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Editorial on the Research Topic 
Multidisciplinary approaches to the FLASH radiotherapy


Radiotherapy (RT) is extensively used in cancer treatment, although its toxicity often limits the treatment of radioresistant tumors. In this context, it has been recently shown, that irradiation at ultra-high dose rate (UHDR) (mean dose rate ≥40 Gy/s, with specific beam characteristics), called “FLASH-RT” may significantly reduce radiation-induced toxicity on normal tissues, while keeping similar antitumor effect as conventional RT [1]. This so called “FLASH effect” has been demonstrated in vivo on different animal models and various tumor types, using different radiations types (electrons, protons, carbon ions, and photons [2]) and pulse structures.
While these rapidly accumulating results indicate bright prospects, the clinical translation is still in its early phase, due to different challenges. First, several technological issues must be addressed to design new stable radiation sources capable of delivering beams with fluences orders of magnitude higher than those of conventional RT, and with a reliable real time beam monitoring system. This also implies the need of new dosimetric protocols, since most of the active dosimeters used for conventional beams do not respond accurately to UHDR and ultra high dose-per-pulse (UHDP) [3, 4]. Accurate dosimetry is not only needed for clinical implementation, but also for more robust and reproducible pre-clinical experiments [5]. The second challenge is understanding the biological mechanism underlying the FLASH effect, to explain the differential response of cancer vs. normal tissues. Several hypotheses have been considered, involving the whole cascade from the early radiation chemistry events to the classical radiation-induced molecular and cellular mechanisms and tissue recovery processes, also including a role for (epi)-genetics, stem cells or the immune system. While many results support different hypotheses, no compelling evidence exists that can yet confirm any of them.
The full clinical exploitation and optimization of UHDR beams and FLASH-RT requires a multidisciplinary approach. Figure 1 illustrates a possible scheme of such an effort, involving multiple interconnected research areas, from the technology of the beam production and characterization to the final effects on cell and tissues, through the dose distribution and molecular-subcellular dynamics. In this landscape the determinants of the FLASH effect can be identified by providing quantitative relationships between the irradiation parameters, tissue descriptors and radiobiological effects. With these motivations, we selected and collected, in this Frontiers Research Topic 11 contributions covering various aspects of these areas. Among these, Di Martino et al. report the dosimetric characterization of a dedicated UHDP electron linear accelerator (linac Electron Flash (EF) with triode-gun) with the capability of flexibly and independently varying all the beam parameters over a wide range, also allowing the implementation of radiobiological experiments in vitro and in vivo. This study completes some previous ones from the same authors [6, 7] providing a full description of the EF beams’ potential. The real time beam monitoring needs of these new linacs and related issues are addressed by Vojnovic et al. reporting the design of a beam charge integrating transformer achieving a high sensitivity with respect to standard UHDP beam monitoring systems. On the same topic, Medina et al. tested silicon-based sensors on UHDP electron beams and the possibility of using them as beam monitoring systems in FLASH regime by verifying their linear response with dose-per-pulse up to over 10 Gy. A major challenge in the case of protons is the realization of conformal treatments exploiting the spread out of Bragg peak. This topic is detailed in Horst et al., describing a perfect in vivo FLASH target station exploiting two different setups for range modulation. Recently, it was also proposed that the spatial fractionation of the beam on the micro-milli scale (amongst which mini-beam irradiation) might result in effects similar to FLASH-RT. Pensavalle et al. designed, realized and dosimetrically characterized the first mini-beam and mini-beam/FLASH beams for electrons, by modifying the EF beam optics with tungsten templates. This apparatus can be used for experiments exploring possible synergies between minibeam and FLASH effects in a clinical perspective.
[image: Figure 1]FIGURE 1 | Exemplary scheme of the multi-disciplinary efforts involved in the study and exploitation of the FLASH effect. Following the arrow flux from top left of the scheme: 1. dedicated accelerators are needed to generate beams with suitable and tunable parameters (dose rate, dose per pulse, pulse dynamics, linear energy transfer (LET), etc.) to explore the domain of the FLASH irradiation regime; 2. a strong dosimetry effort is needed to characterize the beams and the dose released to the cells in culture and tissues, either in vitro or in vivo; 3. subsequently, a number of different indicators of the radiobiological effects (e.g., ROS, cell survival, cognitive impairment) can be measured; 4. the descriptors of the radiobiological effects, as well as the descriptors of cell/tissues and the parameters of irradiation may be passed to a database for in silico elaboration based on simulations and machine learning algorithms to analyze data and extract the FLASH modifying factor; 5. Overall this multi-disciplinary elaboration will clarify the molecular mechanisms, allow a quantitative prediction of the effect on different tissues, and give indication for the treatment planning in a clinical final context.
Downstream of the irradiating beam, a vast amount of experimental evidence of the FLASH effect is accumulating. A systematic organization of the literature is difficult, since data are taken in very different conditions and use a multitude of different irradiation conditions and radiobiological “end points”. Del Debbio et al. report a systematic review of the in vitro experiments on electron-FLASH-RT presenting them in relation to the different hypotheses on the radiobiological mechanisms.
The in silico approaches are powerful tools in complement to experiments, to investigate the response of cancer vs normal tissues. Most of the modeling efforts concentrate on the chemical stages of radiation damage, considered as the most sensitive to spatio-temporal features of dose delivery, using e.g., reaction diffusion based models. The simulations by Baikalov et al. see a negligible role of the inter-track interactions in the parameters range where the FLASH effect is observed with electrons, confirming what was observed with protons [8] and carbon ions [9], indicating that effects might occur on larger time scales. To expand simulation time scales, Abolfath et al. use coarse models of tissues with different connectivity and porosity representing normal and cancer tissues, and show different inter-track effects, arguing this as a possible source of the differential effect of FLASH-RT. With a different approach Battestini et al. explored the connection between the chemical stages and the DNA damage through a multiscale extension of the generalized stochastic microdosimetric model [10] integrated with a chemical network [11], reproducing the experimental trend of the in vitro experiments in terms of dose, dose rate and LET dependence of the effect onset. Overall, we envision that combining Monte Carlo with multi-scale molecular dynamics simulations [12] would amplify the predictive power of in silico approaches.
The clinical perspectives for FLASH-RT are potentially huge, and their investigation is just at the beginning. Ursino et al. illustrate a clinical scenario of the FLASH effect, supported by pre-clinical in vivo studies, and focusing on possible future applications of low and very high energy electron (VHEE) beams. The potential of VHEE is also explored by Muscato et al. in intracranial lesions using a small number of mono-energetic fields and assuming an active-scanning-like beam delivery strategy, compared with conventional x-ray intensity modulated radiation therapy(IMRT) and proton therapy, both considering and not considering a possible FLASH sparing effect.
This Research Topic is a good representation of the state-of-the-art of research towards both the understanding of the mechanisms and the clinical translation of the FLASH effect: much has been done recently both in the field of the production and monitoring/measuring of UHDP beams. These results are the first step to proceed towards a deeper knowledge of the phenomenon and towards its optimal clinical implementation.
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Purpose: The aim of the study was to propose a theory based on topology and geometry of diffusion channels in tissue to contribute to the mechanistic understanding of normal tissue sparing at ultra-high dose rates (UHDRs) and explore an interplay between intra- and inter-track radical recombination through a reaction–diffusion mechanism.
Methods: We calculate the time evolution of particle track structures using a system of coupled reaction–diffusion equations on a random network designed for molecular transport in porous and disordered media. The network is representative of the intra- and inter-cellular diffusion channels in tissues. Spatial cellular heterogeneities over the scale of track spacing are constructed by incorporating random fluctuations in the connectivity between network sites, resembling molecular mass and charge heterogeneities at the cellular level.
Results: We demonstrate the occurrence of phase separation among the tracks as the complexity in intra- and inter-cellular structure increases. At the strong limit of structural disorder, tracks evolve individually like isolated islands with negligible inter-track as they propagate like localized waves in space, analogous to the Anderson localization in quantum mechanics. In contrast, at the limit of weak disorder in a homogeneous medium, such as water, the neighboring tracks melt into each other and form a percolated network of non-reactive species. Thus, the spatiotemporal correlation among chemically active domains vanishes as the inter-cellular complexity of the tissue increases from normal tissue structure to fractal-type malignancy.
Conclusion: Differential FLASH normal tissue sparing may result from the interplay of the proximity of tracks over the intra- and inter-cellular landscape, a transition in the spatial distribution of chemical reactivity, and molecular crowding. In this context, insensitivities in the radiobiological responses of the tumors to FLASH-UHDR are interpreted via a lack of geometrical correlation among isolated tracks. The structural and geometrical complexities of cancerous cells prevent the clustering of tracks over a timescale, in which inter-track chemical reactivities presumably prevail in normal tissues. A series of systematic experiments on radiolysis-induced diffusivity and reactivity in actual normal and cancerous tissues must be performed to classify the tissues potentially spared by FLASH-UHDRs and verify our theory.
Keywords: flash, radiotherapy, particle therapy, radiobiology, molecular simulations
1 INTRODUCTION
The unique normal tissue sparing of FLASH ultra-high dose rates (UHDRs), which is 40 Gy/s and higher, has recently attracted considerable attention [1–18]. Preclinical studies have shown that FLASH-UHDR delivery reduces the toxic effects of radiation on DNA and cells in normal tissues compared to conventional dose rates (CDRs), whereas tumor tissues seem to be equally responsive to either dose rate modality ([17] and references therein). However, the interpretation of the experimental data and the underlying microscopic mechanism is under intensive investigation and debate among researchers in the field of radiation therapy.
Among the theories proposed for the interpretation of the experimental data [1–6, 8, 9, 11], the authors of the present work hypothesized a transition between intra- and inter-track reactions as the major physical mechanism for differential biological responses of CDR vs. FLASH-UHDR [10, 13, 14]. In these models, the time evolution of radiolysis products is assumed to propagate in homogeneous and uniform media, equivalent to water, regardless of the tissue type. Thus, the presented models lack differentiation with respect to tissue types upon exposure at FLASH-UHDRs.
A series of systematic experiments was recently conducted and published [15] on measurements of chemical yields of 7-hydroxy-coumarin-3-carboxylic acid in solutions irradiated by proton- and carbon-ion beams at UHDRs. These experimental studies have revealed evidence in favor of the inter-track coupling hypothesis, originally predicted by performing molecular dynamics simulations of track–track chemical interactions. The results of these simulations, presented in [10], have led to the interpretation of molecular crowding in populations of reactive oxygen species (ROS) and the formation of agglomerates in the form of non-reactive oxygen species (NROS), consistent with recent observations reported in [15].
In this work, we extend our model calculation on the same physical grounds as in [10, 13, 14] and consider the cellular structure of normal and cancerous tissues at a coarse-grained scale. We develop a mathematical description of tissue structure complexity to examine the interplay between the rates of radical diffusion and recombination as a function of this structural complexity. We predict the occurrence of intra- to inter-track transitions as the structural complexity decreases from, for example, tumor to normal tissue.
1.1 Terminology
In a nutshell, the passage of a high-energy particle (electron, proton, or heavier charged particles) through matter leaves a linear dynamical footprint of a cylindrically symmetric (isotropic) exchange of energy with the electrons and nuclei constituting molecular structures. This linear structure and its branches are known as a particle track.
A single track is a random collection of a sharp spatiotemporal distribution of non-ionized and ionized excitations with a varying nanometer-scale diameter, which depends on the particle’s kinetic energy that determines the magnitude of energy exchange. Due to the quantum electrodynamic nature of energy exchange, the excitations are created within attoseconds after the passage of the particle.
Immediately after their creation, molecular excitations and ions undergo decay processes. The relaxation time associated with the decay of excitations (including recombination of mobile ions into various types of stable products and chemical species) is much longer than their generation time. Because the excited molecules and ions are mobile in cellular structures, they decay at the same time as they diffuse away from the center of the track.
The presence of high concentrations of localized excitonic energy of molecules surrounding mobilized ions induces an explosive irreversible flow of thermal energy to ion species, which, in turn, theoretically significantly enhances the effective diffusion constant of these ions. The core temperature of a track depends on the particle type and its linear energy loss per unit length (linear energy transfer, LET). It can go up to several thousands of Kelvin for heavy charged particles [13]. Ions move randomly along the radial direction away from the hot core of the tracks with a thermally boosted kinetic energy that generates shock waves [13, 44–46]. They asymptotically lose their kinetic energy and fall into cold diffusion at a thermal equilibrium condition because of collisions and energy exchange with the molecules in the environment. Eventually, ions rest at room temperature with a transformed chemical composition.
It should be noted that such physical and chemical phenomena are not included in standard MC models based on homogenous and uniform water medium. Nonetheless, these phenomena may have significant effects on the measured endpoint of MC simulations, such as radical yields. Throughout this process, biological damage to the host’s cellular structure occurs as ions interact chemically with bio-molecules, such as DNA and lipids in membranes.
A typical radiotherapy beam of particles forms a random distribution of expanding and decaying tracks in targeted (tumors) and untargeted (normal tissues) volumes. Initially, as pointed out previously, the tracks expand individually via a time-dependent diffusion mechanism as they decay due to deexcitation and ion-recombination processes. The time evolution of such an ensemble of individually evolving tracks can be reduced to that of a single track if the geometrical overlap among tracks is negligible. We refer to this limit as an “independent track structure”. Conversely, the “strongly correlated track structure” can be anticipated at a limit in which the process of inter-track ion exchanges, chemical transformation, and recombination occurs simultaneously due to the destructive interference of sufficiently close tracks, a molecular-crowding phenomenon. Therefore, we refer to these two distinguishable classes of chemical exchange mechanisms as intra- and inter-track states.
The transition between intra- and inter-track recombination depends on the dose and dose rate. More precisely, the higher the beam flux (the number of particles entering a unit area per unit of time), the higher the compactness of particles in a given time interval hitting the target. In this limit, the probability of overlap among the tracks before their annihilation becomes significant. Thus, under certain conditions, a transition from the intra-track to inter-track reaction can be predicted. In our recent publications [10, 13, 14], the latter has been hypothesized to be a physical mechanism for FLASH-UHDRs.
2 MATERIALS AND METHODS
This model aims to describe the effects of intra- and inter-track diffusion and interaction as a function of the structural complexity of the target medium. To this end, we develop a reaction–diffusion model of spatially and temporally separated particle tracks and calculate the interaction of OH radicals from the tracks to form H2O2. Importantly, the model utilizes a spatially varying diffusion constant, whereby the solutions to the reaction–diffusion system are calculated numerically by stochastic variation of the diffusion constant. Subsequently, this reaction–diffusion system is related to an analogous percolation model of diffusing ions in order to define the target structural heterogeneity with a measure from percolation theory, the site occupation probability p, and relate this to the diffusion constant.
2.1 Reaction–diffusion model
In this model, the radiation-induced chemicals are concentrated in a core of a cylindrically symmetric body/cloud of track structure. As a track structure is nothing but a cloud of ROS and NROS, the expansion of the track can be interchangeably considered for the description of the time evolution of the system of coupled ROS and NROS (i.e., their diffusion and reaction processes). In particular, we performed the track structure calculation by conventional MC methods in a homogenous water medium where the location of ionization and molecular excitation points were identified. After the construction of a cylindrical cloud of ROS and NROS, we further considered reaction–diffusion solutions in an inhomogeneous and rough cellular medium. This kind of matching between MC and the coarse-grained reaction–diffusion model is inevitable unless atomistic (not volumetric) cellular structures and molecular inhomogeneities are added in the next generations of MC codes.
The mathematical details of our model calculation with analytical solutions for the time evolution of a single track are given in the Supplementary Appendix. We used the analytical formulas given in the Supplementary Appendix to cross-check our numerical solutions obtained from discretizing the space and time in a finite difference approach employed to calculate the solutions of the coupled reaction–diffusion partial differential equations of multi-track structures:
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Here, [image: image] and [image: image] represent ROS and NROS densities, respectively, for example, u = [•OH] and v = [H2O2] at spatial coordinate, [image: image], and time, t. [image: image] and [image: image] represent the ROS production yield, proportional to the dose rate, and diffusion constant of the fast-moving species (neglecting the diffusion of slow-moving species), and k1, k2, k3, k12 are reaction rate constants. k1 represents the scavenging rate of ROS. The dependence of the diffusion constant on cellular or tissue inhomogeneities has been accounted for in Eq. 1 by [image: image].
In the limit of ideal diffusion, where Df is a constant, independent of the position of ROS in space, and in the absence of all reaction rates, k1 = k2 = k3 = k12 = 0, the time evolution of a single track, created initially at time t = 0, far from the initial nano-scale dimension of the track, represented by radius w, asymptotically approaches a Gaussian distribution function modulus, a factor proportional to the initial number of chemical species, c0:
[image: image]
where c0 = πw2u0 and u0 is the initial density of ROS, integrated over a unit length along the trajectory of the primary particle. Note that the Gaussian function is the exact solution of the diffusion equation, ∂u/∂t = Df∇2u, with a spike-like initial and boundary condition.
As a representative of ROS that causes damage to DNA and/or lipids in membranes, we consider •OH-radicals for u. •OH-radicals are known to diffuse through cellular space and react with biomolecules, including DNA, proteins inside and outside the cells, and lipids in cell membranes. Denoting k1, an average decay (scavenging) rate of a population of •OH in the track (resulting in DNA, proteins, lipids, or, in general, biomolecular (BM) hydrogen abstraction as described in [30] in which [DNA•] and [BM•] partially contribute to v, e.g., v = [H2O2] + [DNA•] + [BM•]) introduces an exponential decay in solutions of u, in Eq. 3:
[image: image]
If cells were uniform and homogeneous, like in liquid water, the diffusion of ions induced by radiation must have occurred like in an ordered medium, as described in Eq. 4. However, the current models in radiobiology do not consider intra- and inter-cellular inhomogeneities in the diffusion of radiolysis products due to a lack of experimental data and theoretical models.
To fill the gaps in our understanding of diffusion channels at the microscopic levels, we performed a series of molecular dynamics simulations to investigate the diffusion of •OH-radicals [43]. To visualize some of these effects in real time, we uploaded samples of our simulations in the form of videos available on YouTube [26, 27]. The simulations have clearly shown that variability in the molecular mass and charge distribution and, in general, chemical, physical, and mechanical composition of the micro-environment of cells may dramatically alter the diffusion of •OH-radicals. Therefore, it is a natural generalization to consider spatial fluctuations in the diffusion constant [image: image] because of an abundance of such molecular heterogeneities in cellular tissue. To incorporate the randomness at a coarse-grained level, we performed a Monte Carlo sampling on Df and solved numerical solutions of the stochastic reaction–diffusion partial differential equations for various realizations of [image: image] after discretizing the space and time coordinates.
2.2 Random walk percolation model
As a complementary model to the reaction–diffusion model given in Eqs 1, 2, we cross-validated the numerical results against the solutions of random walk or Brownian motion on the same random network throughout the percolation theory [40–42]. More details on the description of the modeling of the diffusion constant can be found in Supplementary Section SE.
In this context, a regular lattice is a lattice with no disorder. It is an ordered lattice with all diffusion links connected to neighboring sites throughout the lattice points. In a classical disorder model, the diffusion from an occupied site to a neighboring occupied site can be simulated through the random walk. In this model, the diffusion can be parameterized in terms of a single site occupation probability p and the random walk probability q = 1/2d, where d is the embedding dimension of the square lattice and 2d is the geometrical coordination number of any site on the lattice. In other words, on a realization of a random lattice, p and 1 − p are the fraction of occupied and unoccupied sites, a parameter that determines the average size of the clusters on the lattice. In this model, the diffusion constant, Df, is an increasing function of p. It continuously increases with p above a critical value (a percolation threshold, pc) and reaches a maximum value at p = 1, where all lattice sites are occupied, corresponding to a regular lattice with no disorder.
In a random walk, on a regular lattice with p = 1, at every trial or simulation time step, the diffusing ion randomly selects one of its nearest neighbor sites with probability q and moves to that selected site. On a random lattice with p < 1, we first check if the site is occupied with probability p, then the move to that site occurs with probability q, and the ion moves one step. Otherwise, the ion stays on the initial site with probability 1 − p, and the search for another move to another occupied neighboring site continues in the next random walk trial unless no occupied neighboring sites are available.
The diffusion constant of such a Brownian particle can be calculated by the Einstein relation, ⟨r2⟩ = 2Dft. Here, [image: image] is the Euclidean distance that measures how far the particle has moved randomly away from the center of the coordinates where it was created. Above the network percolation threshold (p > pc), the Brownian motion can find at least one trajectory to cross the entire system, and Df = ⟨⟨r2⟩⟩/2t represents the mean diffusion constant of the entire network. Otherwise, if all clusters are found to be isolated, Df = 0 (including at the percolation point, p = pc). In the latter case, although diffusion through the entire network is not possible, a limited diffusion confined within a cluster can still occur. In this case, the diffusion length is limited to the cluster size.
One may expect a finite number of tracks passing through a single cluster to interact and recombine (the red tracks in Figure 1) because diffusion among them is possible. Note that [image: image] because of the unbiased random walk considered in these simulations. For a given p, ⟨⟨⋯ ⟩⟩ represents double averaging, that is, random walk averaging subjected to a specific network configuration, followed by ensemble averaging over a large number of random network configurations. Thus, [image: image], where i is an index going over different realizations of the Nc random configurations subjected to a given p. Using the same simulation time for all Nc random configurations, [image: image] simplifies the expression to [image: image]. An alternative approach on ensemble average over various clusters connecting the opposite boundaries of the lattice is given in Supplementary Section SE.
[image: Figure 1]FIGURE 1 | Schematic sketch of tracks passing through a porous media, representative of heterogeneities in cells and tissues. Clusters through which diffusion is allowed are shown in blue. In contrast, diffusion is forbidden in the void space among the clusters. Red arrows represent interacting (mediated by diffusion) tracks as they pass through a single cluster; hence, they are connected tracks. Orange arrows passing through isolated islands represent non-interacting tracks.
For a perfect network (a network with no disorder, such as a homogeneous medium in normal cells), where p = 1, Df is at its maximum. It decays continuously to lower diffusion values for pc ≤ p ≤ 1, vanishes at p = pc, and remains zero within p ≤ pc. Note that close to p = pc (from above), the clusters in the network form a self-similar fractal-type structure in short distances with a Hausdorff dimension that is a measure of the tissue/cell roughness or, more specifically, their fractal dimension [40, 41].
Interested readers may refer to [40–42] for a discussion on the concepts of percolation and fractal dimensionality of a porous network embedded in three-dimensional space. The mathematical techniques introduced in [40–42] are relevant to the present applications, where we consider the porous space of malignant cells in which diffusion of radiolysis products is unlikely to occur in the voids among the clusters.
As a first step in proof-of-principle and to demonstrate the effects of cellular structures and textures on the interpretation of the tissue-sparing of FLASH-UHDR, we consider two types of media to study the transport of chemical species in typical normal and tumor cells/tissues. Because of substantial differences in intra- and inter-cellular structure and chemical compositions of tumor versus normal cells, we solve reaction–diffusion equations in a homogenous and isotropic medium, similar to liquid water, as a representative of normal cells/tissues and in a heterogenous fractal-type porous and disordered medium for tumors [31, 32].
At the limit of strong disorder, the entire cellular structure can be divided into clusters or isolated islands. Consider an object in 3D as sketched in Figure 1, for example, a cell or a tissue segment. A cluster is a set of connected points on that object, disconnected from the rest of the points via diffusion due to structural heterogeneities. Thus, each cluster consists of connected sites, among which the diffusion of radiolysis products occurs normally. Hence, diffusion is forbidden in the space among the clusters. In Figure 1, tracks with different color codes are designated based on their classifications as interacting (red) and non-interacting (orange). The underlying porous media, representing the topology of diffusion channels in tumor cell/tissue, is depicted in blue, where diffusion can be performed. The blobs represent the topography of a spongy structure. The clusters are separated by clear voids, the space where diffusion is forbidden. They represent highly dense chemical heterogeneities at the molecular level that slow down or even block diffusion. Tumor calcification with the density in primary or metastatic lesions, such as metastatic lymph nodes, with a CT value above 60 Hounsfield Unit, represents such voids.
The structure in Figure 1 can be considered at the level of single cells or cell agglomerates in tissues, depending on the scale of the structure at hand. The topology of random diffusion channels, sketched in Figure 1, was constructed mathematically within a single cell and scaled up to the structure of tissues, assuming self-similarity and scale invariance of fractal structures, one of the characteristics of the disorder patterns. At the single-cell level, the rationale behind such a construction is the diffusion of •OH radicals through molecular heterogeneities.
The porous structure depicted in Figure 1 was created using a MATLAB code with a random number generator drawn from a uniform distribution to introduce blobs with specific radii at random locations in a 3D cube. The radius was chosen to be slightly larger than half the distance of a pair of nearest neighbor sites to illustrate the overlap between the two nearest neighbor blobs.
At UHDR, where the possibility of finding closely spaced tracks is likely, the ratio of the cellular diffusion correlation length ξ and the mean track spacing determines the domain of intra- and inter-track dominance. ξ is a measure of the size of the isolated islands in a single cell, that is, the mean diameter of the blue blobs in Figure 1.
Note that in our approach, the details of cellular structures, such as the exact locations of various organelles, are averaged out due to the random distribution of cells with respect to the random distribution of tracks, which is equivalent to a compound distribution as considered in the formulation of the theory of dual radiation action (TDRA) [33, 34]. TDRA considers the energy transfer in ionizations and regards the deposited energy proportional to the DNA double-strand breaks and the number of cellular sublethal lesions.
3 RESULTS
3.1 Track interaction in the reaction–diffusion model
3.1.1 Interaction in an ordered medium
Figures 2, 3 present the time evolution of two tracks, simultaneously starting from two cylindrically symmetric clouds of ionization with radius w. The real-time motion of these tracks is available online.
[image: Figure 2]FIGURE 2 | Time evolution of two tracks, ui (x, y) and uj (x, y), in a homogeneous and uniform medium. c (x, y) = ui (x, y) + uj (x, y) is the total density of ROS calculated by the superposition of individual ROSs. (x, y) are the planner coordinates of the plane perpendicular to the axis of cylindrical tracks. The length scales are displayed in nm, and the time scales are 26, 220, 569, and 1,146 ps for (A–D), respectively
[image: Figure 3]FIGURE 3 | Time evolution of two tracks in a porous medium with random connectivity among the diffusion sites. Similar to Figure 2, c (x, y) = ui (x, y) + uj (x, y). The length scales are displayed in nm, and the time scales are 4, 268, 1,186, and 2,183 ps for (A–D), respectively
In Figures 2A–D, a solution of the aforementioned 2D reaction–diffusion equation as a function of time was calculated in a homogenous and uniform medium, such as water. As shown, two cylindrical tracks evolve initially into two uncorrelated Gaussian probability distribution functions (PDFs) with centers located at [image: image] and [image: image] before they collapse together, where
[image: image]
and
[image: image]
Here, Df and k1 are the diffusion constant and reaction rates, respectively. Our approach to numerical calculation of the time-dependent solutions of the diffusion equation subjected to a cylindrically symmetric initial condition and fitting to Gaussian functions at distances away from the cylinder can be found in Supplementary Appendix SD. To clarify the notations, i and j in these equations are the indices of tracks. In a discrete space-time version of reaction–diffusion equations, [image: image] is expressed by (nxΔx, nyΔy, nzΔz), where nx, ny, nz = {0, ±1, ±2, … } are integer numbers and (Δx, Δy, Δz) are the elements of the space grids along (x, y, z) directions. Similarly, t = ntΔt, where nt = 0, 1, 2, … and Δt denotes the time intervals.
Without loss of generality, to illustrate the effects of tissue types, we considered the creation time of tracks ti = tj in these simulations. This condition approximately fulfills the time sequence of the track inductions at UHDR. Note that, in general, the temporal distribution of the tracks, hence their relative time elapse, depends on the dose rate. However, at UHDR, and only for the sake of simplicity of illustration on the effects of random diffusion on the time evolution of the tracks and the track–track recombination, we have intentionally neglected the time elapse among the tracks in comparison with other time scales involved in the present reaction–diffusion model.
As the simulation time proceeds in Figures 2A–D, two Gaussians merge together and form an elongated single PDF. The geometrical overlap of two Gaussians can be calculated analytically:
[image: image]
As the two Gaussians combine, like melting two droplets into a single droplet, diffusion slows down in the overlap area. Instead, the diffusion is performed with a rate calculated by Eq. 7 from the periphery of combined Gaussians to the outside. In this model, intra-track interaction is parameterized by the rate constants k1, k2, k3, k12, and inter-track interaction is the geometrical overlap of the tracks, as given in Eq. 7.
Note that the Gaussian functions in Eqs 5, 6 are the analytical solutions of a single track in a uniform system. These solutions demonstrate the calculation of overlap integral analytically in a uniform system, as given in Eq. 7.
3.1.2 Interaction in a disordered medium
In a system of multi-tracks, as in Figure 2, or even a single track in a disordered medium, such as in Figure 3, the analytical solutions are not available, and the overlap integral should be calculated numerically by discretizing space and time. In such situations, we used analytical forms of solutions derived in the Supplementary Appendix to compare with the numerical solutions and check the accuracy of our finite difference method.
As shown in Figures 3A–D, we calculated a solution of a reaction–diffusion equation with an identical initial condition as in Figures 2A–D, except that the calculation was performed on a network with random connectivity between the neighboring sites to mimic the geometrical disorder of tumor cells with strong inhomogeneity and/or fractal-type porosity.
A series of connectivity probabilities p was drawn from a uniform distribution within the interval of zero and one and subsequently convoluted to the diffusion constant Df for each diffusion site in the network. Although the reaction rate k1 can be considered another random variable, we kept it constant at the same value as in the simulation shown in Figure 2 to isolate the effects of diffusion. Note that a special case of p = 1 describes the transport of ions on a homogeneous network with uniform connectivity that links nearest neighbor sites, corresponding to the kinetics of ions among normal cells, with the results depicted in Figure 2.
The time and length scales in Figures 2, 3 were chosen based on the conventional values of the diffusion constants. To simulate the expansion of a track of •OH-radicals at thermal equilibrium with the environment at room temperature and by using an empirical value [image: image] [13], we divide the square sides of the computational boxes into steps with 0.1 nm length. In these calculations, the time advances via 0.1 ps intervals to fulfill the Courant–Friedrichs–Lewy condition or the Nyquist sampling theorem in signal processing, in which the simulation time steps are required to be half or less of the period of the quickest dynamics. Accordingly, such length scales set the lateral sides of the computational boxes in Figures 2, 3 to 13 nm, larger than six folds of the width of a DNA double-stranded helix that is approximately 2 nm. The running times of these simulations were terminated at 0.5 μs with no significant differences from the times corresponding to Figures 2D, 3D. This condition simply allows the simulation to run until the numerical solutions converge to a satisfactory value. By monitoring the overlap integral between two tracks as a function of time, the numerical results do not change significantly beyond a time value, reported as a cutoff time. Once this condition has been fulfilled numerically, we terminate the simulation.
3.2 Relation to the percolation model
The overlap between two adjacent tracks is expected to happen at time scale t = ℓ2/2Df if the relevant length scale for diffusion (i.e., the diffusion length), [image: image], becomes comparable to inter-track spacings ℓ. Even below the percolation limit, p < pc, where clusters do not connect from one side of the tissue to the other, tracks can overlap through intra-cluster diffusion channels if two or more tracks pass through a single cluster.
Another interesting combination of a system of tracks and isolated clusters can be represented by two neighboring tracks that pass through two separated and disconnected clusters with no diffusion channel between them, corresponding to a non-interacting track configuration as shown in Figure 1, where our construction of the structure and topology of random diffusion channels is illustrated schematically.
A collection of configurations of a system of tracks and tissue clusters under the condition, p < pc, some with finite Df, combined with vanishing Df, leads to a system of tracks with lower effective interaction compared with tissues under the condition p > pc, where all clusters are connected. The former represents tumors, and the latter represents normal tissues. Thus, the problem is interesting from a mathematical point of view as it describes the time evolution of percolating tracks mediated through diffusion channels subjected to percolation of the underlying medium, cellular structures, and tissues (i.e., a compound percolation system).
At FLASH-UHDR conditions, if the correlation length in the network connectivity, ξ, (i.e., a measure of cluster size) is smaller than the mean inter-track distances, diffusion effectively does not occur to the extent of track spacings; thus, the response of the tissue falls into the class of isolated/single track states. This is a scenario the percolation theory predicts for typical tumor cells/tissues irradiated by a source of FLASH-UHDR.
As can be seen clearly from these two simulations, the effect of randomness in connectivity among the diffusion channels is to localize the tracks such that the cell/tissue responses exhibit insensitivity to the time-elapse among the tracks simply because of negligible inter-track overlaps. Hence, the cells and tissues with strong porosities and disorder in their diffusion channels (either normal or cancerous) under radiation must exhibit insensitivity to the dose rate, the same phenomenon observed empirically from the tumors under FLASH-UHDR.
To illustrate the ideas proposed in this work in the clinical setting, Figures 4A, B present schematic sketches of two tracks generated by two beamlets before and after entering the patient’s body, respectively. The diffusive expansion of the beamlet tracks in normal tissues, depicted by the thicker arrows, and in tumor (prostate), depicted by thinner arrows, are seen. At a given time after the beamlets enter, they expand more rapidly in normal tissues because of higher diffusivity compared to the two isolated beamlets in tumors. A larger expansion of tracks in normal tissues yields higher overlaps.
[image: Figure 4]FIGURE 4 | Schematic sketch of the diffusion expansion of two-particle tracks in the air before (A) and after (B) entering the patient body. The width of the arrows in normal tissues (thicker arrows) and the tumor (thinner arrows in the prostate) demonstrates the extent of inter-track overlaps in different tissue types. In normal tissues, the expanded tracks allow inter-track overlaps, whereas, in tumor tissues, the localized tracks yield negligible inter-track overlaps. At a given dose where the number of tracks (shown by arrows) is given, the lack of inter-track overlaps justifies insensitivities of radiobiological responses to dose rates.
We note that the two-track calculation presented in these figures, with the use of a periodic boundary condition, an equivalent of the repetitive configurations, has been presented only to illustrate the effects of disorders. The readers must be aware that this calculation is in no way a substitute for the quantification of the dosimetry aspects of the beams. The latter must be done by a MC toolkit, such as TOPAS [47], with an extension and inclusion of the disorders in the simulation of reaction and diffusion of the chemical species.
4 DISCUSSION
Understanding the chemical processes of reaction–diffusion processes of radiation-induced chemical species in cells is crucial to the proper modeling of FLASH UHDRs. Current approaches to this modeling neglect a) the effect of thermal spikes in the cores of particle tracks on the diffusion of the resultant chemical species and b) the influence of spatial heterogeneities within tissue on their diffusion. In recent years, several techniques have been developed to measure molecular diffusion in cellular environments [31, 32, 35–38]. In general, the diffusion constant substantially depends on the size of molecules, the roughness of the inter- and intra-cellular structures, and the chemical composition, such as calcification at the metastatic lesions and texture of the cells. The cellular texture may range from uniform and homogeneous to strongly disordered, exhibiting fractal geometries as in tumor cells [31, 32]. The latter mechanism bounds the range of molecular random walks and blocks the Brownian motion of chemical pathways below the percolation limit of the diffusion at p = pc associated with the underlying fractal dimensionality and self-similarity of the cellular structure. Despite these reports and observations, there is no study in the radio-biological literature to address the effects of cell types on the diffusion of ion species.
This study aims to qualitatively highlight the tissue heterogeneities in modeling inter-track coupling at FLASH-UHDR, particularly as all models neglect the differences in heterogeneities among tissues and consider all cell types to be equivalent to uniform and homogenous liquid water.
More sophisticated models, such as molecular dynamics simulations, require the incorporation of cellular internal and external structures in the calculation of Df. Our recently performed simulations [43] revealed the sensitivity of Df on local chemical, physical, and mechanical molecular compositions of the environment of •OH-radicals, including the density of water molecules. The details of these simulations are beyond the scope of this work; however, the results clearly support the hypothesis of the present study (e.g., the diffusion processes of ROS and NROS in the following real-time simulations [26, 27]).
Along this line of thoughts, we remark that the reported abnormal growth of the tumor cell membrane [31, 32] and its fractal-type interface may lead us to suggest a correlation with the growth of internal heterogeneities in the physico-chemical and molecular composition in the bulky texture of the cell that influences the Brownian motion and the spatial distribution of small radiolysis molecules including •OH radicals. To the best of our knowledge, there is no experimental evidence in favor or against such correlations; however, we provide plausible justifications below in favor of the existence of the disordered internal molecular structures of cancerous cells.
In our model, diffusion through a disordered system and a porous media, as in a single cell, has been described by random walks through fractal-type structures embedded in three-dimensional space regardless of the roughness of the cellular surface, in which it controls inter-cellular diffusion through the cell membranes. In this model, a combination of these two types of diffusive channels determines the overall intra- and inter-track recombination of chemical species.
Although diffusion and reaction within a single cell and to the cell nucleus are considered a source of DNA damage, there are recent studies related to non-DNA damage through lipids [18] and cell membranes [28] through Ferroptosis pathways [29]. The intra- and inter-cellular diffusion mechanism introduced in this theoretical study correlates the DNA and lipid damage throughout cell nuclei and membranes to the hypothetical intra- and inter-track FLASH mechanisms.
At the level of a single cell, in the absence of any experimental data, one may propose a reasonable assumption that the bulk properties of tumor cells resemble their fractal-type surface morphology unless there was an annealing or relaxation process that allowed repositioning of the atoms and molecules to reside at their equilibrium locations, like in a controlled process of crystal growth of materials. For example, such a process may occur in liquid or more advanced techniques, such as in vapor deposition or epitaxy, where crystal defects and imperfections can be eliminated by controlling environmental and external parameters, such as pressure and temperature.
Under in vivo or in vitro conditions, the rapid doubling time in the growth process of the wild-type cancerous cells means that such annealing that requires a slower processing timescale is unlikely to occur. Unlike controlled manufacturing conditions in the growth processing of artificial materials, the internal physical structure of tumor cells under uncontrolled growth may face alteration of the stored mechanical energy and tension due to out-of-equilibrium rearrangement of the molecules. Thus, it is expected that the internal structure of tumor cells exhibits roughness in their mechanical properties, heterogeneity in their mass densities, and disorder in their diffusion channels, behaviors observed in growth conditions far from equilibrium.
Snowflakes with internal defects similar to colloidal aggregates in their crystalline structure are another example of natural systems exhibiting bulky heterogeneities with a correlation to their fractal-type surface interface. Similar to our hypothetical malignant cells, they belong to states of matter that exhibit topologically distinct classes of porosity in their mass density. Thus, the systems form under ballistic growth conditions [48]. Metallic glass alloys are yet another example of a glassy or disordered phase of materials that form under a rapid decrease in temperature (i.e., quenching conditions). Closer to our hypothetical heterogeneities in tumor cells, we may enumerate abnormalities, such as grain boundaries, crystalline defects, and dislocations that affect stored mechanical energies and local diffusion channels in normal metallic alloys.
The underlying physical processes of tissue response to radiation dose rate, including differential biological responses of various tissues, either normal or malignant, can be formulated through inter-track overlap. In this model, the tissue’s biological responses are categorized based on the geometrical correlation and collective evolution of the tracks. In a single fraction, tracks with negligible overlaps do not lead to a physico-chemical response sensitive to the dose rate. Thus, the typical tumor responses fit into topologically distinct classes of uncorrelated and evolutionary single tracks: dominant intra-track recombination. In contrast, normal tissue responses can fall into another class of collective chemical crowding of the correlated tracks, where inter-track recombination is dominant. The transition between inter- and intra-track reaction–diffusion processes is responsible for these two seemingly distinguished behaviors among tissue types.
As illustrative examples of structural disorders, we presented time evolutions of the solutions of the coupled partial differential equations of two separate tracks, initially created at two locations, in Figures 2, 3. An underlying network among the reaction–diffusion sites is considered to model the diffusion channels in tissues. In this model, a tissue is represented by a network with random connectivity among the sites. In Figure 2, a network with uniform and homogeneous connectivity has been considered to represent normal tissues. In Figure 3, a random network defined by a random represents cancerous cells or tissues identified to behave like self-similar fractals at the percolation threshold, p = pc, the point where the diffusion channels are blocked due to the emergence of isolated islands.
The results shown in Figure 2 illustrate the role of tissue texture in forming overlaps among tracks as a function of time. In Figure 3, randomness in diffusion channels, which is unique to transport through porous and disordered structures, limits the diffusion range. Thus, the tracks evolve individually like isolated islands with negligible overlap. This is consistent with the scaling theory of percolation and localization of thermal waves/Schrödinger equation.
Note that lowering the diffusion constant without incorporating the randomness in the network connectivity does not lead to the localization of Gaussian PDFs, as the absolute value of the diffusion constant does not change the overall effect in inter-track evolution and their overlap. More precisely, the time evolution of the diffusion equation is invariant under the scaling of the diffusion constant. A simultaneous scaling of diffusion length and time gives a similar trend in the tracks’ geometrical overlaps. However, with constant intra- and inter-track reaction rates, this scaling rule breaks down unless we scale them simultaneously.
Finally, for the interested readers, we remark that track localization observed in these simulations that is consistent with the percolation theory of diffusion on porous and disordered media was extensively studied in the context of semiconductor physics. The phenomenon known as Anderson localization [49] was extensively studied quantum mechanically to describe the metal-insulator transitions in condensed matter and solid-state physics. Here, we map the normal and tumor tissues problem to a similar transition between metals (where conduction electrons are in the extended states) and insulators (where conduction electrons form pockets of localized states). We suggest that the mechanism modeled in these computer simulations interprets the empirically observed differential tissue-sparing of FLASH-UHDR. The interplay of this hypothesis and that of differential antioxidant or oxygen concentrations is currently under investigation.
The relevance of inter-track interaction has recently been examined in [22] by MC simulation of interacting proton tracks, where no significant changes in •OH-radicals or H2O2 yields were found at clinically relevant doses. This claim is also supported by other simplistic geometric track overlap models. A similar assessment was given for clinical beams of carbon [21].
These theoretical results contrast the experimental evidence of [23], which measured lower H2O2 yields at UHDR compared to CDR. Furthermore, references [4, 24] observed a similar decrease in H2O2 yields at UHDR with electrons. This discrepancy and the observation that MC simulations tend to measure an increase in H2O2 yields as the dose rate increases as opposed to the experimentally measured decrease in H2O2 yields suggests that the theoretical models and MC simulations do not provide an adequate representation of the interdependent chemical reactions occurring in the irradiation of oxygenated water. This may have to do with limitations of the MC simulations, such as the lack of any simulated dissolved oxygen or the neglect of physical effects, such as thermal spikes. In either case, the chemical impact of inter-track interactions at UHDR continues to demand further studies for a complete understanding but remains outside of the scope of the present manuscript, which instead examines the effect of structural heterogeneity in biological tissue on inter-track interaction.
5 CONCLUSION
This theoretical study aims to present a model calculation based on the reaction–diffusion of reactive species induced by ionizing radiation and points to possible transitions in the molecular crowding of the track structures. This transition is dependent on the structural heterogeneity of the target tissue. As described in the model, higher heterogeneity results in limited diffusion of reactive species, decreasing the probability of inter-track overlap. Tracks with negligible overlaps do not lead to a physico-chemical response sensitive to radiation dose rate. A significant difference in this structural heterogeneity between normal and tumor tissue is hypothesized to result in the observed differential sparing of the FLASH effect. A systematic experimental cell/tissue database must be generated to validate the hypothesis presented in this work.
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In recent years, FLASH radiotherapy (FLASH RT) has gained attention in preclinical studies as a potential advancement in cancer treatment. The great advantage of FLASH RT is the ultra-fast, high doses delivery that have a similar or greater effect on cancer cells while sparing normal, healthy tissue surrounding the tumor site. This is known as the FLASH effect. However, currently, there are not enough in vitro and in vivo data to transpose FLASH RT to human trials. This mini review summarizes the available in vitro data on electron beam FLASH, focusing on possible mechanisms of the FLASH effect. Current studies have focused on various types of cancer, including lung cancer, glioblastoma, uterus adenocarcinoma, cervix carcinoma, prostate carcinoma, melanoma, breast cancer, head and neck squamous cell carcinoma, and colon adenocarcinoma. Several hypotheses have been proposed to explain the biological mechanisms contributing to the to the selective FLASH effect, including differences between healthy and cancer cells in production of reactive oxygen species and free radicals, limitation of Fenton reaction caused by high Fe2+/3+ levels in tumor cells, and impaired DNA damage repair mechanisms occurring in cancer.
Keywords: radiotherapy, multi-scale modeling, Flash effects, cancer, DNA damage repair mechanisms
1 INTRODUCTION
Radiation therapy (RT) consists in the administration of the radiations using different types of beams, such as electron, proton, photon, and heavy ions [1]. RT is one of the most effective strategies used in cancer treatment. Recently, the emerging technique called FLASH-RT, an ultra-fast delivery of RT at dose/rate higher than the one used in conventional RT (CONV-RT), has gained attention as advancement with great potentialities. Indeed, the dose needed to kill cancerous cells in CONV-RT can cause early and late damages to healthy tissues [2], and preclinical studies have suggested that FLASH-RT is able to overcome these CONV-RT problems.
The FLASH effect is defined as the sparing of healthy tissues at same terapeutic doses, and it was observed as a reduction of the ionizing radiation’s (IR) toxicity on normal tissues when using the ultra-fast delivery at high dose/rate RT [2]. The first evidence of FLASH effect goes back to the seventies in a study on gut and skin toxicity in mouse models [3, 4]. Currently, some additional non-biological factors could be implied in this peculiar effect, like pulsed radiation, and other modality of delivery [5]. Despite the beneficial consequences of FLASH effect in preclinical in vivo studies have already been evidenced [6], such as neurocognitive protection [7, 8], reduction of skin toxicity [9], absence of lung fibrosis [10] and reduction of acute intestinal syndrome and intestinal injuries [11, 12], the mechanisms underlying this process are still not well established. The most plausible reason at the root of the FLASH effect is probably the biochemical differences between healthy and cancerous cells. Based on such dissimilarities, the leading hypotheses on the molecular mechanism could be ascribed to biological signatures different between heathy and cancerous cells, such as (i) differences in reactive oxygen species (ROS) and free radical production, (ii) pool levels of Fe2+/3+ and (iii) the defective of DNA repair mechanisms.
2 HYPOTHESISED RADIO-MECHANISM FOR FLASH EFFECT
Regarding the main hypothesis for the realization of FLASH effect, first, the incoming IR induces the radiolysis of water molecules, generating electrons and hydrogen atoms that in aqueous environment react to form free radicals (see Figure 1).
[image: Figure 1]FIGURE 1 | Illustrative scheme of the cascade of events occurring after irradiation at the different time scales (horizontal axis) and size scales (vertical axis). The different stages are represented in boxes in different colors, with processes summarily indicated. The possible origins of differential cancer-vs-normal tissues are reported in the blue harrows.
Then, the formed free radicals perform the abstraction of a hydrogen atom (H•) from aliphatic or unsaturated substrates (RH) resulting in a carbon-centered radical (R•). R• can be trapped by molecular oxygen to form peroxyl radicals (ROO•) [13]. Indeed, kinetic modeling and simulations indicates that the mechanisms of recombination and self-annihilation of radicals are strongly enhanced by the increase of the dose rate, producing a faster reduction of ROO• concentration at very high dose rates, in agreement with the sparing produced by FLASH irradiation modality [13, 14]. At this level, the differential healthy-vs-cancer effect could be ascribed to different concentration/distribution of oxygen, which however do not entirely account for the observations, and/or in other mechanisms finally leading to different saturation levels of ROS.
DNA damages inflicted by RT are a combination of both IR direct effect and the indirect effect of generated ROS [2]. Indirect DNA damages caused by ROS can be exacerbated by O2 through the formation of peroxyl radicals, resulting in a more significant permanent damage [2, 15]. Additionally, DNA damages can result from the reaction of ROO• with nearby nucleobases inducing “tandem lesions”, which could result in a strand break [16].
The DNA damage response (DDR) pathway represents a physiological signaling pathway essential for DNA damage repair. However, in cancer cells these mechanisms could be impaired. Indeed, most human cancers present mutations in genes that are implicated in the DDR signaling pathways, like BRCA1 and BRCA2, which are crucial for the double strand break (DSB) repair, RAD51C and RAD51D, involved in the homologous recombination, CHK1 and CHK2, for DNA damage checkpoints, and MSH1 and MSH2, as mismatch repair genes [17]. The absence of a complete working DNA repair system in tumor cells is therefore implicated in the potentially lethal IR damage, while healthy cells remain untouched thanks to their proper functioning.
As mentioned, a second bio-signature differentiating substantially the healthy and cancerous cells is the levels of ROS and free radicals, much higher in the former with respect to the latter. When cells become tumorigenic, various events take place leading to a higher production of ROS and free radical, including mutations in mitochondrial DNA, which generate mitochondrial dysfunction, mutations in genomic DNA, especially in proto-oncogenes, and the increase of metabolism activity, involving peroxisome activity [18, 19]. Furthermore, levels of antioxidant enzymes are usually lower in cancer cells [20], therefore, the increased production of ROS and free radicals is flanked by an inefficient antioxidant activity, finally resulting in increased oxidative stress. Peroxyl radicals are highly reactive and can undergo three different pathways, two for nucleic acids and one for lipids. In nucleic acids, ROO• can either undergo self-rearrangements or disproportionation via tetroxide intermediates releasing O2 and substrate, like 6-hydroperoxy-5-hydroxy-5,6-dihydrothymine (HHDT) and 5,6-dihydro-5,6-dihydroxythymine (DHDT), leading to chromosome break, mutations, and cell death, or tandem lesions. In lipids, ROO• can free a R• by oxidating an RH and starts a peroxidation chain reaction [13, 16]. Therefore, pre-existing and IR generated ROS and free radicals, combined with a lower level of antioxidant enzymes, might lead to a higher killing effect in tumor cells and a sparing effect in normal healthy cells.
Another crucial biochemical difference between cancer and healthy cells is the labile iron pool availability. Cellular iron is fundamental for the proper functioning of Fe-incorporating enzymes, like mitochondrial cellular respiration enzymes and DNA synthesis enzymes, and it is therefore key to cellular growth and metabolism. On the other hand, iron also takes part in the Fenton reaction, to generate radicals, due to its exchanging electron capacity. Cancerous cells present higher levels of the transferrin receptor ferroportin, an iron efflux pump, and from 2 to 4-folds higher levels of labile iron compared to healthy cells. Labile iron in excess is sequestered inside ferritin to keep it away from entering the Fenton chain reaction and generate free radicals. However, superoxide anion produced by water radiolysis can react with ferritin, and other iron containing proteins, and liberate redox active iron. The latter can therefore enter Fenton chain and react with hydrogen peroxide (H2O2) generating HO• and RO•, and it can also create complexes with O2 (Fe-O2) enhancing oxidative stress [21, 22]. The higher availability of Fe2+ in cancer cells leads to major oxidative damages by the formation of FLASH induced organic hydroperoxide, which is instead promptly removed by healthy cells with lower labile iron levels.
To date, none of the available mechanisms completely and convincingly explains the sparing effect. Already at the early stages of irradiation, the ultra-fast delivery at high dose/rates seems to generate oxygen depletion creating a transient hypoxic environment, which, in turn would reduce oxygen-related radiosensitivity.
It was shown that a mechanism, depending on oxygen depletion, causes a reduction of the produced amount of ROS and free radicals [8]. A lower production of H2O2 in FLASH-irradiated cells, compared to CONV-RT, less DNA damages, and a limitation in the Fenton reaction were also assessed, in both cancer and healthy cells. Therefore, oxygen appears to be involved in many of the possible pathways generating differential effects, and all the mentioned biochemical differences could play a pivotal role in guaranteeing the toxic effect of the radiation on cancer cells and a sparing effect on normal cells.
3 IN VITRO STUDIES ON ELECTRON FLASH-RT USING HUMAN CELL LINES
The majority of FLASH in vitro studies use an electron beam sources, but, even if the literature is limited, there are also some works on different type of beams, such as protons, photons and heavy ions.
Regarding electron beams, to elucidate the peculiar CONV and FLASH radiotherapy-induced effects on cell life/death balance, as well as, on molecular mechanisms several in vitro studies have been conducted using tumor cell lines or normal cell models. In this mini-review, we decided to focalize the attention only on those studies addressing the investigation of FLASH irradiation on cell lines derived from human specimens, in order to limit the confounding effects that could arise using animal cells.
Most of such in vitro studies are comparable one to each other because they report data relating to the clonogenic assay that assess the colony formation capacity of irradiated cells. This in vitro assay has been considered the gold standard method to evaluate the cell reproductive capacity after treatment with ionizing radiation; it is based on the ability of a single cell to grow into a colony (at least 50 cells). In brief, before or after irradiation, cells are seeded to form colonies in a few weeks. Colonies are then fixed with glutaraldehyde, stained with crystal violet, and counted [23].
Town et al. [24] irradiated a suspension of human cervix cancer cells (HeLa S-3 cells) with a 15 MeV electron beam, delivered with a single pulse of steady radiation or radiation in pulses on the scale of ms. In the first set of experiments, cells were kept in a static aerobic suspension. In the second set of experiments, air or nitrogen were bubbled in the suspension before and during the irradiation to create gas equilibration and verify if the sparing effect was due to oxygen consumption. Results showed that the survival fraction, up to total delivered dose of 10 Gy, was the same for steady and pulsed radiations, while for higher doses, steady irradiation had a lower effect on cancer cells killing, showing a higher survival fraction. Survival curves from the second set of experiments indicated a higher survival fraction in hypoxic conditions both in single pulse steady and in pulsed irradiation. Though showing an oxygen dependent effect on cell survival, these observations would also indicate an exploitable differential effect of high dose pulsed irradiation on cancer tissues killing.
To further characterize the influence of intracellular oxygen, Epp and colleagues [25] studied the FLASH effect on the same in vitro tumoral model (HeLa S-3 cells) by conducting the experiment at different oxygen concentration. HeLa S-3 cells were cultured at 0%, 0.26%, 0.59%, 0.77%, and 0.91% of O2 and then were irradiated with a 350 keV electron beam. The results indicated a much higher surviving fraction in cells kept at percentage lower than 1% compared to those kept at atmospheric O2. Both these studies indicate a higher cell survival in the presence of a hypoxic environment.
The influence of O2 was recently studied also in human prostate cancer. Adrian et al. [26] performed experiments on DU-145 cell line. Irradiation was delivered with a 10 MeV electron beam, with an average dose/rate of 600 Gy/s. Cells response was investigated at different doses, from 0 to 25 Gy, with both FLASH- and CONV-RT, in both normoxic and hypoxic (1.6% O2) conditions. Additionally, cells were tested at different percentages of oxygen (1%, 2%, 4%, 8%, and 20%) at the same administered dose of 18 Gy. To obtain the desired oxygen concentrations, 1 h prior the irradiation cell cultures were put with specific oxygen percentages. The clonogenic assays were performed, and the survival fraction of cells, treated with different radiation doses, showed no differences in normoxic conditions. On the contrary, under hypoxia, particularly for doses of 15 and 18 Gy, the authors suggested a high sparing effect on cells treated with FLASH-RT. In the case of cells tested at different oxygen percentages, the survival fraction seemed to be higher at lower oxygen concentration. From these results, Adrian and colleagues suggested that the sparing effect was better observed in cells that are already hypoxic, since a dose of few Gy is too low to generate an oxygen depletion in an environment, where the percentage of O2 is similar to the one found in the atmosphere.
Interestingly, Adrian et al. [27] recently studied the sparing effect of FLASH through a comparative study between FLASH and CONV, using six human cancer lines and a healthy cell line: breast cancers (MDA-MB-231, MCF7), colon cancer (WiDr), squamous cell cancer (LU-HNSCC4), an early passage and subclone of HeLa cells, and the healthy human fibroblast cell line (MRC5). Cells were irradiated using a 10 MeV electron beam, for a total dose of 3 Gy, 6 Gy, 9 Gy, and 12 Gy with both FLASH- and CONV-RT. Two weeks following irradiation, the clonogenic assay was performed. HeLa, MDA-MB-231 and MCF7 expressed the higher survival fraction at doses higher than 6 Gy, compared to CONV-RT, while all the other cell lines, did not show significative statistical difference in surviving, compared to CONV RT. Furthermore, DSB-Foci and cell cycle assessment were conducted on MDA-MB-231, LU-HNSCC4 and HeLa, resulting in no differences for double strand DNA break detection. Cell cycle synchronization was observed, but no differences compared to CONV-RT. Such results indicate that the sparing effect could depend on biological factors other than [O2] that vary among different kind of cells. Regarding MRC-5, despite not having a statistically significant data, a higher survival trend is noticeable in those cells treated with FLASH compared to CONV RT, suggesting a sparing effect on the healthy cells.
Khan et al. [6] have studied the FLASH effect using human multicellular spheroids, a 3D cell culture able to recreate the internal hypoxic environment typical of solid tumors. In particular, lung alveolar epithelial adenocarcinoma (A549), colorectal adenocarcinoma (HT-29) and breast cancer (MDA-MB-231) cell lines were employed in this work. Spheroids were irradiated using 16 MeV electrons for a total dose of 5 Gy, 10 Gy, 15 Gy, and 20 Gy with both FLASH- and CONV-RT. Viability and clonogenic assays were conducted on irradiated cells. The researchers expected to observe an increase in the fraction of hypoxic cells proportional to the rising dose, resulting in a more radioresistant tumor. The results showed the 10 Gy showed a higher survival, compared to the same dose delivered with CONV RT, indicating the presence of a sparing on cancer cells.
Finally, the recent study performed by Fouillade et al. [28] have been focused to investigate the molecular mechanisms related to DNA damage potentially involved in sparing effect. This work studied the CONV- vs. FLASH-RT responses of healthy cell models, including two human fibroblast cell line (IMR-90 and MRC5) and the human model of stem cells of pulmonary basal epithelium (PBECs), which were obtained from tissues resected during lobectomies on patients, who underwent surgery for lung cancer. The use of this latest cellular model is justified by the important role that stem cells play following the damage induced by radiotherapy. Indeed, in the presence of damage, stem cells present in the lung epithelium can proliferate and differentiate into ciliated and secretory cells to replace the lost cells. In this study, a human cancer lung epithelial cell line, A549, was also used. Cells were irradiated with a 4.5 MeV electron beam, with total doses of 2 Gy and 4 Gy with both FLASH- and CONV-RT. IMR-90, MRC5 and A549 cells were then examined to investigate the radioinduced damaged on the DNA, 30 min following irradiation, by performing immunofluorescent assays on 53BP1 foci and γH2AX phosphorylation (early DNA damage response). The obtained data indicated that 53BP1 foci formation was significantly lower in IMR-90 and MRC5 exposed to FLASH-RT, compared to those exposed to CONV-RT, and γH2AX phosphorylation was slightly lower, but not statistically significant in FLASH treated cells. No difference was detected for cancer cells during the two irradiation modalities. All together, these results suggested that FLASH minimizes DNA damage in normal cells. Interestingly, the results obtained using PBEC cells showed that the number of stem cells was greater with FLASH- vs. CONV-RT, suggesting the maintenance of stemness in these cells. This phenomenon could ensure the preservation of the cellular reservoir used for the recovery of tissue integrity. All these in vitro studies, conducted using various human tumor cell lines or normal cells, are summarized in Table 1.
TABLE 1 | Biological parameters induced by Flash radiotherapy in human cancer and healthy cell lines.
[image: Table 1]As reported above, few studies carried out with different sources of beams were reported in literature. About proton beam FLASH, the work of Buonanno and colleagues [29] have focused on the biological effect understanding on human lung fibroblast (IMR90). They observed (i) no significant differences in the clonogenic assay between FLASH- and CONV-RT, but (ii) a reduction of cellular senescence following FLASH, (iii) a decrease of the radiation-induce inflammatory marker expression and (iv) a reduction of foci formation at 20 Gy FLASH.
Auer et al. [30], who have treated the HeLa-RIKENS cancer cell culture with proton FLASH, both in a pulsed and continuous modality, found an increase in the arrest of G2 phase in cells treated with continuous (conventional) compared to pulsed irradiation. Moreover, Bayart and colleagues [31] have studied the proton FLASH impact compared to CONV-RT, on two glioblastoma cell lines (U87-MG and SF763), and on wild type and p53−/− mutated human colon carcinoma (HCT116) cell lines; they found no differences in double strand breaks formation and in the survival fraction for glioblastoma cells, probably due to the high cell radioresistance. Using HCT116 cells, they [31] and Pommarel et al. [32] have suggested an involvement of PARP1 in radioresistance. Regarding heavy ion beams, Tessonnier et al [33] have used two different lung carcinoma cell lines (A549 and H1437) to investigate the presence of a sparing effect by FLASH- and CONV-RT, also considering a possible pivotal role of the oxygen, finding a higher cell survival in the hypoxic state. About photon beams, to the best of our knowledge, the unique article by Berry et al. [34] reported experiments on HeLa cell line to examine the biological effects of a X ray pulsed high dose-rate irradiation and a60Co γ ray irradiation. For doses higher than 5 Gy, the X ray pulsed high dose-rates were less effective.
4 DISCUSSION
The information obtained from the in vitro studies reported above pointed to the necessity of further studies to investigate the potential mechanisms for the FLASH effect. The theoretical models and simulations can mechanistically explain the faster saturation and decrease of ROS and radicals as the dose rate increases, and the dependence of this effect on concentration of oxygen, in agreement with the observation of the sparing effect due to high dose rate irradiation and its modulation by oxygen. However, only a very few of them have attempted to include a more realistic and complete representation of the cell environment and processes, e.g., involving the DNA damage and its repair or even a more accurate representation of the radical’s production and diffusion. Therefore, quantitative modeling of the healthy-vs-cancer differential effect is still in its infancy and must be complemented with advanced multi-scale approaches to account for the differences due to intra and inter cell architecture, and ultimately for the differential tumor-vs-normal tissue effect [35].
It is anyway worth considering that each organ has a specific normoxia called “physoxia”, ranging from 3.4% to 6.8% [36], but most of the cell lines used in the above reported studies are kept at an atmospheric oxygen level (18%). This difference could be decisive in the actual possibility of observing the FLASH effect, since normally used dose of IR (∼10 Gy) are not sufficient to create a hypoxic environment. Moreover, the FLASH effect was originally observed in vivo, and it referred to the sparing of healthy tissues, maintaining the same effect on cancer ones. While one can measure the sparing of healthy tissues under FLASH irradiation at the same CONV-equivalent released dose, it is more difficult to measure a FLASH effect analyzing only cancer tissues, as done in many of the mentioned papers. In addition, in general, a reduction of the radiobiological effects was observed in cells that were already hypoxic at the time of irradiation, meaning that the effect might depend on the intracellular oxygen concentration [26]. Therefore, further studies should be set to treat cells keeping them at their physiological normoxia. Additionally, when analyzing results, the possibility of different biochemical mechanisms depending on the cell type, which allow them to respond in different ways, should be considered.
Coherently with these considerations, a theory recently gaining ground is worth mentioning, supported by data showing that the effect occurs in cells that are already hypoxic. Each organ presents niches of stem cells that are naturally hypoxic, and the hypothesis is that FLASH-RT could protects healthy tissue by sparing these hypoxic stem cells niches leaving them untouched and capable of repairing damages inflicted by the radiation [37].
In conclusion, we believe that in the route of the comprehension of the FLASH effect, several issues must be clarified. First an assessment of the phenomenology in rigorously controlled oxygenation conditions should be performed, with FLASH-effect defining parameters capable of accounting both for the sparing in healthy tissues and of the effectiveness in cancer tissues. Second, modeling should introduce in a realistic way the differences between healthy and cancer systems at any level, not only at the molecular one (different concentration of oxygen and biomolecules) but also at cellular level (different cytoplasm composition, different morphology, and mechanics) and at tissue level (different architectural organization and inter-cell communication). Clearly, the clarification the FLASH effect calls into play a strong multidisciplinary effort.
AUTHOR CONTRIBUTIONS
FDD and MSB contributed primarily to the writing of this work and search of the literature, and share the first authorship; AG and CM contributed to the writing of the manuscript; EDP organized the manuscript scheme, and supervised the final version; VT finalized the modeling part; SC and BC supervised the work and shared the last authorship. All authors contributed to the article and approved the submitted version.
FUNDING
We acknowledge CPFR, Fondazione Pisa and the project “Piano Nazionale di Ripresa e Resilienza (PNRR), Missione 4, Componente 2, Ecosistemi dell’Innovazione—Tuscany Health Ecosystem (THE), Spoke 1 “Advanced Radiotherapies and Diagnostics in Oncology”—CUP I53C22000780001” for the financial support.
ACKNOWLEDGMENTS
We thank Fabio Di Martino and Emanuele Scifoni for enlightening discussions.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 1. Kaiser A, Eley JG, Onyeuku NE, Rice SR, Wright CC McGovern NE, et al. Proton therapy delivery and its clinical application in select solid tumor malignancies. J Vis Exp (2019) 144. doi:10.3791/58372
 2. Hughes JR, Parsons JLFLASH radiotherapy: Current knowledge and future insights using proton-beam therapy. Int J Mol Sci (2020) 21(18):6492. doi:10.3390/ijms21186492
 3. Hornsey S, Alper TUnexpected dose-rate effect in the killing of mice by radiation. Nature (1966) 210:212–3. doi:10.1038/210212a0
 4. Field SB, Bewley DKEffects of dose-rate on the radiation response of rat skin. Int J Radiat Biol Relat Stud Phys Chem Med (1974) 26(3):259–67. doi:10.1080/09553007414551221
 5. Petersson K. FLASH radiotherapy: What, how and why?Res Outreach (2020) 2020(117):66–9. doi:10.32907/RO-117-6669
 6. Khan S, Bassenne M, Wang J, Manjappa R, Melemenidis S Breitkreutz DY, et al. Multicellular spheroids as in vitro models of oxygen depletion during FLASH irradiation. Int J Radiat Oncol Biol Phys (2021) 110(3):833–44. doi:10.1016/j.ijrobp.2021.01.050
 7. Montay-Gruel P, Acharya MM, Petersson K, Alikhanic L, Yakkalaa C Allenc BD, et al. Long-term neurocognitive benefits of FLASH radiotherapy driven by reduced reactive oxygen species. Proc Natl Acad Sci U S A (2019) 116(22):10943–51. doi:10.1073/pnas.1901777116
 8. Montay-Gruel P, Petersson K, Jaccard M, Boivin G, Germond JF Petit B, et al. Irradiation in a flash: Unique sparing of memory in mice after whole brain irradiation with dose rates above 100 gy/s. Radiother Oncol (2017) 124(3):365–9. doi:10.1016/j.radonc.2017.05.003
 9. Vozenin MC, De Fornel P, Petersson K, Favaudon V, Jaccard M Germond JF, et al. The advantage of FLASH radiotherapy confirmed in mini-pig and cat-cancer patients. Clin Cancer Res (2019) 25(1):35–42. doi:10.1158/1078-0432.CCR-17-3375
 10. Favaudon V, Caplier L, Monceau V, Pouzoulet F, Sayarath M Fouillade C, et al. Ultrahigh dose-rate FLASH irradiation increases the differential response between normal and tumor tissue in mice. Sci Transl Med (2014) 6(245):245ra93. doi:10.1126/scitranslmed.3008973
 11. Hornsey S, Bewley DKHypoxia in mouse intestine induced by electron irradiation at high dose-rates. Int J Radiat Biol Relat Stud Phys Chem Med (1971) 19(5):479–83. doi:10.1080/09553007114550611
 12. Levy K, Natarajan S, Wang J, Chow S, Eggold JT Loo PE, et al. Abdominal FLASH irradiation reduces radiation-induced gastrointestinal toxicity for the treatment of ovarian cancer in mice. Sci Rep (2020) 10(1):21600. doi:10.1038/s41598-020-78017-7
 13. Labarbe R, Hotoiu L, Barbier J, Favaudon VA physicochemical model of reaction kinetics supports peroxyl radical recombination as the main determinant of the FLASH effect. Radiother Oncol (2020) 153:303–10. doi:10.1016/j.radonc.2020.06.001
 14. D Boscolo D, Scifoni E, Durante M, Krämer M, Fuss MCMay oxygen depletion explain the FLASH effect? A chemical track structure analysis. Radiother Oncol (2021) 162:68–75. doi:10.1016/j.radonc.2021.06.031
 15. Dewey D, Boag JModification of the oxygen effect when bacteria are given large pulses of radiation. Nature (1959) 183:1450–1. doi:10.1038/1831450a0
 16. Favaudon V, Labarbe R, Limoli CLModel studies of the role of oxygen in the FLASH effect. Med Phys (2022) 49(3):2068–81. doi:10.1002/mp.15129
 17. Hopkins JL, Lan L, Zou LDNA repair defects in cancer and therapeutic opportunities. Genes Dev (2022) 36(5-6):278–93. doi:10.1101/gad.349431.122
 18. Liou GY, Storz PReactive oxygen species in cancer. Free Radic Res (2010) 44(5):479–96. doi:10.3109/10715761003667554
 19. Yang Y, Karakhanova S, Hartwig W, D'Haese JG, Philippov PP Werner J, et al. Mitochondria and mitochondrial ROS in cancer: Novel targets for anticancer therapy. J Cel Physiol (2016) 231(12):2570–81. doi:10.1002/jcp.25349
 20. Jelic MD, Mandic AD, Maricic SM, Srdjenovic BUOxidative stress and its role in cancer. J Cancer Res Ther (2021) 17(1):22–8. doi:10.4103/jcrt.JCRT_862_16
 21. Torti SV, Torti FMIron and cancer: More ore to be mined. Nat Rev Cancer (2013) 13(5):342–55. doi:10.1038/nrc3495
 22. Spitz DR, Buettner GR, Petronek MS, St-Aubin JJ, Flynn RT Waldron TJ, et al. An integrated physico-chemical approach for explaining the differential impact of FLASH versus conventional dose rate irradiation on cancer and normal tissue responses. Radiother Oncol (2019) 139:23–7. doi:10.1016/j.radonc.2019.03.028
 23. Franken NA, Rodermond HM, Stap J, Haveman J, van Bree CClonogenic assay of cells in vitro. Nat Protoc (2006) 1(5):2315–9. doi:10.1038/nprot.2006.339
 24. Town CEffect of high dose rates on survival of mammalian cells. Nature (1967) 215:847–8. doi:10.1038/215847a0
 25. Epp ER, Weiss H, Djordjevic B, Santomasso AThe radiosensitivity of cultured mammalian cells exposed to single high intensity pulses of electrons in various concentrations of oxygen. Radiat Res (1972) 52(2):324–32. doi:10.2307/3573572
 26. Adrian G, Konradsson E, Lempart M, Bäck S, Ceberg C, Petersson KThe FLASH effect depends on oxygen concentration. Br J Radiol (2020) 93(1106):20190702. doi:10.1259/bjr.20190702
 27. Adrian G, Konradsson E, Beyer S, Wittrup A, Butterworth KT McMahon SJ, et al. Cancer cells can exhibit a sparing FLASH effect at low doses under normoxic in vitro-conditions. Front Oncol (2021) 11:686142. doi:10.3389/fonc.2021.686142
 28. Fouillade C, Curras-Alonso S, Giuranno L, Quelennec E, Heinrich S Bonnet-Boissinot S, et al. FLASH irradiation spares lung progenitor cells and limits the incidence of radio-induced senescence. Clin Cancer Res (2020) 26(6):1497–506. doi:10.1158/1078-0432.CCR-19-1440
 29. Buonanno M, Grilj V, Brenner DJBiological effects in normal cells exposed to FLASH dose rate protons. Radiother Oncol (2019) 139:51–5. doi:10.1016/j.radonc.2019.02.009
 30. Auer S, Hable V, Greubel C, Drexler GA, Schmid TE Belka C, et al. Survival of tumor cells after proton irradiation with ultra-high dose rates. Radiat Oncol . (2011) 18;139. doi:10.1186/1748-717X-6-139
 31. Bayart E, Flacco A, Delmas O, Pommarel L, Levy D Cavallone M, et al. Fast dose fractionation using ultra-short laser accelerated proton pulses can increase cancer cell mortality, which relies on functional PARP1 protein. Sci Rep (2019) 9(1):10132. doi:10.1038/s41598-019-46512-1
 32. Pommarel L, Vauzour B, Mégnin-Chanet F, Bayart E, Delmas O Goudjil F, et al. Spectral and spatial shaping of a laser-produced ion beam for radiation-biology experiments. Phys Rev Accel Beams (2017) 20:032801. doi:10.1103/PhysRevAccelBeams.20.032801
 33. Tessonnier T, Mein S, Walsh D, Schuhmacher N, Liew H Cee R, et al. FLASH dose rate helium ion beams: First in vitro investigations. Int J Radiat Oncol Biol Phys (2021) 111(4):1011–22. doi:10.1016/j.ijrobp.2021.07.1703
 34. Berry RJ, Hall EJ, Forster DW, Storr TH, Goodman MJSurvival of mammalian cells exposed to x rays at ultra-high dose-rates. Br J Radiol (1969) 42(494):102–7. doi:10.1259/0007-1285-42-494-102
 35. Palermo G, Bonvin AMJJ, Dal Peraro M, Amaro RE, Tozzini VEditorial: Multiscale modeling from macromolecules to cell: Opportunities and challenges of biomolecular simulations. Front Mol Biosci (2020) 7:194. doi:10.3389/fmolb.2020.00194
 36. Wilson JD, Hammond EM, Higgins GS, Petersson KUltra-high dose rate (FLASH) radiotherapy: Silver bullet or fool's gold?Front Oncol (2020) 9:1563. doi:10.3389/fonc.2019.01563
 37. Pratx G, Kapp DSUltra-high-dose-rate FLASH irradiation may spare hypoxic stem cell niches in normal tissues. Int J Radiat Oncol Biol Phys (2019) 105(1):190–2. doi:10.1016/j.ijrobp.2019.05.030
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Del Debbio, Bertilacchi, Gonnelli, Da Pozzo, Tozzini, Martini, Capaccioli and Costa. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		ORIGINAL RESEARCH
published: 04 July 2023
doi: 10.3389/fphy.2023.1213779


[image: image2]
Passive SOBP generation from a static proton pencil beam using 3D-printed range modulators for FLASH experiments
Felix Horst1,2*, Elke Beyreuther2,3, Elisabeth Bodenstein1,2, Sebastian Gantz2, Diego Misseroni4, Nicola M. Pugno4,5, Christoph Schuy6, Francesco Tommasino7,8, Uli Weber6 and Jörg Pawelke1,2
1Helmholtz-Zentrum Dresden-Rossendorf, Institute of Radiooncology—OncoRay, Dresden, Germany
2OncoRay—National Center for Radiation Research in Oncology, Faculty of Medicine and University Hospital Carl Gustav Carus, Technische Universität Dresden and Helmholtz-Zentrum Dresden-Rossendorf, Dresden, Germany
3Helmholtz-Zentrum Dresden-Rossendorf, Institute of Radiation Physics, Dresden, Germany
4Laboratory for Bioinspired Bionic Nano Meta Materials and Mechanics, Department of Civil Environmental and Mechanical Engineering, University of Trento, Trento, Italy
5School of Engineering and Materials Science, Queen Mary University of London, London, United Kingdom
6GSI Helmholtzzentrum für Schwerionenforschung GmbH, Darmstadt, Germany
7Physics Department, University of Trento, Povo(Tn), Italy
8Trento Institute for Fundamental Physics and Applications (TIFPA), Italian National Institute of Nuclear Physics (INFN), Povo(Tn), Italy
Edited by:
Fabio Di Martino, Pisana University Hospital, Italy
Reviewed by:
Vivek Maradia, Paul Scherrer Institut (PSI), Switzerland
Serena Psoroulas, Paul Scherrer Institut (PSI), Switzerland
Luigi Raffaele, Laboratori Nazionali del Sud (INFN), Italy
* Correspondence: Felix Horst, felix.horst@oncoray.de
Received: 28 April 2023
Accepted: 26 June 2023
Published: 04 July 2023
Citation: Horst F, Beyreuther E, Bodenstein E, Gantz S, Misseroni D, Pugno NM, Schuy C, Tommasino F, Weber U and Pawelke J (2023) Passive SOBP generation from a static proton pencil beam using 3D-printed range modulators for FLASH experiments. Front. Phys. 11:1213779. doi: 10.3389/fphy.2023.1213779

The University Proton Therapy facility in Dresden (UPTD), Germany, is equipped with an experimental room with a beamline providing a static pencil beam. High proton beam currents can be achieved at this beamline which makes it suitable for FLASH experiments. However, the established experimental setup uses only the entrance channel of the proton Bragg curve. In this work, a set of 3D-printed range modulators designed to generate spread out Bragg peaks (SOBPs) for radiobiological experiments at ultra-high dose rate at this beamline is described. A new method to optimize range modulators specifically for the case of a static pencil beam based on the central depth dose profile is introduced. Modulators for two different irradiation setups were produced and characterized experimentally by measurements of lateral and depth dose distributions using different detectors. In addition, Monte Carlo simulations were performed to assess profiles of the dose averaged linear energy transfer (LETD) in water. These newly produced range modulators will allow future proton FLASH experiments in the SOBP at UPTD with two different experimental setups.
Keywords: proton therapy, range modulator, 3D-printing, spread out Bragg peak, FLASH effect, ultra-high dose rate
1 INTRODUCTION
The observation of the FLASH effect, the sparing of normal tissue at ultra-high dose rates above [image: image], while maintaining tumor control has attracted great attention and stimulated research in the radiotherapy community worldwide due to its potential to widen the therapeutic window [1,2]. Though it is suspected that the explanation behind the FLASH effect lies probably in the radiochemical stage of radiation action, its exact mechanism is still barely understood [3]. Therefore, more basic and preclinical research is necessary towards an understanding of the FLASH effect. The University Proton Therapy facility in Dresden (UPTD), Germany, is equipped with an IBA ProteusPLUS proton therapy system with a 230 MeV isochronous cyclotron that can be operated with beam currents up to 500 nA [4–6]. The proton beam can be delivered to a gantry room for patient treatment and to a research room equipped with two horizontal beamlines. One beamline is equipped with a pencil beam scanning nozzle and the other one provides fixed/static pencil beams. The beam current arriving at the target position depends on the beamline and proton energy used. The highest beam currents can be reached at the fixed beamline where different experiments investigating the FLASH effect have already been performed [7–9].
The irradiation setup previously established at UPTD for ultra-high dose rate experiments [7–9] allowed irradiations at the entrance channel of a 225 MeV proton beam and the maximum dose rate achievable at a usable field size of [image: image] was limited to [image: image] [8, 9]. The irradiation of biological samples in a spread out Bragg peak (SOBP) instead of the entrance channel would be closer to the clinical situation, would provide a higher ionization density and could allow to reach even higher dose rates. For ultra-high dose rate experiments, an SOBP can only be generated passively because for an active energy variation the dead time between the subsequent layers would be too long to maintain the conditions required for the FLASH effect. However, thanks to modern 3D-printing technology [10] almost the same conformality as for active energy switching can be reached with 3D-printed range modulators [11–14], without affecting the radiation quality compared to active dose delivery [15].
In this work, we present a set of 3D-printed range modulators that were specifically designed for the fixed beamline of the experimental area at UPTD with the goal to generate SOBPs at ultra-high dose rate for radiobiological experiments. Two experimental setups providing different field sizes for different biological models are presented. In the first setup, a proton SOBP with 3 cm modulation length and a lateral field size that is large enough to irradiate biological samples with sizes of [image: image] in diameter with a homogeneous dose (comparable to the setup of Karsch et al. [9] for the entrance channel) should be generated. In the second setup, a proton SOBP with 1.5 cm modulation length that is sharply collimated to 5 mm lateral field size and can be used to irradiate partial volumes of small animals while sparing surrounding tissues and organs (comparable to the mouse irradiations at conventional dose rates described by Suckert et al. [16]) should be produced. In both setups, the SOBP is generated using the highest available proton energy of 225 MeV in order to reach maximum dose rates.
Different range modulators were optimized based on measured depth dose distributions of the 225 MeV proton beam and produced by 3D-printing. The modulators for the first setup (3 cm long SOBP without collimation) were printed at GSI Helmholtzzentrum für Schwerionenforschung in Darmstadt, Germany, while those for the second setup (1.5 cm long SOBP with 5 mm collimation) were optimized and printed independently at GSI and in Trento, in a collaboration between the Trento Institute for Fundamental Physics and Applications (TIFPA) and at the Laboratory for Bioinspired, Bionic, Nano Meta Materials and Mechanics of the University of Trento (UniTn) in Italy (optimized at TIFPA, printed at UniTn), and compared in terms of field characteristics and depth dose homogeneity. The optimization of the range modulator geometries followed a novel approach based on the central depth dose profile. The two experimental setups were characterized by measurements with different dosimetric devices as well as by Monte Carlo simulations using the FLUKA and TOPAS/Geant4 Monte Carlo codes.
2 METHODS AND MATERIALS
2.1 Proton beamline at University Proton Therapy facility in Dresden
As usual for cyclotron-based proton therapy systems, the accelerator at UPTD provides protons with a fixed energy of 230 MeV. The energy variation as required for conformal irradiation of 3D volumes is realized passively in a degrader-based energy selection system. The energy range available at the fixed beamline in the experimental room is 70–225 MeV. The degrader drastically reduces the beam current transported through the beamline due to the widening of the angular and energy distribution by scattering and energy loss straggling. Knowledge of the magnitude of the intensity loss for lower proton energies is important for choosing the optimal energy for FLASH experiments in an SOBP setup. Therefore, the transmission characteristics of the fixed beamline at UPTD were studied experimentally. A PTW Bragg peak chamber (model 34070-2,5 [17]) was placed at the target position directly behind the beamline exit window and read out by a Keithley electrometer (model 6514). The ionization current Iionization measured by the Bragg peak chamber was converted into absolute proton beam current Ibeam by Eq. 1.
[image: image]
where [image: image] is the (energy dependent) stopping power of air for protons [18], Δx the air gap between the electrodes (2 mm in the Bragg peak chamber used), e is the elementary charge, wair the mean energy required to create an electron-ion pair in air (34.44 eV for protons [19]), kT,p the correction factor accounting for the temperature and pressure dependent variable density of air and kS the correction factor accounting for incomplete charge collection due to ion recombination (see Section 2.4). The beam current at the target position divided by the cyclotron current (available from IBA beam control system) gives the transmission.
Figure 1 shows the measured transmission from cyclotron to target position at the fixed beamline. Using the primary 230 MeV proton beam from the cyclotron without any degrader or material in the beam path is not possible with the current beamline settings at UPTD and is not straightforward to implement due to the operation of experiments and clinical treatments in parallel. For 225 MeV, the highest energy that can be transported to the experimental room, the transmission is [image: image]. This corresponds to a beam current of 1.39 × 1012 protons per second arriving in the experimental room. The transmission drops so steeply with decreasing energy that we decided to use the maximum energy of 225 MeV for optimization of the range modulators described in this work. Therefore, a thick absorber of [image: image] water-equivalent thickness is required to shift the sample position to the SOBP depth. The use of a lower proton energy would reduce the thickness of absorber material required before the sample, but the strongly decreasing transmission due to the degrader would also greatly reduce the available beam current and therefore is not an option for FLASH experiments at the fixed beamline at UPTD.
[image: Figure 1]FIGURE 1 | Transmission from cyclotron to target position at the fixed beamline in the experimental area of the UPTD as a function of proton energy panel (A): linear scale, panel (B): logarithmic scale). The transmission was determined by measurements of the absolute beam current using a PTW 34070 Bragg peak chamber. The distinct steps are due to the switching of the degrader material (aluminum, carbon, beryllium) depending on the energy range.
2.2 Optimization of range modulators to produce SOBPs for a static pencil beam
Several facilities and research groups make use of 3D-printed range modulators to create SOBPs for radiobiological or dosimetric experiments with protons or heavy ions [12,20–23]. These modulators consist of periodically arranged pins or ridges which represent different thicknesses to specific fractions of the beam and therefore modulate the energy and range distribution. The shape of the pins or ridges can be optimized to produce a desired depth dose distribution, e.g., an SOBP. The period should be considerably smaller than the size of the beam spot for an optimal modulation.
Usually the geometry of such modulators is optimized based on a pristine laterally integrated Bragg curve. For modulators optimized in this way, however, in order to obtain a flat central depth dose profile an extended radiation field is required. This is illustrated in Figure 2 where dose distributions in water for 220 MeV protons with and without a range modulator optimized to produce a 5 cm SOBP are shown. The dose distributions were calculated using the FLUKA Monte Carlo code [24,25] and a dedicated sub-routine for implementation of the modulator geometry [26].
[image: Figure 2]FIGURE 2 | Dose distributions for 220 MeV protons impinging on a water phantom with and without a range modulator in front calculated using the FLUKA Monte Carlo code. The upper panels (A–C) show 2D dose distributions in air and in the water phantom and the lower panels (D–F) show 1D profiles normalized to the entrance dose for different integration radii (0.2 cm − 10 cm). Panel (A) and (D) show the dose distribution of a pristine pencil beam, (B) and (E) of a modulated pencil beam and (C) and (F) of a modulated broad beam.
The upper panels show 2D dose distributions before and inside the water phantom and the lower panels show 1D depth profiles in water for different cylindrical integration radii (2 mm − 10 cm). Figures 2A,D show the dose distribution of a pristine 220 MeV proton pencil beam (8 mm full width at half maximum) without modulation. It can be observed that the lateral size of the beam widens up strongly during traversal through the water phantom due to lateral scattering. This causes the Bragg peak, which is very pronounced in the laterally integrated depth dose profile, to be attenuated considerably for smaller integration radii. Figure 2B,E show the corresponding dose distribution for the same beam, but with a range modulator in front of the water phantom. As visible in Figure 2B, the edge scattering effects at the range modulator pins cause a ripple in the dose distribution, which again blurs out until the SOBP depth (as studied in detail by Charuchinda et al. [26]). In Figure 2E one can observe that the laterally integrated depth dose profile shows a flat SOBP while the central dose profiles (calculated from smaller integration radii) get a negative slope towards the distal edge due to multiple Coulomb scattering. Figures 2C,F show the corresponding dose distributions for the same modulator but with an extended irradiation field of 4 × 4 cm2. For this configuration the SOBP is flat for all integration radii because there is a lateral scattering equilibrium all along the beam path.
Basically all previous experiments applying such range modulators used extended fields, either produced by scattering or scanning of pencil beams. Scanning of the beam is not possible at our fixed beamline and the irradiation fields should be kept small to achieve highest dose rates. Therefore, we tested a different approach using the central depth dose profile (e.g., red curve in Figure 2D) instead of the laterally integrated depth dose profile as input for the optimization of the modulator geometry. Accordingly, also the effect of collimators, which restrict the phase space of the proton beam and modify its depth dose profile, can be taken into account during the optimization of the modulator geometry by including it already during the measurement of the reference depth dose profile. In this work, the reference dose profiles for the different configurations were obtained by measurements with small detectors, a PTW PinPoint 3D ionization chamber (model 31022) and a PTW microdiamond detector (model 60019) scanned along the central axis (see Section 2.4). It should be noted that in the setup used for measurement of the unmodulated central dose profile used as reference, the distances and the configuration (especially collimator position) should be as close as possible to those in the final setup that is used for SOBP irradiations.
2.3 Experimental setups
The two experimental setups intended for FLASH irradiation within proton SOBPs that were realized within this work are shown schematically in Figure 3. They were designed to be set up quickly and in a robust way, using PMMA absorbers instead of water.
[image: Figure 3]FIGURE 3 | Experimental setups for proton SOBP irradiations at ultra-high dose rate using 3D-printed range modulators. Panel (A): SETUP (A) irradiation of small samples with a homogeneous dose in the center of a 3 cm SOBP. Panel (B): SETUP (B) irradiation of partial volumes of small animals with a sharply collimated 1.5 cm SOBP.
Figure 3A shows SETUP A which is intended for irradiation of small biological samples with dimensions [image: image] (e.g., 0.5 mL Eppendorf tubes containing zebrafish embryos) in the center of a 3 cm long SOBP with homogeneous dose (inhomogeneity [image: image]) at ultra-high dose rate [image: image]. A PTW Bragg peak chamber positioned right after the exit window of the beamline serves as beam monitor because of its good performance (lower recombination losses than the transmission ionization chamber built in the beamline, see Section 2.4) at high dose rates. The Bragg peak chamber has an additional water equivalent thickness of [image: image] which slightly increases the beam spot size and whose range shift needs to be taken into account. The 3D-printed range modulator is placed right behind the Bragg peak chamber. After the modulator, a 23.5 cm PMMA absorber is placed which on one hand broadens the beam due to lateral scattering and on the other hand shifts the sample position into the SOBP depth. The samples (e.g., Eppendorf tubes) can be placed inside a plastic phantom with a bore hole. Alternatively, a PTW PinPoint 3D chamber can be inserted inside the sample holder for dose measurements.
Figure 3B shows SETUP B which can be used for irradiation of partial volumes (e.g., partial brain irradiation) of small animals with a 1.5 cm long SOBP at ultra-high dose rate while surrounding tissues and organs are spared. However, for 225 MeV protons the distal edge has an extension of [image: image] in water which is broader than the entire mouse brain. Therefore, in order to reach ultra-high dose rates the setup has to be arranged as a shoot-through SOBP setup. In contrast to SETUP A, a 3.3 cm thick Brass collimator with a hole of 5 mm diameter is added. The collimator is not placed behind the entire absorber, but 2.5 cm before the end. The additional 2.5 cm PMMA after the collimator helps to absorb the dose overshoots which typically occur right behind collimators due to edge scattering effects. If a very sharp lateral dose falloff at the sample position is required, a second collimator can be added after the second absorber right in front of the animal. Typically mice are in a container during irradiation which has to be taken into account for the choice of the exact thicknesses of the absorber plates.
2.4 Dosimetric characterization
Dose profiles for pristine and for modulated proton beams for both setups were obtained. Different detectors were used to characterize the dose distributions.
The IBA Giraffe multi-layer ionization chamber [27] was used for measuring laterally integrated depth dose profiles of SETUP A.
For measurements of central dose profiles of SETUP A, a PTW water phantom (model 41023) together with a PTW PinPoint 3D ionizaton chamber (model 31022) read out by a PTW UNIDOS Tango electrometer was used. For large water depths, a PMMA range shifter with 7.6 cm water equivalent thickness was placed in front of the water phantom. A transmission ionization chamber built-in the beamline (model 34058 by PTW) served as reference detector [5].
For the collimated fields of SETUP B, a PTW microdiamond detector (model 60019) was used (as, e.g., also by Togno et al. [28]) which allows dose profile measurements with micrometer resolution. Instead of scanning it in beam direction through a water phantom, the microdiamond was placed in a PMMA plate at 5 mm geometrical depth and scanned along the lateral direction (using a linear stage by OWIS) to detect the central dose maximum for each measurement depth. The different measurement depths were realized by placing PMMA plates of varying thickness in between the collimator and the microdiamond detector and simultaneously increasing the distance between both. The ionization current signal of the diamond detector was read out by a PTW UNIDOS electrometer (model 10001) and logged together with the lateral position.
The different detectors, their characteristics and their field of application are summarized in Table 1.
TABLE 1 | Detectors used for experimental characterization of the proton beam at UPTD and the dose distributions produced by 3D-printed range modulators.
[image: Table 1]The characterization of the dose profiles was done at moderate proton beam currents ([image: image] at the target position for PinPoint measurements and [image: image] for the lateral profile scans using the microdiamond) to avoid recombination effects [29,30] or other issues related to high dose rate [31]. By scaling the dose rates measured at low intensities up to 500 nA cyclotron current, the maximum reachable dose rates can be estimated with good accuracy. In addition, also separate measurements at the maximum beam current were carried out at selected depth points, taking into account recombination correction factors for the air-filled ionization chambers used (PTW Bragg peak chamber as monitor and PTW PinPoint 3D as field detector). The recombination correction factors kS determined for the maximum beam current by means of Jaffé diagrams were 1.045 for the Bragg peak chamber and 1.02 for the PinPoint 3D chamber.
2.5 Design and 3D-printing of range modulators
The range modulators designed for the present study have pins with a pyramid shape and a square base as the basic geometry which are periodically repeated. Protons passing through different thicknesses of the pins lose a different amount of energy and therefore result in Bragg peaks with different ranges. The pin shape and thereby the weighted superposition of these shifted Bragg curves can be optimized to result in a homogeneous SOBP.
The optimization principle behind the modulators optimized and produced at GSI is described in detail by Simeonov et al. [12] and Holm et al. [21]. The optimization of the modulators for the present work is illustrated in Figure 4. Each of Figures 4A–C shows one of the different modulators that was produced and tested within this work. The blue curves are the measured pristine depth dose profiles which are the basic input for the optimization. One modulator was optimized on the measured laterally integrated depth dose profile (Figure 4A) for SETUP A, another one on the measured central depth dose profile (Figure 4B) for SETUP A and a third one on the measured central dose profile of a collimated beam (Figure 4C) for SETUP B. The yellow areas mark the depth range in which the optimizer (chi-square minimization) should create a homogeneous dose. The red curves show the optimized SOBPs and the green symbols indicate the optimized weights for the shifted Bragg peaks, which are basically shifted copies of the blue curves (pristine Bragg peaks). Figure 4D compares for the three modulators the profiles of the pins whose shape is based on these optimized weights. The weights have gap after a first high weight in order to sharpen the distal fall-off of the SOBP and are normalized to have a sum of 1. The square pyramids were then exported as .stl files and printed on a 3DSystems ProJet MJP 2500 Plus 3D-printer using VisiJet M2S-HT250 as printing material and VisiJet M2 SUP as support material. The printing material has a water equivalent density of 1.162 g/cm3 (determined by previous measurements with proton beams). The modulator structures were embedded in a frame for better stability and have a 2 mm thick base plate on which the pins are standing. The pins were arranged as a 16 × 16 matrix with a 3 mm period (Figure 4D).
[image: Figure 4]FIGURE 4 | Depth dose profiles for the different range modulators optimized and produced at GSI within this work panel (A–C) and their pin geometries (panel (D)). The blue curves in panel (A–C) show the pristine Bragg curves used as input for the optimization, the red curves show the optimized SOBPs for the yellow marked region and the green symbols show the weights of the shifted Bragg curves. In panel (A) and (B), the first (deepest) weight was scaled down by a factor of 0.1 for better visibility of the other weights.
At TIFPA/UniTn, a range modulator for SETUP B was optimized combining previously calculated look-up tables of depth dose profiles with the solution of a linear system using a dedicated script. The look-up tables were generated with TOPAS Monte Carlo simulations [32], by reproducing the beam properties and the geometry of the experimental setup and scoring the resulting depth dose distribution in a voxelized water phantom (voxel size comparable to the microdiamond detector volume of 0.004 mm3) and checking that it matches with the previously measured depth dose profile. Separate simulations were then performed for the beam traversing layers of increasing thicknesses of water, resembling the different layers of the range modulator pin. A total of 21 layers in 0.5 mm steps was simulated. The weights of the different shifted Bragg curves were optimized to produce a flat SOBP. The resulting weights were then converted into a pin geometry and scaled by the water-equivalent thickness of the printer material. The pins were arranged in a matrix of adjacent pins with 3 mm edge length at the base. After verification with another TOPAS simulation, the modulator geometry was converted into a .stl file and 3D-printed at UniTn using the PolyJet technique, a type of additive manufacturing, using a Stratasys J750 3D printer, which is known for its exceptional printing capabilities (see Figure 5). This approach has been extensively developed and tested at UniTn for printing samples with very complicated geometry [10].
[image: Figure 5]FIGURE 5 | Schematic showing the manufacturing process of the range modulator at UniTn. Panel (A): range modulator CAD file, panel (B): manufacturing of the range modulator, panel (C): 3D-printed range modulator.
To achieve the required level of precision, the printer was set to high-quality mode, resulting in a layer height resolution of 14 μm, meaning that each successive layer of photopolymer was only 14 μm thick. This level of resolution is critical for creating small, intricate structures like the pins of the range modulator. In addition, the dimensional accuracy of the printer was set to 100 μm to ensure that the final product was very close to the intended dimensions. The range modulator was printed with pins aligned vertically (in the z-direction) with respect to the printer head. This alignment was critical for ensuring that the pins were properly formed and that the final product would function as intended. The Vero Yellow RGD836 printing material was chosen due to its excellent mechanical properties and chemical resistance. To ensure that the very thin pins were not damaged during printing, a glossy surface finishing mode was used, which reduced the need for supporting materials that could have caused the pins to break during removal. Like the GSI modulators, also the TIFPA/UniTn modulator has a 2 mm thick base plate on which the pins were printed.
The most notable difference in the two optimization methods is how to obtain the shifted Bragg curves used as input for optimization of the modulator geometry. In contrast to the fast numerical approach with (reasonable) simplifications used by GSI, TIFPA/UniTn follows a full Monte Carlo approach to have maximum accuracy already at the stage of optimization but at the cost of increased calculation time. The Monte Carlo approach could be of special interest for complex setups, e.g., with multiple collimators and air gaps, where a simple 1D approximation might not be accurate enough.
2.6 Monte Carlo simulations to obtain LETD profiles
The most common descriptor of radiation quality is the dose averaged LET (LETD) in water [33]. Since this quantity is not straightforward to measure, a common method is to calculate it via radiation transport calculations, typically using a Monte Carlo code. Monte Carlo simulations to calculate profiles of LETD in water for the different setups were carried out using the FLUKA Monte Carlo code (version 2021 2.9) [24,25] and the TOPAS toolkit which is based on Geant4 [32].
In FLUKA, the modulator geometries were implemented in the simulations with a dedicated sub-routine [26]. LET spectra in water taking into account all primary and secondary charged particles were scored with the USRYIELD card. From these spectra, the dose averaged LET was calculated offline by averaging.
In TOPAS, the modulator geometry was implemented in the simulation by means of a custom TOPAS extension. The dose-average LET taking into account primary and secondary protons was retrieved with the standard TOPAS LET scorer, by setting the LET computation to look up the electronic stopping power of water for the pre-step proton energy.
3 RESULTS AND DISCUSSION
3.1 Dosimetric characterization
The different modulators designed and produced within this work were characterized in detail experimentally and by means of Monte Carlo simulations.
3.1.1 Depth dose profiles
Figure 6 shows measured laterally integrated depth dose profiles (Figures 6A,B) measured with the IBA Giraffe detector as well as central depth dose profiles measured with a PTW PinPoint 3D ionization chamber (radius of sensitive volume: 1.45 mm) in a water phantom (Figures 6C,D) for SETUP A. The measurements were performed for the pristine 225 MeV proton beam and two types of range modulators optimized to produce an SOBP with 3 cm modulation width (SETUP A). One modulator was optimized in the conventional way using the laterally integrated dose profile of the pristine beam (blue curve in Figures 6A,B) as input for the optimization of the modulator geometry, while the other one was optimized using the central depth dose profile (blue curve in Figures 6C,D), see Figure 4. The conventionally optimized modulator was added to the present study in order to verify the expectation that the SOBP is not flat when irradiated with a static pencil beam (shown in Figure 2) while the modulator optimized on the central dose profile is the one intended for the actual experimental setup.
[image: Figure 6]FIGURE 6 | Measured laterally integrated panel (A) and (B) and central depth dose profiles panel (C) and (D) for 225 MeV protons for two range modulators optimized for SETUP A (one for laterally integrated and the other one for the central dose profile). Panel (A) and (C) show data for a modulator that was optimized for the laterally integrated depth dose profile of the pristine beam while the modulator for panel (B) and (D) was optimized using the central depth dose profile.
The obtained depth dose profiles are in line with the general picture shown in Figure 2 which was obtained by FLUKA simulations. As visible in Figures 6A,C, the optimization on the laterally integrated depth dose profile of the pristine beam creates a flat SOBP in the laterally integrated profile but introduces a tilted SOBP in the central depth dose profile which would be relevant for the irradiation of samples with a static pencil beam. By using the central depth dose profile of the pristine beam for optimization (Figures 6B,D), the central depth dose profile gets a flat SOBP which is sufficient to irradiate samples while the laterally integrated profile gets a positive slope towards the distal end. Therefore, such a range modulator can be considered as a specialized solution for SOBP irradiations with static pencil beams.
Figure 7 shows central depth dose profiles for SETUP B measured behind the collimator (see Figure 3B). A PTW microdiamond detector was used to measure lateral profiles at different PMMA depths and the dose maxima in these lateral profiles give the central depth dose profile. These measurements were performed for the pristine 225 MeV proton beam and for two range modulators optimized and produced independently at two different institutes (GSI and TIFPA/UniTn).
[image: Figure 7]FIGURE 7 | Measured central depth dose profiles for 225 MeV protons for two range modulators optimized for SETUP (B). The pristine Bragg peak (blue curve) was used for optimization of the modulators. One modulator (red curve) was optimized and produced at GSI in Darmstadt, Germany and the other one (green curve) at TIFPA/UniTn in Trento, Italy. A brass collimator with 5 mm hole was placed at 24 cm water equivalent depth. Behind the collimator, the depth dose profiles were measured with a PTW microdiamond detector in PMMA plates. The PMMA depths were re-scaled to water equivalent depths.
In the central depth dose profile for the pristine beam (Figure 7, blue curve) one can observe that the Bragg peak almost disappears due to the presence of the collimator at 24 cm water equivalent depth. However, a flat depth dose distribution right before the end of the range that is comparable with a classical SOBP can be produced even for this sharply collimated configuration (red and green curves in Figure 7) while the two modulators that were optimized and produced independently at GSI and TIFPA/UniTn produce comparable depth dose profiles.
3.1.2 Lateral dose profiles
A general difference between SETUP A and SETUP B are the produced lateral dose profiles. While SETUP A is designed to deliver a homogeneous dose to a small sample, SETUP B is supposed to produce a sharply confined radiation field to irradiate partial volumes in small animals and spare surrounding organs and tissues. Comparable experiments to SETUP B with conventional dose rates have been established at UPTD [16,34] where a 90 MeV proton beam is degraded in plastic absorbers, collimated to a size of a few millimeters and stopped in the center of a mouse brain.
Figure 8 compares the lateral dose distributions of the two setups (SETUP A and SETUP B) at the SOBP center depth (29.5 cm water equivalent depth). The lateral dose profiles were measured with the PTW microdiamond detector behind PMMA slabs as described above. The noise on the profiles is due to the low beam currents used for the lateral scans.
[image: Figure 8]FIGURE 8 | Measured lateral dose profiles at the SOBP center for the SETUP A panel (A) and SETUP B (panel (B)). The dose profiles were measured with a PTW microdiamond detector in a PMMA plate scanned along the lateral direction with a linear axis drive. The water equivalent depth was 29.5 cm for both measurements. The dashed lines in panel (A) indicate the useable field size (dose inhomogeneity [image: image]) and in panel (B) the 50% dose level.
The lateral dose profile for SETUP A (Figure 8A) shows that samples with sizes of 8–9 mm can be irradiated with a relatively homogeneous dose (±5%), as marked by the red line. This is a sufficient field size for, e.g., 0.5 mL Eppendorf tubes (inner tube diameter of 6.5 mm). If a larger field size is required the sample can be positioned at a larger distance, however, at the cost of a lower dose rate. In contrast to this broad field, the lateral dose profile of SETUP B (Figure 8B) is sharply collimated. The dose drops down to 50% of the maximum value at a lateral distance from the center of [image: image]. At distances larger than 5 mm, the dose contributions fall below 10%. Such a small irradiation field can be used for precise irradiation of partial volumes in small animals. For an even sharper lateral dose fall-off, a second collimator that further trims the penumbra can be added right before the animal.
3.2 LETD profiles
Monte Carlo simulations using the FLUKA and TOPAS Monte Carlo codes were performed to study LETD profiles. Figure 9 shows calculated LETD profiles together with the measured central depth dose profiles for the two irradiation setups (SETUP A and SETUP B).
[image: Figure 9]FIGURE 9 | Measured central depth dose profiles for 225 MeV protons for range modulators optimized for SETUP A (panel (A)) and SETUP B (panel (B) and (C)) together with Monte Carlo calculated LETD profiles in water. Panel (B) shows the results for the modulator for SETUP B optimized and manufactured at GSI, Darmstadt and panel (C) shows the modulator optimized and manufactured at TIFPA/UniTn, Trento. The LETD profiles in panel (A) and (B) were calculated using the FLUKA Monte Carlo code while for the LETD profile in panel (C) was obtained from TOPAS/Geant4 simulations. For SETUP A, the depth dose profile was measured in water while for SETUP B they were measured in PMMA plates and converted to water equivalent depth.
The LETD profiles have a shape that is typical for proton SOBPs. At the entrance channel moderate LETD values below 1 keV/μm can be observed while it gets elevated to [image: image] in the SOBP region for both setups. Towards the end of the SOBP, the LETD rises even further and reaches values up to 9 keV/μm at the distal edge. For proton beams the region with maximum LET always lies at the distal fall-off behind the Bragg peak. The LETD profiles calculated for the different modulators optimized for SETUP B (Figures 9B,C) show the same trend but the absolute LETD values differ slightly in some regions. It is well known that LETD profiles predicted by different Monte Carlo codes (FLUKA in Figure 9B, TOPAS/Geant4 in Figure 9C can show such variations due to differences in the scoring methods [35,36]. Taking this into account, one can state that the two experimental setups imitate the radiation quality in the SOBP as it would occur in proton therapy treatments in a realistic way, both qualitatively and quantitatively [36,37].
3.3 Maximum dose rates
Since the experimental setups described in this work are intended for FLASH irradiations, the maximum dose rates that can be reached in the SOBP region are also important to consider. From the transmission data in Figure 1, the maximum available beam current at the fixed beamline in the experimental room of UPTD for 225 MeV protons can be calculated as 223 nA (44.6% of 500 nA cyclotron current), corresponding to 1.39 × 1012 protons per second.
The maximum dose rates that were reached in dosimetric tests, where the dose was measured in an irradiation pulse of 100 m using a PinPoint 3D ionization chamber positioned on the central axis at the central depth of the SOBP (where the relative dose profiles in Figures 6, 7, 8, and 9 are normalized to), were 610 Gy/s for SETUP A and 405 Gy/s for SETUP B. The about 30% lower dose rate in SETUP B compared to SETUP A is due to the additional collimation which cuts out protons coming at large angles. These dose rates are clearly high enough for FLASH experiments and with both setups even large doses up to 100 Gy can be applied with irradiation times far below 500 m, allowing studies of the FLASH effect at highest doses (as investigated previously with electrons [38]). The applied dose can be adjusted by the pulse length which at the fixed beamline at UPTD can be set with millisecond accuracy.Low dose rates in the order of 10 Gy/min could be reached as well by simply reducing the beam current. When changing the beam current, no change of the beam properties (e.g., position or spot size) was detected. Therefore, reference irradiations are possible without any changes to the setups.
4 SUMMARY AND CONCLUSION
Range modulators for SOBP irradiations at the static proton beamline in the experimental room of UPTD using a 225 MeV proton beam were designed, produced and tested experimentally. A new concept for the optimization of range modulators for static pencil beams and in presence of collimators, based on the central depth dose profiles as input into the optimization process, was introduced and shown to work well. The depth and lateral dose profiles were characterized in detail by measurements using a PinPoint chamber and a microdiamond detector. Two modulators, independently optimized and produced at two different institutes (GSI, Darmstadt, Germany and TIFPA/UniTn, Trento, Italy) were compared and found equivalent in terms of SOBP flatness and field characteristics.
Dose rates in the center of the SOBPs up to 610 Gy/s and 405 Gy/s were reached for the two new experimental setups, which is higher than what was possible with the previously used irradiation setup at the entrance channel of a pristine 225 MeV proton beam.
In addition to the dosimetric characterization, LETD profiles were obtained by means of Monte Carlo simulations and found to compare well with typical clinical proton SOBPs.
The newly produced range modulators will allow future proton FLASH experiments in the SOBP at UPTD with two different experimental setups.
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The treatment of deep-seated tumours with electrons of very high energies (VHEE, 70–150 MeV) has already been explored in the past, suggesting that a dosimetric coverage comparable with state-of-the-art proton (PT) or photon radiotherapy (RT) could be achieved with a large ([image: image] 10) number of fields and high electron energy. The technical and economical challenges posed by the deployment of such beams in treatment centres, together with the expected small therapeutic gain, prevented the development of such technique. This scenario could radically change in the light of recent developments that occurred in the compact, high-gradient, electron acceleration technology and, additionally, of the experimental evidence of the sparing of organs at risk achieved in ultra-high dose rate irradiation, also referred to as FLASH. Electrons with the energy required to treat intracranial lesions could be provided, at dose rates compatible with what is needed to trigger the FLASH effect, by accelerators that are a few metres long, and the organ sparing could be exploited to significantly simplify the irradiation geometry, decreasing the number of fields needed to treat a patient. In this paper, the case of two patients affected by a chordoma and a meningioma, respectively, treated with protons in Trento (IT) is presented. The proton plans have been compared with VHEE plans and X-ray intensity-modulated radiotherapy (IMRT) plans. The VHEE plans were first evaluated in terms of physical dose distribution and then assuming that the FLASH regimen can be achieved. VHEE beams demonstrated their potential in obtaining plans that have comparable tumour coverage and organs at risk sparing when benchmarked against current state-of-the-art IMRT and PT. These results were obtained with a number of explored fields that was in the range between 3 and 7, consistent with what is routinely performed in IMRT and PT conventional irradiations. The FLASH regimen, in all cases, showed its potential in reducing damage to the organs placed nearby the target volume, allowing, particularly in the chordoma case where the irradiation geometry is more challenging, a better tumour coverage with respect to the conventional treatments.
Keywords: external beam radiotherapy, intracranial lesions, FLASH effect, very high-energy electrons, deep-seated tumours
1 INTRODUCTION
In the framework of constant research and effort to improve the therapeutic efficacy of deep-seated tumour treatments with external beam radiotherapy (EBRT), different radiation types have been explored in the past. However, the vast majority of treatments are delivered using X-ray radiotherapy, and a smaller fraction of patients is treated with particle therapy (PT) delivered with either protons or heavier ions.
The experience gained so far allowed both IMRT and PT to obtain remarkable results, providing a high level of dose conformity to the target volume. As the therapeutic window of IMRT also depends on normal tissue complication probability, a continuous effort is devoted to improve the sparing of the organs at risk (OARs). In this respect, IMRT and PT treatments have different characteristics and have to be carefully optimised in different ways, providing optimal solutions to different disease sites on the specific position and accessibility of the target volume. As electrons are light-charged particles, their unique features of interaction with matter could be additionally exploited to provide treatments capable of overcoming limitations of IMRT and PT in specific districts or irradiation modalities.
Electrons with energies in the range of 60–120 MeV (VHEE) can be used to treat deep-seated tumours, as they are capable of reaching the needed depth and exhibiting a wide dose peak, whose position changes according to the beam energy. Their use have already been explored in the past [1–3], and a performance comparable with volumetric modulated arc therapy (VMAT) and proton irradiations was demonstrated, at the cost of using a complex irradiation system with many fields (13 or more) or high beam energy (at least 100 MeV) [4, 5]. At the same time, the production of high-energy beams required long accelerating sections that were not easily compatible with existing clinical centres. These conditions contributed, in the past, to make the VHEE solution less cost-effective for a clinical centre with respect to IMRT or other photon-based modalities.
Nowadays, the creation of an accelerating, compact, lower-cost structure for producing high-energy electron fields is possible with the advent of C-band accelerating structures, which is capable of accelerating electrons with the required high charge and fields of up to 50 MeV/m in the hospital setting [6].
In addition, there is increasing evidence from preclinical studies showing that if the dose rate is radically increased (∼40 Gy/s, at least) with respect to conventional treatments (∼0.01 Gy/s), induced radiotoxicity in healthy tissues can be significantly reduced, while maintaining the same cytotoxic effects on cancer cells. Such effects will be further referred to as the FLASH effect [4, 7–9]. The implementation of FLASH beams in clinical centres [10] still has to overcome significant technical challenges. Although FLASH intensities have already been achieved for proton and electron beams (e.g., the low-energy electron beams used for intra-operative radiation therapy), mostly in pre-clinical settings, the implementation of FLASH IMRT with photons is still in its early development stage [8, 11].
The recent advancements in electron accelerating technology, together with the experimental exploration of the FLASH effect, have re-fuelled the interest in the planning and delivery of VHEE for therapeutic applications [12].
In this manuscript, following the approach previously described in [13], the potential of VHEE, with a low number of fields and maximal energy of 130 MeV to treat intracranial lesions, has been studied. The results of conventional irradiation have been compared with state-of-the-art IMRT and PT treatments, and, in addition, the FLASH effect potential for the treatment of such pathologies has been explored.
The first study to explore the feasibility of VHEE to treat deep-seated tumours with a limited number of irradiation fields ([13]) was made on a prostate cancer case, performing comparisons with high-quality results that can be attainable with IMRT and PT at conventional dose rates. In this work, a meningioma and a chordoma case were chosen to investigate how VHEE could be exploited to handle challenging treatments, where the planning target volume (PTV) is closely surrounded by several OARs whose sparing is made difficult by the patient’s anatomy and the corresponding dosimetric prescriptions and constraints. In addition, the reason for choosing this region and, in particular, intracranial lesions to assess the FLASH potential is that they are an excellent ground to test the potential of conventional and FLASH irradiation in providing additional sparing to the OARs that are currently limiting the dose prescription to PTV.
The selected cases, dose prescriptions, dosimetric constraints for the OARs, and the treatment plans optimised at the Trento PT Centre (Azienda Provinciale per i Servizi Sanitari, APSS—Trento1) are documented. Details are also provided based on the plans optimised in conventional irradiation modality for both IMRT and VHEE. The field’s characteristic definition and the process of VHEE pencil beam fluence optimisation have also been detailed. The comparison of actual delivered plans (protons) and IMRT and VHEE plans with and without including the FLASH effect is presented in the Results section followed by a discussion on the implications of the findings in the landscape of VHEE treatments delivered in both conventional and FLASH modalities.
2 METHODS
Two patients who underwent PT in Trento (at the APSS centre) to treat a chordoma (hereinafter, patient C1) and a meningioma (M1) were chosen for this study. The patients were treated with protons using a conventional dose rate (∼Gy/min), and the prescriptions are currently in use at the Trento therapy centre. The target volumes were identified, and the constraints on PTV coverage, OAR sparing, and details on the irradiation approach were defined. More information about the two PT plans, containing the prescriptions expressed in terms of the biological dose and hence in Gy (RBE) or absorbed dose multiplied by the relative biological effectiveness (RBE), is reported as follows:
• Patient M1: Three fields were used, with a prescription to the PTV of 54 Gy(RBE) in 27 fractions. The dosimetric constraints are listed in Table 1.
• Patient C1: Four fields were used. The treatment was delivered with a simultaneously integrated boost (SIB) technique for a total dose of 60 Gy(RBE) to the boost PTV and 54 Gy(RBE) to the PTV in 30 fractions. A sequential boost of 6 Gy (RBE) in three fractions was then delivered to the boost PTV increasing its final dose to 66 Gy(RBE). The dosimetric constraints are listed in Table 2.
TABLE 1 | Planning prescriptions for patient M1. Dmax and Dmean are the maximum and average dose absorbed in the volume of interest, respectively. VXX is the fractional volume of a given OAR (or PTV) receiving a minimum dose of (XX Gy). V95% > 95% requirement means that 95% of the volume should receive more than 95% of the prescribed dose. D1 ≤ YY Gy requirement means that the minimum dose in the hottest 1% of the volume should not exceed YY Gy. Total volume (in cc) of the PTV and OARs is listed in the last column.
[image: Table 1]TABLE 2 | Planning prescriptions for patient C1. Dmax, Dmean, VXX, and D1 definitions and uses are same as those explained in the caption of Table 1.
[image: Table 2]Both treatment plans had to fulfil the planning goals reported in the corresponding table (1 or 2 for M1 and C1, respectively) for the most relevant OARs identified for each treatment.
The clinical proton plans delivered to the patients were sent to the Medical Physics Unit of Policlinico Umberto I in Rome to carry out the IMRT treatment planning, together with the dose prescriptions, the details about the OARs constraints, and the computed tomography (CT) imaging data. The same information was also used to plan VHEE treatments.
The IMRT plans were optimised assuming a static field delivered on a 6 MV-Elekta Versa HD linear accelerator (Elekta [14]). Plans were optimised using the Pinnacle [15] software suite (RTP system version 16, https://pinnacle-software.com/), according to the prescribed dose and constraints provided by the Trento APSS particle therapy centre. Both plans comprised seven fields and matched the requirements set in Table 1 and Table 2.
2.1 VHEE plans
While the IMRT and PT plans can be optimised by means of commercial software used in clinical practice, no medically certified software suite is currently available for the planning of VHEE. In addition, VHEE planning lacks a therapeutic protocol that would be helpful in choosing irradiation geometry. For this reason, plan optimisation software based on the inverse planning approach that uses the absorbed dose relative to pencil beams as an input had to be developed from scratch. The details about the implemented software and the optimisation strategy are discussed in a previous study [13].
When producing the absorbed dose maps needed for the planning procedure, the details of the beam characteristics and the beam acceleration and delivery technology play a crucial role. The specific details (e.g., percentage depth dose distributions and penumbra) of the electron beams considered for the treatment of deep-seated tumours can be found in [16]. There are currently several attempts made at providing the technology needed to provide VHEE, with the required intensity in the treatment room of a therapy centre. First of all, there are radio frequency (RF)-based approaches, like the ones pursued in the Phaser collaboration [5] or the ones exploiting the C-band acceleration technology [6]. A different approach foresees the use of the laser-driven acceleration principle, and it is currently investigated both at the CLEAR facility at CERN [17] and at the Intense Laser Irradiation Laboratory at CNR-INO [18] in Pisa, Italy. In this study, the compact C-band solution detailed in [6], which is suitable to be implemented with a low number of fields and capable of being delivered with an “active scanning”-like approach, was considered and implemented due to its advanced technological readiness level when compared with the laser-plasma-based solutions.
Using the information from the patient planning CT, the entry points, size, and aperture of the electron pencil beams used to irradiate the PTV were defined following an approach similar to active scanning implemented in proton beam delivery. A plane perpendicular to the line joining the electron beam emission point with the PTV centre was used to project the PTV and define the area that has to be covered by the single pencil beam in each field. The overall field geometrical information was inherited from the RT and PT plans used for comparison. For the definition of the number and irradiation geometry of each VHEE pencil beam inside a given field, the only additional input needed was the beam angular divergence. A compact C-band technology was assumed, as in [13], capable of delivering such beams, and hence, an angular aperture of ∼ (O mrad) with a negligible energy spread [6] was used when setting up the beam model for MC simulations.
The FWHM of each pencil beam was set to 1 cm, a reasonable value for electrons of such energy whose target is a deep-seated tumour and hence experience a significant broadening due to multiple scattering interactions. All these parameters are specific of the beam acceleration technique that has been assumed for the delivery of VHEE beams [6] and will have to be updated when exploring other solutions (e.g., VHEE from laser-plasma acceleration).
Once the size and spacing of each pencil beam were defined, their number was computed. Then, using a single pencil beam aiming at the centre of the PTV, the energy needed to place the absorbed dose peak at the centre of the PTV was computed. Two beam configurations were defined for each patient: three or seven fields for M1 and four or seven fields for C1, using the beam directions chosen for IMRT and PT plans. The energies needed to irradiate the two targets are shown in Table 3. In all cases, the energy was less than 150 MeV.
TABLE 3 | Field electron energies used to perform treatment simulation for the M1 and C1 patients under study. Energies up to 130 MeV were necessary in order to match the electron absorbed dose peak centre with the PTV region.
[image: Table 3]Such evaluations were conducted by means of an accurate FLUKA [19, 20] Monte Carlo (MC) simulation that used, as input, the patient’s CT scan. The simulation that allowed us to evaluate the field energy was also used to build the absorbed dose map for each pencil beam of each field and eventually compute the dose maps used as inputs for the pencil beam fluence optimization algorithm.
To reduce the impact of statistical fluctuations on the absorbed dose distribution, each pencil beam simulation was performed using 106 events. The robustness of the results was verified by changing the random seeds used for the simulation and obtaining absorbed dose maps that showed negligible discrepancies on the whole CT volume.
The absorbed dose maps, normalised to the number of primaries used in the simulation, for the plans with three and seven fields for patient M1 are shown in Figure 1. No treatment optimisation was performed in this case, i.e., the figures show the absorbed dose for pencil beams that contain 106 electrons each which are the inputs for the optimisation step.
[image: Figure 1]FIGURE 1 | Absorbed dose distribution of M1, normalised to the number of primaries, used as an input for the optimisation process. Figures on the left show the configuration using three fields (proton-like), while the figures on the right show the configurations with seven fields (IMRT-like). All pencil beams have 106 electrons.
2.2 Treatment optimisation
Once the absorbed dose maps have been obtained performing MC simulations for each PB in the treatment plan, the fluence of each PB was optimised to ensure the required PTV coverage and OAR sparing. The implemented algorithms are similar to the previous prostate cancer study ([13]) and are similar to those used in the active scanning TPS used for PT [21]. A cost function with two terms was used: the first term constrains the absorbed dose in the PTV to the target value, while the other term is activated whenever a threshold in the OAR voxels is surpassed. Considering the different priorities when minimising the cost function, a weighing strategy was adopted when including the PTV, OARs, and normal tissue voxels, consistent with what has been carried out in standard software tools used for TPS planning (e.g., Pinnacle). The output of the optimisation process is the absorbed dose map used to compute dose volume histograms (DVHs) and compare with the standard RT and PT treatments.
The same fractionation scheme (with 2 Gy fractions) implemented in the delivered PT plans was adopted when optimising the IMRT and VHEE plans delivered in the conventional mode.
2.3 FLASH effect modelling
The first aim of our study is to compare absorbed dose distributions from IMRT and PT treatments with VHEE optimised plans, showing the potential of high-energy electrons for treatment planning without any potential gain from the ultra-high dose rate irradiation. Then, the possible impact of the FLASH effect in increasing the treatment efficacy [22, 23] was also studied. Particularly, the study focused on how the reduced damage in the OARs can be exploited to increase the prescription dose of the PTV, allowing for better tumour control. Therefore, the treatment delivery was assumed to satisfy the requirements of the dose rate (DR) that were needed to trigger the FLASH effect in OAR sparing (DR larger than 40 Gy/s).
To quantify the decrease in radiation-induced toxicity in normal tissues due to the FLASH approach, when comparing to conventional radiotherapy, the FLASH modifying factor (FMF) dependent on the absorbed dose in each voxel was implemented according to [24]. The FMF has been defined as proposed in [24]:
[image: image]
and the dependence on the absorbed dose (D) was implemented, according to [24], as follows:
[image: image]
while it was taken to be equal to 1 for D ≤ DT.
The parameters DT and FMFm that quantify the aforementioned threshold must be carefully selected to determine which significant contributions from the FLASH effect are expected and what is the asymptotic or maximal gain for the sparing of the OARs under study. In this manuscript, the absorbed dose to be used in FMF modelling was assumed to be the total absorbed dose associated with the treatment, whereas the DT value was fixed to 20 Gy. Such value amounts to nearly one-third of the whole treatment and has been chosen to signify that under real clinical conditions to trigger the FLASH effect, a sizeable dose needs to be absorbed by normal tissues in order to result in an appreciable sparing.
The actual values of DT and FMFm that are used in a real case scenario are strongly dependent on the outcome of the ongoing experimental campaign that aims at defining the FLASH conditions in terms of the absorbed dose, dose rate, and fractionation schemes [10]. Therefore, FMFm equal to 0.8 was chosen, a value that can be optimistically used at this moment to describe what can be expected as OAR sparing for internal organs during FLASH irradiations. Tissue-dependent values were not implemented, and the same FMF value (computed accordingly to Eq. 1) was used for all the voxels that did not belong to the PTV and are either described as OARs or normal tissue (NoT).
The evaluation of the FLASH effect potential was performed after treatment optimisation. Once the final dose maps were available, the dose in each voxel was rescaled by the FMF from Eq. 1, and then the DVH calculation and evaluation of plan adequacy were re-assessed.
3 RESULTS
The absorbed dose maps for the three techniques (IMRT, PT, and VHEE) were used to compute the DVHs and quantitatively compare the treatment plans. The DVH comparisons are shown in Figure 2 (IMRT vs. VHEE) and Figure 3 (PT vs. VHEE) for M1 and in Figure 4 (IMRT vs. VHEE) and Figure 5 (PT vs. VHEE) for C1.
[image: Figure 2]FIGURE 2 | Plan comparison between IMRT and VHEE for patient M1. DVHs for the PTV and OARs from the IMRT plan are reported on the left, whereas the VHEE results obtained assuming an irradiation with seven fields are shown on the right. The absorbed dose relative to the unspecified normal tissue (NoT in the legend) is also shown.
For plan comparisons, VHEE plan optimisation was performed assuming the same field number and geometry (same gantry angle) as those adopted with the other radiotherapeutic techniques (see also Section 2.1).
The optimised dose maps for all the patients and radiation types are shown in Supplementary Appendix Figures S8, S9 which show the results, respectively, for M1 and C1 using IMRT, PT, and the different VHEE field geometries. The isodose curves are shown in Supplementary Appendix Figures S11, S12.
Figure 2 demonstrates that IMRT and VHEE plans have a comparable quality: while IMRT provides a better PTV coverage, the VHEE irradiation is better at sparing the cochlea. In addition, Figure 3 shows that the VHEE configuration with three fields provides a better PTV coverage than the configurations with seven fields, matching the performance of the PT plan. A quantitative analysis supporting these statements is shown in Table 4, where the values of interest for evaluating the plan goodness are shown for all the M1 treatment plans.
[image: Figure 3]FIGURE 3 | Plan comparison between PT and VHEE for patient M1. DVHs for the PTV and OARs from the PT plan are reported on the left, whereas the VHEE results obtained assuming an irradiation with three fields are shown on the right. The absorbed dose relative to the unspecified normal tissue (NoT in the legend) is also shown.
TABLE 4 | Values of VXX and D1 for the PTV and different OARs relevant to the planning of patient M1. Different columns show the values obtained from the proton, IMRT, VHEE with three fields, and VHEE with seven field . The result obtained for the carotid arteries is given in terms of V105. All the obtained values satisfy the requirements shown in Table 1.
[image: Table 4]C1 is a more complex case where OAR sparing limits the PTV coverage for all plans. For this reason, priority was given to limit the absorbed dose to the brainstem and spinal cord even if this meant not reaching the desired PTV coverage. For this patient, the DVH analysis of the VHEE configurations with four and seven fields, as shown in Figure 4 and Figure 5, indicates that increasing the number of fields can help in improving the target coverage: the PTV boost coverage shown in the first row in terms of V95% increases from 85.5% to 90.6%.
[image: Figure 4]FIGURE 4 | Plan comparison between IMRT and VHEE for patient C1. DVHs for the PTV and OARs from the IMRT plan are reported on the left, whereas the VHEE results obtained assuming an irradiation with seven fields are shown on the right. The absorbed dose relative to the unspecified normal tissue (NoT in the legend) is also shown.
[image: Figure 5]FIGURE 5 | Plan comparison between PT and VHEE for patient C1. DVHs for the PTV and OARs from the PT plan are reported on the left, whereas the VHEE results obtained assuming an irradiation with four fields are shown on the right. The absorbed dose relative to the unspecified normal tissue (NoT in the legend) is also shown.
The values of VXX, Dmean, and D1 that are used to evaluate the C1 plan are shown in Table 5. Although VHEEs achieve a lower coverage of the PTV, they also result in a better sparing of the spinal cord. The comparison between the irradiation with four and seven fields clearly shows that different geometries can be explored to provide a better sparing of given OARs, and as an example, it is possible to observe that the ear canals, the cochlea, and the parotid glands receive a significantly different mean dose in the two cases.In summary it is possible to conclude that all plans obtained with PT, IMRT, and VHEE, both for M1 and C1, satisfy the constraints and are compatible with the clinical prescriptions.
TABLE 5 | Values of VXX, Dmean, and D1 for the PTV and different OARs relevant for the planning of patient C1. Different columns show the values obtained from the proton, IMRT, VHEE with four fields, and VHEE with seven fields plans. All the obtained values satisfy the requirements shown in Table 2.
[image: Table 5]3.1 FLASH effect impact
The optimised plans have also been used to evaluate the potential of FLASH irradiation. Thus, the absorbed dose maps for each plan have been processed, and the absorbed dose in each voxel not belonging to the PTV has been multiplied by the FMF(D) value computed according to Eq. 1. In this way, the sparing of the OARs due to the FLASH effect was accounted for and DVHs were re-evaluated. The impact of the FLASH effect on sparing the OARs, according to the assumptions made here previoulsy, can be observed in DVHs shown in Figure 6 and Figure 7.
[image: Figure 6]FIGURE 6 | Plan comparison between IMRT and VHEE for patient C1. The biological dose relative to an FMFm of 0.8 is shown in dashed lines. DVHs for the PTV, OARs, and NoT from the IMRT plan are reported on the left, whereas the VHEE results obtained assuming an irradiation with seven fields (see Table 3) are shown on the right.
[image: Figure 7]FIGURE 7 | Plan comparison between PT and VHEE for patient C1. The biological dose relative to an FMFm of 0.8 is shown in dashed lines. DVHs for the PTV, OARs, and NoT from the PT plan are reported on the left, whereas the VHEE results obtained assuming an irradiation with four fields (see Table 3) are shown on the right.
Table 6 shows the results obtained for patient M1. In this case, as the PTV coverage is already satisfactory without invoking the FLASH effect, the latter would produce an additional reduction of the dose absorbed by OARs and therefore resulting in additional OAR sparing. When compared to Table 4, it is possible to observe the significant reduction in D1, from 55 to 47 Gy(RBE), for the OARs that are located close to the PTV. DVHs are computed by taking into account FLASH sparing, as shown in the Appendix, in Supplementary Appendix Figure S10.
TABLE 6 | Values of VXX, Dmean, and D1 obtained after considering the reduced biological dose due to FMF(D) sparing of patient M1. V105% relative to the carotid arteries becomes negligible and it is not shown.
[image: Table 6]For C1, where the PTV coverage is limited by the dose constraints on the OARs, a different approach was followed: the D1 values were computed once the FLASH effect was applied, and then the overall dose was rescaled until the limit on OAR sparing (54 Gy) was reached. Under that condition, the PTV coverage was assessed to determine the net increase that could be achieved by exploiting the FLASH effect. The results are shown in Figure 6 and Figure 7, respectively, for IMRT compared with VHEE using seven irradiation fields and PT compared with VHEE using four irradiation fields.
The results obtained for patient C1 are shown in Table 7, demonstrating that the additional OAR sparing provided by the FLASH effect could be exploited to increase the PTV coverage when treating such lesions. Profiting from the reduced absorbed dose, it was possible to reach a PTV coverage with V95% larger than 95% while satisfying the dose limits on the brainstem. The irradiation using seven fields, in this case, provides a PTV coverage comparable with the irradiation achievable with four fields but, in addition, allows for better sparing of the spinal cord.
TABLE 7 | Values of VXX, Dmean, and D1 obtained after considering the reduced biological dose due to FMF(D) sparing of patient C1, and an overall absorbed dose scaling is applied to increase the PTV coverage while maintaining the dose inside the OARs under an affordable limit.
[image: Table 7]4 DISCUSSION
The potential of VHEE irradiations of intracranial lesions using a small number (between three and seven) of mono-energetic fields and assuming an active-scanning-like beam delivery strategy has been explored.
VHEE with maximum energy of 130 MeV were found to be suitable for the treatment of deep-seated tumours in disease sites with difficult irradiation geometries, allowing a limited number of fields to achieve performances comparable with PT and IMRT. This result, obtained under the assumption of a conventional dose rate, is promising in itself, as it suggests that compact electron accelerators could provide appropriate treatment quality at an affordable cost and with minimal impact on the infrastructures [25], thus providing a valid alternative to PT and IMRT treatments.
The VHEE plans obtained with different irradiation geometries demonstrated that there is a significant room for improvement when trying to optimise not only the beam fluence to cover the target volume but also the field geometry and its energy. The lack of experience in planning treatments with electrons makes it hard to assess if the best possible configurations are the configurations already tested in this manuscript, without an automated tool that can systematically explore the different number of fields, irradiation directions, and beam energies like what is currently performed for photons and protons. The full potential of VHEE will be reassessed once such tool will finally be available.
The beam scanning method used for VHEE treatments allowed us to reach the desired absorbed dose conformity to the PTV while maintaining each field mono-energetic. This condition plays a crucial role when discussing the suitability of VHEE to be used for FLASH therapy irradiations; since there is no need to change the energy within a field, each field can be delivered in a very short time (no more than a few hundred ms), making it easier to achieve an Ultra-High Dose Rate (UHDR) regime. The technological challenge of delivering more than one field in a very short period of time required to ensure FLASH sparing of the OARs is to be addressed yet, but one thing that VHEE plans have in common with proton plans is especially the number of fields that have to be delivered is, in some cases, identical (e.g., the case of M1).
The potential impact of FLASH in terms of OAR sparing has been explored as well, under reasonable assumptions that a maximum sparing effect between 20% and 35% could be achieved, whenever the total absorbed dose in each voxel exceeded the 20 Gy threshold. Meanwhile, although the values of FMFm and DT still need an extensive experimental characterisation and have been assumed to be constant against different types of tissues and independent of the dose rate, the results show that the additional sparing obtained from UHDR would be helpful in improving OAR sparing (e.g., in the case of M1) or allowing for dose escalation that could be used to improve the PTV coverage (as in the case of C1). In both cases, the FLASH effect could be exploited to improve the treatment efficacy, broadening the therapeutic window of the treatment. Both pancreatic cancer and lung cancer seem to be particularly interesting in this respect: hypo-fractionation regimes have already been explored for such treatments, thus representing good candidates to account for the dose and dose rate dependencies of the FMF in a realistic clinical scenario.
The rather basic handling of FLASH effect modelling implemented in this study follows the limited experimental knowledge of the conditions needed to trigger OAR sparing. In this work, no dependence of the FMF on the tissue type or the dose rate was considered. The comparison of the results obtained with FMF equal to 1 (no FLASH effect) and implementing an FMF that has a dose-dependence based on real data with an asymptotic value of 0.8 allow for evaluating the FLASH potential under a robust, well-defined condition that reflects the current best experimental description of the effect. As no fractionation scheme compatible with UHDR irradiations is currently available, for the irradiation of intracranial lesions, we have also decided to maintain the plan constraints coming from the conventional fractionation scheme (2 Gy per fraction). The results presented are not aiming at evaluating which plan, among RT, PT, and VHEE, is the best for the treatment of the specific intracranial lesions used for the simulation study. Instead the main purpose of the presented study is to allow a robust and fair evaluation of the VHEE potential both in conventional and UHDR irradiation modalities.
A refined experimental input, and a better modelling of the FMF, when available, will be used to improve the evaluations presented in this contribution, allowing for a better estimate of the FLASH therapy advantages achievable in a clinical scenario.
5 CONCLUSION
The treatment of intracranial lesions with VHEE has been explored. VHEEs were compared against IMRT and PT plans for two patients previously treated with protons, and the results demonstrated that VHEE can achieve performances that are comparable with the state-of-the-art irradiation techniques even in the absence of additional sparing provided by the FLASH effect.
Considering that the VHEE mono-energetic beam interaction with the patient’s tissue results in an absorbed dose distribution that exhibits a very broad peak, and that FLASH rates have already been demonstrated to be deliverable for low-energy electron applications (IOeRT [26, 27]), it was also possible to explore the additional increase that could be achieved when switching to a UHDR configuration. The results demonstrate that under reasonable assumptions on the conditions needed to trigger the FLASH effect, and on its actual value, the FLASH effect could effectively be used to reduce the impact on the OARs surrounding the PTV or to improve the PTV coverage, depending on the actual characteristics of the target volume and the constraints on the OARs crossed by the beam. In all cases and for all particle types, the FLASH effect showed a clear potential in significantly improving the therapeutic window of EBRT treatments.
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Background: The mechanism responsible for the FLASH effect remains undetermined yet critical to the clinical translation of FLASH radiotherapy. The potential role of intertrack interactions in the FLASH effect, arising from the high spatio-temporal concentrations of particle tracks at UHDRs, has been widely discussed but its influence is unknown.
Methods: We construct an analytical model of the distribution, diffusive evolution, and chemical interaction of particle tracks in an irradiated target. We fit parameters of the model to Monte Carlo (MC) simulations of electron tracks, and include the effects of scavenging capacities of different target media. We compare the model’s predictions to MC simulations of many interacting electron tracks, and use the comparison to predict the prevalence of intertrack interactions in the parameter space where the FLASH effect is observed in vivo, and where differential reactive species (RS) yields have been observed in aqua.
Results: MC simulations of interacting electron tracks demonstrate negligible changes in RS yields at 12 Gy both in oxygenated water and in cellular scavenging conditions, but significant changes at 58 Gy in oxygenated water. The model fits well to the simulation data, and predicts that pulse doses [image: image] delivered in 0.5 μs would be necessary for intertrack interactions to affect RS yields in cellular scavenging conditions, and [image: image] in 0.5 μs for water at 4% O2. The model defines optimal beam parameters (e.g., dose, pulse width, LET) to maximize intertrack interactions, and indicates that decreasing the pulse width of electron pulses further below ≈0.5 μs has no effect on intertrack interactions.
Conclusion: The results of the MC simulations indicate that intertrack interactions do not play a role in the parameters space where the FLASH effect is observed. However, potentially critical limitations in the simulations performed provide the possibility that intertrack interactions occur much more readily than predicted. More accurate simulations, as well as experimental characterization of RS yields across the pulse parameter space, are necessary to more confidently confirm or deny the role of intertrack interactions in the FLASH effect.
Keywords: FLASH radiotherapy, ultra-high dose rate, intertrack interaction, normal tissue sparing, oxygen, mechanism, simulation, model
1 INTRODUCTION
The past decade has witnessed a surge in investigations into the effects of high dose rate irradiation on tissue toxicity. Many in vitro and in vivo studies have reported a “FLASH effect”, that is, normal tissue sparing by irradiation at ultra-high dose rates (UHDRs, [image: image]) relative to conventional dose rates (CDRs, ≈0.01 Gy/s) while maintaining equivalent tumor control probability [1–4]. UHDR FLASH radiation therapy holds the potential for substantial improvements to clinical radiotherapy. Understanding the mechanisms underlying the FLASH effect is paramount for establishing the beam parameters needed to reproducibly and optimally elicit the FLASH effect while avoiding potential side effects.
The time scale of FLASH irradiations hints at the source of the FLASH effect. Induction of the FLASH effect has been linked to a decrease in the overall irradiation time to less than 0.5 s. Examining the spatial and temporal separation of particle tracks for a typical electron FLASH delivery1, direct physical interactions of individual tracks, which take place in ps after irradiation and in a few nm around each track, are probably unaffected. Biological responses, although certainly subsequently affected by FLASH irradiation, are also unlikely to be the direct source of the FLASH effect, as they occur at much larger time scales (e.g., after ms for DNA repair [6]). Chemical interactions though, which take place on the ns − ms and μm scales, could be sensitive to this change in beam parameters. This hypothesis is supported by a long history of experiments demonstrating a dose rate dependence of chemical radiolysis yields in water in this parameter space [7]. However, the effect of the cellular chemical environment on these reactions as opposed to a pure water environment must not be neglected [7].
Many potential chemical mechanisms of normal tissue sparing at UHDR have since been proposed, mostly pertaining to the modified reaction kinetics of radiolytic reactive species between CDRs and UHDRs [8–18]. Theoretical models and experimental data have been presented to both support and refute these mechanisms, although no proposed mechanism has been proven valid to date [19, 20].
From a chemical perspective, irradiation of a biological target comprises the spatially and temporally separated arrival of multiple particle tracks, each consisting of a trail of radiolytic reactive species (RS) (Figure 1). The RS of a track diffuse and interact with each other and their immediate environment (e.g., water, dissolved oxygen, cellular antioxidants, cellular macromolecules), resulting in the simultaneous spatial expansion and concentration decay of the track (Figure 2). Traditionally, at CDRs, each track is assumed to evolve independently of other tracks; i.e., the chemical influence of the track on its immediate environment does not affect that of any other tracks as their arrivals are greatly separated by time. However, at UHDRs, the temporal separation of tracks is substantially reduced, and the assumption that individual tracks evolve independently of each other breaks down [12, 22]. In this case, the effect of one track on its immediate environment may indirectly affect the dynamics of a following or neighboring track by, for example, transient local oxygen depletion. Alternatively, the RS of one track may directly interact with the RS of another track (intertrack interaction). In either case, the resulting chemical yields no longer depend solely on the deposited dose, but now also depend on the dose rate.
[image: Figure 1]FIGURE 1 | Reactive species (red points) produced by 10 uniformly-randomly distributed 1 MeV electron tracks at 1 ps after passage of the primary electrons, before any species diffusion processes are simulated. The electrons were set to impinge on a cylindrical simulation volume with length and diameter both at (A) 20 μm and (B) 1 mm. The beam axis is the z-axis. This energy was chosen owing to the high-energy limit of 1 MeV of the electron physics processes in the simulation toolkit used, TOPAS n-Bio [21], but is nonetheless clinically relevant as higher energy electrons would have even straighter tracks. The differences in straightness along each track at these different spatial scales is evident. For reference, the particle fluence depicted in (A) is approximately 2.5 × 105 times lower than the expected particle fluence from 10 Gy in the whole brain irradiation study by Montay-Gruel et al. [5].
[image: Figure 2]FIGURE 2 | A small section of a simulated proton track in a 2 μs side length pure water cube. The energy and LET of the proton within this volume are 1 MeV and 26 keV/μm, respectively. At 10−15s, the individual ionization events of the primary proton (blue, hidden) and its secondary electrons (yellow) are shown. Reactive species (red) created by these ionization events are shown undergoing thermal diffusion at different time points (10−12s - 10−6s). The track is shifted spatially along the x-axis for each time point for better visualization. The beam axis is the z-axis. Simulations were performed with TOPAS n-Bio [21].
Discussion of intertrack effects on high dose rate radiation chemistry [23–25] began long before its more recent discussions in the context of a FLASH mechanism [12, 22, 26–31]. The effect is commonly investigated by Monte Carlo (MC) simulation of varying spatio-temporal distributions of particle tracks and their resulting RS yields [22, 29, 31]. MC simulations suffer from high computational load, often limiting the extent of the analyses to short time scales (≤1 μs), which may neglect relevant interactions of longer-lived RS, and to small spatial scales of only a few adjacent tracks, neglecting the full 3D distribution of tracks and their overlaps. MC simulations are also typically done in a pure water medium, neglecting the chemical scavenging effects of the full cellular environment.
Here, we seek to answer the question of to what extent intertrack interactions occur in the parameter space where the FLASH effect is observed. Our model addresses the shortcomings of the aforementioned approaches by 1) taking an analytical approach, thereby avoiding the computational burden of MC simulations and 2) incorporating the effects of the cellular chemical environment. The spatio-temporal distribution, evolution, and interaction of tracks are presented as a function of beam parameters, and the implications of intertrack interactions on the radiation chemistry of the irradiated target are discussed.
2 METHODS
We began by developing a model that geometrically describes the initial distributions of RS around tracks in an irradiated target, their evolution, and their chemical interactions. We used MC simulations of electron tracks for fitting certain parameters of this model, and we used the completed model to predict the influence of intertrack interactions in an irradiated target as a function of beam parameters (e.g., dose, dose rate, linear energy transfer [LET]) and the scavenging capacity of the target medium. Finally, we compared the model’s predictions to MC simulations of interacting tracks and to experimental data in aqua and in vivo conditions.
2.1 Development of a model of track interaction
2.1.1 Track definition
In this model, particle tracks are assumed to be perfectly straight and homogeneous along the beam axis, and can thus be described in the 2-dimensional plane orthogonal to the beam axis with the position vector [image: image]. We consider a system of N particle tracks distributed across a target. The spatio-temporal distribution of the RS of an arbitrary track at position [image: image] and arrival time ti is defined by a probability density function (PDF) [image: image]. We do not differentiate between different RS and instead describe the net dynamics of all RS of the track together. The track diffuses, interacts with its environment, and potentially interacts with other tracks. Thus, the evolution of a track is governed by a reaction-diffusion equation comprising a radially symmetric diffusion term with diffusion coefficient α, an environmental scavenging term with rate constant ke, and a track-track interaction term with rate constant kr:
[image: image]
Track-track interactions are assumed to have a net reductive effect on the total number of RS, since they mostly comprise primary radical combination into secondary molecules. The track-track interaction term can be decomposed into an intratrack interaction term (where i = j) and an intertrack interaction term (where i ≠ j). Since the model follows track dynamics up till the point at which intertrack interactions become significant, it is assumed that intertrack interactions negligibly affect the evolution dynamics of individual tracks up until that point. Thus, the intertrack interaction term is neglected, and intertrack interaction is quantified separately in Section 2.1.3.
The intratrack interaction term and the environmental scavenging term, both of which contribute to a decline in the number of RS in the track, are combined into one decay term with effective decay constant ks. This is done in order to keep Eq. 1 linear and thus allow for an analytical solution. Thus, the simplified diffusion-decay reaction defining individual tracks in this model is
[image: image]
Setting c0 to be the initial total number of RS in the track, the solution to this partial differential equation (see Supplementary Appendix SA1) yields the PDF of an arbitrary track centered at [image: image] for t > ti, a normal distribution about the arrival point of the track that broadens and decays with time:
[image: image]
Here, we applied a temporal shift parameter τ0, such that the track has a finite width upon its arrival t = ti, which represents the spatial variance along the primary particle’s path.
2.1.2 Track distribution
The beam is assumed to have a constant dose rate over the exposure time T, and thus the PDF of the arrival time ti of the ith track at time t is
[image: image]
The expected total number of tracks on the target over time N(t) can be expressed with the total energy deposited in the target E and the average energy deposited per track Et for a target of density ρ, depth z (measured along the beam axis), and cross-sectional area A.
[image: image]
[image: image]
[image: image]
The LET (L = Et/z) is introduced in the last step and will depend on the radiation quality.
Assuming a spatially homogeneous beam across the target area A, the expected number of tracks within any circular area of radius R can be expressed as a fraction of the total number of tracks on the target:
[image: image]
The PDF of the displacement s between one arbitrary track and any other track within a radius R is given by the ratio between the area element 2πs and the total area πR2:
[image: image]
2.1.3 Track-track interaction
The quantification of track-track interaction is a critical component of this model. A measure is needed that accounts for the spatial variations of different tracks, and reflects a physical quantity relevant to the radiation chemistry at hand. To this end, first the interaction rate ω is first defined, which yields the rate of change of the quantity of species at time t due to the interaction of two tracks assuming second order reactions with reaction rate kr.
[image: image]
[image: image]
Different reaction rates will be specified for intertrack interactions kr,inter and intratrack interaction kr,intra.
Integrating the interaction rate in Eq. 11 over time yields the total track-track conversion I, which represents the net change in the quantity of species due to the interaction over the relevant time period:
[image: image]
I is the measure of interest in this model, as it represents an empirically measurable quantity.
2.1.4 Intertrack interaction
The expected interaction rate of an arbitrary track a with all neighboring tracks within an interaction volume of radius R can be found by multiplying the number of tracks inside that interaction volume NR by the expected interaction rate between one arbitrary track and another within that volume:
[image: image]
The total intertrack conversion of all tracks in the target volume is then
[image: image]
where R approaches infinity under the assumption that each track is effectively within an infinite isotropic volume. The factor [image: image] ensures that each intertrack interaction is not double-counted.
Evaluating this expression (see Supplementary Appendix SA2) yields
[image: image]
where
[image: image]
and Γ(s, x) is the incomplete upper gamma function given by
[image: image]
2.1.5 Intratrack interaction
The total intratrack conversion across the entire target volume is simply a sum of each track’s self-interaction
[image: image]
This expression can be simplified with a suitable approximation, removing the need for tedious summation over all tracks. A track’s outward diffusion means that the amount of intratrack conversion of a single track asymptotically converges over time to a maximum value. If the time it takes for the amount of conversion to almost fully converge is negligible relative to the total exposure time, the total intratrack conversion can be approximated as a linear increase over the exposure time towards the total maximum amount of intratrack conversion of all tracks on the target.
[image: image]
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If the convergence time is long relative to the total exposure time, this approximation will underestimate the amount of intratrack interaction at short time scales, but will converge on the correct value at longer time scales.
2.1.6 Quantifying the influence of intertrack interaction
Although Iinter gives the absolute effect of intertrack interaction, we were interested in quantifying its relative effect on the total ongoing radiation chemistry, which normally consists of only intratrack interactions. We therefore calculated the relative change that intertrack interactions cause to the total radiation chemistry.
[image: image]
[image: image]
Φ(t) thus remains 0 until intertrack interactions begin to affect the radiation chemistry; once Φ(t) has surpassed some critical value Φc, we may consider intertrack interactions to be significant. Φ(t) is the main measure of interest in this model.
Evaluating this measure with Eqs 7, 14, 18 yields
[image: image]
where
[image: image]
K = kr,inter/kr,intra is the ratio of reaction rates between intertrack and intratrack interactions, and Γ(s, x) is defined as in Eq. 17. Table 1 summarizes all variables and their definitions.
TABLE 1 | Variables described in this model.
[image: Table 1]The primary particle fluence can be expressed using Eq. 7 as.
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The value of Φ(t) for t ≫ T is of interest for analyzing the final ratio of intertrack-to-intratrack interactions after all tracks have decayed and no more interactions can occur. This value, using Eqs 24, 27, is given by.
[image: image]
[image: image]
where
[image: image]
2.2 Consideration of pulsed beams
UHDR beamlines are often pulsed, which contrasts with the constant dose rate assumption of the model detailed in Section 2.1.2. For example, linear accelerators typically deliver electrons in microsecond-long pulses with pulse repetition frequencies, f, on the order of 10–100 Hz. Intertrack interaction may occur within each pulse, but may also occur between pulses if the time between pulses is shorter than the decay of tracks, i.e., if 1/f is of the same order of magnitude or smaller than the effective track decay constant ks. However, as shown in Section 3.2, typically ks ≫ 1/f and it is safe to assume that no intertrack interaction occurs between pulses. In that case, each pulse can be considered independently of the other pulses, and the dose per pulse Dp and pulse width w become the only relevant parameters with regards to intertrack interaction. This concept is considered in the model by viewing each pulse as an effectively constant-dose-rate exposure with a duration T = w and a dose D = Dp.
2.3 Monte Carlo simulation
MC simulations were performed with the MC radiolysis toolkit TOPAS n-Bio [21] to estimate values of the model parameters α, τ0, and ks, which modulate the radial diffusion and the decay rate of each track. A 1 MeV electron beam was set to impinge on the face of a cylindrical target volume made of anoxic water. The depth and diameter of the target volume differed for different simulations depending on the type of analysis needed and the amount of computational load. The beam’s average energy loss through the water volume in all cases was negligible. The physics modules g4em-dna was used to simulate the physical interactions of the beam with the target, and the step-by-step chemistry module TsEmDNAChemistryExtended was used to simulate the production, diffusion, and interaction of resulting RS through the end of the chemical stage (1 μs). The simulation time steps were set as follows: 1 ps for the first 1 ns, then 10 ps until 10 ns, 100 ps until 100 ns, and 1 ns until the end of the simulation at 1 μs. Replicate simulations were performed with different random seeds; the mean and its standard error across these replicates is reported in the subsequent analysis for any computed values.
Although the simulation medium was pure water, the effects of scavenging in different target media were simulated by removing select RS at a specified rate throughout the simulation; the resulting reaction product was not simulated and thus did not undergo subsequent reactions. Table 2 details these different scavenging modes. The complete spectrum of RS and their reactions included in the TOPAS n-Bio chemistry module were simulated; however, only a select few RS were considered in the subsequent analysis in order to focus the analysis on the RS deemed most important for biological damage. These selected RS are: •OH, [image: image], H•, and H2O2.
TABLE 2 | Simulated half-lives of reactive species (RS) for different scavenging modes. The physoxic and normoxic scavenging modes represent pure water at 4% and 21% O2, respectively. The half-life τ1/2 is related to the first-order scavenging rate k by: k ⋅ τ1/2 = ln (2). Empty values indicate no scavenging reaction was defined for that species.
[image: Table 2]2.3.1 Simulation of a single particle track
To analyze the spatio-temporal evolution of a single track, modulated by the model parameters α and τ0, the radial variance of the first 1 μm of a simulated track in a 10 μm diameter water volume is compared with its variance over time as predicted by the model: 2α(t + τ0). Only the first 1 μm of the simulated track is analyzed to avoid the effects of beam straggling deeper in the target, which would erroneously affect the analysis of the track’s variance due to RS diffusion.
To analyze the decay in number of RS caused by the combination of intratrack interactions and scavenging, modulated by the model parameter ks, the number of RS of the first 20 μs of the simulated track in a 10 μm diameter water volume is compared with the model’s simplified decay term, [image: image], where ks is the effective track decay constant.
2.3.2 Simulation of interacting particle tracks
MC simulations of multiple particles and their interacting tracks were performed to compare with the model’s estimation of intertrack interaction. The impinging particles were distributed uniformly randomly across the face of the 1 μs diameter, 1 μs deep cylindrical target volume. Other than the stated differences, all other simulation parameters remained equal to those in the aforementioned simulations (Section 2.3.1). Two different doses, 12 Gy and 58 Gy, were simulated by adjusting the number of primary electrons to 393 and 1963, respectively. The CPU times for these simulations are reported in Table 3. The exposure time did not vary because within TOPAS n-Bio, all tracks arrive in the target simultaneously, yielding an effectively infinite dose rate. These simulations were repeated for all three scavenging modes.
TABLE 3 | The number of replicate simulations and the average CPU time per replicate for different simulation modes. ‘Inter’ and Non-inter’ refer to the interacting and non-interacting simulations respectively.
[image: Table 3]Two otherwise identical simulations were performed: one in which tracks were simulated independently of one another and thus unable to interact, and one in which all tracks were simulated together, such that tracks were able to chemically interact. These simulation modes are referred to as ‘non-interacting’ and ‘interacting’, respectively. The ‘non-interacting’ simulations represent the radiation chemistry at the low-dose-rate limit, where interactions consist only of intratrack and scavenging interactions. The ‘interacting’ simulations add on the effects of intertrack interactions. The number of RS in each simulation type was recorded over time and compared.
3 RESULTS
An analytical model was developed that describes the spatio-temporal distribution of RS in a particle track, the spatio-temporal distribution of multiple particle tracks in a target as a function of beam parameters, and the expected values of intertrack and intratrack interaction as a function of time during and after irradiation. The model measures the influence of intertrack interactions with the variable Φ, which gives the ratio between the amount of intertrack and intratrack interaction during and after an irradiation. Φ is initially 0, but grows as intertrack interaction begins to increase.
3.1 Model parameter dependencies
Eq. 29 demonstrates that the final value Φ approaches after an irradiation of exposure time T, Φt≫T, depends on only two physical beam parameters: the fluence F and the exposure time T, which respectively yield the spatial and the temporal separation of tracks. The fluence then depends on the dose and the LET as expressed in Eq. 27. All other dependencies pertain to parameters specific to the track or target: the reaction rate ratio between intertrack and intratrack reactions K, the track diffusion constant α, the minimum track age τ0, and the effective track decay constant ks (which may depend on the target medium).
Φt≫T is linearly dependent on K and α, and increases with increasing τ0 or decreasing ks. Numerical values of α and τ0 can be easily estimated by fitting the radial variance of the model’s track to that of MC simulations (Section 3.2). ks can be fit in a similar fashion (Section 3.2), although it could vary widely depending on which RS are being considered and on the scavenging capacity of the target. Thus, results are shown for different values of ks to better understand its effect on Φt≫T. A numerical value of K is difficult to determine, as it effectively represents all differences in reaction dynamics between intertrack and intratrack interactions for which the model does not otherwise account, which likely depends on the RS considered, the scavenging capacity of the target, and even the amount of intertrack interaction that occurs. We thus left K as a free model parameter to be fit to experimental data.
Focusing on the beam parameter dependencies, Φt≫T is essentially controlled by the spatial and the temporal concentration of tracks; an increase in either increases Φt≫T. The spatial concentration is modulated by the fluence F, which is linearly dependent on the dose D and inversely dependent on the LET L. A higher LET beam requires fewer particles, and thus fewer tracks, to achieve the same dose, resulting in less intertrack interaction. The temporal concentration is determined solely by T; Φt≫T strictly decreases with increasing T.
Figure 3A depicts the dependence of Φt≫T on T for a constant dose (the dose rate is given by D/T). Φt≫T increases from 0 as the dose rate increases but eventually reaches an asymptotic plateau at very high dose rates. This occurs once all tracks arrive almost instantaneously relative to their decay lifetimes. Here, the amount of intertrack interaction is limited solely by their spatial separation and is unaffected by any further increase in dose rate. An increasing ks delays the onset of intertrack interaction and diminishes its final asymptotic value as tracks decay more quickly before interacting. This plateau occurs in all cases, but is only visible in this figure for the higher LET.
[image: Figure 3]FIGURE 3 | The model’s measure of intertrack interaction, Φt≫T, depends on the dose, the dose rate, the LET L, and the effective track decay constant ks. (A) Dose rate dependence of Φt≫T and (B) isovalue curves at Φt≫T = 0.1 for different values of ks and L illustrate these dependencies. Results are shown for different track decay constants ks (indicated by color, given in s−1) and beam LET (indicated by line style, given in keV/μm).
To visualize the space and time dependencies of Φt≫T simultaneously, Figure 3B depicts the isovalue curve where Φt≫T = 0.1 over the dose/exposure time parameter space for different values of ks and L. The isovalue of 0.1 represents where 10% of the interactions of RS are between tracks, but notably these results are shown only to demonstrate the beam parameter dependencies; the precise location of the isovalue curve also depends on the values of other model parameters (K, α, τ0, and ks) which are determined in the following section. Evidently, for any set of irradiation parameters, there is a minimum dose (fluence) and a maximum exposure time necessary to achieve a given value of intertrack interaction. Again, as in Figure 3A, once the temporal separation is low enough, there is no more dependency on the temporal domain and only a dose dependency remains.
3.2 Model parameter fitting to simulations
MC simulations of a 1 MeV electron track were obtained to determine numerical values for the model parameters describing the spatio-temporal evolution of a track, α and τ0, and the rate of decay of the track, ks. Figure 4A depicts the radial variance of a simulated track over time compared with the model’s prediction with the fitted model parameters α and τ0. These results differ slightly for different scavenging modes (see Table 4) but remain good fits to the simulation data in all cases. The minimum track age parameter τ0 clearly improves the model’s description of the track, especially at short time scales.
[image: Figure 4]FIGURE 4 | (A) Standard deviations of the radial displacements (a measure of radial track width) of select RS (•OH, [image: image], H•, H3O+, H2O2, and [image: image]) of a simulated electron track (points with standard error) under cellular scavenging conditions alongside theoretical standard deviations (dashed lines) assuming a normal distribution [image: image]. Including the minimum track age correction τ0 (given in s) results in a better fit of the simulated track, owing to its initial non-zero spatial variance. (B) Simulated (solid lines with shaded standard error) relative decays of these RS of an electron track caused by intratrack and scavenging reactions for different scavenging modes (denoted by color) alongside exponential (dashed) decays with different effective decay constants ks given in s−1. The “None” scavenging mode displays the track decay without any scavenging reactions defined, and thus is due solely to intratrack interactions.
TABLE 4 | Best fit values for different model parameters for different scavenging modes (see Table 2) based on MC simulations of a single track (for α and τ0 and ks) and of multiple interacting tracks (for K).
[image: Table 4]Figure 4B depicts the decay in number of RS of the simulated track due to intratrack interactions and scavenging and compares this decay with the decay as predicted by the exponential decay term of the model, with different effective decay constants ks. Even with no simulated scavenging reactions (see the line labeled “None”), the track still decays owing to intratrack recombination. As expected, the higher the simulated levels of scavenging, the larger the decay and thus the larger the corresponding value of ks. Notably, even in the cellular scavenging mode, the track does not completely decay within nanoseconds because several different RS are being tracked, some of which are long-lived.
The values of ks were chosen to best match the simulated decay at the longest simulated time of 10−6s. As the plot is depicted with a logarithmic time scale, this long time scale value is close to what the simulated decay converges to, despite the seemingly rapid declines seen in the plot. Clearly, the exponential decay term underestimates the simulated decay at short time scales, because of rapid initial intratrack recombination, and overestimates it at longer time scales. This is preferable, however, because the relative error of this initial underestimation does not exceed 50% at any time point, even for the highest scavenging levels (cellular). On the other hand, a better fit at short time scales would result in a severe, orders of magnitude larger overestimation of the decay at longer time scales owing to the nature of exponential decay.
3.3 Model comparison to simulations of interacting tracks
3.3.1 Simulation results
MC simulations of many interacting tracks were used for comparison with the model’s estimation of influence of intertrack interaction. This was repeated for two doses, 12 Gy and 58 Gy, and all three scavenging modes. Figures 5A, B show the numbers of the different RS of interest during a simulation where tracks were not allowed to interact (solid lines) or allowed to interact (dotted lines). Results are shown here only for the 58 Gy simulations and the physoxic and cellular scavenging modes. The normoxic scavenging mode results tended to lie between the physoxic and cellular results (Supplementary Appendix SA3, Supplementary Figures S7A, B), whereas the 12 Gy simulation showed far smaller differences between the interacting and non-interacting simulations for all scavenging modes.
[image: Figure 5]FIGURE 5 | Results are shown from MC simulations of multiple tracks delivering 58 Gy to a water volume under physoxic (A,C,E) and cellular (B,D,F) scavenging conditions. For all simulation results, the standard error across replicate simulations is denoted with either shaded regions (A,B,E,F) or error bars (C,D). (A,B) the difference in yields of select RS over time between non-interacting tracks (solid lines) and interacting tracks (dotted lines) simulations (C,D) The frequencies of different reactions between the two simulation types. The background scavenging that removes select RS at a specified rate (see Table 2) is not included in this plot. Also, any reaction occurring less than 20 times during the simulation was omitted (E,F) Comparison of the simulation results, the ratio of sums of the counts of the RS between the interacting and non-interacting tracks simulations shown in (A,B), for both simulated doses to the model’s analogous measure. The model parameter K was used to fit the model’s results to the simulation’s with values of 0.003 and 0.001, respectively. Although the simulations were stopped at 10−6s, the model results are shown to 10−5s to examine the value that 1− Φ finally approaches. Values for the model parameters used in these results are listed in Table 4.
For the physoxic scavenging mode, intertrack interactions resulted in a decrease in the yields of •OH and [image: image], and a slight increase in the yield of H2O2, beginning at ≈ 10−7s (Figure 5A). Figure 5C reveals the individual reactions most responsible for these differential yields. Intertrack depletion of •OH, and [image: image] is almost solely caused by their reaction with each other, whereas the self-recombination of •OH, and the consumption of [image: image] by H3O+, contribute only slightly. For the cellular scavenging mode, the quick depletion of •OH and [image: image] due to high background scavenging is evident in Figure 5B. Here, intertrack interactions consist mostly of the reaction of H3O+ with OH− (Figure 5D) and are negligible with respect to the yields of the RS of interest.
3.3.2 Comparison to model
To compare the simulation results with those of the model, the ratio of the sums of the RS of the two simulation types shown in Figures 5A, B are taken and depicted by the solid lines with shaded in errors in Figures 5E, F. This ratio is a measure of the influence of intertrack interactions; it yields the relative difference of the RS counts caused solely by intertrack interactions. At very short time scales, this ratio remains 1 as there is no difference between the simulation types. At longer time scales, once intertrack interactions begin to affect RS yields, this ratio deviates from 1. Unsurprisingly, the higher the dose and the lower the amount of scavenging, the larger the effect of intertrack interactions. Notably, the slight deviation from 1 in the cellular scavenging results is almost entirely due to the change in H3O+ yields, as shown in Figure 5D. Results for the normoxic scavenging mode are not shown for brevity; as expected, they tended to fall between the results of the cellular and physoxic scavenging modes, remaining closer to the physoxic results (Supplementary Appendix SA3, Supplementary Figure S7C).
This ratio is directly compared with an analogous measure from the model, that is, 1 − Φ(t). The ratio aligns quite well with what 1 − Φ of the model actually represents based on Eq. 23. Φ is subtracted from 1 because intertrack interactions resulted in a net decrease in the number of the selected RS. The final free parameter of the model, the reaction rate ratio K, was adjusted to fit 1 − Φ to the simulation results. The variables used to calculate Φ(t) (see Eq. 24) were: T = 10−15s, L = 0.14 keV/μm, ρ = 997 kg/m3, D was adjusted to match the simulation dose, and K, α, τ0, and ks were adjusted depending on the scavenging mode to the values in Table 4. The value of T was chosen to simulate an effectively infinite dose rate since all particles arrived simultaneously in the simulation; decreasing T to even lower values had negligible effects on the resulting values of Φ(t).
3.4 Model extrapolation to experimental results
3.4.1 In aqua conditions
The model output was shown to align well with MC simulation data when fitted with the variable K = 0.001. We also performed a similar comparison, now with experimental results of H2O2 yields after electron irradiation of physoxic water. Kacem et al irradiated 4% O2 water with a pulsed electron beam in 3 different setups, which we labeled A-C, and observed a decrease in the resultant G-value of H2O2 [image: image] with increasing dose rate, as shown in Table 5 [35]. By following the argument in Section 2.2, we assume that there are no interactions between the pulses, which were delivered at 100 Hz. Thus, the mean dose rate and number of pulses are irrelevant, and the only parameters that matter are the dose and dose rate within the pulse.
TABLE 5 | Pulse parameters and the absolute value of the relative change in the G-values of H2O2 relative to Setup A for different setups of electron irradiation of physoxic water by [35]. Below these are the value of Φ for each setup calculated with the model parameters in Table 4 for physoxic conditions. Below that is the value for Φ for each setup when one model parameter is changed (indicated by the parentheses) in order to match the value of Φ at Setup B to the observed relative change in [image: image] of 17%.
[image: Table 5]Φ was calculated for these pulse parameters by using the values for model parameters α, τ0, ks, and K derived in the above sections for physoxic scavenging conditions, and its value is compared with the measured change in [image: image] relative to Setup A. A 17% decrease in [image: image] was observed in Setup B relative to Setup A, although the model predicts negligibly low intertrack interaction (Φ = 4.1 × 10−3 ≪ 0.17) at Setup B.
In the case the derived values for the model parameters are off, we examined what changes to these parameters could result in a fit to this experimental data; i.e., Φ = 0.17. We saw that either increasing K, increasing τ0, or decreasing ks could yield agreement between the value of Φ and the experimentally observed changes. We are not as interested in matching the values at Setup C because we expect Φ to be overestimated as intertrack interaction increases, due to the weakly-interacting tracks assumption made in Section 2.1.1.
The pulse parameters of this study can also be visualized on the heatmap (Figure 6) introduced in the following section, which displays Φ over the pulse parameter space for cellular scavenging conditions. The heatmap of Φ for physoxic scavenging conditions looks similar, but the isovalue curve is shifted slightly down towards lower doses and to the right towards higher exposure times. The ‘corner’ of the white isovalue curve occurs in this case at 13 Gy and 2 μs for K = 0.003, and 0.3 Gy and 2 μs for K = 0.13.
[image: Figure 6]FIGURE 6 | Heatmap depicting the value of Φt≫T, the model’s measure of intertrack interaction, as a function of dose per pulse and pulse width. All model parameters used reflect those of a 1 MeV electron beam in cellular scavenging conditions, except for the parameter K = 0.33 which was fitted to the experimental electron FLASH data displayed. The isovalue curve at Φt≫T = 0.05 for K = 0.001 (from fits to MC simulations) is indicated by the orange dashed line. The pulse parameters of electron FLASH studies from the literature that observed the FLASH effect (solid circles) or did not observe the FLASH effect (“Xs”) are superimposed on the heatmap [3, 5, 36–40]. The conventional dose rates in most studies involved doses per pulse that were too low to be depicted on this plot. † Both studies used the same parameters; their respective points on the plot were slightly horizontally shifted for better visualization. * FLASH normal tissue sparing was observed only for total doses ≥30 Gy ** FLASH normal tissue sparing was observed only when the pulse repetition frequency was above a certain value.
3.4.2 In vivo conditions
To compare the predictions of the model with experimental in vivo data from the literature, we used a heatmap of the value of Φ over the dose and exposure time parameter space (Figure 6). Again, by following the argument in Section 2.2, we can consider this to be the pulse dose and pulse width of each pulse in a pulsed electron delivery. Results are shown using the values for model parameters α, τ0, and ks derived in the above sections for cellular scavenging conditions, with the notable exception of K = 0.33, which was chosen as it best fits these experimental data. The white and blue regions of the heatmap indicate where the model predicts intertrack interaction to have a [image: image] effect on the yields of reactive species. The pulse parameters from in vivo electron FLASH data are superimposed on this heatmap.
4 DISCUSSION
The model fit well to the results of the MC simulations of interacting tracks (Figures 5E, F), yielding values for the model’s fitting parameter K that were between 0.001–0.003, depending on the scavenging mode. These findings gives credence to the model’s ability to replicate the results of MC simulations, although the simulations themselves suffer from limitations (discussed in detail in Section 4.2 below). In addition, because the simulations were limited to 1 μs, it is not clear if the model fits would remain accurate beyond 1 μs to the final value of the ratio, Φt≫T. Further work on this topic should prioritize extending the simulation times to provide more accurate fits at longer time scales. Regardless, assuming that the complete model with all fitted parameters is accurate, the model predicts that intertrack interactions are completely negligible in the parameter space where 1) decreased H2O2 yields are observed (first row of values of Φ in Table 5) and 2) where the FLASH effect is observed (dashed orange line in Figure 6). In fact, the model predicts that doses per pulse in excess of 90 Gy at pulse widths ≤1 μs would be necessary for intertrack interactions to induce a consequential change in the radiation chemistry. In that case, clearly some other mechanism must be responsible for the observed UHDR effects.
Alternatively, one or a combination of the fitted model parameters could be incorrect, thus yielding erroneously low predictions of intertrack interaction. The bottom three rows of Table 5 show how an increased reaction rate ratio K, an increased minimum track age τ0, or a decreased track decay constant ks could cause the model predictions to align with the experimental data. A similar approach was taken to create the heatmap in Figure 6, where a value of K = 0.33 was chosen as it fits well to the experimental data. How these inaccurate fits could have come about is explored below (Section 4.2).
4.1 Application to FLASH RT
Before discussing the limitations of the model and simulations, we investigated the implications of the model for FLASH RT if indeed one or more of the model’s parameters were found to be inaccurate, and the updated parameter resulted in the model’s predictions aligning with what is shown in the heatmap in Figure 6. Here, the model demonstrates that induction of the FLASH effect coincides with the regions of the parameter space where intertrack interactions significantly affect the radiation chemistry, the extent of which decreases with increasing scavenging capacity. It is clear that, although the doses per pulse vary over a large range throughout the data, the range of pulse widths is very narrow because all presented data used linear accelerators. Interestingly, it appears that lowering the pulse width below ≈0.5 μs would have no benefit to increasing intertrack interactions, as they depend solely on the dose per pulse in this parameter space range.
The argument presented in Section 2.2 states that if the RS created by a pulse have all been scavenged in the ≈0.01 s that typically separate linac electron pulses, each pulse can be considered independently of the others. Although that almost certainly holds for the primary RS like •OH and [image: image], lingering effects of secondary or beyond molecules could cause interpulse effects, in aqua and in vivo. For example, the relatively stable molecule H2O2 can interact with primary radicals of subsequent pulses, and is certainly relevant to biological damage [41]. In that case, the number of pulses, the time between them, and thus the mean dose rate, would also play a role. This hypothesis is supported by experimental data: Simmons et al. reported an induction of the FLASH effect simply by decreasing the time between adjacent pulses [39]. A similar idea of a two-step mechanism has also been proposed by Blain et al. [42].
In fact, even within a single electron pulse, which has thus far been assumed to have a constant dose rate across the ≈2 μs pulse, there is a micro-pulse structure [26]. This structure is on the order of 30 ps pulses at 3 GHz, and may have serious implications for the fast reactions of species like •OH. However, one must bear in mind that the model suggests that further temporal bunching below ≈0.5 μs (the specific value will depend on the model parameters) is negligible; thus, the micro-pulse structure may be irrelevant.
Proton FLASH RT also raises similar concerns. Depending on the proton source, the pulse structure of proton delivery varies widely [26], and the potential for interpulse effects remains significant. In addition, the commonly used scanning pencil beam method of proton delivery presents a challenge to modeling intertrack interaction because of the beam’s spatial inhomogeneity [43]. Regardless, even at the infinite dose rate limit, where all protons are delivered simultaneously, the model predicts (with the simulation-derived fit parameter K = 0.001) that again doses upwards of 90 Gy would be necessary for low-LET protons, which is much higher than the doses for which the FLASH effect has been observed [44]. For higher LET protons, proportionately higher doses would be necessary. In agreement with these simulation-derived predictions, Thompson et al. observed negligible changes in radical yields in Monte Carlo simulations of interacting low-LET proton tracks at 8 Gy in pure water [31]. Again, however, the MC simulations on which these predictions are made harbor potentially critical limitations which are addressed in Section 4.2.
Lastly, even if intertrack interactions were significant in the parameter space where the FLASH effect is observed, the mechanism by which such interactions could cause differential sparing of normal and tumor tissue is not obvious. One hypothesis for this mechanism is that of reduced indirect damage due to reduced primary radical yields, like those of •OH. Alternatively, many higher order processes have been proposed [12, 16–18]. As for the differential effect, the higher scavenging capacity of tumor tissue could reduce intertrack interaction [45]. None of these proposed mechanisms indicate an effect of intertrack interactions on direct damage, responsible for [image: image] of DNA damage for low-LET radiation [15, 46]. Direct damage must be taken into consideration in the context of a sparing mechanism, but a complete mechanistic description of how intertrack interactions could cause the FLASH effect remains out of the scope of this work.
4.2 Simulation limitations
The MC simulations done for comparison with the model results also have limitations. For instance, the simulated medium is pure anoxic water. To simulate the effects of different scavenger concentrations, affected species were removed from the simulation at a given rate. However, this approach ignores the products of these reactions while also ignoring spatio-temporal inhomogeneities in the scavenger concentration, which would surely occur owing to local scavenger depletion in and near the track. Research into the FLASH mechanism continues to underscore the importance of detailed modeling of varying oxygen concentrations and other chemical differences between normal and tumor tissue, as well as morphological/structural differences between the tissue types [20, 47]. Another limitation of the MC simulations due to their inherently large computational load is the total time scale, which was limited in this case to 1 μs. Figures 5E, F indicate that intertrack interactions were perhaps only beginning to become significant at 1 μs, and carrying the simulations out to longer time scales would be quite informative. Also, because all particles arrive simultaneously, the effects of varying the dose rate could not be studied and compared with the model’s predictions.
These MC simulations also ignore some potentially critical microscopic effects of water radiolysis. Abolfath et al. demonstrated that, for example, local temperature increases in the core of particle tracks due to non-ionizing excitations of water molecules may temporarily elevate diffusion constants and reaction rates, boosting the initial radial diffusion of track RS [48]. This could be represented in the model by a significant increase in the parameter τ0, which modulates the initial width of each track. Also, interactions between RS like electrostatic shielding, which are ignored by the MC simulation, may significantly affect the ability of RS to diffuse and damage biomolecules [12].
In fact, the MC simulations quite clearly do not perfectly reflect all the chemical dynamics of water radiolysis. Kacem et al. demonstrated that increasing dose rates resulted in lower [image: image], and these findings have been replicated elsewhere [36], also with protons [42]. This is in stark contrast to the increase in [image: image] observed in MC simulations of increased intertrack interaction (Figure 5A). Figure 5C demonstrates that this simulated increase is due to an increase in the reaction 2•OH → H2O2. In a recent study measuring [image: image] after UHDR proton irradiation, in which the same trend of decreased [image: image] was observed as in Kacem et al., Blain et al proposed that increases in intertrack interaction caused by UHDRs preferentially increase the reaction •OH + eaq− → OH −, leaving less •OH available for recombination to H2O2, and thus lower [image: image]. Indeed, this predicted increase in •OH + eaq − is strongly supported by the MC results (Figure 5C), but seems to not occur to the extent necessary to reduce •OH recombination. Moreover, the reaction H2O2 + eaq → OH− +•OH may be relevant, especially in interpulse interaction considerations, as it occurred in consequential amounts in the MC simulations and increased due to intertrack interactions. Discrepancies between the MC simulations and experimental results could be partly explained by the MC simulations’ ignoring the products of oxygen-related reactions, such as the hydroperoxyl radical formed in part by [image: image], which reacts readily with H• again to form H2O2, or can react with •OH or [image: image]. Clearly, the interdependent nature of these reactions may cause unexpected results when one part of the system is ignored or misrepresented.
4.3 Model outlook
In order to address the concerns of interpulse interactions, the pulse structure of proton beamlines, and the micro-pulse structure of electron linacs, the model could be adjusted relatively easily to describe pulsed beams by adjustment of Eq. 4. The model could also be edited to describe spatially inhomogeneous beams, such as in scanning pencil beams or even spatially fractionated radiation therapy. However, this would require significant reworking of the model’s foundations as the assumption of a homogeneous and isotropic radiation field significantly simplifies the model.
Currently, the model does not differentiate between different RS in a track, and instead applies effective reaction and decay constants for all different RS. This was done as a first order approximation of track interaction, without considering the different types of possible reactions and their respective rates. In order to better describe the reactions of the different RS that make up a track, the model could be bifurcated into a two-compartment model, one which describes the initial fast reaction of primary RS, and one which tracks the accumulation and interpulse interaction of longer lived RS. Alternatively, the model could track each RS individually, each with its own diffusion and reaction constants, and sum over the total amount of measured interaction.
Such an approach could also be used to model downstream reaction products, such as organic peroxides formed by primary radical reactions with cellular macromolecules. These longer lived RS, in combination with other important environmental reagents like oxygen, may play a vital role in the dose rate dependent chemical dynamics that are neglected by the current model.
5 CONCLUSION
An analytical model was developed that describes the spatio-temporal distribution, diffusive evolution, and chemical interaction of RS in particle tracks in an irradiated target with different scavenging capacities. The model measures the expected relative change in the radiation chemistry due to intertrack interactions with the parameter Φ. Φ increases with increasing spatial concentration of tracks, either by increasing the dose or decreasing the LET. Φ also increases with increasing temporal concentrations of tracks, but below a certain exposure time (which depends on the decay rate of the tracks), further decreases in the exposure time have no effect.
The model parameters describing the diffusive broadening of each track, as well as those describing the track’s decay due to intratrack and scavenging reactions, were fit to MC simulations of electron tracks. Significant reductions in •OH and [image: image] yields due to the simulated intertrack interactions were observed by 1 μs at 58 Gy in physoxic and normoxic water, but not in cellular scavenging conditions or at 12 Gy for any scavenging conditions. The model fit well to this simulation data with values of the model’s fitting parameter K between 0.001 and 0.003, depending on the scavenging conditions. With these values of the fitting parameter, the model predicts that doses upwards of 90 Gy delivered within 0.5 μs for cellular scavenging conditions, or 13 Gy delivered within 2 μs for physoxic water, are necessary for consequential intertrack interaction.
Multiple limitations of the simulations were presented which, if rectified, could potentially lead to much higher model predictions of intertrack interactions. In this case, intertrack interaction could coincide with the observed FLASH effect in the dose and exposure time parameter space. However, extensive follow up analysis would be necessary to verify such claims. Additionally, a complete mechanism for how intertrack interactions could result in a differential sparing effect between normal and tumor tissue remains to be elucidated.
The analysis in this work assumes pulses in a typical pulsed electron delivery from a linac can be considered independently, and thus the only important beam parameters are the pulse dose and pulse width, as all relevant RS decay in the typical times between pulses (≈10 ms). However, evidence in support of a two-step mechanism is discussed in which the initial fast reaction dynamics of primary radicals and the following, slower reaction dynamics of secondary molecules are considered separately. This consideration indicates the possibility of interpulse interactions in pulsed electron beam deliveries, whereby more beam parameters such as the pulse repetition frequency and the number of pulses would become important.
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FOOTNOTES
1For comparison, we examine an in vivo study by Montay-Gruel et al. in which mice were exposed to a total of 10 Gy from a 100 Hz, 1.8 μs pulse-width pulsed electron beam [5]. Induction of the FLASH effect was observed when the beam parameters changed from roughly 50 0.2 Gy pulses to 17 0.6 Gy pulses. From the dimensions of the target we can estimate an average deposition of 1.28 nGy per primary electron. Within each pulse, this corresponds to an increase of 6–19 electrons per μm−2 and 87 to 260 electrons per ps. The temporal spacing between pulses remained constant at 10 ms.
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In recent years, FLASH irradiation has attracted significant interest in radiation research. Studies have shown that irradiation at ultra-high dose rates (FLASH) reduces the severity of toxicities in normal tissues compared to irradiation at conventional dose rates (CONV), as currently used in clinical practice. Most pre-clinical work is currently carried out using charged particle beams and the beam charge monitor described here is relevant to such beams. Any biological effect comparisons between FLASH and CONV irradiations rely on measurement of tissue dose. While well-established approaches can be used to monitor, in real time, the dose delivered during CONV irradiations, monitoring FLASH doses is not so straightforward. Recently the use of non-intercepting beam current transformers (BCTs) has been proposed for FLASH work. Such BCTs have been used for decades in numerous accelerator installations to monitor temporal and intensity beam profiles. In order to serve as monitoring dosimeters, the BCT output current must be integrated, using electronic circuitry or using software integration following signal digitisation. While sensitive enough for FLASH irradiation, where few intense pulses deliver the requisite dose, the inherent insensitivity of BCTs and the need for a wide detection bandwidth makes them less suitable for use during CONV “reference” irradiations. The purpose of this article is to remind the FLASH community of a different mode of BCT operation: direct monitoring of charge, rather than current, achieved by loading the BCT capacitively rather than resistively. The resulting resonant operation achieves very high sensitivities, enabling straightforward monitoring of output during both CONV and FLASH regimes. Historically, such inductive charge monitors have been used for single pulse work; however, a straightforward circuit modification allows selective resonance damping when repetitive pulsing is used, as during FLASH and CONV irradiations. Practical means of achieving this are presented, as are construction and signal processing details. Finally, results are presented showing the beneficial behaviour of the BCT versus an (Advanced Markus) ionisation chamber for measurements over a dose rate range, from <0.1 Gys−1 to >3 kGys−1.
Keywords: FLASH, LINAC, radiobiology, electron beam charge, dosimetry, pre-clinical irradiation, pre-clinical radiotherapy
1 INTRODUCTION
The study of ultra-high dose rate (FLASH) irradiation using charged particle beams has attracted significant recent interest. A number of studies have demonstrated that FLASH irradiation reduces the severity of toxicities in normal tissues compared to irradiation at conventional dose rates (CONV), as currently used in clinical practice [1–8]. The mechanism responsible for reduced tissue toxicity following FLASH radiotherapy has not yet been elucidated and it is likely that both basic and pre-clinical work will proceed for some time to come. Understanding the FLASH effect in multiple tissue sites and species will be essential before widely applying the technique in clinical studies [9–15].
One of the major factors limiting the preclinical use of FLASH RT is the difficulty in obtaining accurate dosimetry and in measuring FLASH irradiation parameters (such as dose, mean and instantaneous dose rate, dose per pulse, etc.) using well-established, conventional radiation detectors [16, 17]. The ability to monitor and control the output of radiation source during both FLASH and reference CONV scenarios is particularly desirable. Commonly, radiation must be monitored in real time. For CONV irradiations, transmission ionisation chambers in the head of an electron linear accelerator or within the output beam lines of a charged ion installation can be used. The transmission chambers can be used to monitor dose, dose rate, beam flatness, beam symmetry, and so on, in real time as the beam traverses the chamber. In the case of FLASH irradiations, the accuracy of transmission ionisation chambers suffers because of saturation effects caused by the high dose per pulse conditions present during FLASH18. Several publications have noted the difficulties associated with accurate dosimetry [18, 19] when dose rates in the range of 30 Gy s−1 to several MGy s−1, delivered in multiple or single pulses are to be monitored. Ion recombination and other effects in ionisation chambers will preclude their use at these high dose rates [20–24] unless they are operated at very high bias voltages and appropriate corrections are applied. Hence, off-line dosimeters like alanine and radio-chromic film are the preferred dosimeters [25–27]; other approaches are reviewed by [28]. To date, most preclinical work has been performed using electron beams generated by linear accelerators (linacs) of energies 4–20 MeV [29–31]. The use of protons for FLASH irradiation, or other hadron beams [32, 33] has also been investigated and it may be possible to adapt the approach described here to such studies.
Maximising the output beam current is usually required for FLASH work, and the extent to which this can be achieved in a given linac design, assuming that beam current is available from the gun, is determined by the available radio frequency (RF) power and other accelerator design parameters, such as the shunt resistance and quality factor of the accelerating waveguide. Typical peak beam currents of 10 mA to 1 A, over pulse widths ranging from 1–4 μs are used for FLASH work, at repetition rates of several hundred macro-pulses per second. CONV irradiations are often performed at similar or lower repetitions rates (10–200 Hz) and lower peak beam currents, or performed with shorter-lasting macro-pulses. In addition to the need to perform dosimetry, it is often useful to be able to return to specific previously used beam characteristics and to have the ability to check performance: an on-line beam charge monitor is thus essential, providing the ability to monitor each output macro-pulse during the irradiation sequence. Indeed, for clinical applications, such monitors are mandatory [34].
2 MATERIALS AND METHODS
2.1 Non-intercepting beam charge monitoring
Beam current transformers (BCTs) are non-intercepting, inductive current monitors that have shown promise for real-time monitoring of electron FLASH beams [35, 36]. These devices are toroidal inductive sensors where the moving electron charge forms a primary turn that induces a voltage in the secondary toroidal winding. BCTs are based on well-established current transformer design approaches [37] that can be used even at picosecond times [38]. They offer unique advantages whenever time-varying electrical currents (in conductors or in beams) are to be measured. No direct connection to the measured circuit is necessary, ensuring isolation and relative freedom from spurious ground currents.
For a given irradiation geometry and with a given beam energy, measurement of beam charge has been found by others to correlate well with delivered dose [35, 36], as would be expected. We have successfully used, for many years, inductive non-intercepting charge monitoring as a surrogate indicator of dose. It is noted that such monitors are only able to measure the charge pulses leaving the accelerator and not charge pulses impinging on the tissue or target of interest. Such devices must thus be independently calibrated in order to provide a (surrogate) dose readout, and re-calibrated when the working distance is changed [39, 40], or beam scattering [41–43] introduced.
Wide bandwidths (typically 5–20 MHz) are required to monitor microsecond wide pulses that are usually associated with rise/fall times of tens to hundreds of nanoseconds. Means of constructing and analysing such devices have been described [44, 45], where resonances in the secondary winding due to capacitance between the core winding and electrical shields are appropriately damped.
The electron beam can be assumed to be a current filament moving through the axis of a toroidally wound coil of [image: image] turns, it can be considered to act as a single-turn primary, generating a current, [image: image], in the secondary:
[image: image]
where [image: image] is the rate of change of magnetic flux due to the moving charge. The output current thus approximates to the first time differential of the beam current. A voltage output is obtained by sampling [image: image] through a small enough value of output resistance, typically a few tens of ohms. It is noted that little magnetic flux crosses the surface of the secondary winding, none in the ideal case, and the magnetic core thus receives little magnetization. Furthermore, it can be shown that the secondary current is equal in magnitude and phase throughout the secondary, provided that the time of propagation of the magnetic field is considered to be negligible. The secondary current flows at all points simultaneously, particularly when the load resistance is very small. It is thus not necessary for current induced at various points along the secondary to propagate to the output to be monitored. Travelling waves around the secondary thus play relatively little part in such a transformer, although common-mode resonances can be induced in some circumstances [44].
For a pulsed electron linear accelerator in the mega-electron voltage (MeV) range, the voltage induced at the output of a BCT can be readily approximated as a function of the electron density of the pulse and the cross-sectional area of the BCT [46]. Using BCTs to measure the output of FLASH beams is useful because the beam(s) can be monitored in real time with negligible perturbation and, just as importantly, without saturation effects [35]. However, because of the necessary load resistance must have a low value in order to achieve a suitably low minimum frequency, their sensitivity, for CONV beams in particular, can be limiting. This does not imply that BCTs cannot be used to monitor CONV irradiations, but the signal levels are low and electrical interference from the accelerator and from other sources make their design and implementation challenging.
However, such transformers can be made to operate in a distinctly different manner that permits direct integration of the current pulse; these devices will be termed Beam Current Integrating Transformers (BCITs). A readout of the integrated pulse current is preferred when a readout proportional to beam charge is required. The charge per pulse is proportional to dose delivered by the beam and dose monitoring is of interest during FLASH and CONV irradiations. This integrating mode is achieved by simply loading the secondary coil capacitively and by using a high load resistance: assuming negligible core and loading losses, a resonant circuit is formed, resulting in an oscillating output voltage, [image: image], across the coil of peak value given by:
[image: image]
Where [image: image] = charge flowing through primary = beam charge per pulse; [image: image] = number of turns wound on core and [image: image] = load capacitance (assuming an infinite load resistance).
It is highlighted that this resonant mode of operation is not particularly novel; such devices were extensively used with low repetition rate accelerators (or single-shot machines) [47–50]. Nevertheless, it has become clear to the authors that BCITs have been largely “forgotten” by the FLASH community and our intention is to stimulate renewed interest in these simple, effective and useful dose monitoring devices. What is novel here is the use of a differential arrangement that allows effective damping of the oscillation initiated by a given charge pulse, in readiness for the “next” pulse charge to be observed. This arrangement can handle very high repetition rates, such as occur during FLASH, while also providing the requisite sensitivity for CONV irradiations.
This resonant operation mode has significant advantages. The voltage across C is proportional to the beam pulse charge, rather than to the peak pulse current. For dosimetry purposes, if beam energy and irradiation geometry are invariant, charge measurement is what is needed. If observation of the temporal pulse profile is needed, a current monitoring device is required. This resonant mode offers technical advantages as compared to the (low) resistive load operation: the electronic system for the signal detection is significantly simpler since only low-frequency components are needed. Furthermore, measurement of the resonant peak voltage can be performed at some time after the radiation has ended. Any electromagnetic interference resulting from the accelerator’s modulator and radiofrequency system thus does not contribute to the measurement. Finally, the output voltage is significantly higher than that of resistively-loaded BCTs since the resonant circuit operates into a high load resistance. This could be considered as a disadvantage as the circuit loading must be minimised, potentially increasing the likelihood of unwanted electrostatic coupling into the device. However, electrostatic shielding is straightforward to implement.
Any oscillating tuned circuit involves the transfer of energy between inductor and capacitor. This exchange will persist as long as the circuit losses allow; in the devices discussed here, oscillations can last for many hundreds of microseconds or longer. This feature appears unattractive when high pulse repetition rates need to be monitored. After the measurement of the pulse charge, this energy transfer must be damped in readiness for the “next” charge pulse. The simple solution is to introduce, post-pulse-measurement, a significantly lower load resistance that will damp down tuned circuit oscillation: a switched load resistance is suggested. Such switching inevitably introduces additional unwanted charge into the circuit through switch charge transfer processes; this in turn limits the highest output sensitivity that can be reached.
A very simple modification to the basic BCIT is to operate it in a balanced or differential mode by introducing a centre-tap into the inductor, and sensing the output voltage with a differential or instrumentation amplifier. Damping resistors are then switched in at both ends of the centre-tapped inductor at the time the resonance is to be damped. Since these introduce equal and opposite charges, they no longer contribute to spurious signals and sensitivity is maintained. The ultimate sensitivity has been shown [51] to be limited by the band-limited noise introduced by the tuned circuit shunt resistance. With careful design, the sensitivity can reach 10–11 coulombs for short-lasting pulses. For microsecond long pulses from typical electron linacs, there is little point in aiming for sensitivities much better than 10–10 coulombs per pulse (e.g., peak current of 25 μA for 4 µs): the radiofrequency-induced dark current associated most linacs used for radiobiological studies is well above this peak current. BCITs even with sensitivity near to 10–9 coulombs per pulse can thus be considered to be near-perfect charge monitoring devices for use with electron linacs.
Differences between BCT, BCIT and differential BCIT operating modes are illustrated in Figure 1. A conventional BCT is shown in the top left panel. The temporal pulse shape of the electron pulse is reproduced by the wideband amplifier and this must be integrated in subsequent circuitry or software to provide an output proportional to beam pulse charge. A BCIT is outlined in Figure 1, lower left panel: the secondary inductance resonates with the load capacitance [image: image] resulting in a ringing waveform that decays slowly, at a rate defined by circuit losses and by [image: image]; this arrangement is not appropriate for sensing repetitive pulses, unless [image: image] is made low. When the value of [image: image] is high and circuit losses are low, the pulse charge can be measured many hundreds of microseconds after the passage of the electron pulse, essentially eliminating all interference from the accelerator power systems.
[image: Figure 1]FIGURE 1 | Top left: conventional beam current transformer with secondary current is flows through load resistor Rl; the electron pulse waveform is reproduced and may be integrated in subsequent electronic processing. Bottom left: conventional beam current integrating transformer where is initiates a resonance. Top right: beam current integrating transformer with damping, where artefacts from reset switch charge feedthrough through Cstray result in spurious signal that may interfere with subsequent processing of signals. Bottom right: differential beam current integrating transformer, where all reset artefacts are suppressed, leaving the system ready for the ‘next’ electron pulse.
A switched damping resistor, [image: image], is introduced in the top panel on the right of Figure 1. While this can quickly damp the resonance, after a few cycles when [image: image] is high, charge feedthrough from the switch introduces spurious signals in the output. At low charge levels, these unwanted signals can all too easily interfere with any subsequent charge signal processing. Nevertheless, for measuring charges of the order of a >10–8 coulombs, this arrangement is perfectly acceptable for FLASH work. A much more sensitive arrangement can be constructed along the lines shown in Figure 1 bottom right. Here a symmetrical arrangement, using a centre-tapped core winding and a pair of reset switches and damping resistors, along with a low bandwidth differential amplifier allows substantial increases in sensitivity to be achieved, allowing sub-nanocoulomb charges per pulse to be measured.
In practice, even though the inductor responds to magnetic fields only, some electric field coupling takes place since the cores tend to be physically large in order to allow beam traversal. A differential arrangement is much less prone to such interferences. An electrostatic shield can be placed around the inductor to further eliminate any such unwanted signals.
It is noted that the switched damping resistor could also be replaced by using a soft, slow release that allows the shunting impedance to rise slowly. This approach has been exploited [48] using a field-effect transistor operated as a voltage-controlled resistance, driven by an exponentially decaying shorting waveform. Such an approach would still require time to complete the reset process. When used with high repetition rate machines, the differential approach presented here offers a fast-acting and easy-to-implement solution.
2.2 BCT and BCIT output comparison
It is constructive to compare the performance of BCTs, BCITs and differential BCITs and examine practical requirements. While the BCT signal is clearly simpler to ‘understand’, describing the pulse amplitude, shape and width, the BCIT signal carries information only about pulse-integrated charge. Attempts to derive other pulse characteristics as provided by the BCT from a BCIT signal, through differentiation of the leading edge, would result in comparable or worse signal-to noise ratios than what BCTs provide.
Both high and low frequency specification of BCTs needs to be considered. For typical 1–4 μs wide linac macro-pulses, a decay time constant of at least ×102 to ×103 higher is required if the pulse is to be faithfully reproduced. While BCTs with responses down to DC have been developed [52, 53], the decay time constant in simple single-winding BCTs is determined by the secondary inductance Ls and the load resistance, [image: image]:
[image: image]
Typical inductances of 100 mH are necessary when [image: image] is 50 Ω. The inductance can be calculated using details presented in Supplementary Information S1. Core permeabilities range from μr ≈ 103 to >104 for typical MnZn ferrites, while for high-nickel magnetic alloy tape wound cores [54] these values can reach 5 × 104 or higher; the highest permeability materials are amorphous or nanocrystalline soft magnetic materials [55] or “supermalloys” [56] that reach relative permeabilities of >105 or higher. A high permeability allows [image: image] to be reduced for a given sensitivity, and improved performance can be obtained with nanocrystalline materials compared to high permeability ferrites. With ferrites, typically 50-100 turns are required to reach the required inductance.
In the case of BCITs, the resonance frequency, [image: image], is given by the usual tuned circuit relation ([image: image] = inductance, [image: image] = capacitance), when [image: image] is made large and winding losses can be neglected:
[image: image]
Similar limitations to those associated with BCT inductance apply to BCITs in order to ensure that charge pulses are integrated with minimal error. It can be shown [48, 49] that the percentage error [image: image] in integrating a radiation pulse width, τ, using a BCIT resonant frequency f can be approximated by:
[image: image]
For a <1% integration error, a resonant frequency of <∼22.2 kHz should be attained. Using the same inductance as in the BCT (100 mH), this suggests a ∼500 pF integrating capacitor.
In the above example (100 turns) a typical FLASH electron pulse current of 50 mA peak (200 nC in 4 µs) will thus result in a secondary current of 0.5 mA peak. A peak output voltage of 25 mV across a 50 Ω load will be obtained using a BCT.
The output voltage of a BCIT, for the same charge and number of turns can be calculated using equation (2) and found to be 4 V, a factor of 160x higher, clearly demonstrating the superior output afforded by the use of a BCIT. Furthermore, a BCT output would need to be boosted by a high bandwidth amplifier, of bandwidth >5 MHz for typical slow rise/fall times present in a linac output pulse. In the case of a BCIT, subsequent processing bandwidths need not exceed a few tens of kHz.
The minimum charge detectable by a BCT depends on the noise voltage generated by a load resistor and by current noise performance of any subsequent amplifier. When the load is, e.g., 50 Ω, the resulting thermal noise is ≈ 2 μV over a 5 MHz bandwidth and at room temperature, as derived from the usual thermal noise relation:
[image: image]
Where [image: image] = load resistance; [image: image] = Boltzmann’s constant; [image: image] = absolute temperature; and [image: image] = detection bandwidth.
In order to perform a comparison, it will be assumed that the gain of the subsequent amplifier is 160x, and that a well-designed voltage amplifier would have a noise voltage density of ∼1–2 nV Hz-1/2, resulting in a total input-referred noise voltage of ∼500 μV. The rms signal-to-noise ratio (SNR), for a 200 nC charge, in this example is 50:1. Of course once the BCT output is integrated in a subsequent signal processing system, the Signal to Noise Ratio (SNR) improves as the measurement bandwidth is reduced.
In the case of the BCIT the noise performance is determined by (a) the thermal noise of the real part of the effective source impedance, (b) the noise generated by the amplifier input current flowing across [image: image] and, (c) the noise introduced by the preamplifier. This last component can be considered to be negligible. The magnitude of the first two components has already been analysed in a detailed manner [51] and will not be repeated here. It has been shown to be:
[image: image]
where [image: image] is the amplifier input current and [image: image] is the charge of an electron.
The value of [image: image] is dominated by core and winding losses and typical values will be a few mega-ohms. Furthermore, the noise bandwidth is centred on the narrow, tuned circuit resonance and values of the coil inductance, the core losses, etc. must be included to derive the expected noise. Typically, noise voltages of the order 20–100 μV, significantly more that the contribution due to (c). It is noted that any subsequent filtering of the BCIT signal will not yield an improvement in the SNR, since the noise spectral density is associated with a clearly pronounced peak at the BCIT resonance frequency. This also indicates that only the peak output value, or the peaks of the first few cycles, yield information with a high SNR.
The rms SNR in a BCIT, for a 200 nC charge, is thus >> 104:1 and this is achieved without any signal processing. In the case of the differential BCIT, it would not be expected that this SNR would reduce significantly, since the amplifier noise contribution would remain small.
If we were to integrate the BCT output for, say ∼100 µs, (a typical time similar to when a BCIT reading would be obtained) its SNR would improve to ∼2000:1; this is still worse that what can be achieved with a BCIT.
However, the noise performance of the BCT can be improved substantially by increasing the core permeability and achieving the required inductance using fewer turns and hence providing a higher is. Furthermore, as the pulse width is reduced, the BCT’s SNR for a constant charge pulse improves. A significantly better approach is to increase the BCT Ls/ [image: image] ratio by following it with a transimpedance (virtual earth) amplifier, as recently highlighted [57]. The low number of turns (<10 typ.) needed to reach the required sensitivity (high is), may, however, introduce some variations in the output signal when the beam position is varied, depending on the leakage inductance. In fact, BCTs can be used to determine the spatial characteristics of electron beams [58]. Very high permeability cores would then be required (∼105) to support the pulse width and the requirement for high detection bandwidths would remain. Moreover, the permeability of such cores drops drastically with frequency. In addition, when short rise/fall time are used, connection to the virtual earth can result in reflections and ringing that spoil the edge response. In addition, the need for subsequent signal processing remains. For comparison, a BCIT fashioned in this way can handle very long, low amplitude charged pulses [59, 60].
Whichever approach is used, a BCT always operates as an alternating current transformer and cannot transmit a direct current component: the transformer output voltage must have positive and negative portions of equal area [47]. This implies that there is a need for some form of baseline restoration to be applied. In addition, the winding resistance places a limit on the highest Ls/ [image: image] ratio achievable. This winding resistance can be compensated for by following the BCT with a stage with a negative input resistance [61] or other topologies can be used [52, 53].
The use of BCIT is generally advantageous as large signals can be readily obtained for typical linac macro-pulses used during both FLASH and CONV irradiations, using cores of even moderate relative permeability. More importantly, when CONV irradiations are performed, the SNR of BCTs can all too easily become limiting. One of the specific advantages of the BCIT is that the same charge monitoring system can be used for CONV and FLASH irradiations and that measurements are acquired long after most accelerator-induced interference has elapsed.
The BCIT described here was used with an in-house developed, FLASH-optimised [13] 6 MeV nominal electron energy horizontal-firing electron linac. This is constructed around a travelling wave accelerating waveguide (type SL75TW, Elekta, Crawley, United Kingdom), an S-band (2.89 GHz) magnetron radiofrequency source (type MG5125, Teledyne e2v—United Kingdom, Chelmsford, United Kingdom) conventionally modulated by a thyratron (type CX1140, Teledyne e2v—United Kingdom, Chelmsford, United Kingdom) and a 4 μs pulse forming network. Radiofrequency, and hence electron, pulse triggering is performed by a phase-locked-loop with a 25 Hz reference (derived from 50 Hz ac mains) capable of providing pulse repetition rates in the range 25–300 Hz. Electrons are generated by a diode type of gun that is pulsed synchronously with the radiofrequency source and that can deliver any required number of pulses. The electron beam current is varied by changing the thermionic emission temperature of the gun. The BCIT is placed after the accelerating waveguide and before a thin output window (10 μm thick beryllium-copper foil); electron pulses are fired into a temperature controlled experimental area. Additional beam scattering is usually employed, provided by a titanium foil, 30 μm thick, positioned 8.5 mm downstream from the output window.
Since a travelling wave type of electron linac is used, the beam output energy can be readily varied by slight detuning of the magnetron matching network. The beam energy is monitored [62] and is maintained at a constant value irrespective of electron pulse amplitude.
2.3 A practical differential BCIT
A differential BCIT was developed around a ferrite core of 26 ± 0.8 mm thickness, 107 ± 2 mm outer diameter and 65 ± 1.3 mm internal diameter (3F3 material from Ferroxcube, Netherlands, T107 format, available at the time of writing from Farnell Ltd, Canal Rd, Armley, Leeds United Kingdom as part #2103396). The relative permeability of the 3F3 ferrite is ∼2000 at 25°C, though this value rises with temperature to ∼2,500 at 50°C. We note that this particular ferrite is far from optimal but was readily available at low cost. If required, significantly better performance can be achieved by using other core types, as listed in Supplementary Information S2.
The core was first protected with transformer tape and was wound with 2 × 70 turns using 0.55 mm diameter enamelled copper wire, spaced ∼1 mm between turns on the core inner diameter. The wound core was dipped in polyurethane varnish, dried, overwound with insulating transformer tape and again dipped in varnish. The core inductance factor is specified as 5.184 µH, suggesting that an inductance of 101.6 mH would be obtained.
The completed core is then fitted onto the accelerator output beam line, as shown in Figure 2. An earthed electrostatic screen surrounds the core, coil connections are brought out of the inner end-cheeks through low loss PTFE feedthroughs and these connect directly to a differential amplifier placed within the outer shield. This inner shield makes it easy to perform electrical calibrations without risk of interference injection. The outer shield is only connected to the beam line and serves to provide a return path for the electron pulse back to the accelerator.
[image: Figure 2]FIGURE 2 | Construction of BCIT around a 50.8 mm diameter beam line. The wound core is enclosed in an electrostatic shield fashioned from copper-clad FR4 printed circuit board end cheeks a brass screen cover; a break in the board copper ensures that a shorted turn is not formed. The electron beam return path is ensured by using an outer shield made from brass end-plates and a copper outer cover, using conductive gaskets to ensure good electrical continuity. An insulating portion on the beam line prevents the formation of a shorted turn in this outer metalwork. A differential preamplifier board and a calibration board are fitted on either side of the beam line is fitted next to the wound core as is a calibration board.
Other construction methods can also be used without significant changes in performance; the approach described here was appropriate for our installation. It is, of course, essential that no shorted turns are accidentally formed; it is also important that the whole system is made mechanically rigid so as to prevent induction of signals from external magnetic fields. Furthermore, since stray capacitance is always present, a rigid mechanical construction ensures stable sensitivity.
The differential BCIT was simulated using LTspice XVII® [63] and the circuit was excited with pulses of different charge. The simulation was performed using measured inductance, capacitance and core parameter values; the resonance damping resistors, Rd, were 2 × 15 kΩ and 3 pF switch feedthrough capacitance was assumed. Following resonance excitation and a few cycles of oscillation, a reset pulse (∼360 μs wide) was simulated. The differential outputs, shown in the top panels of Figure 3, show the expected response and clean damping of the resonance. The lower panels of Figure 3 show the single-ended responses at either end of the transformer. It is clear that as the input charge is reduced, artefacts resulting from reset switch feedthrough become more prominent at the differential approach eliminates these unwanted signals.
[image: Figure 3]FIGURE 3 | LT Spice Simulations of BCIT responses for different charge inputs. Additional charge is introduced by the leading edge of the reset pulse while the trailing edge excites a series resonance from the feedthrough capacitance and the transformer inductance. These additional charges become increasingly prominent as the primary charge is reduced, but are eliminated through differential sensing.
2.4 BCIT signal processing
The differential damping pre-amplifier is presented in Figure 4. This is based around an INA111 instrumentation amplifier, U1 in Figure 4, (Texas Instruments Inc, Dallas, Texas) that features low input bias currents and that provides negligible loading of the tuned circuit. The resonance damping was achieved by using U2 and U3 in Figure 4, a pair of field-effect opto-couplers, (type H11F1, Onsemi, Phoenix, Arizona, United States). The gain of the instrumentation amplifier is made switchable, using x1, ×10 and ×100 relative amplification factors, permitting a very wide dynamic range to be covered. Gain switching is performed with a pair of reed-relays (type 9007-12-01, Coto Technology, Tokyo, Japan) energised with a bipolar control signal through diodes D1-D4. The gain-setting resistor values shown provide the correct gain within ±0.02% and were made up using selected resistors, measured with a component bridge (model LCR400, Thurlby-Thandar Instruments Ltd. Huntingdon, Cambs., United Kingdom). The full-scale output, at a ×1 gain, corresponds to 1 μC. Should a less sensitive system be required, the value of tuned circuit capacitance (C in Figure 4) can be increased and the resonant frequency lowered. For convenience, we used a value for C such that a sensitivity of 100 nC/V was obtained: for 140 turns, 714.3 pF is required, made up from the parallel combination of a physical tuning capacitor and system stray capacitance; see Supplementary Information S3 for details.
[image: Figure 4]FIGURE 4 | Circuit diagram of the BCIT differential preamplifier. The circuit is constructed on a double-sided printed circuit board, 85 × 25 mm.
No physical [image: image] resistor is fitted across the tuned circuit. Core losses are responsible for an equivalent shunt resistance, the value of which can be estimated from measurement of tuned circuit bandwidth [image: image] or its quality factor ([image: image]). This can be determined using the usual tuned circuit relationships:
[image: image]
[image: image]
We did not perform a detailed analysis on core losses, since the complex permeability of many commercially available soft ferrites (such as the 3F3 material used in this work) varies with frequency; nevertheless, straightforward modelling approaches are available [64] for readers who may be interested in using alternative ferrites. In this application, core losses are quite acceptable and cause a repeatable decay of <<0.5% of the integrated charge signal in the first quarter cycle of the resonance.
Photographs of the internal components of the charge monitor are presented in Figure 5. A “break” in the printed circuit board end-cheek prevents the formation of a shorted turn. No special precautions were used during construction other than ensuring that the differential amplifier input circuitry is arranged in a symmetrical manner.
[image: Figure 5]FIGURE 5 | Practical details of BCIT front-end electronics. Left: the BCIT differential preamplifier board. Right: the BCIT calibration board.
Absolute charge calibration is achieved by using a single turn winding and a series capacitor across a voltage step generator. A precision polystyrene capacitor, in the range 0.1–10 nF and a known voltage step thus generate a known charge input. In our set-up we are able to choose between three capacitor values, as shown on the left of Figure 4 and on the right of Figure 5.
Although output data can be captured and analysed directly on a modern digital oscilloscopes with a deep memory, it is convenient to use a peak detector to sample the first negative peak of the differential amplifier output. This circuitry is shown in Figure 6 and is installed remotely from the charge sensor. A simple difference amplifier, U4, (type INA133, Texas Instruments Inc, Dallas, Texas, United States) takes care of any common mode voltages that may be introduced between the two locations. A conventional peak detector, formed by U5-7 and D5-6, provides the required output signal that can be subsequently sampled. The high slew rate of U5 (type ADA4637-1) copes with reverse recovery while U7 (type AD825) prevents droop on the peak-hold capacitor, 10 nF polystyrene, while the analogue switch, U6, type ADG1201 features a <1 pC charge injection. These devices are manufactured by Analog Devices Inc (Wilmington, MA, United States).
[image: Figure 6]FIGURE 6 | Peak detector interface between the differential amplifier and subsequent signal digitisation. For clarity, power supply decoupling components are not included in this circuit diagram.
Any small DC offsets can be corrected using a trimmer potentiometer. There is a 4% loss resulting from the use of two 1 kΩ line isolating resistors at the output of the differential amplifier. This is readily compensated for in software. Finally, a generic operational amplifier is used to drive the gain control line from logic gain-control inputs.
A transient digitiser, (PicoScope 6403, 200 MHz Bandwidth, 1 GS/s, 512 MS memory; Pico Technology, St Neots, Cambs., United Kingdom) is used to acquire charge data from the beam pulses. Alternatively, a custom-designed digitiser (Supplementary Information S4) can be used to provide statistical data of beam performance, pulse counting, etc. and to stop accelerator pulsing when the required charge or dose is delivered.
2.5 Timing
There is nothing particularly critical about timing signals required by the BCIT. While the device could be operated in a mode where a reset pulse is generated a few milliseconds after an output above, e.g., 10 mV were detected, in practice it is much simpler to use a pre-trigger pulse derived from the accelerator timing system. This pre-trigger pulse is delayed and acts as a reset pulse, e.g., <2 ms after the linac pulse. Any jitter in this pulse is not critical, provided enough time is allowed for the reset action (>0.5 ms) and for any data acquisition systems to acquire and transfer charge data. Since most linacs operate at repetition rates of <500 Hz, this requirement is easily satisfied.
2.6 Beam measurements
Dose deposition measurements were performed using solid water (15 × 15 cm2 rectangular slabs to a total of 10 cm of RW3, PTW Freiburg GmbH, Freiburg, Germany) and with radiochromic film (EBT-XD, Ashland Inc., Covington, KY, United States). The films were read out with a film scanner (Epson Perfection v850 Pro, Seiko Epson Corporation, Nagano, Japan) and analysed with ImageJ (version 1.52a, Wayne Rasband, NIH, United States). The films were previously calibrated in a 6 MeV clinical electron beam from a Varian Truebeam (Varian Medical Systems Inc., Palo Alto, CA, United States) linac at the Churchill Hospital site in Oxford, United Kingdom.
An Advanced Markus® ionisation chamber (AMC) (model 34045, PTW-Freiburg, Freiburg, Germany) was used for dose measurement in conjunction with an electrometer (UNIDOS webline, PTW-Freiburg, Freiburg, Germany). The chamber was operated at a bias voltage of −300 V.
3 RESULTS
3.1 Charge response
The response of the calibrated differential BCIT to electrical charge pulses introduced through the single-turn calibration winding are presented in Figure 7. These data indicate a good dynamic range and acceptable readout errors in the range of 20 pC to 1 μC.
[image: Figure 7]FIGURE 7 | Left: Differential BCIT monitor response to electrical charge pulses introduced through the calibration single-turn winding for different gains, covering the range 20 pC/pulse to 1 μC/pulse: the charge is defined by the amplitude of a voltage step from a pulse generator and by the single-turn coupling capacitor. Right: Percentage readout errors across the same gains and the same input charge/pulse range. For clarity, error bars (±1 SEM) are only included for charges below 2 nC. Readings for 25 pulses were used to calculate SEM limits.
The plots also indicate an acceptable overlap across ranges. On the most sensitive range, differential amplifier and peak detector DC offsets were removed. It was not readily possible to estimate the absolute error as we did not have access to a step generator of adequate precision, but there is no reason to expect that this could not be calibrated out. In use, it is always preferred to use the highest gain possible, commensurate with the ∼10 V maximum output.
BCIT responses to our linac output pulses (nominally 3.8 μs wide) are summarised in Figure 8. In the top panel, the differential amplifier gain is set to unity. At the 50 μs/division timebase, not enough time has elapsed to show the start of the reset signal. The charge integration at the start of electron pulse is obvious. However, it is clear that some charge is lost, resulting from core losses, at each half-cycle subsequent to the start of the resonance. This is commensurate with the expected decay resulting from resonance curve bandwidth (Supplementary Information S3).
[image: Figure 8]FIGURE 8 | Responses of the differential BCIT to individual 3.8 μs linac electron pulses, ranging from 330 pC to 170 nC, using sensitivities of 100 nC/V (top). 10 nC/V (middle) and 1 nC/V (bottom).
In Figure 8 middle panel, the differential amplifier gain is set to x10 and the timebase of the recording instrument/display is increased to 0.5 ms/div. The linac pulse repetition frequency is 300 Hz. A clean damping of the resonance is observed starting some 2 ms after the electron pulse. Finally, in the lower panel of Figure 8, the amplifier gain is increased to x100. In this last trace, output band-limited baseline noise is observed ∼5.6 mV rms or ∼8 mV peak-peak, (equivalent to ∼8 pC peak-peak). This narrowband noise waveform is just what would be expected in a resonant system such as that used here. Inevitable mechanical vibrations of our beam line contribute to this noise, as do varying magnetic fields not related to the beam pulse. Charges per pulse of <∼20 pC on a pulse-pulse basis should be avoided, corresponding to 20 mV output (×100 gain) and ∼5 μA peak pulse current. However, since FLASH is usually performed over <200 ms, charge from ten or more pulses is summed and the noise induced errors can be considered negligible, even when lower peak currents are employed during longer-lasting CONV irradiations. The charge monitor can be used to good effect to optimise the accelerator tuning during FLASH irradiations, as shown in the Supplementary Information, Supplementary Figure S4.
3.2 Application of the differential BCIT as dose monitor
As mentioned earlier, charge and dose are distinctly different physical quantities. Nevertheless, dose can be monitored with a charge monitor when beam energy, beam position and beam scattering are kept constant. In our case, since the core was wound evenly and since the beam diameter within the monitor is small we would not expect to, and we do not, observe significant changes in response to a given charge resulting from beam movement. On the other hand, any angular beam movement is likely to affect the dose distribution at the sample.
In Figure 9, measurements of dose with radiochromic film (mean across a 5 × 5 mm2 areas in the centre of films, 23 × 34 mm) are compared with measurements of charge from the AMC and with beam charge as determined by the BCIT. Both film and the AMC were positioned in the centre of the horizontal beam, at 10 mm depth in solid water, and at a source-to-surface distance (SSD) of 50.0 cm, (see Supplementary Information S7) and measurements of charge from the BCIT, during CONV irradiations at 25 Hz pulse repetition rate and low pulse currents (left panel) and during FLASH irradiations at 300 Hz repetition rate and high pulse currents (right panel). The charge per pulse was varied by adjusting the beam injection at the accelerator’s gun and all data at a given charge per pulse were acquired simultaneously. Our installation includes an energy monitor [62] and the data presented in Figure 9 have been acquired under conditions where the energy has been maintained constant (at 6 MeV).
[image: Figure 9]FIGURE 9 | Left panel: Response of AMC (dotted line and filled circles) and BCIT (solid line and open triangles) dose monitors during CONV irradiation performed with low peak current, (∼25 μA - 1 mA) low repetition rate (25 Hz) electron pulses. Right panel: Response of AMC (dotted line and filled circles) and BCIT (solid line and open triangles) dose monitors during FLASH irradiation performed with high peak current, (∼1–>100 mA) high repetition rate (300 Hz) electron pulses. In both panels, the error bars correspond to a 2% uncertainty in dose measurement with radiochromic films.
While the BCIT can readily monitor dose per pulse ranging from <<2 cGy/pulse to over >>5 Gy/pulse, many older linacs, such as ours, are subject to beam loading effects [65, 66] that inevitably result in changes of beam energy at very high charges per pulse. More modern linac designs are less prone to such effects, and BCITs can then operate as excellent dose monitors well above several tens of Gy/pulse.
At low charges per pulse, the readout from the AMC is linear and dose monitoring can be performed successfully, as would be expected, as shown on the left panel of Figure 9.
However, at high charges per pulse, and doses per pulse above 0.2–0.5 Gy, the AMC output is no longer proportional to dose per pulse or charge per pulse: the AMC’s ion collection efficiency decreases as the dose per pulse increases [18, 67, 68], in accordance with Boag theory, extended to include a free electron component [69, 70] as well as other experimentally derived corrections [24, 71]. Linearity is, however, preserved in the BCIT’s response, as shown in the right panel of Figure 9, up to at least ∼10 Gy per pulse. The relationship between beam charge and dose is, of course dependent on the irradiation geometry.
In its current state, our accelerator provides only nominal 3.8 μs wide pulses as the short-pulsing driver has been de-commissioned. Many other installations reduce the pulse width for CONV irradiations. We reduce the pulsing repetition rate, down to 25 Hz, from 300 Hz used during FLASH irradiations. The expected variation when shorter pulses are used are presented in Supplementary Information S8. It is clear that the charge monitor, when used for monitoring dose, can provide similar information to “Monitor units (MUs)” conventionally employed [72] for dose delivery monitoring. The long-term (6 months) absolute stability of the calibration of the device has been found to be ±5% (SD) for doses of the order of a few Gy/pulse and ±2.6% (SD) for doses of the order of a few mGy/pulse. These errors include errors resulting from potential beam misalignment. The device can thus provide an indication of dose delivered to a particular sample geometry in real time. Long-term electrical calibrations (i.e., determined by introducing known voltage steps through the calibration winding and capacitor) have been found to be <±0.5% (SD).
4 DISCUSSION
A non-intercepting beam charge monitor that can be used for dose monitoring has been presented. It is noted that even though this device is far from optimal, its simplicity and performance make it particularly suitable for use during both FLASH and CONV irradiations. The device is based on a resonant toroidal transformer, arranged in a balanced configuration in order to permit fast damping of the resonance in between electron pulses, a requirement for use with high pulse repetition rates. In principle, with appropriate changes in reset timing, pulse repetition rates in excess of several thousand pulses per second could be handled.
The magnetic performance of the core can be improved substantially by using more stable, higher permeability materials, as described in Supplementary Information S2. The particular core used is, however, readily available at low cost. This charge monitor was installed in 2015 and has operated without problems since that time. We have not observed any radiation-induced damage to the electronics. One potential disadvantage of the approach presented here is that the differential amplifier has to be mounted physically close to the toroidal winding and is thus not readily radiation shielded. Nevertheless, no obvious radiation damage has been observed after several years’ operation. The simplicity, immunity from accelerator induced noise and low cost of signal processing are all considered be advantageous.
We have presented results here using nominal 3.8 μs electron pulse width. However, the same device has been used without problems with much shorter electron pulses, down to ∼15 ns and below, using a now de-commissioned short pulse driver. Our intention was to highlight operation for commonly used 4 μs linac macro-pulses, where the BCITs offer significant advantages over BCTs that have attracted recent attention when used for FLASH. Although we used a peak detector to provide a charge-pulse readout, software peak detection could also be exploited.
The device described here is appropriate for pulsed electron beams. In principle a lower sensitivity version of the same could be used for emerging photon FLASH sources [73, 74], although the sensitivity of BCTs is likely to be adequate for such work, when intense electron pulses are used on a photon-generating target. Many specialised electron linacs that are used for electron irradiation also generate pulses in the 1–4 μs region and charges in the range 4 nC to ∼2.50 μC [75, 76]. Similar beams are generated by FLASH and intraoperative radiotherapy (IORT) machines. For FLASH, typical maximum charges/pulse of 400 nC are used, delivered at 100 mA peak and 4 μs pulse width (corresponding to ∼2.5 × 1012 electrons). Our monitor readily monitors charge per pulse in this range, with an upper limit of ∼1 μC/pulse for a 10 V output signal. For other pulsed charge monitoring applications, charges/pulse ∼20 pC can be measured with repetitive sources when much of the BCIT/amplifier noise is subtracted out, corresponding to peak currents of ∼5 μA. Though unnecessary for work with linacs, this lower limit can be readily extended by using higher permeability, lower loss cores, as outlined in the Supplementary Information S2, down to a few picocoulombs.
Our results clearly show the benefit of using BCIT to monitor dose delivery during FLASH studies, as the BCIT response is linear with dose (as measured with film) over the dose rate range tested (0.1 Gys−1–3 kGys−1). Measurements with an ionisation chamber (AMC) in the same dose rate range shows a loss of linearity above 0.2–0.5 Gy per pulse, due to decrease in ion collection efficiency with increasing dose per pulse (Figure 9).
Neither BCTs or BCITs are able to provide beam cross-section and spatial distribution information since they are only sensitive to the beam charge passing through them. Other approaches must be used for determination of beam dimensions, flatness, symmetry energy and other parameters [77, 78].
The BCIT described here is mainly aimed at work with electron macro-pulses generated by electron linacs; dose monitoring must be provided in such machines used clinically, where the IEC 60601-2-1 Medical electrical equipment standard applies [34], in conjunction with IEC 60976 [76]. While a BCT can be used to monitor temporal variations of instantaneous beam current, it requires a large signal processing bandwidth and its output must be digitised, baseline-restored, and integrated in software in order to derive a value for beam pulse charge. Integration is inherent in a BCIT and it does not require a large measurement bandwidth. The sensitivity possible with a BCIT is therefore excellent. While there are few fundamental reasons why a BCT system of comparable sensitivity cannot be developed, practical realisations with BCTs tend to be complex. BCTs demand the use of a few turns in order to provide good sensitivity, and the core must therefore have a very high permeability in order to provide enough inductance to support the pulse width. BCTs can also be constructed in a balanced arrangement in order to provide adequate rejection of accelerator-induced electrical noise [79]. Charge calibration is also much simplified in BCITs compared to BCTs.
BCTs provide information on temporal pulse profiles. In most machines, instantaneous dose rate changes within the pulse are minimised. Nevertheless, the output pulses are rarely associated with a flat ‘top’ and are often associated with overshoots and undershoots/oscillations during the pulse. Although the FLASH phenomenon is dose-rate dependent, it is unlikely that such dose rate variations within the pulse are responsible for the biological findings and in all published work to date with BCTs, the current pulse is integrated in software.
Other similar machines developed for FLASH work [80–82] and linear induction accelerators [73] provide beams appropriate for monitoring with the device described here. The optimum resonant frequency, for lowest narrowband noise, is ∼50–60 kHz and macro-pulses would then be limited to ∼1–2 μs. The use of lower number of turns, e.g., 2 × 5–10 turns on very high permeability cores will always be beneficial, provided the resonant frequency is appropriate for the pulse width utilised.
For protons or hadron FLASH irradiations, where charges per pulse are lower and pulse structures are varied [83, 84], the challenges are distinctly different [85]. More complex inductive monitoring such as parametric beam monitors [52, 86] that can operate down to DC or synchronous beam monitors [87] would perhaps be better suited, while other types of monitoring can also be used [88].
5 CONCLUSION
Key information for the design of a beam charge integrating transformer that exploits resonance to achieve a high sensitivity has been presented. Simple additions to permit use of such resonant transformer with high repetition rate pulsed electron beams have been described. Such non-intercepting beam charge monitors can be used to monitor dose delivery during both CONV and FLASH irradiations, or indeed when single, individual, pulses are used. A wide dynamic range can be readily handled. They are not susceptible to saturation effects and can thus be used for high charge/pulse FLASH beams. However, the charge in CONV beams can be also monitored with the same device, as a result of their good sensitivity.
Although resistively-loaded beam current transformers have gained recent popularity for use during electron FLASH measurement, their sensitivity, particularly for long pulses, is often not optimal. Furthermore, such transformers require wide bandwidths, hardware- or software-based integration along with baseline correction. One of our aims in presenting this work was to bring to the foreground resonant inductive beam sensors that inherently integrate the beam charge per pulse and offer far greater versatility during radiobiology experiments using electron pulses. Physicists are interested in temporal pulse profiles, and rightly so. Dose per pulse, however, is of greater immediate interest to radiobiologists. The low electrical bandwidths of BCITs and almost perfect immunity from accelerator-generated noise provides a significant advantage in work involving charge pulses acquired over a wide dynamic range, including when low doses/pulse need to be monitored. The charge measurement is performed several hundred microseconds after the electron pulse and is thus free of any interference generated by the linac modulator and radiofrequency system. It is hoped that these versatile devices will gain wider acceptance by the electron FLASH community.
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Radiotherapy (RT) is performed in approximately 75% of patients with cancer, and its efficacy is often hampered by the low tolerance of the surrounding normal tissues. Recent advancements have demonstrated the potential to widen the therapeutic window using “very short” radiation treatment delivery (from a conventional dose rate between 0.5 Gy/min and 2 Gy/min to more than 40 Gy/s) causing a significant increase of normal tissue tolerance without varying the tumor effect. This phenomenon is called “FLASH Effect (FE)” and has been discovered by using electrons. Although several physical, dosimetric, and radiobiological aspects need to be clarified, current preclinical “in vivo” studies have reported a significant protective effect of FLASH RT on neurocognitive function, skin toxicity, lung fibrosis, and bowel injury. Therefore, the current radiobiological premises lay the foundation for groundbreaking potentials in clinical translation, which could be addressed to an initial application of Low Energy Electron FLASH (LEE) for the treatment of superficial tumors to a subsequent Very High Energy Electron FLASH (VHEE) for the treatment of deep tumors. Herein, we report a clinical investigational scenario that, if supported by preclinical studies, could be drawn in the near future.
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Introduction

The success of radiotherapy (RT) in eradicating tumors depends on the total radiation dose delivered to the tumor. The tolerance of surrounding normal tissues often represents the main limitation in achieving the required dose. In recent decades, technological advances have improved the geometric precision of dose delivery by generating highly conformal dose distributions. However, a significant percentage of tumors remain incurable because of the unacceptable risk-to-benefit ratio (1).

Recently, the possibility of increasing the therapeutic window has been shown through temporal modulation of the beam delivery due to a differential radiobiological effect between normal tissues and tumor, the so called “FLASH Effect” (FE) (2). Specifically, this surprising effect was demonstrated “in vivo” on different animal models and organs by delivering the total radiation dose in a very short time (<200 ms), with average dose rates above 40 Gy/s (in comparison with 0.5 Gy/min–20 Gy/min of conventional RT) and leading to a sparing effect on normal tissues without varying tumor effect compared with conventional RT (CONV-RT). As this phenomenon has been discovered using electrons, most preclinical experiments have been performed using this type of radiation source (3–5).

Despite encouraging preclinical findings, the clinical translation of FE is currently in its early experimental phase, primarily owing to significant uncertainties in several key physical, dosimetric, and radiobiological aspects. The design of new devices capable of delivering beam fluences several orders higher than those used for CONV-RT, the availability of new dosimeters, and dosimetric protocols capable of measuring beams at the very high dose per pulse needed to trigger the effect, the dependence of FE on the variations of different temporal beam parameters needs to be clarified before translation to the clinic (6, 7). In addition, a comprehensive understanding of the underlying radiobiological mechanisms driving FE remains to be elucidated.

FE represents a great challenge that could significantly change the paradigm of RT-based treatments in the near future. For this purpose, real brainstorming has been triggered, involving all the specific skills around this issue, from medical physics to biophysics, radiochemists, and radiobiologists to radiation oncologists.

Based on the groundbreaking clinical possibilities associated with FE, we present a detailed overview of the primary oncologic conditions that are particularly suitable for initial clinical investigations of FLASH-RT, from Low Energy Electrons (LEE) (4 MeV–12 MeV) to Very High Energy Electrons (VHEE) (100 MeV–200 MeV) RT.





Radiobiological premises of clinical translation

The therapeutic window is the dose region interval between the Normal Tissue Complication Probability (NTCP) and the Tumor Control Probability (TCP) curves and represents the milestone for a RT treatment (8). Historically, according to the five principles of radiobiology (5Rs), the use of standard fractionation exploits a differential biological effect favoring the killing of cancer cells more than the killing of healthy ones. Several altered fractionation schemes (such as hyperfractionation or accelerated) have been tested trying to biologically spacing out the two curves but have been gradually abandoned due to controversial risk to benefit ratio (9).

In recent decades, owing to technological advances highly biologically effective hypofractionation schemes have emerged to overcome the intrinsic radioresistance of several tumors, often leading to high curative rates. However, hypofractionation allowed by the geometrical achievement of a very steep spatial dose gradient between the tumor and surrounding healthy tissues remains restricted to limited-sized lesions mostly located in parallel functional organs (such as the lung or liver). Moreover, the use of high linear energy transfer ionizing charged radiation, characterized by a higher relative biological efficacy, has been hampered by the necessity to achieve a subtle balance in the delivery mode to spatially spare the nearest healthy tissues with a subsequent high risk of severe sequelae. These limitations restrict the use of charged particles in clinical practice to very highly selected cases (such as chordoma or non-operable adenoidocystic carcinoma) that must be referred to a few reference centers and often require patients (pts) to be enrolled in clinical trials (10).

Hence, the potential protective effect observed in nonmalignant tissues holds significant promise for novel clinical applications. However, before the translation of FE into clinical practice, several concerns must be addressed through future preclinical studies. First, the determination of the threshold dose per fraction required to trigger the FE, as well as its dependency on various physical beam parameters (such as the total duration of irradiation, average dose rate, dose per pulse, and instantaneous dose per pulse), needs to be resolved. Understanding these dose–response relationships is crucial for optimizing treatment protocols.

Second, the extension of the FE effect to larger irradiation volumes (referred to as the “volume effect”) and exploration of multiple treatment fields are important considerations. Currently, FE has only been observed for a single treatment field delivering a high dose per fraction (approximately 6 Gy) without a standardized set of physical beam parameters, resulting in limited reproducibility of the results (11, 12).

In this regard, we believe that a key point will be to test the sparing effect and the corresponding dose-modifying factor (the increased dose factor to cause the same toxicity grade of CONV-RT) for both organs with “serial” (i.e., spinal cord, small bowel, brainstem and brain tissue) and “parallel” (i.e., lung and liver) functional organization, as well as the isoefficacy on different types of tumors compared with CONV-RT.

Since the FE has already been described as a “tissue effect,” the majority of data to address the clinical translation will likely come from “in vivo” experiments. In this regard, the currently available data seem to agree in recognizing a higher tolerance to FLASH irradiation for the most crucial healthy tissues (such as bowel, brain, and lung) that strongly limit the delivery of tumoricidal doses in clinical practice (3–5). Therefore, these results might realistically widen the therapeutic index for oncological conditions that are currently burdened by a dismal prognosis.





Clinical perspectives

Based on the radiobiological premises reported above, FE could advantageously be translated to the clinic for three main purposes:

	Radioresistant tumors located in close proximity to radiosensitive “serial” organs: it is hypothesized that a higher RT dose could be delivered to the tumor without inducing severe toxicities to the surrounding normal tissues as would be expected following CONV-RT.

	Large tumors arising in “parallel” organs: the delivery of tumoricidal RT dose is hampered by the size and local extension of the tumor mass, which would lead to low-dose irradiation of a significant portion of organs at risk with a subsequent unacceptable risk of severe toxicity.

	Reirradiation: Tumor recurrence often occurs within a previously irradiated high-dose region. This means that the dose required for tumor control is often much higher than that required for severe toxicity, leading to an inverted relationship between NTCP and TCP curves. Currently, these situations are evaluated on a case-by-case basis, taking into consideration the availability of advanced technologies (e.g., Cyberknife) that allow for maximal geometric sparing of primary organs at risk.



From a clinical perspective, two different lines of technological developments can be identified: LEE for the treatment of superficial tumors and VHEE for the treatment of deep tumors.

Undoubtedly, LEE might have very few but, at the same time, rapid clinical applications owing to the ease of technological implementation of LEE accelerators for clinical use. In contrast, VHEE would necessitate the design and development of a novel prototype machine that combines the capacity of managing accelerated high-energy electrons for clinical use with the limited size requirements of an RT bunker. Notably, the latter could be applied to many clinical situations that are currently undercured, thus leading to a real “cutting-edge” breakthrough in the RT treatment of cancer.





Low electron energy FLASH therapy

Three possible areas of clinical implementation can be identified for LEE: skin tumors, uveal melanoma, and intraoperative RT for abdominopelvic tumors.

Skin tumors usually takes advantage of an upfront surgical removal of the primary lesion despite burdened by a high rate of local recurrence due to their frequent unfavorable location (such a canthus, glabella, nasolabial folds, or preauricolar region) that often limits radical resection causing post-surgical “close” or “microscopically positive” margins (13–15). Therefore, low-energy standard RT (plesiotherapy or superficial brachytherapy) is frequently used as exclusive or postoperative treatment to sterilize microscopic neoplastic foci. Surely, the skin would be the ideal target for a preliminary clinical investigation as it represents a bidimensional matrix that makes it easy for both treatment planning and visualization of tumor and normal tissue response. In addition, the treatment of skin with LEE might play a pioneering role in the subsequent implementation of VHEE, as the healthy skin would represent a primary organ at risk for the treatment of deep tumors.

Uveal melanoma is a rare intraocular tumor that can be treated with radical or conservative treatment (16). Radical treatment, performed in approximately 30% of cases, consists of surgical resection, often providing total removal of the ocular globe and is usually offered to patients with greater tumor size and visual impairment at diagnosis. Indeed, conservative treatment that is performed in approximately 70% of cases consists of RT that can be delivered in the presence of small-sized tumors by implantation of intraocular radioactive plaques (ruthenium or iodine) or in the presence of medium-sized tumors by external beam-accelerated protons (17). The key point in performing conservative treatment is represented by the preservation of the optic nerve, whose damage is related to the reduction or loss of vision (18). Thus, the spatial relationship between tumor and optic nerve is crucial and the choice of external beam protons therapy is based on the achievement of a very steep “fall-off” of RT dose outside the clinical target volume (19). In this regard, owing to the proximity of the target to the cutaneous surface (approximately 1 cm–3 cm), LEE might represent a valid alternative to proton therapy as a conservative treatment in the presence of close proximity or tumor infiltration of the optic nerve. In this regard, preclinical studies investigating the effects of FLASH-RT on peripheral nerves are of primary importance.

Finally, malignancies located in the abdomen or pelvis would optimally fit for an early clinical investigation of Intraoperative Electron FLASH RT (20, 21) Primary tumor control, often conditioning survival due to a higher risk of local mortal complications and the development of distant metastases, can be crucial in the presence of non-operated radioresistant malignancies, such as pancreatic tumors or retroperitoneal sarcoma, surrounded by radiosensitive “serial” organs at risk (such as the intestine or stomach) (22). From the beginning, the rationale for intraoperative RT has always been the improvement of local control through the delivery of a dose-escalated hypofractionated boost to the primary gross tumor after standard fractionated external RT. Nevertheless, late small vessel and peripheral nerve injuries caused by large doses per fraction remains a limiting factor that can only be partially overcome by exploiting intraoperative FE.

Although the therapeutic applications of LEE are limited, it will be the first to be implemented as a direct application of in vivo experimental evidence performed using a single field of low-energy electron beams, mechanically collimated, and delivered in a single fraction.





Very high electron energy FLASH therapy

Multiple brain metastases and primary brain tumors (high grade gliomas) are currently associated to a poor “quoad-vitam” prognosis that is caused by the impossibility to eradicate intracranial tumor disease (23, 24). In fact, the large dissemination of small tumoral foci within the brain (multiple metastases) or the presence of a large tumor mass (primary tumors) usually requires very large-volume irradiation (25). This requirement, combined with the radiosensitivity of healthy brain tissue, usually represents the main limitation for the delivery of high tumoricidal doses (26). Therefore, a whole brain palliative irradiation as well as a “gross tumor” or “tumor surgical bed” involved field with large clinical margins is usually used in the current clinical practice but with suboptimal oncologic results. Although preliminary, currently available preclinical data report promising results in terms of neurocognitive sparing after FLASH compared with conventional irradiation, suggesting a preserving effect on stem hippocampal cells. Specifically, the results of all the cognitive tests performed were statistically indistinguishable between non-irradiated and FLASH irradiated mice, whereas cognition was permanently altered in mice receiving conventional radiation with a dose-modifying factor (DMF) of approximately 1.4 after a single dose of 10 Gy (5). If confirmed, these results could auspiciously pave the way for phase II dose escalation trials aimed at improving the local control of intracranial disease with a subsequent likely improvement in overall survival.

Locally advanced non-small cell lung tumors accounts for approximately 30% of all non-small cell lung tumors (27). Among them, only one-third are suitable for a surgical approach, usually after neoadjuvant chemotherapy. The remaining patients, who are not suitable for surgery, undergo RT-based treatment, either in combination with chemotherapy or as a standalone modality. Although RT represents a fundamental treatment for this subset of tumors, survival is still poor, accounting for approximately 15%–20% of patients alive 5 years after the diagnosis (28). In this case, the dismal prognosis seems to be related to scarce control of the tumor, with a subsequent high risk of life-threatening complications (i.e., hemorrhage) and metastatic dissemination. The real limit is represented by the volume of a healthy uninvolved lung that receives a low radiation dose rather than the maximum dose. In this regard, the life-threatening toxicities that limit the delivery of tumoricidal doses are acute pneumonitis and diffuse late fibrosis (29–31). Again, preclinical “in vivo” studies focused on FE in healthy lung tissue reported the occurrence of lung fibrosis after doses much higher than those required with CONV-RT (17 Gy CONV-RT vs. 30 Gy FLASH) (32). These data lay the foundation for a possible and promising translation to the clinic.

Vertebral metastases usually require palliative RT in more than 90% of patients with primary intent to control pain, prevent impending fracture, and avoid intracanal tumor invasion with the subsequent risk of spinal cord compression. Radiation oncologists often fail to reach this goal because of the delivery of suboptimal RT doses. The main drawback is the need to treat the entire vertebra encompassing the spinal cord in the clinical target volume. The spinal cord is a primary radiosensitive “serial” structure and is considered the cornerstone of primary organs at risk in RT, as overcoming the maximum tolerated dose leads to transversal myelitis (33). To date, the preserving effect of FLASH irradiation on the spinal cord has yet to be investigated in preclinical studies, as no data are currently available. Indeed, we do believe that this specific issue should be considered in the planning of the upcoming “in vivo” studies as it could rapidly open new perspectives in the clinical translation of FLASH-RT. In fact, the achievement of the maximum tolerated dose in the spinal cord is a major limitation in the RT of vertebral metastases as well as in the reirradiation of locoregional recurrences such as head and neck or lung tumors (34–36). Notably, RT for vertebral metastases might represent an ideal initial clinical application of VHEE due to the necessity of a low-complexity treatment technique.

Finally, pancreatic cancers are notoriously associated with a dismal prognosis due to poor local control and the early occurrence of distant metastases (37). Surgery is the mainstay of treatment, but only 30% of patients are fit, so many of them are treated with chemotherapy or RT. In this regard, the role of RT (mostly in non-surgical patients) has historically been debated because high tumoricidal doses cannot be delivered owing to double limitations. First, in patients affected by tumors located in the head of the pancreas, the duodenum is in close proximity with the primary tumor. Second, the presence of the small bowel, colon, and stomach, surrounding the clinical target volume. Notably, studies focused on investigating the possible role of stereotactic ablative RT in pancreatic cancers failed to prove a clinical benefit owing to the high pattern of severe complications (38) despite the use of a steep-gradient dose delivery technique. Therefore, if the current available data on the preservation of the intestine after FLASH irradiation is proven, it will constitute a good foundation for the potential clinical application of VHEE in pancreatic patients.

The clinical impact of VHEE is extremely important in oncology. However, its clinical implementation requires technological problems to be solved and the radiobiological mechanisms to be properly examined. To date, a clinical VHEE Linac has yet to be implemented. In this regard, high-energy electrons cannot be mechanically collimated (such as low-energy electrons) so that the dose coverage of the irradiated volume can be obtained by using a pencil beam delivery mode. Thus, it is necessary to investigate the “volume effect” by using adjacent and/or overlapping fields. Finally, owing to the necessity of using multiple fields to obtain an acceptable pattern of dose distribution, it is crucial to understand if the time lapse to pass from one field to another could compromise the FE.





Conclusions

Currently, FLASH-RT has generated a significant interest in the radiation oncology community. Since the inception of RT and its underlying radiobiological principles, it represents the first radiobiological breakthrough that has the potential to revolutionize the treatment paradigm in the field of oncology. It is worth noting that the American Society for Radiation Oncology (ASTRO) membership has acknowledged FLASH-RT as a groundbreaking discovery that warrants prompt translation into clinical practice (39). In this regard, we anticipate an initial phase of limited clinical application involving Low Energy Electron (LEE) radiation, which will hopefully pave the way for a broader clinical implementation of Very High Energy Electron (VHEE) radiation. We believe that the crucial milestones for the exclusive treatment of deep-seated tumors will depend on the sustained manifestation of the FLASH Effect (FE) using low-dose fractions and the application of large, multi-field irradiation techniques. Conversely, FLASH-RT can also be integrated with conventional RT (CONV-RT) in the form of a tumor hypofractionated boost using simple techniques.
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Ultra-high dose rate (UHDR) irradiations with different types of radiation have shown a larger sparing of normal tissue and unchanged tumor control with respect to conventional delivery. In recent years, there has been an accumulation of experimental evidence related to the so-called FLASH effect. However, the underpinning mechanism remains, to date, extremely debated and largely unexplained, while the involvement of multiple scales of radiation damage has been suggested. Since it is believed that the chemical environment plays a crucial role in the FLASH effect, this work aims to develop a multi-stage tool, the multiscale generalized stochastic microdosimetric model (MS-GSM2), that can capture several possible effects on DNA damage at the UHDR regime, such as reduction of DNA damage yield due to organic radical recombination, damage fixation due to oxygenation, and spatial and temporal dose deposition effects, allowing us to explore most of the candidate mechanisms for explaining the FLASH effect. The generalized stochastic microdosimetric model (GSM2) is a probabilistic model that describes the time evolution of DNA damage in a cell nucleus using microdosimetric principles, accounting for different levels of spatio-temporal stochasticity. In particular, the GSM2 describes radiation-induced DNA damage formation and kinetic repair in the case of protracted irradiation without considering the Poissonian assumption to treat the number of radiation-induced DNA damage. In this work, we extend the GSM2, coupling the evolution of DNA damage to fast chemical reaction kinetics, described by a system of ordinary differential equations, accounting for an additional level of stochasticity, i.e., in chemistry. We simulate energy deposition by particles in a microscopic volume, which mimics the cell nucleus, in order to examine the combined effects of several chemical species and the time evolution of DNA damage. We assume that UHDR modifies the time evolution of the peroxyl radical concentration, with a consequent reduction in the yield of the indirect DNA damage. This damage reduction emerges only at UHDR and is more pronounced at high doses. Moreover, the indirect damage yield reduction depends on the radiation quality. We show that the MS-GSM2 can describe the empirical trend of dose- and dose rate-dependent cell sensitivity over a broad range, particularly the larger sparing of healthy tissue occurring at the FLASH regime. The complete generality of the MS-GSM2 also allows us to study the impact of different dose delivery time structures and radiation qualities, including high LET beams.
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1 INTRODUCTION
1.1 Ultra-high dose rate irradiation: general context
Ultra-high dose rate (UHDR) irradiation, sometimes also referred to in the literature as FLASH irradiation, is a novel technique based on fast beam delivery, with a total irradiation time [image: image] 100 ms and an overall dose rate [image: image] 40 Gy/s for a single high enough dose, usually exceeding 10 Gy. It has been extensively demonstrated experimentally [1–5] that FLASH irradiation allows obtaining a higher sparing of normal tissue, e.g., a decrease in memory loss [6, 7] or less intestine necrosis [8], and, at the same time, an unchanged tumor control, e.g., an indistinguishable tumor response for HBCx-12A xenografts [1], with respect to conventional dose rate irradiation (CONV), characterized by a dose rate of 0.03–0.1 Gy/s. Many other experiments confirmed this sparing effect appearing at FLASH regimes, such as in animals, for example, no severe fibro-necrotic lesions on mini pig skin were observed [2] or even in humans, as in the first patient with cutaneous lymphoma, treated using electron beams [9].
In addition to that, the FLASH effect was observed for different radiation qualities [10], i.e., for different particle types, energies, and linear energy transfer (LET): (i) studies with electrons, such as in [11] with a 6 MeV electron beam LINAC, showed the same delayed glioblastoma growth in both CONV and the FLASH regime, while only the FLASH regime significantly spared animals from cognitive deficits in learning and memory; (ii) with protons, as demonstrated in [12], where using IBA Proteus Plus at 203 MeV at the FLASH regime, a significant reduction in the loss of proliferating cells in intestinal crypts was observed compared to the CONV regime, or in [13], where a reduction in normal tissue damage (in particular, acute skin damage and radiation-induced fibrosis) was observed for the same tumor control in the case of FLASH with respect to CONV using proton PBS (ProBeam, Varian Medical Systems) at 244 MeV for CONV and 250 MeV for FLASH; and, more recently, (iii) also with carbon ions [14, 15], both in vitro at the Heidelberg Ion-Beam Therapy Center (HIT) synchrotron and in vivo at the GSI Helmholtz Center in Darmstadt. Moreover, the first clinical trial with protons has already started [16]. Clinical translation is a fundamental step since FLASH radiotherapy, in principle, should allow for an enhancement of the therapeutic window because it should reduce the normal tissue toxicity for the same tumor control probability.
In recent years, numerous experimental efforts [3] have been dedicated to confirming the FLASH effect. However, the mechanism underlying this effect remains, to date, extremely debated and largely unexplained [5]. Several possible explanations of the FLASH effect have been proposed in the last few years [17], such as (i) transient hypoxia due to O2 depletion [18], (ii) organic radical recombination [19], (iii) intertrack effects [20], or (iv) the immune system-driven effect [21].
(i) The transient hypoxia speculation [18] stems from the well-known effect that O2 is locally consumed due to chemical reactions induced by the interaction between the ionizing radiation and the medium. Although the re-oxygenation phenomenon happens in milliseconds, the oxygen depletion is probably not enough to prompt radiobiological resistance. Therefore, it is not sufficient to explain the differential effect between healthy tissue and tumor, as described in [22]. (ii) The radical recombination hypothesis is based on the concept that a specific radical could accumulate differently between normal tissue and tumor under the UHDR regime. In particular, in [19], it was suggested that the different temporal evolution of the peroxyl radical concentration [ROO•] at a high dose rate could explain the sparing effect. The peroxyl radical ROO• is generated from the reaction between the alkyl radical R• and O2, and it is known to be an important source of adverse effects on lipids and DNA [19, 23, 24]. (iii) The conjecture of the intertrack effect arises from the fact that, at a high dose rate, particles could arrive close enough in time and space before heterogeneous chemical reactions end, and this may affect the chemical stage of water radiolysis [20] and, in turn, the chemical environment of the cell. (iv) The last main hypothesis, the immune system-driven effect [21], postulates that UHDR irradiation may change the expression level of immune factors and active immune cells or, in general, influence the immune response.
To date, there are no experimental data that can validate or completely reject only one of these hypotheses; however, the involvement of a combination of multiple scales of radiation damage has been suggested [25]. If we compare the typical time scale to deliver 10 Gy CONV or 10 Gy FLASH with protons, it can be seen that the spatio-temporal window between the homogeneous chemical and biochemical stages of radiation damage could play a crucial role in the FLASH effect [25, 26].
1.2 An overview of mechanistic models and the contribution of this work
In the last 3–4 years, several mechanistic models have been developed to understand the underlying mechanism of the FLASH effect, using several different approaches such as molecular dynamics, Monte Carlo methods (e.g., track structure codes), analytical models, and mixed techniques [19, 27–31]. Despite the huge effort of the community, which succeeded in providing several insights into this complex picture, e.g., stressing the minor role of some proposed hypotheses, none of the proposed models seem to be able to fully describe the mechanism at the origin of the FLASH effect. Furthermore, the aforementioned models focus on a single possible mechanism and, thus, do not provide a mechanistically driven interpretation of the FLASH effect that fully includes an interplay of several potential pathways and spatio-temporal scales. This work extends a recently developed stochastic radiobiological model, the Generalized Stochastic Microdosimetric Model (GSM2) [32–36].
The GSM2 is a comprehensive mathematical model that encompasses numerous stochastic effects that arise during the creation, repair, and kinetics of radiation-induced DNA damage [34]. The GSM2, based on microdosimetric principles, describes the formation and kinetic repair of two types of DNA lesions, namely, X and Y, which represent lesions that are reparable and lesions that result in cell inactivation, respectively. The GSM2 assumes that lethal and sub-lethal lesions can undergo three different pathways, namely, r, a, and b, which represent, respectively, the repair of a sub-lethal lesion, the conversion of a sub-lethal lesion to a lethal lesion, and the pairwise interaction of two sub-lethal lesions to become a lethal one [32, 33].
Due to the significant role that the chemical environment is believed to play in the FLASH effect, in the present work, we expanded the GSM2 by coupling fast chemical reaction kinetics, as described in [19], to the slow evolution of DNA damage. This led to the development of a multiscale version of the GSM2 (MS-GSM2), which can capture various potential impacts on DNA damage within the UHDR regime. The multiscale nature of the MS-GSM2 emerges from the driving equations, where the slow biological processes are described by discrete stochastic differential equations, whereas the chemical kinetics are continuous ordinary differential equations. Following [19], we hypothesize that the different temporal evolution of the peroxyl radical concentration [ROO•] at a high dose rate is at the origin of the FLASH effect. In contrast to [19], we directly link [ROO•] to the biological damage as follows: we split the creation of biological damage by an energy deposition into direct and indirect damage. As standard in the literature, we assume that the number of direct damages is proportional to the imparted energy. On the contrary, indirect damage is linked to the chemical environment. In particular, we conjecture that the number of lethal and sub-lethal damages depends on the local peroxyl radical concentration [ROO•], since the contribution of [ROO•] to the damage of biological structures, including DNA, is well known [19]. Therefore, we show how UHDR regimes that modify the [ROO•] evolution can, in turn, change the indirect damage yield that eventually leads to a cell survival reduction. Similar to the approach described in [37], energy depositions are described via a Monte Carlo sampling of particle tracks hitting the target, while the radial dose distribution is described via an amorphous track model [38]. The target considered is bigger than the cell nucleus, so the energy deposited by tracks passing near the cell nucleus, i.e., the ionization penumbra of the tracks, is also accounted for by the MS-GSM2. The resulting model is an extremely general biophysical model, able to provide a mechanistically grounded description of several effects of random processes in space and time [34, 39].
In addition to introducing the MS-GSM2, the present paper investigates the effect of radiation quality on the onset of the FLASH effect. The latter issue is presently largely debated [25], and it is still largely unknown how LET can affect the typical normal tissue sparing encountered in FLASH. For this reason, we consider protons of 18.6 MeV and carbon ions of 149 MeV/u, studying how the different spatio-temporal stochastic patterns of energy deposition affect the damage yield and, in turn, the resulting cell survival.
The main contributions of the present work are as follows:
(i) Introducing a general stochastic model able to provide a unified framework encompassing physics, chemistry, and biology;
(ii) Proposing a mechanism underpinning the manifestation of the FLASH effect, which includes three of the major potential mechanistic pathways commonly considered for explaining that effect, i.e., organic radical–radical recombination, damage fixation due to oxygenation, and spatial and temporal dose deposition effects;
(iii) Showing how the interplay of the aforementioned different mechanisms can, in turn, produce cell survival sparing at a sufficiently high dose and dose rate.
2 THEORY AND CALCULATIONS
2.1 Generalized stochastic microdosimetric model
The GSM2 is a fully probabilistic model that accurately describes the stochastic nature of energy deposition in volumes of interest for cellular systems. The final goal is to overcome existing models, which most assume a Poissonian distribution of the number of radiation-induced DNA damages, to provide a better prediction of biological endpoints relevant to radiotherapy applications. The GSM2 was first introduced in [32], where a detailed description of its structure can be found. The model assumes that the cell nucleus is divided into Nd independent domains d. Within each domain, it is assumed that two types of DNA lesions can be formed: lethal and sub-lethal lesions. The former represents damage that cannot be repaired, leading to cell inactivation, while the latter can be either repaired or become a lethal lesion, leading to cell inactivation.
For modeling the time evolution of the number of lethal and sub-lethal lesions, we will denote the state of the system by [image: image] at time t, where X and Y are two [image: image]valued random variables representing the number of lethal and sub-lethal lesions, respectively.
A sub-lethal lesion can evolve in three different ways: (i) it can become a lethal lesion at a rate a, (ii) it can be repaired at a rate r, or (iii) it can combine with another sub-lethal lesion to become a lethal lesion at a rate b. This scheme can be represented by the following equations:
[image: image]
where ∅ represents the ensemble of healthy cells.
Based on Eq. 1, we developed the microdosimetric master equation (MME) as follows [32]:
[image: image]
where the creation operator is defined as
[image: image]
which signifies a transition in the state, defining the number of sub-lethal and lethal damages.
The MME is coupled with an initial damage distribution derived from microdosimetric spectra, providing a comprehensive description of the radiation field quality [40–42]. The single-event distribution of energy deposition on a domain d, referred to as f1;d(z) [43], can either be computed numerically with a Monte Carlo code or measured experimentally. Given a cell nucleus domain d, the probability that ν events deposit energy z follows a Poissonian distribution with the mean denoted by [image: image], where zn represents the mean energy deposition on the nucleus domain and zF is the first moment of the single-event distribution f1;d. Then, assuming a Poissonian probability that a domain registers ν events, the energy deposition distribution is given by
[image: image]
where fν;d(z) is the energy deposition distribution resulting from ν depositions. We conventionally assumed that f0;d(z) = δ0(z), indicating that no event will result in the deposition specific energy.
Using pz (x, y|z) to denote the initial joint distributions for the number of sub-lethal and lethal lesions for a given energy deposition z, we obtain
[image: image]
In particular, assuming the events to be statistically independent, the distribution resulting from ν events can be computed by convolving the single-event distribution ν times [43]. Therefore, the distribution fν;d of the imparted energy z is computed iteratively as
[image: image]
It is considered that the quantity pz (x, y|z1, … , zν) gives the probability of observing x sub-lethal lesions and y lethal lesions resulting from the energy depositions z1, … , zν. The average yields of sub-lethal and lethal lesions are denoted by κ(z1, … , zν) and λ(z1, … , zν), respectively, for the energy depositions z1, … , zν. The formation of lesions by different deposition events is statistically independent because the events are independent. The formation of lesions by a single energy deposition event is approximately statistically independent. It follows that the distribution of the number of lesions that result from the i-th deposition event is approximately Poissonian, i.e.,
[image: image]
The probability that x and y total lesions will be produced if energy depositions z1, … , zν occur is
[image: image]
where the aforementioned summation runs over x1, … , xν and y1, … , yν such that x1 + ⋯ + xν = x and y1 + ⋯ + yν = y. In short, we can denote as
[image: image]
and the probability of x and y lesions is given by
[image: image]
The standard assumption is that the average yield of lesions is proportional to the dose, i.e.,
[image: image]
for positive constants κ > 0 and λ > 0. In [32, 33], the same choice has been made, implying that the average yield of the lesion for a given dose D is given by
[image: image]
The quantity κ(z1, … , zν) is generally taken to be either a linear or quadratic function that summarizes several physical, chemical, and biological effects. It is a function of the type of ionizing particle, LET, details of the track structure, radical diffusion and reaction rates, the phase in the cell cycle, and the chemical environment of the cell. Additionally, as it is widely acknowledged that the temporal and spatial distribution of various particle tracks and energy deposition significantly influence the emergence of the FLASH effect, our forthcoming approach is geared toward explicitly incorporating both temporal and spatial stochasticity. This will be achieved by closely coupling the energy deposition with a rapid chemical characterization of the surrounding environment. We will formally introduce a fast component that describes the evolution of the chemical environment. To further explicitly model the dose rate effect, we will assume that the function κ depends on the chemical environment modified by radiation.
2.2 Multiscale GSM2
In order to generalize the GSM2 to the multiscale GSM2 (MS-GSM2), including the fast chemical reactions, as schematized in Figure 1, we first reformulate the model along two main directions: on one side, we provide a general multi-domain cell nucleus description along the lines of [32], and on the other side, we give a pathwise description for the MME (2) in terms of jump-type stochastic differential equations (SDEs).
[image: Figure 1]FIGURE 1 | Schematic representation of the MS-GSM2 workflow. (A) Simulation steps of the MS-GSM2. Energy deposition according to microdosimetry, dose z distributed with the amorphous track model; joint evolution of slow biological and fast chemical processes. (B) Possible evolution of DNA lesions in a cell nucleus. a, b, r, and [image: image] are the death, pairwise death, repair, and dose rates, respectively. Both direct and indirect damage actions of ionizing radiation are taken into account.
In particular, it can be seen [44, Chapter 13] that Eq. 2 describes the time evolution for the probability density function associated with the following SDE for the domain d of the cell c:
[image: image]
In Eq. 5, the terms [image: image], with h ∈ {a, b, r}, are independent unitary Poisson jump processes [45]. In order to include the effect of UHDR in the GSM2, as briefly mentioned above, we will suitably modify here how the energy depositions z create lethal and sub-lethal lesions. In particular, we introduce several improvements to the presently available version of GSM2. First, as already carried out in [32], (i) we include a protracted dose-rate term that accounts for the energy deposition events and subsequent lesion creation; such a term explicitly models the series of energy depositions in the whole cell nucleus z1, … , zν, where ν, in this case, is the number of events on the nucleus. Then, (ii) we split the creation of direct and indirect DNA damage, where the former happens instantaneously at the energy deposition and the latter depends on the chemical environment and how organic radicals recombine in a suitable time interval [0, TI]. At last, (iii) to describe the formation of indirect DNA damage, following [19], we include a set of differential equations that model the time evolution and reaction of radicals and other molecular species.
Thus, we get to the following MS-GSM2 system of equations:
[image: image]
(6)
The reaction network is schematized in Figure 1 of [19], while the specific reactions and the rate constants considered in this work are reported in Sections S.1 and S.2 of [19].
The key aspects worth highlighting regarding the MS-GSM2 (6) are the following:
(i) Compared to the system Σc in Eq. 5, the MS-GSM2 system [image: image] in Eq. 6 is driven by two more unitary Poisson processes: [image: image] and [image: image]. It should be noted that [image: image] is similar to [image: image], where h ∈ {a, b, r}, and it is a Poisson process acting on a single domain, whereas [image: image] accounts for energy deposition and is, therefore, an inter-domain process that can affect more than one domain at once. Each single energy deposition can induce a random number [image: image] and [image: image] of direct lethal and sub-lethal lesions, respectively, on each domain d = 1, … , Nd; a similar argument holds for [image: image] and [image: image] concerning indirect damages.
(ii) The Poisson jump process [image: image] describes the formation of indirect damages. It depends explicitly on the chemical environment and energy depositions. In doing so, we assume that the effect of the chemical environment on the creation of DNA damage is not instantaneous but depends on the concentration of radicals in a time interval [t − TI, t]. Therefore, we employed the short-hand notation ξt to denote
[image: image]
In the present work, we choose the rate
[image: image]
for a suitable constant ϱ > 0, where Tirr is the irradiation time.
(iii) The random variables [image: image] and [image: image] describe the number of direct lethal and sub-lethal lesions, respectively, created on each domain d = 1, … , Nd, whereas [image: image] and [image: image] are random variables describing the number of indirect lethal and sub-lethal lesions, respectively, created on each domain d = 1, … , Nd. As mentioned previously, the distinction has been made to account for the UHDR effects. According to the aforementioned description, we first assume that, given an energy deposition z subsequent to a track deposition, a certain number of direct DNA damages are created within the cell nucleus, [image: image] and [image: image]. These random variables follow a distribution
[image: image]
Thus, we explicitly include in the functions κ(z) and λ(z) the effects that the chemical environment and LET have on the number of damages created. In particular, we assume that the average yield of sub-lethal lesions per unit Gy under the conventional dose rate is κ > 0. Then, we assume that a fraction q ∈ [0, 1] of κ is due to indirect damage, i.e., radical-mediated. In contrast, the remaining 1 − q is due to direct damages, and this fraction depends on LET, according to several experimental data such as in [46]; we assume that only the number of indirect damages created depends on the chemical environment. Summarizing, after an energy deposition event z is registered at a certain time t, we assume first that a random number of direct sub-lethal or lethal lesions can be created at rates κ(1 − q)z and λ(1 − q)z, respectively.
(iv) The chemical system ξ evolves according to [19]; nonetheless, in contrast to [19], we do not assume a continuous dose-rate effect, but the effect of energy deposition is modulated by the track’s arrival time as prescribed by [image: image]. In particular, [image: image] is a purely discontinuous jump process that describes the energy deposition in the domain d. This allows extreme flexibility in the modelization of the effect of dose rate so that any dose-rate structure can be implemented into the MS-GSM2.
2.3 Stepwise construction of the MS-GSM2
In Algorithm 1, we describe in detail how to construct and simulate stepwise the solution of the MS-GSM2 (6), as also summarized in Figure 1. Such construction is based on the joint usage of a standard stochastic simulation algorithm (SSA) [45], together with a solver of ordinary differential equations (ODEs) for the chemical system. In the following, we assume irradiation in the time interval [0, Tirr] so that we have [image: image] for t > Tirr and a terminal time T > Tirr + TI sufficiently large so that the system [image: image] reaches convergence.
Algorithm 1. The MS-GSM2.
 1:  Notation: 
[image: image]
 2: Start with an initial chemical environment ξ(t) = ξ0, biological system X(t) = Y(t) = 0, and initial time t = 0;
 3:  set Ti = 0, for i = 1, …, 1 + 4Nd;
 4:  while t < T do
 5:   for all hi, i = 1, … , 1 + 4Nd do
 6: generate a random number Ri ∼ U (0, 1) and set [image: image];
 7:    compute τi solving
[image: image]
        We use the convention that if hi (X(t), ξs) = 0, then τi = ∞;
 8:   end for
 9:   select [image: image];
 10:   select the corresponding rate hi at which the minimum is attained;
 11:   solve the chemical system for ξ in the time interval [t, t + τ];
 12:   for all hi, i = 1, … , 1 + 4Nd do
 13:    set 
[image: image]
 14:   update t = t + τ;
 15:   if i = 1 + 4 (d − 1), for some d = 1, … , Nd, then
 16:    update X(t) = X(t) − 1, Y(t) = Y(t), and ξ(t) = ξ(t);
 17:   else if i = 2 + 4 (d − 1), for some d = 1, … , Nd, then
 18: update X(t) = X(t) − 1, Y(t) = Y(t) + 1, and ξ(t) = ξ(t);
 19:   else if i = 3 + 4 (d − 1), for some d = 1, … , Nd, then
 20:    update X(t) = X(t) − 2, Y(t) = Y(t) + 1, and ξ(t) = ξ(t);
 21:   else if i = 4 + 4 (d − 1), for some d = 1, … , Nd, then
 22:    simulate [image: image] and [image: image];
 23:   update [image: image], [image: image], and ξ(t) = ξ(t);
 24:   else if i = 4Nd, then
 25:    simulate the position where the track hits;
 26:    compute the total specific energy deposition z according to microdosimetric spectra;
 27:    for d = 1 to Nd do
 28:     compute the specific energy deposition zd according to an amorphous track model;
 29:     simulate [image: image] and [image: image] according to Eq. 8;
 30:     update [image: image], [image: image], and ξ(t) = ξ(t) + Gξρzd;
 31:    end for
 32:   end if
 33:   end for
 34:  end while
 35:  end the system.
2.4 MS-GSM2 simulations
We consider a microscopic volume consisting of a water cylinder of radius RN = 8 μm (xy-plane) and length 2RN (z-direction), divided into Nd = 64 × 8 cubic domains to mimic a cell nucleus. The impact point of the particle is simulated by sampling randomly from a uniform distribution on a circle of radius RN + R80 on the xy-plane, where
[image: image]
is the radius corresponding to 80% of the dose deposited by the track, according to the amorphous track model description mentioned in [25]. The choise of RN + R80 is made in such a way as to take into account for dose depositions due to particles passing outside the cell nucleus but delivering a significant contribution inside it. We use the following parameters: Rc = 0.01 μm is the core radius and Rp = 0.05 (E/A)1.7 is the penumbra radius of the track, according to [47], where E/A is the energy per nucleon. The choice of approximating the penumbra radius Rp with R80 is a compromise between the accuracy of the description of the amorphous track and computational reasons (long time and large memory consumption). The average number of simulated particles Np is defined by the dose–LET relation, considering [image: image] as the hitting surface. The actual number of simulated particles is obtained by summing the number of deposition events up to the irradiation time [image: image] according to Algorithm 1, where D is the imparted macroscopic dose and [image: image] is the mean dose rate. The time τ between one deposition and the next is sampled as described in Algorithm 1. The absorbed dose of a single event z is distributed on the Nd domains of the xy-plane according to the amorphous track model described in [47], i.e.,
[image: image]
where r is the track radius and ρ is the water density. The path of the ion is considered parallel to the cylinder axis, and variations in trajectory and speed are neglected along the z-direction, i.e., the LET is constant within the cylinder (“track-segment conditions”), in analogy to [38].
The chemical system is described by a set of nine ordinary differential equations (Eq. 6), considering the reactions and their rate constants and initial concentrations according to [19]. The evolution of the chemical species is followed up to a time T = Tirr + Toff > 500 s, where Toff is the time for the relaxation of the chemical system once the irradiation is finished, i.e., [image: image]. The indirect DNA damage yield κ, described in the previous paragraph (i.e., in Eq. 8), is modulated, in particular, by the time evolution of the peroxyl radical concentration [ROO•], according to Eq. 7. This organic radical is crucial for DNA damage, as described in [19]. The number of sub-lethal and lethal lesions is calculated from Eq. 6, while the cell survival fraction is estimated according to [32, 33], considering common values for the pathway rates, i.e., a = 0.01, b = 0.01, and r = 4.
Given a certain particle, characterized by type, energy, and LET, the simulation is repeated over a wide range of macroscopic doses D, from 1 Gy to 30 Gy, and the average dose rate [image: image], from 0.03 Gy/s (CONV) to 100 Gy/s (UHDR). The time evolution of the instantaneous dose rate depends on the deposition time structure described previously. The simulation is also repeated for different radiation qualities; specifically, we report the results for protons at 18.6 MeV and carbon ions at 149 MeV/u.
To summarize, all the parameters considered in our simulations are shown in Table 1. Moreover, as mentioned previously, the MS-GSM2 accounts for several stages of radiation damage, including the physical, homogeneous chemical, and biological stages, as well as different levels of stochasticity, particularly in ionizing radiation, chemistry, and DNA damage formation and time evolution, as reported in Table 2. Finally, following Algorithm 1, all the simulations reported in this work were performed using MATLAB; specifically, we used the function ode15s.m for the numerical integration of the ODEs that describe the chemical system shown in Eq. 6.
TABLE 1 | Summary of the parameters considered in this work.
[image: Table 1]TABLE 2 | Stages and corresponding spatio-temporal scales of radiation damage considered in this work and related levels of stochasticity taken into account by the MS-GSM2.
[image: Table 2]3 RESULTS
Figure 2 shows the microscopic absorbed dose for protons at 18.6 MeV over the cell nucleus in different domains for different (macroscopic) average doses: the top row reports 1 Gy, the bottom row reports 30 Gy, the left column reports 0.03 Gy/s (CONV), and the right column reports 100 Gy/s (UHDR). Figure 3 shows the same results for the case of carbon ions at 149 MeV/u. Both Figures 2, 3 highlight how the case of 1 Gy is characterized by a more spatially heterogeneous dose distribution over the cell nucleus; on the contrary, at 30 Gy, the dose distribution is more homogeneously distributed. Furthermore, differences in the absorbed dose over cell domains are more significant in the case of carbon ions, characterized by high local energy deposition in a single domain even at 30 Gy, with a non-uniform dose distribution. Specifically, in the case of 1 Gy, the impact of the energy deposited by a single track depositing almost 3 Gy in a single domain is evident, as opposed to an overall dose deposition of 1 Gy in the cell nucleus. Furthermore, it is clear from both figures that the dose rate has no impact on the total dose distribution, as expected.
[image: Figure 2]FIGURE 2 | Domain distribution of the absorbed dose by the cell nucleus for protons of 18.6 MeV at 1 Gy (top row) and 30 Gy (bottom row) and overall doses for rates of 0.03 Gy/s (left column) and 100 Gy/s (right column).
[image: Figure 3]FIGURE 3 | Absorbed dose by the cell nucleus for carbon ions of 149 MeV/u at 1 Gy (top row) and 30 Gy (bottom row) for rates of 0.03 Gy/s (left column) and 100 Gy/s (right column).
Figure 4 shows the cumulative absorbed dose in a single domain over time for different dose rates. Both panels report the case of a total dose of 1 Gy in the domain; the top panel shows the case of protons at 18.6 MeV, whereas the bottom panel considers the case of carbon ions at 149 MeV/u. The figure shows how the pattern of local energy deposition is different for the two ions considered. Protons are characterized by a higher amount of energy deposition, each of which releases a small amount of energy. On the contrary, carbon ions exhibit fewer depositions, with a clear impact of single tracks hitting the nucleus. Jumps in the cumulative absorbed dose due to high energy depositions are clearly visible.
[image: Figure 4]FIGURE 4 | Cumulative absorbed dose by the cell nucleus for protons of 18.6 MeV over time for a single domain at 1 Gy (top panel) and carbon ions of 149 MeV/u over time for a single domain at 1 Gy (bottom panel) at 0.03 Gy/s (black), 0.1 Gy/s (yellow), 1 Gy/s (blue), 10 Gy/s (purple), 50 Gy/s (red), and 100 Gy/s (green).
Figure 5 shows the ROO• concentration over time for a single domain for proton at 18.6 MeV at 1 Gy (top panel) and 30 Gy (bottom panel) for different dose rates. From Figure 5, it is visible how both dose and dose rate play a crucial role in the peroxyl radical concentration evolution. The higher-dose case is characterized by a higher concentration of ROO•. In addition, high dose rates show an almost continuous pattern of energy deposition, whereas on the contrary, low dose rates are characterized by more jagged behavior due to the longer time elapsing between consecutive energy depositions. Moreover, ROO• concentrations at 1 Gy are more similar for the different dose rates, while in the 30 Gy case, there is a clearly different time evolution of [ROO•] for the dose rates considered, both in terms of maximum concentration and in terms of growth and relaxation rate of the chemical species.
[image: Figure 5]FIGURE 5 | ROO• concentration over time for a single domain for proton of 18.6 MeV at 1 Gy (top panel) and 30 Gy (bottom panel) at 0.03 Gy/s (black), 0.1 Gy/s (yellow), 1 Gy/s (blue), 10 Gy/s (purple), 50 Gy/s (red), and 100 Gy/s (green).
Figure 6 reports the relative reduction in indirect damage per unit Gy versus dose rate for different doses. The top panel shows the case of protons at 18.6 MeV, whereas the bottom panel shows the case of carbon ions at 149 MeV/u. A more severe reduction is evident in the case of protons, where at 30 Gy and 100 Gy/s, the indirect damage yield is reduced to 30% compared to the conventional dose rate of 0.03 Gy/s. In the case of carbon ions, the relative reduction reaches at most 12% in the same situation. This is consistent with what was predicted in [25], pointing to a lower entity of the FLASH effect for higher-LET beams. Furthermore, in both ions considered, there is a clear pattern of reversed behavior, where increasing the imparted dose up to 10 Gy/s yields a higher amount of indirect damage, whereas after this dose rate, the pattern is the opposite. For dose rates exceeding 50 Gy/s, higher doses are associated with less damage induced. In general, low doses are characterized by a steady low reduction of damage yields, whereas high doses show almost no reduction up to 10 Gy/s, followed by a sharp fall-off with high indirect damage yield reduction.
[image: Figure 6]FIGURE 6 | Dose rate versus average relative reduction in indirect damage per unit Gy for protons of 18.6 MeV (top panel) and for carbon ions of 149 MeV/u (bottom panel) at 1 Gy (black), 5 Gy (yellow), 10 Gy (blue), 20 Gy (purple), and 30 Gy (red).
Figure 7 shows the survival fraction of the human salivary gland (HSG) cells computed with the MS-GSM2 versus dose rate at different doses in the case of protons at 18.6 MeV. Figure 8 reports the same result in the case of carbon ions at 149 MeV/u. Both figures are characterized by a steady, flat surviving fraction from the conventional dose rates up to 10 Gy/s, after which an increase in the surviving fraction is visible. The sparing effect emerges only at high doses: for protons, this effect is slightly visible at 10 Gy and severe at 30 Gy, whereas for carbon ions, the effect clearly emerges after 20 Gy and is more attenuated.
[image: Figure 7]FIGURE 7 | Dose rate versus survival fraction for protons of 18.6 MeV at 1 Gy (black), 5 Gy (yellow), 10 Gy (blue), 20 Gy (purple), and 30 Gy (red).
[image: Figure 8]FIGURE 8 | Dose rate versus survival fraction for carbons ion of 149 MeV/u at 1 Gy (black), 5 Gy (yellow), 10 Gy (blue), 20 Gy (purple), and 30 Gy (red).
4 DISCUSSION
4.1 Analysis of the results
It is worth stressing, first, how different stochastic effects and time scales are included in the MS-GSM2 derived in this study, as summarized in Table 2. The MS-GSM2 construction highlights the several stochasticities that are taken into account in the MS-GSM2. First, the time between consecutive energy depositions is stochastic, so both the evolution of the chemical environment and the yield of DNA damage depend on the time elapsing between two consecutive energy deposition events. Furthermore, the spatial position of the track hitting the biological target, which, in complete generality, is larger than the cell nucleus, is again stochastic; consequently, each domain of the cell nucleus experiences a different amount of energy imparted at any deposition event. It is worth noticing that, mostly in the case of high-LET radiation, some domains could also have null energy deposited. Then again, both the chemical environment and the damage yield are affected by stochastic energy deposition; this implies that not only the time elapsed between consecutive tracks is stochastic but also the actual energy imparted is a random variable. Moreover, the indirect damage yield depends on the chemical environment, thus accounting for a further stochasticity. At last, after the chemical environment reaches stability after irradiation, only the biological pathways of repair and clustering, as described by the GSM2 via r, a, and b, remain, which allows for the computation of the predicted cell survival probability.
The obtained results, summarized in Figures 7, 8, show a cell survival increase with a consequent tissue sparing at sufficiently high doses and dose rates; specifically, it is worth highlighting how both the dose and the dose rate play a crucial role in the sparing effect at the UHDR regime, consistent with most preclinical literature, interestingly collected as a general trend in [48]. In this regard, in the proposed model, several results point toward the conclusion that the dose and the dose rate play a different role in inducing the FLASH effect: (i) a sufficiently high dose rate allows for close enough energy depositions over time so that the chemical environment is modified appropriately, whereas (ii) a sufficiently high dose permits spatial interaction of subsequent energy depositions. Relevant enough, as expected, the ion and its energy play a role in both dose- and dose rate-related effects, and as shown in the results in Figures 7, 8, the dose and dose rate at which the FLASH effect emerges and the magnitude of the sparing shown depend strongly on the quality of the radiation considered. For both ions considered and more clearly in the case of carbon ions (Figures 2, 3), it is evident that high local dose deposition is not sufficient to trigger the FLASH effect, whereas on the contrary, a uniform dose must be reached over the cell nucleus in order to give rise to the FLASH effect. In other words, enough domains must be above a certain dose threshold to have a significant response, since the FLASH effect is not linear. Energy depositions happen not only due to the direct hit of tracks of the cell nucleus but also due to tracks passing nearby. This translates into more localized energy deposition for high LET and a more spatially homogeneous dose pattern for lower LET. This is evident in Figures 2, 3, where carbon ions are characterized by high local energy deposition. The same effect emerges in Figure 4, with sudden jumps in the cumulative deposited dose due to tracks hitting the cell nucleus.
Regarding the chemical environment, again, it emerges from Figure 5 how both dose and dose rate concur to trigger the FLASH effect. Heuristically speaking, the main idea of the proposed model is, following the main mechanism already proposed in [19], to relate cell survival sparing to the peroxyl radical concentration ROO• evolution. Therefore, the dose rate concurs to increase [ROO•] in a short time so that, if the absorbed dose is sufficiently high, causing [ROO•] to be high enough, organic radical–radical recombination during the chain termination in the homogeneous chemical stage is more likely to happen with a consequently lower probability of interaction with the DNA. This reduced radical interaction probability with the DNA has a consequent DNA damage yield reduction, as emerges in Figure 6. This combined effect of dose and dose rate is also coherent with the inversion of the indirect damage yield pattern that emerges between 10 Gy/s and 50 Gy/s. At a chemical level, a higher dose corresponds to a higher production of ROO•, which is more marked at high dose rates. Indeed, only the combined effect of high dose and high dose rate leads to a different temporal evolution of [ROO•]; specifically, the high dose rate allows faster growth of [ROO•] but, at the same time, also a more rapid decrease due to the recombination of these chemical species. At high dose rates, the dose deposition events are much closer to each other in time, and therefore, this leads to competition with radical recombination effects. On the contrary, if the dose rate is not high enough, increasing the dose would only increase the rate of damage induction per unit Gy, i.e., the standard trend of damage dependence on the dose, which, due to the well-known linear quadratic behavior, will result in an increasing derivative at a larger dose. This is because at a low dose rate, the cell exposure to a high concentration of this harmful organic radical takes place for a prolonged time; this effect is similar to what occurs with drugs [44], as described in [19]. On the contrary, if a sufficiently high dose is imparted over a short time, organic radical–radical recombination is favored over interaction with DNA. This leads to cell tissue sparing, implying that a high dose rate will trigger an additional quenching effect on the dose, in addition to the previously described standard effect, while with conventional radiation, this latter effect will not occur. Again, the sparing effect is more pronounced in the low-LET case, whereas as the LET increases, the highly localized dose deposition pattern implies that a local disappearance of some harmful chemical species occurs. However, this process does not happen on the whole cell, i.e., a higher dose is required to reach the sufficiently spatially uniform dose needed to trigger the FLASH effect.
The aforementioned points also highlight some key differences between the originally proposed model in [19] and the generalization proposed in the current research. The main novelty, compared to [19], is to provide a more direct link from the chemical environment to its biological effect. Radical concentration is, thus, related to indirect damage induction. Therefore, the general linear or quadratic relation between energy deposition and damage yield, already proposed decades ago in [49], is generalized in the present work so that a more direct link between the concentration of the radical and the consequent damage yield is considered. In addition, the multiscale nature of the proposed model clearly emerges in several plots (Figures 4, 5). A purely discontinuous time pattern in energy deposition is evident. This translates into highly jagged radical concentrations at low dose rates, which naturally turn continuous as the dose rate increases, differing from what is considered in [19].
Therefore, with the proposed approach, we can directly link the radical concentration, which is directly modified by the energy deposition pattern depending on both dose and dose rate, to the DNA damage formation. It should be noted that conventional dose rates do not provide any changes in the indirect damage yield, whereas as the dose rates increase, a reduction in the damage occurs. The magnitude of damage reduction depends on the absorbed dose. Moreover, the overall pattern of indirect damage yield reduction strongly depends on the radiation quality. In this regard, it is worth stressing that, Figure 6 reports the relative reduction in the indirect damage yield per unit Gy. Therefore, since the proportion of indirect damage compared to direct damage in the high-LET radiation is lower than in the low-LET case, the overall reduction in the total damage yields would be even higher.
All the previously mentioned discussions eventually emerge in the different sparing at the cell survival level. Both Figures 7, 8 show that a sufficiently high dose and dose rate result in cell survival sparing. Furthermore, the highly localized energy deposition of high LET results in a less sparing at 30 Gy compared to protons. The magnitude of the sparing of carbon ions at FLASH dose rates at 30 Gy is in the order of the sparing at FLASH dose rates for protons at 20 Gy. This is in agreement with the discussion that emerged previously, considering how the local pattern of energy deposition affects the chemical environment. It is worth stressing that the surviving fraction remains almost constant up to 10 Gy/s, after which there is an increase in the surviving fraction. For protons, a slight increase in the surviving fraction emerges at 10 Gy, and it is clear at higher doses, such as 30 Gy; this is in agreement with what was experimentally observed in [48]. On the contrary, carbon ions require a higher dose to observe the FLASH effect, which is in agreement with [25]. Differently from the results derived in [29], where the predicted surviving fraction steadily decreases in the conventional dose rate regimes, reaching a minimum of approximately 1 Gy/s, the predicted surviving fraction of the MS-GSM2 remains almost unchanged in the range below 10 Gy/s, after which the FLASH effect is triggered.
4.2 Current limitations of the MS-GSM2 and future perspectives
Although the presently developed model is general enough in the sense that it includes several effects of random processes in space and time inherent to three different domains, such as physics, chemistry, and biology, it also presents some limitations. Subsequently, we discuss some possible future lines of research to strengthen the developed model.
It is worth stressing that 100 Gy/s represents a limit for the proposed model. Above 100 Gy/s, the time elapsed by two consecutive energy depositions significantly overlaps with the heterogeneous chemical stage. Therefore, accurately considering high dose rates would require a more sophisticated chemical treatment that goes beyond the homogeneous chemical stage as considered in the current approach, e.g., including diffusion during the heterogeneous chemical stage. Finally, as previously described, this model allows us to consider single deposition events. This, in principle, would allow us to consider any temporal structure of dose delivery to study the effect that an intra-pulse dose rate could have on the triggering of the FLASH effect. Both of these aspects are currently under investigation and will be analyzed in future work.
As is well known, the FLASH biological effect can be described by two different and presently unexplained aspects, i.e., the sparing effect of healthy tissues and the differential effect between normal tissues and tumors. In this work, we chose to focus on the first aspect of UHDR irradiation, i.e., the higher sparing of healthy tissues at high doses and high dose rates with respect to conventional irradiation; nevertheless, our model is not in contradiction with some of the most accredited hypotheses that try to explain the differential effect between normal tissues and tumors. The first hypothesis is based on a combination of two mechanisms linked to DNA damage, i.e., a different damage formation due to the reduction of a specific oxygen-dependent DNA damage, which is consistent with a decrease in the organic peroxyl radical concentration, and a defective repair process, such as pathologic chromosome rearrangements due to an aberrant DNA double-strand break (DSB) repair, as described in [19]. The second conjecture postulates that a different accumulation of a specific chemical species between normal tissue and tumor is the basis for the differential effect, as proposed in [50]. Specifically, this hypothesis states that normal tissues have a greater ability to detoxify from reactive oxygen species, reducing oxidative injury with respect to tumors, as described in [23]. In fact, normal cells have a more rapid elimination, mediated by enzymes, of peroxidized compounds compared to tumor cells [50]. We may test these hypotheses in future work.
Last, a critical aspect that we decided not to address in this work is the experimental validation of our model. As stated at the beginning of this paper, the aim of this work is to develop a multiscale model, merging the homogeneous chemical stage, described by a reaction kinetic model, with the formation and time evolution of DNA damage, accounted for by the GSM2. The aim of this study is to show the mathematical framework of this novel tool that allows, among many biological effects of radiation, to capture possible effects of DNA damage during UHDR irradiation. The goal of the calculations that we report here is to show how, in principle, this tool is able to describe the sparing effect of healthy tissues at high doses and high dose rates—an effect contradicting conventional radiobiological modeling outcomes, which typically may explain larger damage in occurrence on a more temporally dense dose-delivery basis—and not explain the FLASH effect. For this reason, considering the great importance of this aspect and the complexity due to the presence of several parameters that play a role in this context, we decided to dedicate a specific future work regarding the comparison with the experimental data. At this stage, we want to underline how the trend of the survival curves that we obtained is, in any case, in agreement with the few experimental in vitro data currently available, such as in [14].
5 CONCLUSION
In this paper, we extended the GSM2 by coupling biological DNA damage repair and kinetics to the radiation-induced chemical environment. Specifically, by introducing a proper mathematical formulation of the homogeneous chemical stage, we establish a link between the organic radical concentration and the formation of indirect damage. The resulting model is a universal multiscale stochastic model able to treat in a complete general formulation the stochastic effects inherent to physics, chemistry, and biology. Different temporal and spatial scales are efficiently included in the model. We showed how the proposed model is able to describe the normal tissue sparing arising at ultra-high dose rates. Relevant enough, this sparing typical of the FLASH effect emerges at the interplay of many mechanisms: oxygen concentration is involved in driving the effect so that spatial and temporal dose deposition effects favor organic radical–radical recombination, such as R• and ROO•, during the homogeneous chemical stage, that eventually reduces the indirect damage yield, causing tissue sparing. A natural generalization of the model developed will be to include the heterogeneous chemical stage in order to provide a more mechanistically grounded analysis of the phenomena involved in the FLASH effects, opening up further investigation of higher dose rates than the one considered in the current research. Such a generalization will require a more advanced spatial description of the physical, chemical, and biological processes involved, thus abandoning a domain-like formulation in favor of a true full spatial description [35]. Such a model, adequately tuned with in vitro and in vivo experimental data and coupled with advanced biologically driven treatment plan optimization [51], can, on the one hand, help understand the main biological mechanism underlying the FLASH effect and, on the other hand, favor the full exploitation of such an effect in clinical practice.
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Realization and dosimetric characterization of a mini-beam/flash electron beam
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The use of the flash effect and mini-beams have demonstrated the ability to spare healthy tissue while maintaining the same effectiveness in controlling tumors. In this study, we present the implementation and comprehensive dosimetric characterization of low-energy mini-beam radiation therapy at both conventional and ultra-high dose rates. These beams possess important features that allow for a wide range of spatial and temporal parameter variations, independently or simultaneously, for both effects. This novel capability enables the performance of in vivo/vitro radiobiological experiments, which are crucial for understanding the underlying mechanisms and quantitative dependencies of these effects on their respective parameters. This understanding is essential for evaluating the potential clinical applications of the two effects both individually and in terms of their potential synergistic actions.
Keywords: mini-beam, flash, UHDR, UHDP, SFRT, passive collimation
1 INTRODUCTION
The initial intuition that led to the development of spatially fractionated radiotherapy (SFRT) was credited to Dr. Alban Köhler in 1909. Köhler discovered that by introducing a grid-shaped shielding system for X-ray beams (at that time, X-ray tubes were the only radiation source), he was able to treat skin tumors more effectively while significantly reducing damage to healthy tissue. Erythema and necrosis healed within a few weeks, leaving the new epidermal tissue completely healthy [1]. Although this approach was initially used for the treatment of some superficial tumors, it remained on the sidelines of radiotherapy development for a long time. However, since the 1990s, several research groups in Europe and the United States have begun to consider the possibility of implementing spatial fractionation in radiotherapy. Multiple radiobiology studies were conducted, initially using X-rays, including synchrotron light [2–5] and later with proton beams [2, 3, 6–10]. These studies have demonstrated that this highly unconventional approach has the potential to be revolutionary, allowing significant sparing of healthy tissue while maintaining local tumor control. This outcome presents evident clinical prospects once radiation therapy accelerators (medical devices) capable of delivering such treatment become available. Most SFRT techniques spare normal tissues with conventional dose rates [11, 12]. Experiments combining Ultra High Dose Rates (UHDR) with SFRT using Microbeam Radiotherapy (MRT) and mini-beam Radiotherapy (MBRT) have been conducted [13, 14], however, establishing the additive or synergistic effects of combining these techniques is still pending, and separating the flash effect from spatial fractionation in MRT studies has yielded inconclusive results [15].
Conventional radiotherapy has always followed the paradigm of using a uniform beam to deliver the same dose to the target. In contrast, SFRT proposes the possibility of achieving a spatially periodic structure where the transverse profile is articulated in a recurring series of “peaks and valleys” [3]. The optimal structure of this pattern, which refers to the peak-to-valley dose ratio (PVDR) and the spatial extent of the “light and shadow” regions, is still the subject of ongoing research. SFRT can be implemented in two different modes, irrespective of the radiation source employed. The first mode involves using a spatially homogeneous beam and positioning a periodic screen with alternating slits and solid elements, known as the GRID technique [16–19], between the source and the target. This approach, initially proposed by Köhler in 1909 and replicated in experiments using synchrotron light with microbeams, has demonstrated promising results. The second mode utilizes the pencil beam technique, wherein multiple narrow beams, referred to as “pencil beams,” are employed to paint the desired dose distribution pattern. This requires charged particles. Proton accelerators have been particularly suitable for implementing this approach, even though most radiobiological studies have used passive collimation [20–25].
While GRID therapy has found clinical success in palliative applications and mini beam RT is approaching clinical trials with enormous potential, SFRT has not gained widespread adoption not only due to technological limitations of current available devices, as detailed in [21], but also due to the high heterogeneity of tumor coverage, which is in stark contrast to conventional radiotherapy.
Furthermore, it is important to emphasize that the optimal use of SFRT with low energy electron beams is limited to the context of potential flash delivery, as extensively discussed in [2]. Therefore, the study of the combined flash and mini-beam effect is a key aspect, and this present work serves as a foundation for future research.
A dedicated beam with the ability to independently adjust its parameters is essential not only for advancing radiobiology research but also for facilitating accurate dosimetric studies, as was the case of flash [26]. This capability has been demonstrated to be valuable in previous research involving electron Ultra High Dose per Pulse (UHDP) beams, where fundamental dosimetry solutions have been developed [27–30].
In fact, for low energy electrons an immediate application in the clinic would be Intra Operative Radiotherapy (IORT). However, the study of the mini-beam effect is fundamental in the perspective of Very High Energy Electron (VHEE) irradiation, since the mini-beam effect may play a major role since VHEE will most likely be delivered via pencil beams, that allow the possibility of “painting” the spatial dose distribution [18].
In this paper, we explore the potential of using electron mini-beams in conjunction with flash irradiation. The flash effect, as described in previous studies [31–33], is observed when irradiation times are shorter than 0.1–0.2 s, and the average dose rate exceeds 40–100 Gy/s. The mini-Beam distribution, correlated to a tissue sparing effect [3], is characterized by a spatial dose distribution with alternating peaks and valleys, where the full width at half maximum (FWHM) of the peaks is less than 1 mm, and the distance between successive peaks is 2–4 times the FWHM. Although the combination of these two techniques has not been experimentally evaluated yet, it has the potential for a synergistic action, resulting in a significant reduction in the side effects of radiation therapy while maintaining therapeutic efficacy. Therefore, we can deliver irradiation in four different modalities (Conventional, flash, mini-Beam, and mini-beam-flash), independently varying their main parameters, to study the individual and combined effects of these techniques.
2 MATERIALS AND METHODS
2.1 Mini-beam design and generation
To explore the possibility of creating UHDR mini beams, Monte Carlo simulations were carried out reproducing different devised suitable collimator templates, which are passive spatial distribution modulators. These templates are integrated into the beam optic system to achieve mini-beam spatial distributions.
The mini-beam templates have been designed with the GEANT4 [34] version 10.7.2 Monte Carlo code. In particular, the Sordina IORT Technologies S.p.A. (SIT, Italy) ElectronFlash linear accelerator (linac) available at the Centro Pisano for Flash Radiotherapy (CPFR) was fully modelled, in terms of beam optics, geometry and input energy spectra with the Geant4 code, and a dedicated application was recently inserted within the official advanced examples of the Geant4 distribution with the name “eFLASH_radiotherapy.” For each simulation, the GEANT4 standard_opt4 physics list with 108 primary particles and 0.1 mm production cuts were set. A water phantom was implemented just after the template to score the dose, using a 0.125 × 0.125 × 0.5 mm3 voxel size.
A fundamental requisite for a useful mini-beam structure, defined as having distinct peaks and valleys with high peak-to-valley dose ratio, is avoiding bleed-through of electrons through the septa, thus high Z materials are needed. In fact, by keeping the thickness equal to the practical range of the electron energy (9 MeV nominal energy), we noticed a significant reduction of PVDR for plastic materials, such as Teflon, as opposed to Tungsten due to septa bleed-through, as shown in Figure 1. Similar results have been reported also in [35] in the context of experimental IORT beam limiting devices.
[image: Figure 1]FIGURE 1 | Comparison between Tungsten (thickness 5 mm) and Teflon (thickness 25 mm) grid-hole template superficial dose profiles. The thickness has been calculated as the practical range extrapolated from the PDD in the selected material. We can see that Teflon cannot achieve useful peak to valley ratio since the thickness of the walls of the holes (1 mm) are much smaller than the practical range.
Thus, we designed the collimators to have a thickness of 5 mm and be made of Tungsten. Each of the designed templates differs mainly in hole structure (grid or planar slits) and center-to-center distance (ctc), so that it is possible to study the effect of varying these parameters.
2.2 Monte Carlo simulations
To further strengthen the reliability of dose evaluations in terms of spatial distribution, we compared the Monte Carlo simulations with experimental data acquired with radiochromic gafchromic films, which are currently considered the most suitable dosimeters with high spatial resolution (below 25 µm [36]). However, it is important to acknowledge that these dosimeters have certain limitations, mostly related to the accuracy of dose reading [37]. To address this, we conducted a comparative analysis by comparing the gafchromic data with results obtained from three independent Monte Carlo simulation codes: Electron Gamma Shower by the National Research Council Canada (EGSnrc) [38], Geant4, and FLUKA [39, 40]. The realistic input energy spectrum and spatial distribution before the Titanium window were provided by SIT Sordina company. To validate the accuracy of the simulations, we compared them with measurements obtained using the FlashDiamond [41] detector, including PDD and dose profile measurements. In order to obtain absolute dose values from the simulations, we normalized the mini-beam dose percentage with respect to an open field measurement at the buildup region. This normalization was then scaled to the desired depth using the PDD curve.
2.2.1 EGSnrc
The simulations performed using EGSnrc consisted of two parts, using the beamline simulation code (BEAMnrc) and the dose deposition simulation code (DOSXYZnrc). At first, a phase space was obtained using BEAMnrc, then the dose was calculated using DOSXYZnrc in the water phantom. The voxel size was adjusted to closely match the dots per inch (DPI) scan setting of the gafchromic film and the film thickness. With BEAMnrc, we modeled the accelerator optics starting from the titanium window down to the tungsten template. To include all the beam optic materials, we expanded the default International Commission on Radiation Units and Measurements (ICRU) material data file (ICRU521) using the EGSnrc graphic interface.
2.2.2 GEANT4
We also recreated the EGSnrc setup using GEANT4 to compare it with the gafchromic measurements. We used the same input spectrum and designed the simulated setup to mimic the modeling approach in EGSnrc. However, in GEANT4, we directly calculated the dose in a water phantom without generating a phase space.
2.2.3 FLUKA
In addition, we replicated the EGSnrc configuration using FLUKA as an alternative comparison to the measurements. Keeping the input spectrum unchanged, the simulated setup closely emulates the modeling methodology employed in EGSnrc. Like in GEANT4, in FLUKA, the dose calculation was performed directly in a water phantom, eliminating the need for generating a phase space.
2.3 UHDP-mini-beam by using the triode-gun electronflash linac
The flash linac adopted is the Triode-Gun equipped ElectronFlash manufactured by SIT, available at the CPFR in Pisa, Italy. It operates at energies of 7 and 9 MeV, delivering a dose-rate of up to 5,000 Gy/s. Field size and Normal Treatment Distance (NTD) is achieved by means of passive collimation with polymethyl methacrylate (PMMA) cylindrical tubes, called applicators. Each applicator is uniquely identified by its diameter (ex. Applicator 100 mm, 50 mm, 40 mm, etc.). With this linac it’s possible to achieve flash conditions and vary the main parameters (Dose per pulse, pulse width, pulse repletion frequency ecc.) independently from one and another, without changing experimental setup or beam collimation [42].
2.4 Experimental setup
Measurements were performed using the ElectronFlash linac in 9 MeV mode with a 40 mm diameter applicator. For electron flash, beam monitoring is critical as conventional systems based on ionization chambers are not compatible with the high beam current [43]. As in the case of flash with protons [44], beam monitoring is a topic of great interest which requires non-conventional solution. In fact, ElectronFlash comes equipped with a IEC 60601-2-1 [45] compliant beam current transformer (ACCT) based monitoring system, which correlates the beam current to delivered dose in the form of monitor units (MU) displayed on the machine human interface (HMI) system. After an initial MU calibration check without the mini-beam template, we fixed the pulse width (tp), pulse repetition frequency (PRF), and dose per pulse to ensure each gafchromic film received the same dose at the open field electron beam build up depth (R100). The EBTXD gafchromic films [36] were analyzed with an Epson Expression scanner 10000XL after 48 h, 254 DPI with the background subtracted from a pre-irradiation scan. From the scan, we converted the optical density (OD) to dose with previously measured dose calibration curves. Each film was irradiated accumulating a total dose of 23.5 Gy at R100, using a dose per pulse of about 0.2 Gy/p, tp of 4 µs and a PRF of 50 Hz.
The mini-beam templates were attached to the applicator using a 3D-printed nylon holder, and the films were placed between slabs of a plastic water phantom to measure the dose profile at each depth. The total phantom dimensions are 30 × 30 × 15 cm3, with singular slab thickness ranging from 1 mm to 1 cm. For each template we evaluated the main characteristics, such as ctc, PVDR, irradiated surface, and the effect of hole type and dimensions.
As by design, the nylon holder does not extend beyond the template, ensuring that only the tungsten is in contact with the phantom. For each template, we measured the dose profile at various depths ranging from 0 up to 4 mm water depth, using 25.6 × 25.6 mm2 films positioned perpendicular to the beam axis in the water equivalent phantom. In the case of GRID templates, we sampled additional points along the depth to evaluate the PDD (percentage depth dose). For the PLANAR templates, a 51.2 × 51.2 mm2 film was placed parallel to the beam axis at a depth of 4 mm, with normalization to the entrance dose measured using a 25.6 × 25.6 mm2 film positioned perpendicular to the beam axis during the same irradiation.
3 RESULTS
3.1 Monte Carlo validation
Each of the Monte Carlo codes show good agreement with the open field experimental data in the water phantom, as shown in Figure 2. Gamma index analysis [46] was performed for the Monte Carlo curves, comparing each one with the FlashDiamond data. With a Dose Difference (DD) of 3% and a Distance to Agreement (DTA) of 3 mm, we have obtained over a 90% agreement for the curves across all Monte Carlo codes. We decided on these values of DD and DTA due to the dose response and spatial resolution of the FlashDiamond detector [41]. Thus, we can reasonably use the Monte Carlo codes for a comparison with the experimental data.
[image: Figure 2]FIGURE 2 | Monte carlo simulations plotted with FlashDiamond measurements, PDD (left) and profiles at R100 (right).
3.2 Template construction and characteristics
The final collimators which have been constructed are shown in Figure 3, which also shows a picture of the template attachment on the PMMA applicator and a close-up of the setup, and in Table 1 the main geometric characteristics of each one is summarized. Each one is 5 × 5 × 0.5 cm3 and is made of Tungsten, to ensure minimal electron septa bleed-through and maintain a useful mini-beam structure. Since the templates are made of a high Z material, it is useful to evaluate secondary radiation and its effect on the mini-beam distribution. As shown in Figure 4, Bremsstrahlung photons, evaluated in the worst-case scenario of the grid_conf2 template (the one with least open volume), constitute less than 10% for depth up to 5 mm of the dose, which is deposited mostly at depths beyond the desired mini-beam structure. A rough approximation can be made by utilizing the radiative stopping powers listed in the National Institute of Standards and Technology (NIST) tables for Tungsten [47]. This calculation overlooks any directional or geometric aspects of the beam and yields an estimate of approximately 10% of the maximum dose attributable to radiative loss.
[image: Figure 3]FIGURE 3 | (A) All nine template configurations for grid and planar collimators; (B) template mounted on the accelerator’s applicator with a nylon 3d printed holder; (C) experimental setup close-up, applicator, template and phantom are shown; (D) close-up of the beam optics, template and irradiated gafchromic film after dose delivery with a visible mini-beam pattern.
TABLE 1 | Mini-beam template geometric parameters.
[image: Table 1][image: Figure 4]FIGURE 4 | Bremsstrahlung photons evaluated as average dose contribution along the depth of a water phantom by separating particles in the phase space after the template.
3.3 Experimental measurements and comparison with Monte Carlo simulations
The templates used for measurement, referenced in Table 1, are as follows:
1. Grid_conf1
2. Grid_conf2
3. Planar_conf1
4. Planar_conf3
In Figures 5, 6, the transversal dose profiles obtained experimentally, at the center of the beam from 0 mm up to 4 mm in water depth are presented for the grid configurations, grid1 and grid2, along with the expected values from the Monte Carlo (MC) simulations. For all profiles, the dose is normalized to the dose at R100 of the open 40 mm field. To evaluate the agreement of the Monte Carlo simulations, we used gamma index analysis with DD of 6% and DTA of 2 mm to achieve an agreement greater than 93% with the experimental data at each depth. The choice of DD and DTA is due to the high dose uncertainty and high spatial resolution of gafchromic films, as pointed out in [36, 37, 41]. The agreement is further observed in the PVDR values reported as function of the depth depicted in Figure 7. As anticipated, a higher ctc results in a significantly greater PVDR, as the increased septa blocks adjacent hole contamination, leading to a substantial decrease in the valley dose at the expense of a lower average dose. Figure 8 illustrates the average dose PDDs (percentage depth dose) and the depth at which PVDR > 2.5 for the grid templates. As comparison, also the equivalent open field (obtained as EGSnrc simulated tungsten slab of 5 mm with an aperture of the dimensions of the hole distribution, in this case 1 cm) is shown. We can observe that a greater ctc considerably expands the “mini-beam zone” (PVDR > 2.5) while creating a steeper PDD. This mini-beam structure covers a zone up to the depth of the 50% dose deposition (R50) in water, while reducing the total penetration of the dose distribution for greater depth. This makes the grid template particularly interesting, as it is possible to obtain a large area of “mini-beam” characteristics, with the possibility of performing in vivo experiments on organs and tissues of dimensions of 5–6 mm. Figures 9, 10 present the profiles for the planar templates, showing a good agreement also above 93% of gamma index with DD 6% and DTA 2 mm. In Figure 11, the PVDR as a function of depth for the planar configuration is displayed. Apart from a slight discrepancy (15%) at the entrance, where a small increase in the valley dose can significantly impact the PVDR, the greater field size does not affect significantly the mini-beam distribution along the depth. Figure 12 shows the PDDs normalized to the entrance dose and “mini-beam zone” (PVDR > 2.5) for the templates, compared to the equivalent open beam configuration (2 × 2 cm2 field). Since the positioning of the film parallel to the beam resulted in an underexposure after the R50 beyond the constructor’s tolerances, that part is omitted on the graph. As expected, with an increase in field size, we approach an open field configuration, resulting in greater penetration, as precedingly reported by [18]. Furthermore, in comparison to the grid configuration, the PDD does not significantly differ from the equivalent open field. This makes the planar template interesting from a clinical point of view, as it has a PDD practically identical to that of the conventional beam of equal energy (same depth of treatment) with the possibility of having a mini-beam effect, for example, on the skin, potentially reducing the collateral effects to this organ.
[image: Figure 5]FIGURE 5 | Dose profiles, normalized to the dose value of the open field at R100, of the first 4 mm in depth of grid conf1, Monte Carlo vs. Gafchromic film.
[image: Figure 6]FIGURE 6 | Dose profiles, normalized to the dose value of the open field at R100, of the first 4 mm in depth of grid conf2, Monte Carlo vs. Gafchromic film.
[image: Figure 7]FIGURE 7 | PVDR for grid_conf1 (left) and grid_conf2 (right).
[image: Figure 8]FIGURE 8 | PDDs for the grid configurations. For grid_conf1 (left) the “mini-beam zone” extends up to 3 mm, while for grid_conf2 (right) the zone extends to 6 mm.
[image: Figure 9]FIGURE 9 | Dose profiles, normalized to the dose value of the open field at R100, of the first 4 mm in depth of planar_conf1, MC vs. GAF.
[image: Figure 10]FIGURE 10 | Dose profiles, normalized to the dose value of the open field at R100, of the first 4 mm in depth of planar_conf3, MC vs. GAF.
[image: Figure 11]FIGURE 11 | PVDR planar_conf1 (left) and planar_conf3 (right).
[image: Figure 12]FIGURE 12 | PDDs for the planar configurations. For planar_conf1 (left) the “mini-beam zone” extends up to 3 mm, which is the same as planar_conf3 (right).
3.4 Mini-beam characteristics for each template
In Table 2, the main mini-beam characteristics are reported for each constructed template. We reported, for each template and each depth, the PVDR, the ratio of the dose at the peak (D_p) and the dose at the buildup depth without the template (D_open, which is to be considered a reference dose value), the ratio of the dose at the valley (D_v) and D_open, the ratio of the average dose (D_avg) and D_open, the ctc, the FWHM and finally the R50 (which is the same for each template). For the sake of legibility, uncertainties on single dose measurements are assumed to be 4%, to be appropriately propagated for each derived quantity.
TABLE 2 | Mini-beam characteristics for each template.
[image: Table 2]3.5 Mini-beam-flash irradiation parameters
Finally, we present in Table 3 the possible parameters for mini-beam-conv and mini-beam-UHDR irradiation (Average dose rate (DR), dose per pulse (DPP) and dose rate within the pulse (DR_PULSE) at the peak and average mini-beam dose), at the reference depth of 1 mm, for the peak and average dose. All values are reported as ranges in square brackets, indicating the minimum (CONV) and maximum (FLASH) values achievable. These parameters are to be considered indicative, since we can tune the ElectronFlash to obtain a wide range of characteristics in a continuous way, within the limits of proper linac function.
TABLE 3 | MINI-BEAM-CONV and MINI-BEAM-FLASH characteristics for PEAK and AVERAGE dose points.
[image: Table 3]4 DISCUSSION AND CONCLUSION
In this study, we have designed, simulated, and finally realized mini-beam and UHDR-mini-beams by using the triode-gun ElectronFlash low energy electrons linac and special tungsten passive template; we have then completely characterized dosimetrically our beams by means of radiochromic films. We have observed a good agreement between film measurements and Monte Carlo simulations. Due to the nature of radiochromic films, a greater discrepancy is the valley is to be expected with respect to the peaks, since the dose is much lower and the region of interest in which the dose is calculated is quite small. Nevertheless, the comparison with the simulations with various codes gave additional robustness to the experimental measurements. Across all Monte Carlo codes, the obtained results exhibited comparable outcomes with only minor discrepancies in valley dose. The relative dose values and PVDR measurements were in almost all cases within the uncertainty range of the gafchromic films, with discrepancies most likely due to different statistics and variation between the unique code parameters. Nevertheless, these findings affirm the capability of each of the evaluated codes to accurately simulate the linac geometry and templates. We have observed that increasing the ctc results in a decrease in the valley dose, leading to higher PVDR and a larger mini-beam zone. Having both grid and planar configurations at our disposal allows for great versatility in experiments. A grid configuration reduces dose deposition along the depth and enables a higher PVDR and mini-beam zone with fixed template parameters. This can be beneficial for in vivo irradiations for target up to 5–6 mm of size. On the other hand, the planar geometry diminishes the PVDR but achieves a higher peak dose and deeper dose penetration. This may be promising from a clinical perspective, as the beam does not lose penetration compared to the open field and has a mini-beam component in the first few mm of depth, which could substantially reduce side effects on the skin. Regarding bremsstrahlung contamination, even in the worst-case scenario, it is not significant within the mini-beam zone, and an appropriate mini-beam structure is maintained. This allows for the use of tungsten as the material of choice, at least in the case of low-energy electrons, as the main cause of mini-beam loss is primarily electron septa crossing, which is avoided due to the high atomic number (Z) of the material. Thus, the proposed method of generating a mini-beam structure offers great versatility. This versatility is particularly important when combined with the flash capabilities of our triode-gun ElectronFlash linac, as it enables the study of both mini-beam and flash effects by independently varying the fundamental spatial and temporal parameters involved in the two effets. This is fundamental for quantitative mini-beam and flash experiments, since we can vary all the fundamental parameters independently one from the other and without altering the experimental setup, guaranteeing a wide range of investigations and great reproducibility. The mini-beam and mini-beam-flash operating beams that we have realized, can be used to carry out radiobiological experiments necessary to study the quantitative dependencies of the flash and mini-beam effects and the beam parameters that characterize them, and to understand their underlying radiobiological mechanisms. These experiments are aimed at optimizing the clinical implementation of flash, mini-beam and possibly mini-beam flash radiotherapy. This will be fundamental also for the future transition to VHEE [48, 49], as mini-beams and the flash effect will play a crucial role. We are thus able to continue working towards a robust clinical protocol and evaluate the biological modifying factors necessary for a treatment planning system, both pre-clinical and clinical.
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The FLASH effect is a radiobiological phenomenon that has garnered considerable interest in the clinical field. Pre-clinical experimental studies have highlighted its potential to reduce side effects on healthy tissues while maintaining isoeffectiveness on tumor tissues, thus widening the therapeutic window and enhancing the effectiveness of radiotherapy. The FLASH effect is achieved through the administration of the complete therapeutic radiation dose within a brief time frame, shorter than 200 milliseconds, and, therefore, utilizing remarkably high average dose rates above at least 40 Gy/s. Despite its potential in radiotherapy, the radiobiological mechanisms governing this effect and its quantitative relationship with temporal parameters of the radiation beam, such as dose-rate, dose-per-pulse, and average dose-rate within the pulse, remain inadequately elucidated. A more profound comprehension of these underlying mechanisms is imperative to optimize the clinical application and translation of the FLASH effect into routine practice. Due to the aforementioned factors, the undertaking of quantitative radiobiological investigations becomes imperative, necessitating the utilization of sophisticated and adaptable apparatus capable of generating radiation beams with exceedingly high dose-rates and dose-per-pulse characteristics. This study presents a comprehensive account of the design and operational capabilities of a Linear Accelerator (LINAC) explicitly tailored for FLASH radiotherapy research purposes. Termed the “ElectronFlash” (EF) LINAC, this specialized system employs a low-energy configuration (7 and 9 MeV) and incorporates a triode gun. The EF LINAC is currently operational at the Centro Pisano FLASH Radiotherapy (CPFR) facility located in Pisa, Italy. Lastly, this study presents specific instances exemplifying the LINAC’s adaptability, enabling the execution of hitherto unprecedented experiments. By enabling independent variations of the temporal parameters of the radiation beam implicated in the FLASH effect, these experiments facilitate the acquisition of quantitative data concerning the effect’s dependence on these specific parameters. This novel approach hopefully contributes to a more comprehensive understanding of the FLASH effect, shedding light on its intricate radiobiological behavior and offering valuable insights for optimizing its clinical implementation.
Keywords: FLASH radiotherapy, ultra-high-dose-per-pulse beams, temporal structure of the beam, LINAC architecture, FLASH research LINAC
1 INTRODUCTION
FLASH Radiotherapy (FLASH-RT) is a promising radiotherapy technique that involves delivering the entire radiation dose at an extremely high dose rate, much higher than conventional methods. The technique has been tested in various preclinical experiments using different animals and organs, and results have shown a significant reduction in side effects on healthy tissues while preserving its therapeutic efficacy on tumor tissue. This has generated considerable excitement in the radiotherapy community as FLASH-RT may provide a way to effectively treat tumors that are currently non efficiently treated with conventional radiotherapy [1–7]; in particular:
1. Radioresistant tumors located in close proximity to radiosensitive “serial” organs: it is hypothesized that a higher RT dose could be delivered to the tumor without inducing severe toxicities to the surrounding normal tissues as would be expected following CONV-RT.
2. Large tumors arising in “parallel” organs: the delivery of tumoricidal RT dose is hampered by the size and local extension of tumor mass that would lead to a low-dose irradiation of a significant portion of organ at risk with a subsequent unacceptable risk of severe toxicity.
3. Reirradiation: tumor recurrence often occurs within a previously irradiated high-dose region. This means that the dose required for tumor control is often much higher than that required for severe toxicity leading to an inverted relationship between NTCP and TCP curves.
Despite the very promising results, there are still many unanswered questions regarding the FLASH radiobiological mechanisms: there is still no consensus on its physical mechanism [8,9], and both its dependence on the various beam parameters and the effect on the irradiated tissues remain to be fully understood. One of the biggest challenges has been obtaining quantitative radiobiological data from in vitro/vivo experiments, which is essential to understanding the FLASH effect’s dependencies on the different beam parameters.
Currently, there are two conditions which seems to trigger the FLASH effect: average dose rate greater than 40 Gy/s and a total irradiation time less than 0.2 s [10–15]. Nevertheless, the beam temporal structure is quite complex, and these two parameters are not enough to fully describe it. An exhaustive representation of the temporal structure is reported in Figure 1:Where
− dMAX depth of maximum dose on beam axis
− Dp(n),k dose of nth pulse in the kth irradiation at DMAX [Gy]
− tpk time width of a single pulse in the kth irradiation [s]
− trk time between two pulses in the kth irradiation [s]
− PRFk Pulse Repetition Frequency in the kth irradiation [s–1]
− np,k Number of pulses of the kth irradiation
− tFLk irradiation time of the kth irradiation [s]
− tDk time separation between the end kth and the beginning of (k+1)th irradiations [s]
− TDk total delivered dose at dMAX during tFLk [Gy]
− tIRR Total irradiation time [s]
− TD total delivered dose atdDMAX during tIRR [Gy]
− ADRk Average Dose Rate during the kth irradiation at dMAX [Gy s–1]
− ADRpi,k Average Dose rate within the ith pulse during the kth irradiation at dMAX [Gy s–1]
− IDRi,k Instantaneous Dose Rate within the ith pulse during the kth irradiation at dMAX [Gy s–1]
[image: Figure 1]FIGURE 1 | Temporal beam structure with all the relevant parameters.
In case of a single irradiation, the following relations hold:
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If the irradiation consists of multiple sub-irradiations, the previous equations can be easily generalized and the additional relations hold:
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with N being the total number of irradiations. It was chosen to start from the definition of dose per pulse and pulse duration (instead of introducing the dose rate directly) because these two parameters can be measured precisely and independently from each other.
Additionally, if the dose is delivered with two or more train of pulses, also the time lapse between the trains of pulses may play a relevant role. Until now, due the technological limits of the electron LINACs available, no detailed study on the impact of the different parameters is available; nevertheless, there is a large consensus about the need of such investigations, both for electrons and protons [16–22].
FLASH research until today has been substantially slowed by the absence of a specifically designed technological platform, both in terms of beam sources and in terms of beam monitoring systems and dosimeters [23–25]. More specifically, the electron accelerators adopted for FLASH radiobiological experiments are not provided with real-time monitoring of beam parameters, which makes it impossible to take output variation into account. These accelerators are typically electron accelerators designed for industrial use or modified medical accelerators, where diffuser filters and monitor chambers have been removed from the beam path [26]. This fact has somehow limited the researchers’ ability to obtain accurate and fully reproducible data on the radiobiological impact of the various beam time structure parameters potentially impacting FLASH effect.
Although the FLASH effect’s robustness has been validated by various animal models, organs, and radiobiology research works, the radiobiological mechanism underlying the effect is still unknown. While oxygen consumption has been proposed as a possible explanation [27], other works have highlighted the limits of this explanation and emphasized the need for further investigations [28]. Additionally, the dependence of the FLASH effect on the Linear Energy Transfer (LET) of the radiation used is still unknown.
A better understanding of the complexity of FLASH effect is also mandatory for the VHEE development and its clinical translation.
VHEE would allow to treat even deep-seated tumors. Different national and international research projects are aimed at the realization of Very-High-Energy-Electrons “FLASH” LINAC, with energy up to or greater than 100 MeV. However, this raises new radiobiological questions: such high energy electron beams cannot be collimated mechanically yet, like the low energy ones, but the dose to the target volume is deposited uniformly employing pencil beam scanning technique, requiring to use more fields of view to reach the desired dose conformation. It is therefore essential, before the clinical translation, to quantify any dependence of the entity of the FLASH effect on the beam volume (dimension of the beam) and on the dose fractionation, since the movement of the gantry to pass from one field of view to another is not temporally compatible with the times need to trigger the FLASH effect (<0.1–0.2 s).
In summary, while FLASH-RT has shown promising results, there are still many uncertainties and many issues that need to be addressed before it can be used in clinical practice. Further research is necessary to determine the radiobiological mechanism underlying the FLASH effect and to investigate the dependence of the effect on various beam parameters on the irradiated tissues. Advances in accelerator technology and dosimetry may provide a way to overcome the current limitations and enable researchers to obtain quantitative radiobiological data from in vitro/vivo experiments.
A specifically designed LINAC would represent a powerful tool for understanding the mechanism and exploiting the promising radiobiological findings associated with the FLASH effect. Such LINAC should provide the full capability to vary, set and monitor the whole temporal beam structure, as reported in [29]. The discussion between some of the authors of this article, led to the development of the new design of Electron Flash with a triode e-gun and its power and piloting electronics. The availability of a triode gun enables to adjust the electron fluence (and thus the dose per pulse) in a wide range maintaining the time pulse width and beam optics unchanged.
Such LINAC allows the study of the whole set of beam parameters which could impact FLASH effect: dose per pulse, pulse width, pulse repetition frequency, number of pulses, irradiation time and consequently Average and instantaneous dose rate. All these parameters can be varied independently and without altering the experimental setup, thereby minimizing experimental errors.
Thanks to special funding from Fondazione Pisa, the newly designed system has been installed in July 2022, at the Centro Pisano FLASH Radiotherapy (CPFR) in Pisa, Italy.
2 MATERIALS AND METHODS
2.1 Characteristics of the research LINAC system
The research LINAC described in the study is the ElectronFlash (indicated as EF in the following) produced by SIT S.p.A. (https://www.soiort.com/flash-rt-technology/[29,30]). and installed in Pisa A.O.U.P., S. Chiara Hospital.
Even though EF is a research LINAC, it has been designed in order to comply with the requirements of IEC 60601-two to one, Medical electrical equipment - Part 2–1: Particular requirements for the basic safety and essential performance of electron accelerators in the range 1 MeV–50 MeV [31]. Furthermore, as long as FLASH treatment requires even additional monitoring in order to guarantee the essential performance, novel monitoring techniques have been devised and integrated [29].
The system operates in electron mode only, with energies of 7 and 9 MeV; e-beam is collimated by means of a purely passive beam optics and several radiation fields are available (see Results section).
The accelerating waveguide is a S band standing wave accelerating guide, operating at 2.998 GHz in the π/2 mode; the electrostatic radial focusing technique is implemented, in order to avoid the use external solenoid. Such implementation guarantees the stability over time of radial beam dynamics, and therefore also beam symmetry and flatness.
The LINAC features a triode thermionic e-gun composed of an indirectly heated cathode, a control grid, and an anode. The e-gun generates an electron current in a temporal range variable from 0.2 to 4 µs with a peak accelerated current ranging from 1 up to 100 mA, which is adjustable using by means of the grid voltage. The LINAC is powered by an S-band magnetron (model MG6090 produced by E2V) delivering up to 3.1 MW. It is powered by a Solid-State Modulator (model M100 produced by Scandinova).
Beam collimation is achieved through a purely passive scattering system, and the beam is conformed into different fields thanks to different applicators, ranging from diameter 1 cm up to 12 cm.
EF is equipped with a real “dose monitoring system”, as defined in IEC 60601-2-1, § 201.3.212 [31]: “system of devices for the measurement and display of a radiation quantity directly related to the absorbed dose”.
The dose monitoring system comprises several components, each fulfilling a crucial role in signal processing. The initial stage involves the precise and linear measurement of beam current. This is accomplished using two independent Beam Current Transformers (referred to as ACCTs), designed and manufactured by Bergoz Instrumentation [32]. Previous research has demonstrated the effectiveness of this system in accurately estimating absorbed dose [33,34]. Although alternative devices have been explored [35], ACCTs now function as non-invasive sensors, safeguarding the integrity of the beam and ensuring consistent measurement precision and linearity in both conventional and UHDR modes.
Subsequently, the current waveform is digitized to facilitate charge calculation through integration. Lastly, this computed charge is converted into Monitor Units, normalized as desired by the final user. These Monitor Units are then displayed on the user interface and utilized for treatment control purposes.
ACCT are currently considered as an optimal solution for the beam monitoring in UHDR modality [25,29,36,37], it is however important to stress that a dose monitoring system is much more than the radiation detectors itself: it is a system at least capable of:
- transforming the measurement of the single pulse into a quantity proportional to the absorbed dose ([31] § 201.10.101.1.1.2) and properly visualizing such quantity in terms of MU ([31]§ 201.10.101.1.1.2);
- halting the irradiation when the programmed MU have been delivered ([31] § 201.10.101.1.1.5);
- halting the irradiation if anomalies occur in the monitoring process and/or a given threshold is trespassed [31] (§ 201.10.101.1.3 and [31] § 201.10.101.1.3).
Monitoring system reading can be normalized as desired by the final user. All such features have been implemented in EF. The monitoring system performances (linearity, long and short-term stability) are described in the Results section. A schematic of the beam optic, including the ACCT, is reported in Figure 2.
[image: Figure 2]FIGURE 2 | Schematic of the beam optic including ACCT.
Two screenshots reporting the monitoring system interface are presented in Figure 3. The reading of both channels for each pulse, the integral dose delivered and the temporal structure of the beam is clearly visible; in the left image an irradiation stopped by the MU limit is reported (500 MU limit set, 2 pulses lasting 4.5 µs, PRF 200 Hz, total irradiation time ≈5 m and total MU1 delivered 530) while in the right one an irradiation stopped by the number of pulses is reported (10 pulses at 200 Hz, each lasting 2.5 µs, PRF 200 Hz, total irradiation time ≈45 m).
[image: Figure 3]FIGURE 3 | System interface of the EF LINAC.
EF can also deliver two different trains of pulses, with a time interval between the two trains in the range 0.05 s–60 s. Such feature allows the delivery of two irradiation separated by a time interval, and it is provided in order to study the possibility such dose delivery modality could enhance Flash effect.
EF is designed in a way that the user can vary independently each parameter of the beam temporal structure; notably it allows, by opportunely varying the beam current, to deliver the same dose per pulse even when varying the time width of the pulse in a large range.
The ElectronFlash can therefore adjust its average dose-per-pulse, average dose rate and its average instantaneous dose rate. This is achieved by modifying various parameters such as:
- the E-gun peak current, which leads to an accelerated current between 1 and 100 mA;
- E-gun pulse duration, which can be set between 0.2 µs and 4 µs;
- Pulse Repetition Frequency (PRF), which can be set between 1 Hz and 250 Hz with 1 Hz increments. Higher PRF are achievable, up to 400 Hz, but with a shorter radiofrequency pulse duration down to 2.5 µs instead of the standard 5 µs?
Electron beam is collimated into the target by means of PMMA cylindrical tubes, called applicators. These applicators determine the uniform field dimensions and establish an upper limit on the achievable dose per pulse by modulating the incident electron spectrum and fluence. Since the beam collimation is entirely passive, its performance remains constant over time. Consequently, real-time monitoring is not necessary for ensuring beam flatness, as the uniformity of the dose distribution at a specific depth is primarily influenced by the multiple scattering of electrons with the collimator wall.
2.2 LINAC dosimetric characterization
The dosimetric characterization of a LINAC with the illustrated characteristics pose a challenge for commercial dosimetric devices due to very high charge density generated by dose per pulse, which is three orders of magnitude greater than in conventional radiotherapy LINACs [29]. Corrective methods are not sufficient to use standard detectors for the absolute dosimetry needed for commissioning the ElectronFlash [38]. Several FLASH dedicated dosimeters are currently being developed and tested, mainly ionization chambers [22,39] and semiconductor detectors [40,41]. In this study, we used a PTW flashDiamond as the active dosimeter for both relative and absolute dosimetry. The linearity of the employed dosimeter was tested up to 18 Gy per pulse with a graphite calorimeter [42] and alanine pellets.
Additionally, we used EBT-XD Gafchromic films [43] to measure the beam profiles given their high spatial resolutions. Prior to use, we calibrated the EBT-XD films in a plastic phantom by delivering doses ranging from 0.5 to 60 Gy. The dose was delivered with a Dp of approximately 0.02 Gy, a pulse duration tp of 4 µs, and a PRF of 1 Hz. The total dose delivered was measured using an Advanced Markus ionization chamber connected to a PTW UNIDOS electrometer with a +400 V polarization. The chamber was able to correctly operate with the standard two voltage saturation correction at the polarization and dose per pulse employed. The dose values were obtained following the standard dosimetry protocol for absolute dosimetry in water TRS-398 [44], with a correction factor for the use of a plastic phantom. After a 48-h waiting period, all the films were scanned using an Epson Expression 10000XL scanner and the netOD values were converted to dose values via the calibration curves [45].
We started the dosimetric characterization by performing relative dosimetry measurements, which involved acquiring percentage depth dose (PDD) curves and lateral beam profiles. We obtained these measurements using different applicators, and also carried out measurements without any applicator, directly at the head hosing exit. The measurements were taken for both energies and three (low, mid, high) selected beam current values ((4, 60, 100 mA for 9 MeV; (15, 51, 85 mA) for 7 MeV).
To obtain the PDD curves, we measured the absorbed dose to water using the flashDiamond detector positioned in a modified MP3-XS water phantom that was adapted for horizontal irradiation by cutting a hole in one of the vertical sides and replacing it with a 1 mm thick water-tight carbon window.
The dose was delivered as train of 4µs pulses with 5 Hz PRF and evaluated moving, every 10 s, the flashDiamond detector in increments of 1 mm in the buildup region and 2 mm thereafter. Starting from the PDDs curves data, we evaluated the invariance of the R100, R90, R50 and Rp parameters (see Table 1 for definitions) for each energy, applicator, and beam current combination.
TABLE 1 | Definition of parameters used to characterize the system.
[image: Table 1]To measure the beam profiles, we positioned gafchromic films between slabs of RW3 plastic phantom at a depth equivalent to the R100. The films were irradiated with the same dose, and we evaluated the beam flatness, symmetry, and the width at the 95% isodose.
For absolute dose measurements, we irradiated the flashDiamond at the dMAX depth in a water phantom using 4 µs pulses and a PRF of 5 Hz. The dose per pulse for each irradiation combination was calculated by dividing the total dose by the number of delivered pulses. To ensure sufficient statistical accuracy, we delivered a minimum of 20 pulses for the highest beam current and 200 pulses for the lowest beam current. From this data, we determined the maximum ADRp for each irradiation condition.
We then assessed the linearity of the total dose with respect to the number of pulses. This was done by delivering a different number of pulses, ranging from 1 to 60, and measuring the total dose delivered. The procedure was repeated 5 times to estimate the output variability.
Next, we evaluated the variation in LINAC output with respect to the PRF in the range of 1–245 Hz while delivering a fixed number of pulses at 9 MeV and a beam current of 60 mA. Additionally, we measured the achievable dose rate ranges by measuring the dose at PRF values of 1 Hz and 245 Hz for each beam current.
To characterize the temporal properties of the pulse, we investigated the dose dependence with respect to the pulse width for the 9 MeV beam. We measured the reproducibility of the pulse width using the signal obtained from the ACCT current transformer. This involved delivering 20 pulses and measuring the resulting pulse duration. We then varied the pulse width from approximately 4 µs–0.38 µs while recording the dose with the flashDiamond for three consecutive pulses.
3 RESULTS
3.1 Customer Acceptance Test measurements
To evaluate the performance of the LINAC system, a set of procedures was developed in accordance with the Customer Acceptance Test (CAT). These procedures were categorized into two groups: beam properties and beam output.
For the beam properties evaluation, PDD curves were measured for both available energies (7 and 9 MeV) and for three different current values (low, medium, high) using the 40 mm diameter applicator. The PDDs were analysed to measure values such as, R100, R90, R50 and Rp as defined in Table 1. The stability of the LINAC was assessed over 3 days by checking the R50 values, which were required to be within a 1 mm tolerance using the 40 mm applicator. Furthermore, measurements of PDD were conducted using different applicators to verify the position of R50 and, consequently, the stability of PDD among the different fields. The beam profiles were also evaluated by measuring flatness symmetry and 95% isodose width for all available applicators.
Regarding the beam output, measurements were performed with both energies (7 and 9 MeV) and for 2 dose-per-pulses (high and low), setting the flashDiamond at the R100 and using the 40 mm applicator. The short-term stability of the LINAC system (i.e., the stability of charge collected in 10 consecutive irradiations) and the long-term stability (i.e., stability of the ratio between collected charge and the registered MU over a period of 3 days) were checked to be within tolerance (2% and 5%, respectively).
The proportionality between the output and the pulse duration (from 0.5 up to 4 µs) and the linearity between the output and the number of pulses were also evaluated. The linearity between the output and the registered MU was checked. This was performed with a 100 mm applicator after MU calibration (at the value 1 cGy/MU at the build-up region) for the same applicator. The proportionality ratio between the output and PRF, ranging from 5 to 245 Hz, was also checked by measuring the standard deviation of the charge collected for the same number of pulses delivered with different PRF. A summary table indicating the boundary tolerance for each measurement is provided in the Supplementary Materials.
3.2 LINAC flexibility and performance
The percentage depth dose curves obtained at 9 MeV with a fixed beam current of 4 mA for all available applicators are shown in Figure 4. The beam parameters and the maximum measured variation are listed in Table 2, with the uncollimated beam data reported separately. It is worth noting that all PDD curves, except for the uncollimated beam, exhibit a semi-flat region of approximately 10 mm for the 97% isodose, allowing for flexibility in the placement of devices or specimen. The impact of the different applicators on the PDD can be deemed relatively insignificant.
[image: Figure 4]FIGURE 4 | 9 MeV PDDs for various applicators.
TABLE 2 | PDD characteristics for the 9 MeV beam for different applicators.
[image: Table 2]Figure 5 displays the variation of the 9 MeV PDD curves in response to changes in the beam current, while Table 3 provides a summary of their characteristics: in particular it can be observed that therrent, the maximum variation observed in the R50 parameter is less than 1 mm. The differences in PDDs resulting from changes in the beam current are not critical when positioning samples at the R100, thanks to a fairly large zone of uniformity of the dose around the depth of maximum dose (dmax) observed in all three PDDs.
[image: Figure 5]FIGURE 5 | 9 MeV PDDs for different beam currents.
TABLE 3 | PDD characteristics for the 9 MeV beam for different beam currents.
[image: Table 3]The results of the analogous studies with the 7 MeV beam are reported in the Supplementary Materials.
The beam profiles obtained at R100 with 9 MeV energy for all applicators are displayed in Figure 6, normalized to the maximum dose. Table 4 presents the corresponding Flatness, Symmetry, and the diameter of the 95% isodose for each profile. Additionally, Figure 7 depicts the gaussian profile for the uncollimated beam. Notably, the 120 mm and 100 mm applicators exhibit a sufficiently large useful field, making them suitable for accommodating various sizes of cell culture multiwell plates, thereby facilitating in vitro experiments. The smaller applicators are more suitable for irradiating individual dishes with more extreme irradiation parameters.
[image: Figure 6]FIGURE 6 | Beam profiles for all the applicators.
TABLE 4 | Profile data for various applicators.
[image: Table 4][image: Figure 7]FIGURE 7 | Beam profile for the uncollimated beam.
The linearity of the dose with respect to the number of delivered pulses was verified through a linear fit (y = 0.877x, R2 = 0.999). These measurements also revealed a pulse variability of less than 2%, which can be corrected by the ACCT reading.
The investigation of the LINAC output dependence on different PRF, as shown in Figure 8, resulted in a variation of less than ±1.5% relative to the average value measured when scanning various PRF. This variation was adjusted for the beam output variability monitored by the ACCT.
[image: Figure 8]FIGURE 8 | Relative differences from the mean dose value of dose measured at different PRFs.
The effect of pulse width on the dose per pulse was studied by measuring the effective pulse duration, determined as the full width at half maximum (FWHM) of the ACCT signal recorded using an oscilloscope. Figure 9 shows different pulse waveforms along with their corresponding effective durations. The measurements demonstrated high reproducibility, with relative differences of less than 0.3% observed for the same pulse duration setting. To analyze the relationship between pulse width and dose, a linear regression was performed on the dose values associated with each pulse width, as shown in Figure 10. The results revealed a clear linear trend with a slope of 0.343 and an excellent goodness of fit (R2 = 0.999).
[image: Figure 9]FIGURE 9 | Pulse waveform for different pulse duration.
[image: Figure 10]FIGURE 10 | Linear fit (red) to the Dose value with respect of the pulse duration. Errorbars are on the order of graph point size.
Additionally, we calculated the ranges of irradiation parameters available at R100 for each applicator and the maximum pulse duration using the collected data. These ranges are presented in Table 5, where the available dose per pulse values at 9 MeV are explicitly listed for the 100 mm applicator, while for the other applicators, only the minimum and maximum values are provided. Intermediate values can be obtained by scaling the values of the 100 mm applicator. Furthermore, since the ADR depends on the number of pulses, even when the PRF is fixed, in the table we normalized such dependency reporting the normalized ADRn, obtained by dividing the ADR by n/(n-1), where n is the number of pulses.
TABLE 5 | Irradiation parameters available at R100. The interval extremes are reported for all but the 100 mm applicator diameter where all the available dose per pulses are listed.
[image: Table 5]3.3 Discussion
In this study, we described the unique architecture of the ElectronFlash, a triode gun electron LINAC specifically developed for investigating the FLASH effect. The dosimetric characterization of the ElectronFlash system was also described in detail. This LINAC allows independent control of three key beam parameters relevant to the FLASH effect: average dose rate, dose per pulse, and instantaneous dose rate. The flexibility to vary these parameters within a wide range, spanning from conventional radiotherapy values to extreme FLASH conditions, is a significant advantage. Importantly, these parameter changes can be achieved without modifying the experimental setup, reducing uncertainty in dosimetric and radiobiological experiments.
The ElectronFlash system is equipped with two dedicated ACCTs that enable online monitoring of output variability, allowing adjustments to account for small output variations, which have been measured to be below 2%. The availability of various applicators further enhances the versatility of the LINAC. Larger applicators enable simultaneous irradiation of multiple samples under FLASH conditions (>1 Gy per pulse) with a useful field diameter (>95%) of 70–60 mm. Smaller applicators can be used to gradually transition to extreme irradiation values at the cost of a reduced useful irradiation area. Additionally, the LINAC offers two nominal energies, 7 and 9 MeV, providing further flexibility in experimental setups.
Given the challenges of using commercial active dosimeters for FLASH irradiation, the dosimetric characterization was performed using a specially designed detector, the flashDiamond detector. The linearity of the flashDiamond detector was verified through measurements at 9 MeV using NPL’s secondary standard calorimeter and alanine pellets, traceable to UK’s primary standard electron and photon calorimeters, respectively. Calibrated EBT-XD gafchromic films were used to obtain beam profiles. The results confirmed that changes in applicators or beam current had negligible effects on the percentage depth dose (PDD) curves. Furthermore, the 9 MeV PDD curves exhibited a wide near-flat region near the maximum dose (97% isodose), allowing for flexibility in the types of specimens to be irradiated. The linearity of output with respect to the number of pulses, pulse duration, and independence on the pulse repetition frequency were also successfully verified.
Based on the dosimetric measurements, the maximum range of beam parameter excursions was determined: average dose rate ranging from ∼2 cGy/s to ∼4800 Gy/s, dose per pulse ranging from ∼2 cGy to ∼20 Gy, and average dose rate within the pulse ranging from ∼5.8 kGy/s to ∼4800 kGy/s.
To showcase the remarkable versatility of the ElectronFlash system, we propose three different irradiation setups that can be utilized to independently investigate the irradiation parameters. The first setup involves irradiating samples under FLASH conditions (Dp > 1 Gy/pulse, ADR >100 Gy/s) with a fixed number of pulses. Subsequently, the experiment can be repeated under conventional irradiation conditions, delivering the exact same dose with a difference of less than 1%. This can be easily achieved by utilizing the lowest beam current settings, which allow precise delivery of very small doses. Additionally, the real-time monitoring provided by the ACCT system ensures accurate adjustment for any output variation. Furthermore, dose escalation experiments can be conducted by fixing the ADR and adjusting the pulse repetition frequency (PRF) accordingly, considering the ADR’s dependency on the number of pulses, which is particularly relevant in high dose per pulse conditions such as FLASH. The second type of experiment, designed to test the ADR dependency, can be readily implemented by fixing the beam current, the number of pulses, and varying the PRF. With the availability of numerous beam currents, a wide range of ADR values can be explored while keeping the dose per pulse (Dp) and average dose rate within the pulse (ADRp) constant. Lastly, by fixing the PRF and maintaining a constant product of the beam current and pulse duration, a setup can be established where both the ADR and Dp remain fixed while the ADRp varies.
Considering all the aforementioned features, the ElectronFlash system proves to be an ideal instrument for investigating the FLASH effect, providing extensive flexibility in experimental setups and allowing for precise control of irradiation parameters.
Establishing FLASH-RT as a viable clinical technique requires further research to determine the radiobiological mechanism underlying the FLASH effect and to investigate the dependence of the effect on various beam parameters and irradiated tissues. Advances in accelerator technology and dosimetry may provide a way to overcome the current limitations and enable researchers to obtain quantitative radiobiological data from in vivo experiments. The proposed design of a new research LINAC provides a promising avenue for further research into FLASH-RT, essential to study the response of dosimeters to UHDP beams, the quantitative dependence of the effect on the beam parameters and the mechanisms underlying the effect itself. All this is essential for the development of specific dosimetric protocols, to understand the optimal characteristics of clinical FLASH LINACs and, in general, to arrive at the optimal clinical implementation of the FLASH effect in the shortest possible time.
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Monitoring Ultra-High Dose Rate (UHDR) beams is one of the multiple challenges posed by the emergent FLASH radiotherapy. Technologies (i.e., gas-filled ionization chambers) nowadays used in conventional radiotherapy are no longer effective when applied to UHDR regimes, due to the recombination effect they are affected by, and the time required to collect charges. Exploiting the expertise in the field of silicon sensors’ applications into clinics, the medical physics group of the University and INFN Torino is investigating thin silicon sensors as possible candidates for UHDR beam monitoring, exploiting their excellent spatial resolution and well-developed technology. Silicon sensors of 30 and 45 µm active thicknesses and 0.25, 1 and 2 mm2 active areas were tested at the SIT ElectronFlash machine (CPFR, Pisa) on 9 MeV electron beams, featuring a pulse duration of 4 µs, a frequency of 1 Hz, and a dose-per-pulse ranging from 1.62 to 10.22 Gy/pulse. The silicon sensors were positioned at the exit of the ElectronFlash applicator, after a solid water build-up slab, and were readout both with an oscilloscope and with a multi-channel front-end readout chip (TERA08). A response linearity extending beyond 10 Gy/pulse was demonstrated by comparison with a reference dosimeter (FlashDiamond), thus fulfilling the first requirement of a potential application in UHDR beam monitoring.
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1 INTRODUCTION
In recent preclinical studies, Ultra-High Dose Rate (UHDR) beams have demonstrated a tumoricidal effect comparable to the one of conventional radiotherapy (RT), with an increased sparing effect on surrounding healthy tissue (FLASH effect) [1]. This led to the concept of FLASH RT: an emerging irradiation approach that involves delivering an average dose rate of more than 40 Gy/s in a total time of less than 200 m, with extremely high instantaneous dose rates (above 106 Gy/s in microsecond-long pulses). FLASH RT could then represent a breakthrough in the field of cancer treatment, if confirmed by in vivo biological validations. Most preclinical studies performed up to now have relied on passive dosimeters, which implies a time delay before the readout of the delivered dose. However, the role of detectors capable of real-time monitoring UHDR beams is crucial to allow fine tuning of the dose delivery, improving the study of irradiation parameters (e.g., average dose rate, instantaneous dose rate, dose-per-pulse, beam time structure), and unfolding their contribution in triggering the FLASH effect [2]. Standard ionization chambers cannot withstand the requirements of FLASH RT, since the amount of ions generated per unit volume and unit time leads to high recombination rates, and the typical charge collection time (30–300 μs for air gaps of 0.5–5 mm) cannot resolve in time-pulsed beam timing structures. Besides modifications and optimizations of the ionization chambers themselves (e.g., by reducing the active gap distance, increasing the bias voltage [3, 4], filling the chamber gap with helium [5], filling the cavity of the chamber with a suitably depressurized noble gas [6], or by using two consecutive chambers [7]), new technologies are being investigated to monitor FLASH beams, such as beam current transformers (BCTs) [8–10], scintillators [11, 12], approaches based on air fluorescence measurement [13], and solid state detectors [14–16]. Preliminary results have already been obtained with SiC sensors on high dose rate beams [14] and promise to take advantage of the excellent temporal and spatial resolution. The latter is gaining interest in the realm of Very High Electron Energy (VHEE) beams, whenever a pencil-beam-like scanning modality is considered [17, 18]. Based on the experience gained in applying innovative silicon sensors for beam monitoring in charged particle therapy [19–21], the University and INFN of Torino are contributing to the INFN FRIDA project by studying the response linearity with dose-per-pulse, the recombination effect and the radiation resistance of silicon sensors in order to investigate their applicability in beam monitoring in FLASH therapy. This work shows the results of the test of thin silicon sensors on UHDR electron beams delivered by the SIT ElectronFLASH (EF) machine of the Centro Pisano Multidisciplinare sulla Ricerca e Implementazione Clinica della Flash Radiotherapy (CPFR) in Pisa (Italy). The successful integration of the sensors with the TERA08 front-end readout is also reported, thus providing a possible framework for developing a multi-channel readout system for large area segmented silicon sensors.
2 MATERIALS AND METHODS
2.1 ElectronFlash accelerator
The EF LINAC (Figure 1) of the CPFR in Pisa was funded by Fondazione Pisa and manufactured by the Italian company SIT-Sordina [22]. The system can produce and accelerate electron pulsed beams of 7 and 9 MeV and employs a radial focusing technique in its accelerating waveguide. The electron beam at the exit window has a gaussian shape of around 1 cm FWHM. The uniformity of the dose profile at the surface of a patient or water phantom is obtained by means of special PMMA plastic applicators of different lengths and diameters, directly attached to the radiant head. For a fixed beam current, the size of the applicator (from 1 to 12 cm diameter) changes the dose-per-pulse values at the irradiation point. Maintaining the energy spectrum unchanged (i.e., keeping the same experimental setup), it is possible to choose among twelve values of beam current (in the range 1–100 mA at the exit window), and change the pulse duration (in the range 0.5–4 µs) and the pulse frequency (in the range 1–249 Hz). This allows varying each beam parameter of interest for the FLASH effect investigation, such as dose-per-pulse, pulse duration, average dose rate, instantaneous dose-per-pulse in a wide range, one independently from the others, minimizing the setup uncertainties. Real-time beam monitoring of the fluence is performed by a beam current transformer (BCT), a toroid positioned in the proximity of the exit window, and by a pickup in the resonant cavity for real-time verification of the beam energy [23]. During the experiment the electron beam energy of 9 MeV and the applicator of 30 mm diameter and 15 cm length were used. The pulse duration was set at 4 µs, and 10 pulses were delivered in each shot of the accelerator at a frequency of 1 Hz. A trigger signal, provided by the accelerator control, was used to synchronize the data acquisition with the beam pulse delivery. Measurements performed with the FlashDiamond (FD) [24] set in the same position of the silicon sensors were considered as reference.
[image: Figure 1]FIGURE 1 | SIT ElectronFlash (EF) accelerator of the Centro Pisano Multidisciplinare sulla Ricerca e Implementazione Clinica della Flash Radiotherapy (CPFR) in Pisa, Italy. The experimental setup positioned on the table is shown.
2.2 Planar silicon sensors
The use of silicon sensors of small sensitive thickness reduces the generation of charge carriers in the active volume and the charge collection time, thus limiting the recombination and saturation effects. In addition, by etching the support wafer, sensor with a total thickness smaller than 100 microns can be obtained which would reduce the beam perturbation as required for an ideal beam monitor device. The samples chosen for the experiment are PiN silicon sensors, manufactured within the FBK [25] EXFLU1 production batch [26, 27]. Two silicon square devices (4.5 mm side length) were selected from two wafers featuring different active thickness (30 μm and 45 µm) and a total thickness of 655 and 570 μm, respectively. Each device hosts six different pad sensors of different active areas, and three of them from both wafers were tested, featuring areas of 2, 1, and 0.25 mm2 (Figure 2). The active thickness is epitaxially grown (Epi) over a thick low-resistivity handling wafer. The sensors were preliminary characterized in our department lab to verify their electrical properties. Through the analysis of the I-V curves, it was verified that they fully deplete at 10 V and the breakdown voltage occurs over 300 V of reverse bias. The sensors were mounted with conductive glue on high-voltage distribution boards, shown in Figure 2, allowing simultaneous reading of the three chosen pads connected to the output channels through wire-bonding. The guard ring of each pad was grounded.
[image: Figure 2]FIGURE 2 | (A) Technical drawing of the sensors used in the experiment. Among the different implanted pads, the arrows point out the ones tested (0.25, 1, and 2 mm2). (B) The sensor mounted on the HV distribution board is represented.
2.3 TERA08 front-end
The readout system used is based on the TERA08 integrated circuit, designed for medical applications by the INFN group of Torino [28]. Initially developed as a front-end electronic readout for gas monitor chambers, TERA08 performs a conversion from the instantaneous current to a digital pulse frequency, where each digital pulse corresponds to a fixed input charge quantum. It implements 64 identical channels, each featuring a converter followed by a 32 bit counter. The maximum conversion frequency is 20 MHz and the charge quantum can be selected in a range extending up to 1.115 pC [29]. For all measurements presented in this work, the value of the charge quantum was measured to be (211 ± 1) fC, in accordance with the chosen nominal setting of 200 fC. The counters were read out using a NI FlexRIO FPGA module at a frequency of 100 Hz. A data acquisition program, developed using LabView, allowed to display online the count rates of each channel and to store the data for the offline analysis.
2.4 Experimental setup
The silicon device was aligned along the beamline, at the exit of the EF applicator, at the center of the beam spot and it was mounted on a fixed motor system positioned on a table in the EF room (Figure 3). This configuration allowed moving the silicon sensors and the FD, used to provide the reference dose measurements, in and out of the beam in the same experimental conditions. All the measurements were performed at the maximum of the depth-dose distribution in water for the 9 MeV electron beam, obtained by placing a 12 mm thick solid water slab sandwiched between the applicator and the detector holder. Both silicon sensors and FD were enclosed in 3D-printed PLA boxes with an opening window in front of the active sensor surface to ensure the same air-gap distance (7 mm) between the sensors and the 12 mm thick solid water slab. For twelve values of the beam current at the exit window in the available range (1–100 mA), several EF parameters, such as magnetron power and bias of the cathode, have been optimized in order to have a constant energy spectrum. These twelve “working points” have been named according to the dose values measured in water at the build-up depth, using the 10 cm diameter applicator during the commissioning procedure. The “working points” labels (WPlabels) need to be converted into the actual dose related to the specific irradiation point and applicator considered. Table 1 reports the correspondence between the nine (out of the twelve possible) WPlabels considered in the test and the corresponding values measured by the FD for the 30 mm diameter applicator. The reference setup for measurements with the FD relies in positioning it in a cylindrical PMMA phantom of 120 mm diameter (ref setup), while in the experimental setup considered in this test the FD was positioned in the already described 3D-printed PLA box (test setup). Therefore, in order to obtain the values of effective dose-in-water, the discrepancy in the response of the FD in the ref or test setup was studied by means of Geant4 Monte Carlo simulations. More specifically, the Monte Carlo simulations included the support structure of the sensor, the 3D-printed PLA box and the 12 mm thick build-up slab for the test setup, the PMMA cylindrical water equivalent holder and the build-up slab for the ref setup. All the components were positioned at the applicator exit. In both cases, simulations were based on the “eFLASH radiotherapy” example code, available in Geant4 11.0, which includes the EF accelerator and different applicator geometries. The energy spectrum of the primary electrons was measured, showing a slight decrease in the beam’s mean energy due to the low-energy tail presence. The lateral scattering contribution due to the presence of the FD holder was quantified. The Geant4 simulations were run with “G4EmStandardPhysics_option4,” “G4RadioactiveDecayPhysics,” and “G4DecayPhysics” physics list, while cut-offs for all particle productions were set to 0.01 mm. The electron dose was scored along a 1.9 × 1.9 × 10 cm3 water volume in a grid with 1.9 × 1.9 × 1 mm3 resolution, with and without a 10 × 10 × 10 cm3 water phantom all around to simulate the contribution of the cylindrical PMMA phantom. The simulations were performed with 108 particles. In these conditions, a 3.9% increase in the deposited dose was found when considering the cylindrical PMMA phantom. The values reported in the following table were corrected for this effect. A maximum dose-per-pulse of 10.2 ± 0.3 Gy was reached.
[image: Figure 3]FIGURE 3 | (A) The silicon sensor (right arrow) and the FlashDiamond (left arrow) mounted on the same supporting structure. The two 3D printed boxes (in black) in which the sensors are positioned are visible. (B) The EF applicator, in contact with the solid water slab, adjacent to the sensor support box is shown.
TABLE 1 | Reference dose-per-pulse (DPP) values measured by the FlashDiamond at nine increasing beam current values, identified by the corresponding nine “working points” labels (WPlables), for the irradiation point and the EF applicator considered in the test experimental setup. One measurement was performed for each WPlabel. The values measured with the FlashDiamond are reported with the corresponding error (± 3%).
[image: Table 1]For part of the test, a sensor pad of 2 mm2 active area from the device of 45 µm thickness was connected to the TERA08 chip. Since the latter can read a maximum current of 4 µA per channel before saturation, the sensor signal was split into 64 channels. As reported in a previous publication [29], such an arrangement allows to extend the current range up of 256 µA preserving a linearity better than 1% in the whole range. A specific fan-in board was used to allow the splitting of the input into the TERA08 channels. Moreover, in order to cope with the large instantaneous input current during each pulse, an RC circuit was added between the sensor output and the TERA08 input such that the charge produced by each pulse is stored in the capacitor, which discharges into the TERA08 input with a time constant much larger than the pulse duration. A series resistance value of 156 kΩ and a capacitance value of 470 nF, connected to the reference voltage of the TERA08 input, were used. Figure 4A shows a typical signal consisting of 10 pulses at a frequency of 5 Hz after software acquisition. In Figure 4B, the value of the time constant τ, determined by fitting an exponential curve to a single-pulse discharge data, is reported and is found to be in good agreement with the product RC.
[image: Figure 4]FIGURE 4 | Example of acquisition with the TERA08 chip. (A) TERA08 counts as a function of acquisition time for an entire run, where 10 pulses with a frequency of 5 Hz are clearly distinguishable. (B) Zoom on a single signal of the discharge of the capacitor. The exponential fit results for the τ value is reported in the figure legend.
A second part of the beam time was dedicated to the test of three sensor pads of active areas 2, 1 and 0.25 mm2 from the 45 µm active thickness wafer connected directly to three input channels of an oscilloscope (Keysight Infiniium S-series DSOS254, 20 G/s sampling rate), with input impedance of 50 Ω. Through the oscilloscope, it was possible to visualize and store the voltage signal generated from the pulses delivered by the EF and its temporal structure. An example of an acquisition with the oscilloscope of one single pulse of 4 µs duration is shown in Figure 5, where three waveforms corresponding to each output channel are represented with three different colors. The shapes of the signals, characterized by an initial spike followed by an increase up to a broad maximum at the center of the pulse, were found to be perfectly compatible with those recorded by the machine’s internal BCTs. The total charge of each pulse was obtained by dividing the integral of the acquired waveforms by the input impedance of the oscilloscope.
[image: Figure 5]FIGURE 5 | Waveforms acquired by the oscilloscope for a 4 μs pulse delivered by the EF at 3.89 Gy/pulse dose-per-pulse. Three sensors of different active areas (2, 1, and 0.25 mm2) were connected to 3 channels of the oscilloscope, represented in different colors in the plot. The data correspond to the 45 µm thick sensor inversely biased at 200 V.
3 RESULTS
The charge per pulse measurements acquired with a silicon pad of 2 mm2 area and 45 µm active thickness, using both TERA08 and the oscilloscope, are shown in Figure 6 as a function of the dose-per-pulse up to ∼10 Gy/pulse. The sensor was reverse-biased at 200 V, well above his depletion voltage, to ensure operating the sensor under saturated drift velocity of charge carriers. Each point represents the average charge of the ten pulses used for the measurement. The charges measured with TERA08 and using the oscilloscope are found to be compatible within the uncertainties. Both data sets show very good linearity, resulting in a coefficient of determination of a linear fit R2 > 0.99.
[image: Figure 6]FIGURE 6 | The charge produced in one pulse of 4 μs duration as a function of the dose-per-pulse is represented for both TERA08 and oscilloscope data. A coefficient of determination R2 > 0.99 was obtained in both cases. The data correspond to the pad of 2 mm2 area and 45 µm active thickness, inversely polarized at 200 V.
Figure 7 shows the charge collected in the six different pads considered (2, 1, and 0.25 mm2 active areas for both 45 and 30 µm thicknesses), where the bias voltage in the case of the thinner device was set to 133.34 V to achieve the same internal electric field (∼4.44 V/μm) and thus saturation of the charge carriers drift velocity. For all the pads, the collected charge showed a very linear behavior as a function of the dose-per-pulse. At the same dose per pulse, the collected charge varies proportionally to the pad area and to the sensor thickness. In addition, the ratio between charges collected in different pads is found to be independent of the dose-per-pulse, indicating that volume-dependent effects of recombination of charge carriers are playing a negligible effect.
[image: Figure 7]FIGURE 7 | The results of the charge collected in each pulse for the 3 sensor pads of the 45 µm device are shown in (A), while the ones of the 30 µm macro-sensor in (B). In order to have the same electric field condition within the active thickness, the first sensor was inversely polarized at 200 V, while the second one at 133.34 V.
The energy deposited in the active layer of silicon sensors of different geometries and the corresponding total charge produced was simulated with Allpix Squared framework (v 2.4.0) [30]. The electron source was defined with a radius of 2 mm and the energy spectrum was set as the one obtained at the applicator exit from the “eFLASH radiotherapy” Geant4 example. The deposited charges have been assumed to be equal to the propagated charges at the readout electronics.
For both sensor thicknesses 107 events have been simulated. Assuming a linear increase of the charge with the number of initial particles, the collection of charge can be estimated for a larger number of initial particles. In the case of 30 μm thick sensors, the simulation results are compatible with all those obtained experimentally within 2.0% for the 2 mm2 area, 6.2% for the 1 mm2 one, and 4.1% for the 0.25 mm2 one. In the case of 45 μm thick sensors, the simulation results are compatible with the experimental ones within 8.1% for the 2 mm2 area, 13.5% for the 1 mm2 area, and 17.6% for the 0.25 mm2 area. Although the grounded guard ring, a slight broadening of the depletion region into the silicon could explain the higher value of the charge collected in respect to the simulated one, and this has a larger impact in the 45 μm case. Further studies are ongoing to investigate and verify this effect.
As previously reported, data acquired at 200 V bias voltage show perfect linearity for the whole range of dose-per-pulse values investigated. However, by decreasing the bias voltage, a saturation effect of the charge collected was observed from values of dose-per-pulse >3.89 Gy/pulse. This effect is illustrated in Figure 8 which shows the charge collected in a 4 µs pulse in a 2 mm2 area pad, 45 µm thick, as a function of the dose-per-pulse for different polarization voltages.
[image: Figure 8]FIGURE 8 | Charge produced in 4 μs pulses as a function of the dose in each pulse in a 2 mm2 area and 45 µm active thickness pad inversely polarized at 10, 50, 100, and 200 V. The data were acquired with the oscilloscope.
To further investigate the effect, Figure 9A shows the waveforms of a pulse as a function of the dose-per-pulse for 200 V polarization, as acquired with the oscilloscope. As expected, the signal amplitude increases as the dose-per-pulse increases, while keeping the pulse duration constant (4 µs). A peak is present at the beginning of the pulse, which is more evident at higher dose-per-pulse, and was also present in the BCT signal, thus not relying on the internal effects of the sensor. On the other hand, the waveforms for the measurements taken at 50 V (Figure 9B) show a distortion of the signal shape for dose-per-pulse values >3.89 Gy/pulse. The signal duration is shorter than 4 µs, and the integrated value reaches a constant value. The detector continues to be irradiated but the e/h pairs created are no longer collected. The hypothesis that the high density of charge carriers generates an opposing electric field that cancels the drift field, inhibiting charge collection, is currently under study by models and simulations.
[image: Figure 9]FIGURE 9 | Waveforms acquired with the oscilloscope for pulses at nine different dose-per-pulse conditions. The data correspond to the pad with 2 mm2 area and 45 µm active thickness, inversely polarized at 200 V (A) and 50 V (B).
4 DISCUSSION
The UHDR scenario poses challenges, mainly related to ion recombination effects, for radiation detectors dedicated to both real-time beam monitoring and reference dosimetry. However, beam monitors are characterized by supplementary specifications with respect to dosimeters, which are more demanding when dealing with FLASH beams: high spatial and temporal resolution to measure the beam profile and provide a feedback/interlock signal to the acceleration system, beam transparency, large response dynamic range, large sensitive area to enclose the entire beam cross-section and radiation hardness.
In this study, the results of the test of different silicon sensor geometries exposed to 9 MeV electron beams from the EF machine of the CPFR (Pisa, Italy) were presented. The main advantages of using silicon sensors as beam monitoring devices lie in the possibility of a) polarizing them up to very high voltages, larger than 300 V, to overcome the problem of charge saturation and signal distortion, b) reducing the active area and thickness to lower the amount of charge produced in the device and to increase the beam transparency and c) exploiting the excellent spatial resolution. The latter does not represent a priority when a low energy dedicated FLASH LINAC, like the Pisa EF, is considered, since BCTs are perfectly suited to provide current measurements, while beam uniformity and flatness measurements are performed moving a point-like dosimeter (e.g., FD) in the irradiation field. However, even in this experimental setup, a silicon sensor able to cover the entire diameter of the EF applicator exit could provide a measure of the beam profile in a unique beam shot, reducing the number of spots needed to scan the field with a point-like detector and thus cutting down the delivered dose. In addition, the availability of detectors with excellent spatial resolution gains attention in the realm of Very High Electron Energy (VHEE) research. Recently, the idea of investigating the use of VHEE beams (50–200 MeV) aims at investigating and exploiting the FLASH effect of electrons at penetration depths larger than the superficial ones reached by low energy beams. Small diameter VHEE beams can be scanned in a pencil-beam-like modality and focused, producing finer resolution for intensity modulated treatments than photon beams, and accelerators may be constructed at significantly lower cost compared to the current installations required for protons beams [17, 18].
5 CONCLUSION
Silicon pads of 30/655 µm or 45/570 µm active/total thickness and areas 2, 1, 0.25 mm2 were investigated as potential solutions for monitoring UHDR beams. Future tests will be performed with thinner active thicknesses (10 and 20 μm, also available within the same batch) and with thinned down sensors (100 or 120 µm total thickness) to verify beam transparency. The charge collected by the sensors during irradiation was measured with an oscilloscope and the TERA08 chip. Several measurements were made up to very high dose rates of 2.5·106 Gy/s, corresponding to ∼10 Gy in pulses of 4 μs duration and a good linearity (R2 > 0.99) was verified for both readout systems, as well as a very good compatibility of the two measurements. This work aimed at studying the response linearity of silicon sensors as a first step towards their possible application in UHDR electron beams. However, it also allowed verifying that no sign of signal degradation, e.g., depletion voltage or leakage current increase [31], appeared after a total cumulative dose of more than 9 kGy. The cumulative dose a beam monitor needs to withstand to comply with the UHDR requirements is still difficult to be estimated, but the radiation hardness is obviously a critical characteristic for solid-state sensors in this realm. Although the larger bandgap and e-h pair production energy of SiC and diamond compared to silicon make them more suitable for applications in UHDR beams [14, 32], it is interesting to evaluate the limits in terms of radiation hardness of silicon sensors, which could benefit of a greater technological maturity in respect to SiC and diamonds.
Simulation tools (Geant4 Monte Carlo and Allpix Squared) were implemented, and the simulation results were in good agreement with the experimental data, opening the possibility to simulate the performance of different silicon geometries and experimental setups configurations. Further studies and simulations with Sentaurus TCAD are ongoing to better understand the distortion of the signal occurring at lower bias voltages.
The results obtained by splitting the sensor output in all 64 chip channels of the TERA08 chip open the way to the chip adaptation towards the readout of multiple silicon pads/strips, aiming at enlarging the sensitive area of the beam monitoring device. Taking into account the maximum current that a single channel of the TERA08 can sustain (4 µA), the total number of chip channels (64), and the charge measured by the chip under high dose rate conditions (about 600 nC at the maximum 10.2 Gy/pulse dose rate value), more than one chip can be considered to measure the charge collected in an hypothetical multiple strip/pad silicon sensor. Keeping constant the signal readout circuit (R ≃ 156 kΩ and C ≃ 470 nF) and the silicon pad characteristics (2 mm2, 45 µm thickness) used in the described test and by computing the maximum of the function describing the number of counts read by TERA08 chip (N(t) = Ntot (1—exp (t/τ))), splitting the sensor output in only 3 TERA08 channels (instead of the all 64 channels, as done in the test) would be sufficient to avoid reaching electronic saturation. This would then allow to simultaneously readout ∼20 sensors with the same chip. These estimations would improve with the use of sensors thinner than those presented in this work and with the use of an upgraded version of TERA08 with a higher current range (TERA09, 12 µA of maximum instantaneous current per channel using a charge quantum of 200 fC).
In conclusion, this preliminary work demonstrates the response linearity of thin silicon sensors’ prototypes in UHDR electron beam irradiation. Further studies will be performed to test the sensors radiation hardness, to enlarge the sensitive area of the detector, to develop the proper readout electronics, to test adapted prototypes to other beam types, such as UHDR proton beams.
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Fitted value for scavenging mode

Parameter Physoxic Normoxic Cellular

% [s] 26x7 24 %7 127

‘ ks 75 % 11x¢ 30 %

K 0.003 0.002 0.001
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Variable Description

K Reaction rate ratio

a Track diffusion coefficient
% Track minimum age

ke Track decay constant

p Target density

L | LEr

D Dose

T Exposure time

F Primary particle fluence
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OH 4% 107
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Template  Average DR DPP@peak DR_pulse@peak Average DR DPP@average  DR_pulse@average

@peak (Gy/s) (Gy/p) (kGy/s) @average (Gy/s) (Gy/p) (kGy/s)

Grid_confl | (0.09, 1404.36) (0.09,5.73) (21.36, 1431.70) (0.05, 787.44) (0.05, 321) (11,98, 802.77)
Grid_conf2 | (0.08, 1346.26) (0.08, 5.49) (20.48, 1372.48) (0.03, 541.49) (0.03, 221) (824, 552.04)
Grid_conf3 | (0.08, 13015 (0.08,531) (19.8, 1326.85) (0.05, 760.0) (0.05, 3.1) (11.56, 774.8)
Grid_confd | (0.07, 12065 (0.07,492) (18.35, 1230.00) (0.3, 446.5) (0.03, 1.82) (679, 455.2)
Planar_confl | (0.10, 1613.58) (0.10, 6.58) (24.54, 1645.00) (0.05, 876.43) (0.05, 357) (13.33, 893.50)
Planar_conf2 | (0.10, 1649.20) (0,10, 6.73) (25.09, 1681.32) (0.04, 684.00) (0.04, 279) (1040, 697.32)
Planar_conf3 | (0.1, 1746.27) 0.11,7.12) (26.56, 1780.28) (0.06, 930.08) (0.06, 3.79) (14.15, 948.20)
Planar_confd | (0.10, 1683.4) (0.10, 6.87) (25.61, 1716.18) (0.04, 693.50) (0.04, 283) (10,55, 707.01)
Planar_conf5 | (0.07, 1178.00) (0.07, 4.81) (17.92, 1200.94) (0.02, 334.40) (0.02, 1.36) (5.09, 340.91)
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Template  Depth PVDR D_p/
(mm) D_open (%)
Grid_confl | 0 136 708 52 379 09 9
1 89 6.9 72 358 1
2 59 565 96 332 11
3 26 474 182 316 12
4 21 309 147 251 15
Grid_con2 | 0 289 68.9 24 251 09 6
1 183 609 33 25 1
2 153|497 35 27 1
3 95 547 43 201 12
4 65 402 46 171 13
Grid_conf3 | 0 14 69.2 49 385 1 10
1 96 585 61 339 1
2 57 511 90 294 11
3 3 393 131 260 12
4 19 302 159 29 15
Grid_conft | 0 328 64.1 20 23 1 6
1 242 535 22 198 1
2 166 | 472 28 190 11
3 96 357 37 165 12
4 54 26.1 48 142 15
Planar_confl | 0 134 818 61 399 09 19
1 68 729 107 396 I
2 47 736 157 394 11
3 29 592 204 382 13
4 19 522 275 37.8 16
Planar_conf2 | 0 284 840 30 329 1 15
1 186 748 40 310 1
2 137 663 48 297 11
3 8 60 80 290 13
4 47 532 113 278 15
Planar_conf3 | 0 12 843 75 a3 09 26
1 69 819 119 437 1
2 46 740 16.1 431 11
3 29 67.6 233 421 13
4 2 63.1 316 428 15
Panar_confd | 0 2 820 33 314 08 15
1 151 786 52 324 09
2 102 705 69 312 1
3 68 645 95 288 11
4 4 553 1338 288 13
Planar_conf5 | 0 2 605 22 149 05 17
i 201 520 26 148 06
2 151 389 26 127 07
3 103 316 31 95 09
4 63 257 41 91 12
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Configuration name

Grid_confl 1x1 25 2
Grid_conf2 1x1 9 3
Grid_conf3 1x1 81 2
Grid_conf4 1x1 49 3
Planar_confl 1x9 5 2
Planar_conf2 1x7 3 3
Planar_conf3 1x17 9 2
Planar_conf4 1x17 7 3
Planar_conf5. 05%x6 [ 3 3
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Constraint PROTON ith four fields VHEE with seven fields

PTV boost Visn 97.71% 96.65% 96.58% 96.43%
Viesw 95.27% 92.84% 91.04% 93.08%
‘ Brainstem Dy Gy(EMF) 5485 5479 5476 5437
‘ Spinal cord Dy Gy(EMEF) 53.69 s 5339 47.70
‘ Parotid glands Dynean Gy(EMF) 544 = 653 2
‘ Middle ears Dyan Gy(EME) 302 2186 614 2669
‘ Cochlea Dynean Gy(EMF) 9.06 B0 1633 o
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M1—energy [MeV]

eld 2 Id 3 Field 4 Id 6
Three fields 110 110 100 - - -
Seven fields 90 100 100 110 100 100 90
M1—gantry angle [degrees]
Three fields 250° 110° 270° - - -
Seven fields 80° 110° 140° 180° 2200 250° 280°
Cl—energy [MeV]
Four fields 120 90 90 [ 120 - - -
Seven fields 120 80 60 60 60 60 80
Cl—gantry angle [degrees]
Four fields 165° 195° I 55° I 305° - -
Seven fields 0 40° 80° 120" 240° 280° 320°
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M1 Parameter Proton Photo VHEE with seven fields
PIV Vasws 100% 99.30% | 98.97% 97.00%
Vioss 001% 0.009% 0.05% 127%
{ Optic nerves Dy 5298 Gy 53.76 Gy 54 Gy 54 Gy
{ Chiasm b [ 535 Gy 54Gy 5368 Gy |51 Gy
‘ Posterior optical path Dy 5358 Gy 53.82 Gy | 53946y 53.67 Gy
‘ Eyeballs Dy 125Gy 1052 Gy 330 Gy 1182 Gy
{ Brainstem Dy 5259 Gy 51.99 Gy 5040 Gy 5102 Gy
‘ Carotid arteries Viosw 0.03% 9.11% 254% 116%
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VHEE with four fields VHEE with seven fields

PTV boost Visw . 92.96% 85.52% | 90.61%
Viesws 3.05% 2832% ‘ 6.12%
‘ Brainstem ) ¥ =) Gy 55.04 Gy ‘ 55.15 Gy
‘ Spinal cord Dy 54.04 Gy 5354 Gy \ 47.77 Gy
‘ Parotid glands [ Do ) Gy 573 Gy | 20826y
‘ Middle ears D 2063 Gy 540 Gy | 2594 Gy

‘ Cochlea Disan 31.54 Gy 1432 Gy | 939Gy
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Constraint IMRT VHEE with three fields VHEE with seven field

PV Visw 100% 99.30% 98.97% 97.00%
Viosw 001% | oo0% 0.05% 127%
‘ Optic nerves Dy Gy(EMF) 4639 4751 47.64 2o
‘ Chiasm ‘ Dy Gy(EMF) 4747 4681 4738 4736
‘ Posterior optical path Dy Gy(EMF) 46.86 4747 47.59 26
‘ Eyeballs Dy Gy(EMF) 125 973 334 1198

‘ Brainstem D Gy(EMF) 46.07 4594 4474 4377
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Patient M1 el constraint Volume (cc)
PTV Vossg > 95%, Dy < 105% 2071
‘ Optic nerves D, < 54 Gy (RBE) 095
‘ Chiasm [ D, < 54 Gy (RBE) o
‘ Posterior optical path | D, < 54 Gy (RBE) 045
‘ Eyeballs D, < 40 Gy (RBE) .14
‘ Brainstem D, < 54 Gy (RBE) 2819
* Carotid arteries Dyae < 105% 115
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Patient C1

metric constra

TV Voss, > 95%, Dpax < 107% 99.15
‘ PTV boost Vosx > 95%, Dpax < 107% 71.94
‘ Brainstem D, < 55 Gy (RBE) 27.09
‘ Spinal cord D, < 54.Gy (RBE) 825
‘ Parotid glands Dyean < 26 Gy(RBE) 2626
‘ Middle ears Dypean < 30 Gy(RBE) 380
 Cochlea Diean < 35 Gy(RBE) 035
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Beam current [mA]

‘ 4 129 ‘ 208 315 27
‘ 60 145 ’ 218 322 29

‘ 100 15 ‘ 232 328 422
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PDD

Parameter Abbreviation Definition
Depth of dose max RI100 [mm] Depth corresponding to the maximum dose

Depth of 90% of dose value R90 [mm] Depth corresponding to the 90% of the maximum dose
Depth of 50% of dose value RS0 [mm] Depth corresponding to the 50% of the maximum dose

Practical range Rp [mm] The depth at which the tangent plotted through the steepest section of the PDD curve intersects with the

extrapolation line of the bremsstrahlung background
Flatness Flat (%] Max. variation (Dju—Dyin)/2 within the flattened region
Symmetry Sym [%] Maximum dose ratio (D(X)/D (-X))max * 100% within the flattened region
Most probable energy at the phantom Epo [MeV] 022 + 1.98R, + 0.0025R,*

surface
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Applicator Normalized average dose rate Dose per pulse [Gy] Average dose rate within the

diameter [mm] ADRN [Gy/s] pulse [kGy/s]
120 (0,023, 330] (0.023, 1.36] (5.8, 340]
100 | (0,035, 500) | 0035, 0069, 036,054,085, 116, 142, 88, 513]
1.6, 1.85, 2.05
50 (0.097, 1390] 0097, 5.67) (242, 1418)
40 0116, 1660] 0116, 6.79] (289, 1696]
35 [0.131, 1880] [0.131, 7.67) | (327, 1918)
30 0132, 1900] 0132, 7.75) [33.1, 1937)

Uncollimated (033, 4890] 033, 19.95] (825, 4988)
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Applicator diameter [mm

Flatness [%]

Diameter of 9
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In vitro models Dose Biological Sparing effect References
range
(Gy)
Hela $3 (cervical carcinoma) 0-25 During steady radiation, a higher tumor survival for | in both normoxia and hypoxia following | [24]
doses >10 Gy, vs. < 10 Gy the steady radiation; in hypoxia only,
following pulsed radiation
0-35 A higher tumor cell survival at low oxygen in hypoxia only (251
concentration in respect to normoxia
Du-145 (central nervous system 0-25 No difference in cancer cell survival following following FLASH irradiation, in hypoxia | [26]
metastasis of primary prostate FLASH or conventional irradiations during only
adenocarcinoma) normoxia. A higher tumor cell survival FLASH
irradiation during hypoxia
© MDA-MB-231 (Breast 0-12 A higher cancer cell survival (MDA-MB-231, following FLASH irradiation [27]
adenocarcinoma) MCF7 and Hel.a) following FLASH irradiation, for
does >6 Gy, in respect to Conventional irradiation.
® MCF7 (Breast adenocarcinoma) A higher survival trend of MRCS cells irradiated
with FLASH modality
® WiDr (colon adenocaarcinoma)
© LU-HNSCC4 (head and neck
squamous cell carcinoma)
® Hela
® MRC5 (fibroblasts isolated from the
lung tissue derived from an embryo)
® A549 (lung alveolar basal epithelial | 0-20 A higher cancer cell survival following FLASH following FLASH irradiation O]
adenocarcinoma) irradiation with 10 Gy, in respect to Conventional
irradiation
® HT-29 (colorectal adenocarcinoma)
© MDA-MB-231 (multicellular
spheroids)
© IMR90 (lung fibroblasts) 0-4 A minor DNA damage and a higher maintenance of | following FLASH irradiation (28]
stemness in PBECs following FLASH irradiation, in
* MRCS respect to conventional irradiation
© PBECs (primary bronchial epithelial
cells)
° A495
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