In the field of radiobiology and radiotherapy, a precise understanding of dose distribution is crucial,
especially for the application of models such as the Linear Quadratic Model (LEM). Recent studies
highlight significant variations in dose distribution, underscoring notable heterogeneities that can
influence treatment efficacy. For instance, research focusing on vascular networks has revealed dose
"spikes," indicating a non-uniform dose distribution within irradiated tissues.

In this paper, we delve into these variations. We analyze the dose distribution and the Relative
Equivalent Dose Rate (DER), comparing them to the average values typically used in studies to
guantify the impact of nanoparticles (NP) in radiobiology. Our approach is based on the methodology
developed by Derrien et al., allowing us to incorporate the anisotropy of dose distribution. + We also
consider a NP distribution that can be realistically mapped. This advanced method enables us to
calculate precise microdosimetric quantities, essential for the Microdosimetric Kinetic Model (MKM)
=> perspectives.

In the realm of radiotherapy (RT) enhanced by nanoparticles (NPs), understanding the intricacies of
dose heterogeneity, particularly at the nano- and micrometric scales, is vital for optimizing treatment
efficacy and minimizing collateral damage to healthy tissues. This aspect of heterogeneity becomes
even more pronounced and significant when considering nanoparticle-mediated radiotherapy.

The insightful work presented in the second provided document [pages 1-4, 9-12, 15] delves into the
fundamental aspects of spatial heterogeneity in energy deposition at subcellular and cellular levels. It
highlights the critical influence this heterogeneity has on the biological outcomes of radiation
exposure. The study underscores the importance of considering spatial inhomogeneity in energy
depositions in merely physical terms, which cannot fully explain the biological consequences of
radiation. This perspective is crucial in understanding the mechanisms of RT at the microscopic level,
where the stochastic nature of energy deposition plays a pivotal role in determining therapeutic
outcomes. The research emphasizes the potential benefits of spatially fractionated beams in RT,
suggesting that non-uniform dose distribution can lead to an advantage in terms of normal tissue
sparing while maintaining anti-tumor effects.

In the context of nanoparticle-enhanced RT, the study by Lin et al. [pages 1-2, 5-6, 10-11, 13]
becomes particularly relevant. This research focuses on the use of gold nanoparticles (GNPs) as
radiosensitizers and the consequent vasculature damage in radiotherapy. A key takeaway from this
study is the observation of high-dose peaks or 'spikes' in the vasculature, which are critical in
understanding the heterogeneity of the dose distribution. These high-dose spikes, induced by the
addition of GNPs, especially under kilovoltage photon irradiation, highlight the potential of GNPs to
significantly increase localized damage to tumor vasculature. Such findings are pivotal in
demonstrating the impact of dose heterogeneity at a microscale, as these peaks can significantly
disrupt the functionality of the blood vessels in the tumor, thereby enhancing the therapeutic efficacy
of RT.
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The detailed study of dose distribution and DER allows us to better understand the biological effects
of NPs and improve predictive models of cellular response to radiation. By accounting for the
anisotropy in dose distribution, we aim to refine therapeutic protocols and optimize the efficacy of
irradiation treatments. This marks a step forward towards personalized and precise medicine, where
therapy is tailored not only to the pathology but also to the patient's tissue microarchitecture.

In the realm of nanoparticle-enhanced RX radiotherapy, the spatial distribution of energy deposition
emerges as a pivotal factor influencing therapeutic outcomes. Groundbreaking research in Radiation
and Environmental Biophysics has shed light on this aspect, revealing that at the nano and microscale
levels, spatial heterogeneity in radiation energy deposition profoundly affects both the efficacy of
tumor inactivation and the preservation of surrounding healthy tissues.

Key insights from the study underscore that the outcome of ionizing radiation on biological targets is
not solely determined by the physical absorbed dose, but also significantly by the spatial distribution
of this energy. This heterogeneity, particularly at the scale of critical subcellular targets such as
nuclear DNA or chromosome domains, plays a critical role in the overall therapeutic effect. It has
been observed that identical physical doses can lead to disparate biological outcomes when
deposited by different types of radiation, a phenomenon primarily attributed to variations in the
spatial distribution of energy deposition events at the nano- and micrometric scales.

In the context of nanoparticle-enhanced radiotherapy, these findings are particularly relevant.
Nanoparticles, when introduced into the treatment regimen, can alter the spatial distribution of
radiation energy, potentially leading to more effective tumor cell inactivation while concurrently
reducing damage to adjacent healthy cells and tissues. This effect is partly due to the unique
interactions between radiation, nanoparticles, and the biological microenvironment, which resultin a
spatially heterogeneous energy distribution at the subcellular level.

Furthermore, the study highlights that understanding the interplay between radiation track structure
and chromatin's spatial architecture is vital. This interaction significantly affects the induction and
repair of DNA damage, consequently influencing the therapeutic efficacy and potential side effects of
radiotherapy. The spatial heterogeneity in radiation energy deposition, especially when modulated by
nanoparticles, thus represents a crucial factor in optimizing radiotherapy strategies, balancing
effective tumor control with minimal collateral damage to healthy tissues.

In summary, the spatial heterogeneity of energy deposition, a fundamental aspect of nanoparticle-
enhanced RX radiotherapy, plays a crucial role in dictating both the effectiveness of cancer treatment
and the preservation of healthy tissue integrity. This insight opens new avenues for the development
of more precise and personalized radiotherapy techniques, where nanoparticles could be strategically



used to control and optimize the spatial distribution of radiation energy at the cellular and subcellular
levels.

Autre version: GPT

In the evolving landscape of nanoparticle-enhanced radiotherapy (NP-RT), the nuanced study of dose
heterogeneity at the nano- and micrometric scales emerges as a cornerstone for advancing
therapeutic efficacy and precision. This article seeks to explore and justify the critical importance of
dose heterogeneity in NP-RT, drawing upon the insights and findings from two pivotal studies.

The profound study detailed in "Super Important pour I'Hétérogénéité de la Dose" [pages 1-4, 9-12,
15] offers an extensive analysis of the spatial heterogeneity of energy deposition at the subcellular
and cellular levels, a key factor in determining the biological outcomes of radiation exposure. This
research accentuates the complexity of radiation interactions at microscopic levels, where the
stochastic nature of energy deposition plays a significant role in influencing therapeutic efficacy. By
exploring the potential benefits of spatially fractionated beams, this study challenges the traditional
paradigm of uniform dose distribution in cancer treatment. It suggests that introducing heterogeneity
with spatially fractionated beams can lead to significant therapeutic advantages, particularly in terms
of sparing normal tissues while maintaining anti-tumor efficacy.

Complementing this comprehensive exploration, the research conducted by Lin et al. [pages 1-2, 5-6,
10-11, 13] offers a focused lens on the role of gold nanoparticles (GNPs) as radiosensitizers in NP-RT.
Their findings on the creation of high-dose peaks or 'spikes' in the vasculature when using GNPs
underscore the significance of dose heterogeneities in enhancing localized therapeutic effects. These
high-dose spikes, especially under kilovoltage photon irradiation, exemplify the practical implications
of dose heterogeneity at the microscale in achieving targeted damage to tumor vasculature, thereby
enhancing the overall efficacy of RT.

In synthesizing the insights from these two studies, this article aims to underscore the critical role of
dose heterogeneity in the advancement of NP-RT. The interplay between radiation, nanoparticles,
and biological tissues, particularly at the microscopic level, is crucial for developing more effective
and less invasive cancer treatment strategies. By delving into the mechanisms and effects of spatial
heterogeneity in radiation energy deposition, as well as the specific impacts of GNPs in creating high-
dose regions, this introduction sets the stage for a detailed exploration of how dose heterogeneity
can be leveraged to optimize NP-RT outcomes.

Veille version d'un draft:

The distribution of NPs in the tumor tissue at a microscopic level has the potential to impact the
intracellular energy deposition profile, and thus the overall dose delivered to the nuclei. However,



most current models for dosimetry in radiotherapy utilizing Au NPs do not consider the complex
nature of intracellular NP distribution profiles. The cells in a tumor possess diverse and intricate
morphologies, and the spatial distribution of Au NPs that diffuse and are ingested by the cells is
highly heterogeneous, differing greatly from the simple geometric assumptions utilized in many
microdosimetric models published to date.

In a recent study by Zygmanski et al., the following factors were identified as crucial in the correlation
between relative biological effectiveness values and theoretically calculated dose enhancement
values: the number and clustering of Au NPs per cell, the proximity of Au NPs to cellular or subcellular
targets (entire cell, cell nucleus, DNA, clonogenic cancer or endothelial cells), and the heterogeneity
of dose distribution within the target volume. The authors proposed a general mathematical model
for a population of cells with non-uniform Au NP distribution, though the model assumed a simplistic
cell geometry that has yet to be compared with more realistic microscopic data.

Tumor cells are highly irregular in their shape, presenting a diverse range of morphologies that can
change dynamically. As such, cells and subcellular structures cannot be accurately modeled using
simple geometries (spheres or ovals), necessitating in vivo observation of cell shapes. There is limited
literature available on energy deposition at the cellular level based on in vivo microscopic data. An
ideal approach would involve acquiring three-dimensional images of (sub-)cellular structures and
utilizing these accurate geometries in dosimetric models.

Conclusion de l'intro:

D'une part certains soulignent I'importe de I'hétérogénéité (Zygmanski) et I'utilisent (LEM), d'autre
part des études utilisent des granduers moyennent qui efface ces hétérogénéité. Mon but est de
monter la différence (fluctuation) qu'il peut exister entre les hétérogénéités et les grandeurs
moyennes et de voir a quel point ces dernieres peuvent étre suffisantes pour caractériser |'effet des
NP.



