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MRI-Linacs couple magnetic resonance imaging (MRI) with a linear accelerator (Linac) to enable MR-guided radiotherapy. The magnetic field is known to cause inhomogeneities in the pattern of dose deposition at centimeter-scale air-tissue interfaces such as pockets of digestive gas but has not been studied at the micrometer scale of lung alveoli. Nanoparticle radio-enhancement is a novel therapy enhancing the dose deposition pattern where nanoparticles are delivered to the radiation target, with proposed application to lung cancer treatment through inhalation of nebulized nanoparticles. This study reports the first investigation of the effect of a magnetic field on the pattern of dose deposition at the micrometer air-tissue interfaces of alveoli in the lung, and the impact of incorporating nanoparticles. Monte Carlo simulations investigated a single alveolus model irradiated with mono-energetic, uni-directional electrons and a multi-alveoli model irradiated with a realistic beam at depth. The magnetic field was found to produce field-strength dependent hot- and cold-spot dose inhomogeneities in the tissue surrounding a micrometer air cavity irradiated with low energy (100 keV) electrons. The most affected regions exhibited a dose increase of 37.30 ± 1.29% and a decrease of 31.58 ± 1.01% with the application of a 1.5 T magnetic field. The addition of nanoparticles to the interior surface layer of the alveolus air cavity increased energy deposit by a constant ratio dependent on the nanoparticle concentration regardless of magnetic field strength. A similar but less pronounced effect was observed for a multi-alveolus model irradiated at depth by a 6 MV photon beam. This result warrants further investigation into the biological impact of micrometer-scale dose inhomogeneity on tumor response and normal tissue complication probability.
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INTRODUCTION
Lung cancer is the leading cause of cancer-related death in both men and women, accounting for over 1.8 million deaths worldwide in 2020 [1]. Despite ongoing technological advancements in medicine, the 5-years survival of lung cancer remains relatively poor at 21.80% which is significantly lower compared to other common cancer sites such as prostate, breast, and colorectal [2]. Therefore, each year, novel technologies and techniques are introduced with the intent to improve lung cancer treatment. Radiotherapy is an important treatment modality in lung cancer and targeted radio-enhancement by metallic nanoparticles (NPs) has shown early promising results [3]. Some NPs exhibit magnetic resonance imaging (MRI) contrast, indicating application on recently developed MRI-Linac radiotherapy treatment systems [4, 5]. However, the fundamental behavior of dose enhancement by NPs in the lung under the influence of the magnetic field of an MRI-Linac treatment system remains unknown.
MRI-Linacs enable imaging during radiotherapy (RT) delivery. This advancement is desirable for treating the lung as online imaging with superior soft-tissue contrast allows adaptive modification of RT treatment plans due to inter- and intra-fraction movement. This gives MRI-Linacs the advantage in treating the tumor with better accuracy, thus sparing surrounding healthy tissue [6]. In the current market, there are two commercially available MRI-Linac treatment systems: the ViewRay MRIdian with a 0.35 T magnet [7]; and Elekta Unity with a 1.5 T magnet [8]. Both systems use the perpendicular configuration wherein the Linac treatment beam is delivered perpendicularly to the direction of the magnetic field. However, there are additional treatment planning considerations regarding this setup as treatments are delivered in the presence of a magnetic field. Typically, when tissue is irradiated with high-energy photons, a cascade of secondary electrons is produced which deposit their energy along the beam path. With the presence of a magnetic field, secondary electrons experience a Lorentz force and are then deflected in a helical manner. This causes local increase and decrease of dose known as hot and cold spots at tissue-air interfaces in the body such as the lung [9, 10], with the dose distortion dependent on the strength of the magnetic field being used [11].
NP radio-enhancement is an emerging field in RT delivering high atomic number NPs that can selectively target cancer cells. Upon irradiation, this causes higher energy deposition and biological damage within the cell by producing additional low-energy secondary electrons [3]. The administration of NPs is usually through IV injection. However, pulmonary administration of NPs (via inhalation) is an attractive strategy for diagnostic and therapeutic purposes given that the lung has a large surface area for drug absorption and has an extensive vasculature with a weak anatomical barrier that does not hinder access to the body [12–14]. The utilization of NPs that provide magnetic contrast with the MRI-Linac treatment system presents a promising technique for delivering an enhanced dose more precisely to the target volume. Dufort et al [15] investigated radio-enhancement with nebulized gadolinium-based NPs in a mouse lung tumor model where it was found out that the mean survival time following RT was extended to 112 days compared to 77 days without integration of NPs. On the other hand, gold NPs exhibit the same mechanisms for the physical enhancement of energy deposit and are the most extensively studied in the literature. Several in vivo and in vitro studies of gold NPs (AuNPs) have shown that radiobiological damage and tumor response were enhanced due to gold’s high electronic density [16–19]. Furthermore, Monte Carlo (MC) simulation and theoretical work have identified changes in the local patterns of radiation damage due to NPs which may give rise to enhanced biological damage [20–24].
The dose distortion in the lung due to the presence of a magnetic field needs to be understood and accounted for in radiotherapy planning and to date, this has only been investigated at the centimeter scale using homogeneous tissue composition [10]. Thus, this study investigates dose deposition around the micrometer tissue inhomogeneities in the lung. Of particular interest is the influence of a magnetic field on the dose deposition by low-energy electrons at air-tissue interfaces, specifically in the alveolar structure of the lung, and how this dose deposition is affected by the presence of NPs.
METHODS AND MATERIALS
Two sets of MC simulations were carried out using a model of a single alveolus (Alveolus Irradiated With Mono-Energetic Electrons) and a multi-stage simulation with a microscale model containing multiple alveoli at depth (Multiple-Alveoli Irradiated With a Realistic Photon Source).
MC simulations were performed on a Linux computer with 32 CPU cores [AMD Opteron(tm) Processor 6282 SE] and 336 GB of RAM, and were carried out using TOPAS version 3.6.1 (www.topasmc.org) [25]. The simulation time of Alveolus Irradiated With Mono-Energetic Electrons took around several minutes and Multiple-Alveoli Irradiated With a Realistic Photon Source to about a couple of days to complete.
Pre-defined TOPAS materials for water, air, tungsten, and gold were utilized. For the homogeneous lung equivalent material, it was defined with the same composition as water but with a lower density of [image: image] and a mean excitation energy of 75.3 eV. AuNPs were envisaged to be inhaled in nebulized form, evenly reaching the inner surface of the alveolus and adhering to or being absorbed into the surface layer. Tissue containing AuNPs in the water shell around the alveolus was defined as a single TOPAS material consisting of water with a percentage of gold added. The mass percentage of gold was set to 1, 5, and 10% having overall mean excitation energies of 76.6, 82.1, and 89.7 eV, respectively. Consequently, the density of the water shell was adjusted accordingly to 1.01 [image: image], 1.05 [image: image], and 1.10 [image: image]. Following intravenous injection of NPs, concentrations in the target of up to 1% are achievable, but less experimental data exists for inhaled nebulized nanoparticles, so higher concentrations were investigated to allow for uneven distribution and localized clumping.
All physical processes in the simulations used the g4em-penelope physics module (See Geant4 physics reference manual for details [26]). Furthermore, the threshold for the production cut lower edge was set to 100 eV and range cut values appropriate for the simulation geometry were chosen: 0.05 mm for the initial stage of the second simulations; 1.00 nm for the second and intermediate stage, and 0.50 nm in the third stage of the single alveolus and multi-alveoli model simulations. This means that secondary particles are generated if their energy is over 100 eV, and particles are stopped and the remaining energy is deposited locally when they have less energy than needed to travel the range cut distance through the medium in which they are generated. Additionally, the max step size was set to 1/3 of the energy deposition scoring voxel size.
Alveolus Irradiated With Mono-Energetic Electrons
The alveolus model was constructed based on morphological findings [27]. As shown in Figure 1A, the alveolus model is a [image: image] of lung material. At the center, the spherical air cavity has a radius of [image: image] which is then encapsulated with a water shell [image: image] thick. The water shell represents the blood-gas-barrier of the alveolus which is an important target for biological damage. Overall, the alveolus has a total radius of [image: image].
[image: Figure 1]FIGURE 1 | (A) Schematic diagram of alveolus model with corresponding measurements (not to scale) and materials. (B) Water shell divided into 16 quadrants with equal volume by setting [image: image] from the zenith point. (C) Quadrant labels for retracing energy deposition (only the front “A” quadrants are shown; “B” quadrants are on the reverse surface).
The alveolus was irradiated with a monoenergetic 100 keV electron source which was found to have a sufficient range to traverse the alveolus model and to exhibit curvature of the electron tracks within the air cavity. The number of histories generated upon irradiation was [image: image] using a beam size of [image: image]. This source was placed immediately on the model’s surface in the positive x-axis. Furthermore, a uniform magnetic field was set perpendicularly to the beam direction pointing to the positive y-axis. The magnetic field was then varied at 0.00, 0.35, 1.50, 3.00, and 7.00 T to demonstrate the dependency of dose distortion with increasing magnetic field strength, similarly to that previously reported at a larger scale [11].
The integration of NPs was achieved by replacing the material in the water shell with an atomic mix of gold and water as detailed above. The concentration of AuNPs was varied to observe the effect of NPs on the energy deposition in the water shell. A high upper concentration was simulated to consider possible maximum effects in the event of clumping of nebulized NPs.
To obtain the energy deposition in the model, two approaches were used. The first approach was a grid of [image: image] voxels set in the parallel world in TOPAS so no physical geometrical boundaries were created in the simulation. This grid was used to reconstruct a visual energy deposition map of the entire model. In the second approach, 16 TOPAS energy scorers were defined in the water shell. This was done by dividing the water shell into 16 quadrants of equal volume, setting [image: image] from the zenith point of the alveolus, as depicted in Figure 1B. Each quadrant was then assigned an identifier (e.g., Q1A, Q1B, Q2A, Q2B) where A stands for quadrants located in the negative y-direction and B in the positive y-direction, as shown in Figure 1C. This naming scheme facilitates retracing of the energy depositions in the model to a specific quadrant. When comparing the energy deposition in the alveolus with varying magnetic field strength, the energy deposition in adjacent “A” and “B” quadrants was found to be symmetrical due to the symmetry of the model irradiation (data not shown). To aid analysis, the energy deposition of adjacent quadrants was added, Q1 = Q1A + Q1B—reducing the number of quadrants to 8. The energy deposit in each quadrant was summed across all histories, with uncertainty given by the standard error for the sum calculated by multiplying the standard deviation by the square root of the number of histories.
Multiple-Alveoli Irradiated With a Realistic Photon Source
Figure 2A shows a geometric chest model filled with water with dimensions of [image: image]. At the center, two lung volumes were placed 15 cm apart on the x-axis, filled with lung equivalent material and each having dimensions of [image: image]. In the lung on the positive x-axis, a [image: image] intermediate volume filled with lung equivalent material was constructed, as seen in Figure 2B, where the range cut was reduced to 1 nm for improved geometric accuracy. Moreover, in Figures 2A,C transition volume of [image: image] was placed at the center which then encapsulates the alveoli model, with the range cut reduced further to 0.5 nm.
[image: Figure 2]FIGURE 2 | (A) Schematic layout of generic chest phantom consisting of a body and lungs. (B) The right lung contains an intermediate volume where the phase space “2” was collected. Within the intermediate volume, (C) a transition volume encases the alveoli model. The central alveolus, shaded in red, has 16 energy deposition scorers attached to its water shell.
The alveoli model consisted of multiple alveolar air cavities with water shells arranged in face-centered-cubic configuration surrounded with water as adapted from Hombrink et al [28]. However, to achieve the same overall density as the surrounding lung, the dimension of each alveolus was modified and adopted the same parameters as in Alveolus Irradiated With Mono-Energetic Electrons. Eight face-centered-cubic blocks were stacked together to obtain a more realistic representation of the alveoli having a comparable size to a CT pixel with a dimension of [image: image] NPs were introduced by filling the alveoli’s water shell with a mix of water and 10% NPs.
A semi-realistic simulation was carried out using a realistic 6 MV beam spectrum with and without a perpendicular 7.00 T magnetic field and the region of interest simulated at depth in the lung to replicate a conventional MRI-Linac setup. It is well established that a photon source requires longer computing time and more histories to have a good statistic in the simulation. Hence, the simulation was divided into a three-step process that utilizes two phase space scorers “1” and “2,” and the range cut-off was adjusted in each geometry depending on the required geometric accuracy, ensuring that a precise energy deposition within the thin water shell is obtained in the alveoli model while earlier simulation stages can run faster.
In the first step, a phase space scoring plane “1” was placed in front of the Elekta Precise 6 MV photon source (www-nds.iaea.org/phsp/phsp.htmlx) that was collimated with a [image: image] tungsten collimator. The phase space “1” file was then used as the particle source in the second step and was placed at a distance of 1 m in the positive x-axis from the surface of the chest phantom. The TOPAS sequential time feature was used to call the phase space file several times to achieve [image: image] primary particles. All particles that passed through all 6 surfaces of the intermediate volume were recorded and stored by the phase space scorer “2.”
The phase space file “2” was used to produce primary particles for the third step, the detailed simulation recording energy deposition in the alveoli model, and iterated 2,400 times to achieve good statistics. Fewer particles were recorded in the phase space file “2” when the magnetic field was present, thought to be due to the somewhat reduced path length of secondary particles. Therefore, the number of primary particles was adjusted so that the energy deposition in the central alveolus with and without the magnetic field (and without NPs) was made uniform with a difference of less than 1%. The energy deposit in each quadrant was summed across all histories from phase space file 2, with error bars in the results representing the standard error for the sum.
All geometries stated above were enclosed by a world geometry having a dimension of [image: image] and, at the center, a [image: image] cubic magnetic field geometry pointing in the positive y-axis was defined.
RESULTS
Alveolus Irradiated With Mono-Energetic Electrons
Figure 3 shows the energy deposition in the alveolus model irradiated with mono-energetic 100 keV electrons in the presence of varying magnetic field strength. With the introduction of a magnetic field, dose distortion was observed around the air cavity and is characterized by the presence of a hot spot (concentrated energy deposit) and an opposing cold spot (reduced energy deposit). The hot spot is found to be concentrated towards the upper left while the opposing cold spot is located across at the lower left, as seen in the “Side View.” Within the air cavity, little to no energy deposition was observed.
[image: Figure 3]FIGURE 3 | Energy deposition in the alveolus model irradiated with 100 keV electrons in the presence of varying magnetic field strength. The side view was acquired in the 100th slice along the y-axis while the top and bottom views were acquired at the 30th and 170th slice along the z-axis, respectively (shown by the insert). B designates the direction of the magnetic field and S is the direction of the electron beam source.
As the magnetic field was increased, the hot spot rotated in a clockwise direction in the “Side View” and increased in intensity, as shown by the moving bright intensity in the immediate periphery of the alveolus. This rotation and concentration are attributed to the increased Lorentz force at higher magnetic field strength.
Figure 4 shows quantitatively how the energy deposition in the water shell of the alveolus is distorted with the presence of a magnetic field, as described qualitatively in Figure 3. At 0.00 T, quadrants Q1–Q4, closer to the beam source, received a higher deposition than quadrants Q5–Q8, with higher energy deposition in the more central quadrants (Q2, Q3, Q6, and Q7) where the beam has traversed less lung material. As the magnetic field was increased, a gradual increase of energy deposition at the top quadrants (Q1, Q2, Q7, and Q8) was observed. This is in contrast with the bottom quadrants (Q3, Q4, Q6, and Q5) where an increase of magnetic field strength decreases the energy deposition. At 7.00 T, energy deposition peaks occurred at the adjacent quadrants of Q1 and Q8. Furthermore, when comparing the energy deposition with and without the presence of the magnetic field, 0.00 and 7.00 T, the greatest increase in deposition is located at Q8 with 148.35%, and the greatest decrease in a deposition is located at Q5 with 86.80%. For the 1.50 T field as used in the Elekta Unity system, there is an increase of 37.30 ± 1.29% in Q8 and a decrease of 31.58 ± 1.01% in Q5.
[image: Figure 4]FIGURE 4 | Comparison of energy deposition in each quadrant of the water shell of the alveolus model with varying magnetic field strength.
With the integration of NPs, similar behaviors were observed where the energy deposition, in the side view, is still seen to concentrate on the far side of the cavity and rotates in a clockwise direction with increasing magnetic field strength. Qualitatively, no apparent distinction of the energy deposition pattern with the integration of NPs can be seen as compared to Figure 3 (data not shown). In Figure 5, it can be seen quantitatively that increasing the NPs concentration increases the energy deposition in the alveolus. Furthermore, the relative increase in energy deposition with respect to the NP concentration was found to be the same regardless of the magnetic field strength imposed. A mean increase of energy deposition across all quadrants of the water shell was found to be: 0.57% ± 0.16 for 1% gold; 2.61% ± 0.07 for 5% gold; and 5.51% ± 0.23 for 10% gold.
[image: Figure 5]FIGURE 5 | Percentage difference in energy deposition in alveolus water shell with and without integration of nanoparticles at varying magnetic field strength.
Multiple-Alveoli Irradiated With a Realistic Photon Source
The energy deposition in the water shell of the central alveolus of the multiple alveoli model irradiated with a realistic 6 MV photon source at varying magnetic field strength is shown in Figure 6. The energy deposition across all simulations was made uniform at the central alveolus with a difference of less than 1% to examine the energy deposition pattern at varying magnetic fields. It was observed that in the presence of a magnetic field, the energy deposition was distorted in a similar pattern to Figure 4 with observed increases in Q1-3 and decreases in Q5-7 though with some uncertainty in some quadrants shown by overlapping error bars.
[image: Figure 6]FIGURE 6 | Comparison of energy deposition in the water shell of the central alveolus between water and 10% concentration of nanoparticles using the multiple alveoli model at 0.00 and 7.00 T.
The uncertainty in energy deposition in this simulation, shown by the error bars in each quadrant, is greater than the 5.51% expected to increase when nanoparticles are included. However, the same pattern of increased energy deposit in Q1-3 and decreased energy deposit in Q5-7 is seen when the magnetic field was applied with nanoparticles included. Additionally, an increase in total energy deposition across the whole water shell was found with the integration of nanoparticles. Although the difference is minimal at 0.00 T, at a higher magnetic field strength, a 3.87% ± 0.01 distinguishable increase of energy deposition was observed.
DISCUSSION
Alveolus Irradiated With Mono-Energetic Electrons
This study shows that on the micrometer scale of the alveoli in the lung, the influence of a magnetic field on a directional low energy electron flux results in hot spots in the dose deposition in the tissue surrounding the air cavity. This finding is directly in line with a previous simulation study on a much larger scale with a 2 cm diameter spherical air cavity, wherein electrons are diverted by the magnetic field at right angles, thereby causing a hot spot at the upper left corner of the air cavity at the expense of inducing a cold spot at the lower left [10]. The hot and cold spots are produced as electrons traveling through the air cavity with few scatter interactions are deflected by the Lorentz force, as seen in the “Side View” in Figure 3, as a concentration of energy deposit toward the upper left at the expense of that in the lower left. The behavior of the electron paths due to the influence of the magnetic field is shown in Supplementary Figure S1.
To counterbalance the dose inhomogeneity surrounding an air cavity, a four-sided irradiation technique has been used to cancel out the hot and cold spots, making the dose around the air cavity desirably flat [10]. However, more research is needed to determine whether this still holds true for complex geometries such as utilizing the multi-alveoli model.
As the magnetic field was increased, the hot spot moved in a clockwise direction as more electrons are deflected by the Lorenz force to travel across the upper boundary. Due to differing path lengths across the cavity, electrons are constricted to a smaller surface area thereby causing the hot spot to increase in magnitude. Concurrently, fewer electrons traverse to the lower-left corner of the alveolus and the cold spot also increases in magnitude.
With the integration of nanoparticles in the alveolus, the same behavior was observed where hot and cold spots become apparent as the magnetic field was turned on. However, the presence of nanoparticles produced an increase in energy deposition in all quadrants of the alveolus surface in proportion to the density of nanoparticle/water compound simulated and not dependent on magnetic field strength. At higher magnetic field strength, a further radio-enhancement was not observed. Although the deflected electrons caused localized dose enhancement to a certain quadrant, the NP radio-enhancement observed in the entire alveolus model remains the same as the magnitude of the hot spot is compensated by the opposing cold spot. Further, highly localized ionizations occur where electrons interact with high-Z material capable of activating a nonlinear avalanche of electron emission through impact ionization and subsequent Auger cascades [3]. The secondary electrons produced by these events have been found to have a mean effective range of about 0.5 [image: image] for a 2 nm AuNP irradiated with 50 keV mono-energetic electrons [29], which is within the dimension of the water shell of the alveolus model. The mean effective range is important for the transport of energy deposition in increasing the cell kill probability when NPs are situated beside a nucleus containing the DNA [30]. Furthermore, secondary electrons can also propagate to ionize and excite nearby surrounding molecules and NPs, thereby depositing an increased localized dose and increasing biological damage within the immediate nanoscale vicinity [3]. This effect may be more important at higher field strengths where the hot spot is concentrated into a smaller area.
Multiple-Alveoli Irradiated With a Realistic Photon Source
The pattern of increase and decrease in energy deposition in opposing quadrants in Figure 6 being similar to that seen in Figure 4 implies that using a realistic photon source, energy distortion may be observed clinically on the micrometer scale within the lung in the presence of a magnetic field. Although the primary photons are unaffected by the magnetic field, the secondary electrons experience the Lorentz force and any overall degree of directionality in the electron flux perpendicular to the magnetic field will lead to dose distortion around air cavities. The effect is dependent on the relative size of the air cavity and the energy of the electrons, with low-energy electrons of the order of 100 keV exhibiting curvatures demonstrating the effect in cavities the size of the alveoli. Further investigation is needed to assess the biological importance of this micrometer-scale dose inhomogeneity on tumor control and radiation side-effects in normal tissue.
With the integration of nanoparticles, the single alveolus model displayed a concentration-dependent increase in energy deposits that was not affected by the magnetic field. In the multiple alveoli model, there was evidence of an overall increase in energy deposit in the nanoparticle-doped water shell of the order of a few percent, in line with previous Monte Carlo simulations with MV photons [31]. For the clinical radiotherapy applications, it will be important to track where nanoparticles are concentrated following nebulization at the time of radiation delivery. In previous work by Lin et al., a 4% dose increase was observed in the inner wall of the vessels when AuNPs were attached homogenously to the lumen, potentially contributing to the disruption of the functionality of the blood vessels in the tumor [32]. The evidence for these effects in a clinical scenario could be strengthened by more detailed simulation, using a refined linear accelerator model to produce the initial photon beam with gantry angles and a patient model imported from an actual patient radiotherapy plan. Additionally, large substructures such as vessels and bronchial structures should also be accounted for which have been found to cause micrometer-scale dose perturbation in the lungs using 6 and 18 MV photon beams with varying field sizes [33].
An understanding of the actual physical dose delivered and inhomogeneities at the local scale in the lung is vital to modeling the biological response to radiation and improving our understanding of the mechanisms of immune response and development of side effects following radiation treatment and to safe implementation of dose enhancement techniques such as nanoparticle radio-enhancement [15, 34]. An increasing number of studies using other nanoparticles such as gadolinium-based, hafnium oxide, and superparamagnetic iron oxide nanoparticles have also shown potential clinical translation for radio-enhancement and MRI contrast agent for which the in-depth physical mechanisms of dose deposition should also be investigated [4].
CONCLUSION
A beam of low-energy electrons of 100 keV can form hot and cold spots in energy deposition around an air cavity on the scale of an alveolus in a magnetic field representative of those used in current MRI-Linacs. The integration of nanoparticles, evenly distributed on the inner surface of the alveolus, maintains this hot and cold spot effect with a local enhancement of energy deposited in the nanoparticle-doped layer. The proportion of dose enhancement was found to be independent of the magnetic field strength, despite the changing pattern of dose distribution. Simulation of a semi-realistic photon treatment beam provides evidence that this effect may be observed in a clinical scenario. The inhomogeneity of dose induced by a magnetic field which is further amplified with the integration of nanoparticles has relevance to biological response to dose and safe dose limits when treating the lung in radiotherapy.
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