy deposition patterns:

e Electron-Based Nanodosimetry:
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o Sparser ionization: Electrons create a more evenly distributed energy
deposition across a wider area, which means the damage tends to be less
localized.

o Suitable for studying low-energy photon interactions and radiation
therapies that use electron beams, such as superficial radiotherapy.

o Results in fewer complex DNA damages such as double-strand breaks but
more single-strand breaks and base damage.

e lon-Based Nanodosimetry:

o Dense ionization: lons create a much denser track of ionization events
along their path, leading to more localized damage.

o This leads to more severe complex DNA damage, such as double-strand

breaks and DNA crosslinking, which are harder for cells to repair.

Advantages of Electron-Based Nanodosimetry:

e Lower cost and more widespread availability compared to ion-based techniques.

e« Well-suited for simulating low-energy radiation environments, such as those
found in medical imaging or low-LET radiation therapies.

e Provides valuable data on sparse ionization and its biological effects, which is

relevant for many diagnostic and treatment applications.

Limitations of Electron-Based Nanodosimetry:

o Less effective for studying high-LET radiation, which is often more biologically
significant in terms of damage to tumor DNA.
e Sparser ionization can lead to less accurate modeling of the complex DNA

damage induced by high-LET radiation.

Advantages of lon-Based Nanodosimetry:
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e Provides a more accurate simulation of radiation therapy techniques like heavy-
ion therapy and proton therapy, which require understanding dense ionization
patterns and their biological effects.

o Essential for studying high-LET radiation and its effects on DNA double-strand
breaks, which are crucial for understanding tumor cell death and mutagenesis.

e Helps in assessing relative biological effectiveness (RBE) and the efficiency of

different radiation types in inducing cellular damage.

Limitations of lon-Based Nanodosimetry:

e Requires more specialized equipment and is often more expensive than electron-
based techniques.

e The high LET of ions makes it difficult to extrapolate to common radiation
environments like those encountered in diagnostic imaging.

e Limited availability of ion-based radiation sources for widespread clinical use.



