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Simple Summary: The treatment of hypoxic tumours continues to be one of the main challenges
for radiation therapy. Minibeam radiation therapy (MBRT) shows a highly promising reduction of
to-xicity in normal tissue, so that very heavy ions, such as Neon (Ne) or Argon (Ar), with extremely
high LET, might become applicable to clinical situations. The high LET in the target would be
unrivalled to overcome hypoxia, while MBRT might limit the side effects normally preventing the use
of those heavy ions in a conventional radiotherapeutic setting. The work reported in this manuscript
is the first experimental proof of the remarkable reduction of normal tissue (skin) toxicities after
Ne MBRT irradiations as compared to conventional Ne irradiations. This result might allow for a
renewed use of very heavy ions for cancer therapy.

Abstract: (1) Background: among all types of radiation, very heavy ions, such as Neon (Ne) or
Argon (Ar), are the optimum candidates for hypoxic tumor treatments due to their reduced oxygen
enhancement effect. However, their pioneering clinical use in the 1970s was halted due to severe
side effects. The aim of this work was to provide a first proof that the combination of very heavy
ions with minibeam radiation therapy leads to a minimization of toxicities and, thus, opening the
door for a renewed use of heavy ions for therapy; (2) Methods: mouse legs were irradiated with
either Ne MBRT or Ne broad beams at the same average dose. Skin toxicity was scored for a period
of four weeks. Histopathology evaluations were carried out at the end of the study; (3) Results: a
significant difference in toxicity was observed between the two irradiated groups. While severe
da-mage, including necrosis, was observed in the broad beam group, only light to mild erythema
was present in the MBRT group; (4) Conclusion: Ne MBRT is significantly better tolerated than
conventional broad beam irradiations.
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1. Introduction

The treatment of radioresistant hypoxic tumours is still one of the major challenges in
radiation therapy [1]. Accumulating evidence indicates that hypoxia is responsible for in-
ducing radiation and drug resistance [2] and it raises the likelihood of distant metastases [3].
Because of their increased linear energy transfer, heavy ions, like Neon, Silicon, or Argon,
provide a reduced oxygen enhancement effect [4]. Linked to that, evidence exists that
(very) heavy ions are more advantageous than X-rays (conventional radiation therapy) for
the treatment of those hypoxic and radioresistant tumours [5,6]. Pioneering radiobiological
evaluations showed that resistant cells of hypoxic tumours could be effectively killed with
heavy ions beams [6], such as Silicon and Argon. However, the late adverse side effects that
were observed in the few patients treated with those ions between 1979 and 1982 halted
the use of those particles for therapy [6].

The remarkable reduction of normal tissue toxicities observed after both X-rays and
proton minibeam radiation therapy (MBRT) as compared to conventional broad beam
irradiations [7–13] might allow an improved therapeutic ratio.

MBRT uses narrow beams (0.5 to 1 mm) to create a distinct spatial modulation of
the dose, featuring alternating regions of high dose (peaks) and low dose (valleys) [14].
MBRT with both x-rays and protons was shown to provide a remarkable normal (skin
and brain) tissue preservation in preclinical experiments [7,9–11], including the sparing
of cognitive, emotional, and motor processes [12]. Average doses from 25 to 30 Gy, with
peak doses up to 70 Gy, in one fraction, proved to be well tolerated [10–12,15]. In addition,
at the same level of those tolerable doses in MBRT, the latter resulted in an equivalent, or
even superior (glioma), tumour control as compared to conventional irradiation in small
animal experiments [8,16–20]. A significant increase of lifespan was achieved, even with
highly he-terogeneous dose distributions in the tumour and large areas of the tumour only
covered by doses as low as 5.8 Gy [15,17,19]. Consequently, MBRT has a high potential to
widen the therapeutic index for radioresistant tumours’ treatment.

A further improvement could be to use (very) heavy ions (Ne, Si, Ar), thanks to
their superior relative biological effectiveness and reduced oxygen effect as compared to
X-rays and protons, provided that normal tissue toxicity stays below the tolerance limit.
Advantageous dose distributions for normal tissue sparing were obtained in our recent
Monte Carlo (MC) studies [21,22] on heavy ions MBRT: extremely high peak-to-valley
dose ratio (PVDR) values (>100), very narrow penumbras, and low valley doses were
achieved in the first centimetres as well as in the fragmentation tail, helping in the sparing
of proximal normal tissues. Although the yield of secondary nuclear products increases
with atomic number, the actual dose being deposited by the secondary nuclear fragments
in the valleys only becomes dominant at the Bragg peak (tumour) position [21]. These
results supported the further exploration of this avenue.

We performed the first in vivo evaluation of very heavy ions MBRT to confirm our
hypothesis. In particular, we chose to start with Ne ions. since our Monte Carlo calculations
indicated that, among all heavy ions, they offer the best balance between having a high
peak-to-valley dose ratio and peak-to-valley-linear energy transfer ratio in normal tissues
and high linear energy transfer values (close to 100 keV/µm) in the target region [22].

2. Materials and Methods
2.1. Irradiations

The irradiations were carried out in the biology room at Heavy Ion Medial Accelerator
(HIMAC) of the National Institute of Radiological Sciences, Chiba, Japan [23]. A beam of
230 MeV/u (45 keV/µm [24]) Ne ions was used. Ne minibeams were generated by means
of a custom-made 10 cm-thick brass collimator. The latter has slit widths and centre-to-
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centre distances of 700 µm and 3500 µm, respectively, see Figure 1. The total irradiation
field size was 4.5 × 4.5 cm2. The dose rate was 2 Gy/min.

Figure 1. Photograph of the multislit brass collimator placed at the jaws exit of the beamline at
biology room of HIMAC.

Dosimetry was performed using a two-step protocol, which was similar to previous
works [14]. Absolute dosimetry was carried out in broad beam conditions (4.5 cm2 field
size) with an ionisation chamber (PTW Markus chamber). The relative dosimetry was
realised by means of two high spatial resolution detectors: a PTW 60019 microdiamond
detector [25] and gafchromic films (for crosscheck). Figure 2 shows the central part of a
dose profile that was measured with the microdiamond detector at 5 mm depth in water.
The full width half at maximum (FWHM) of the high dose (peak) and low dose regions are
0.9 mm and 2.6 mm, respectively.

Figure 2. Central part of a minibeam radiation therapy (MBRT) dose profile measured at 5 mm depth
in water by means of the microdiamond detector.

The PTW microdiamond was cross-calibrated in the Ne beam towards the Markus
ionisation chamber in broad beam conditions. Subsequently, the possible impact of quench-
ing effects in Ne ion beams was assessed. The quenching effects are caused by a local
(microscopic) saturation, which occurs around highly ionizing ion tracks. The result is a
reduction of the dose actually measured by the detector. The effect depends on the linear
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energy transfer (LET) of the radiation, and it has been reported in films and microdiamond
detectors exposed to heavy ions [26,27]. The quenching effect was assessed by comparing
the depth curves that were measured with the microdiamond and the Markus chamber. See
Figure 3. A 50% quenching effect was estimated at the Bragg peak position. No quenching
effect was observed in the plateau region (normal tissues), which is the area where the legs
were going to be irradiated.

Figure 3. Percentage depth dose curves (PDD) of a 230 MeV/u Ne beam measured with a Markus
ionisation chamber (blue points) and with the PTW microdiamond detector (red squares).

A large area chamber (IBA, 12 cm diameter) was also used to evaluate the scatter
factors, as in previous works [28].

2.2. In Vivo Experiment

Ethics statement: all animal experiments were conducted in accordance with the
animal welfare and ethical guidelines of our institutions. They were approved by the
National Institute of Radiological Sciences Institutional Animal Care and Use Committee
(permit no. 19–2004).

The legs of C57BL/6J mice (female, eight weeks old) were irradiated and the skin
response was evaluated in order to assess the potential reduction of normal tissue toxicity
of Ne MBRT as compared to broad beam irradiations. The mice were anaesthetised for
irradiation with pentobarbital Sodium Salt (~0.5 mg/10 g body weight).

Two groups of animals were considered: (i) one group received broad beam (BB)
conventional irradiation (20 ± 1 Gy, N = 8); (ii) a second group received Ne MBRT with the
same mean dose as the BB group (mean dose 20 ± 2 Gy, peak dose 60 ± 6 Gy, valley dose
1.1 ± 0.1 Gy, N = 8). Non-irradiated legs served as controls. The doses reported here are
physical doses and they were delivered in one fraction. Relative biological effectiveness
(RBE) values of between 1.5 and 2 have been previously reported in the plateau region of
Ne beams [29,30]. Therefore, although the RBE concept might not be directly applicable
for MBRT, a similar biological effect as a single-fraction irradiation of at least 40 Gy with
X-rays could be expected.

Gafchromic films were placed on top of the legs to assess the quality of the irradiations,
see Figure 4. The films corroborated the profile in Figure 2.
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Figure 4. Irradiation setup: the gachromic film shows the pattern of the irradiation.

The animals were followed up for four weeks. The skin reaction was scored every
two to three days using the arbitrary score that is shown in Table 1, which is inspired by
previous work on mouse skin irradiations [31].

Table 1. Skin damage scores.

Score Observation

Normal 0
Erythema 1

Dry desquamation 2
Moist desquamation 3

Ulceration 4
Necrosis 5

At the end of the study the animals were sacrificed, and the legs were cut and im-
mersed in formol 10%. After 24 h, the legs were embedded in paraffin; 4-µm-thick sections
were cut and stained in haematoxylin and eosin (HE). All the samples were image scanned
by an Olympus Slideview VS200 slides scanner using an Olympus U-TV1XC camera and
20× objective. The histopathological (double-blinded) evaluation was carried out by board
certified pathologists (European college of veterinary pathologists (ECVP)). Histological
changes were described according to the distribution, severity, and morphologic character.
The severity scores were assigned grade 1 to 5, as described in Appendix A.

3. Results

The irradiated animals gained weight at the same rate as the controls. Figure 5 shows
the evolution of the skin damage scores (according to Table 1) for the two irradiated groups
over time. A net difference was observed between the broad beam and MBRT groups
from the 14th day after irradiation. Macroscopically, broad beam irradiated skin showed
a focally extensive area of hair loss with cutaneous erosion/ulceration of appro-ximately
4.7 mm-length, on average. In contrast, skin irradiated with MBRT presented multifocal,
equidistant, parallel, < 1 mm thick lines of hair loss and erythema without ulceration,
see Figure 6. Two weeks after irradiation, six out of eight animals receiving broad beam
irradiation presented extensive damage with a skin damage score that reached up to four
and were sacrificed. Mice that were treated with MRBT survived the whole study period.
A maximum score of 1.8 was reached in the MBRT group, 17 days after irradiation. From
day 20, only light erythema was observed in this group.
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Figure 5. Evaluation of average skin damage scores as a function of follow up time and irradiation
mode. Mean and standard deviation values are represented in the plot.

Figure 6. Photographs of skin responses. Upper row: skin response two weeks after irradiation. Left:
mouse’s leg irradiated with Ne broad beam, showing moist desquamation and ulceration. Right:
leg of mouse two weeks after receiving Ne MBRT, exhibiting erythema. Lower row: mice’s legs
four weeks after irradiation. Left: mouse’s leg irradiated with Ne broad beam, exhibiting extensive
damage. Right: leg of one mouse in the MBRT group showing how the skin has almost recovered.

Table 2 and Figure 7 summarize the scores from the histology evaluation in each
treatment group. Individual data from the histopathology evaluation per animal are
presented in a table in the Supplemental Material (Table S1).

Table 2. Total summarized scores from histology evaluation in each treatment group.

GROUP Epidermal
Hyperplasia

Epidermal
Necrosis

Inflammation
Infiltration

Dermal
Edema

Decrease in
Annexa

Control 0.3 ± 0.5 0.0 0.0 0.0 0.0

MBRT 1.0 ± 0.5 0.0 0.5 ± 0.5 0.0 0.5 ± 0.5

BB 1.3 ± 0.7 2.8 ± 1.0 3.3 ± 0.9 2.6 ± 1.2 2.3 ± 0.8
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Figure 7. Histology evaluation scoring results showing mean values and standard deviations for the
different irradiation modes.

The skin from control (non-irradiated) legs did not show any relevant abnormalities,
see Figure 8.

Figure 8. Histology images of a control (non-irradiated leg), HE. Up: no abnormal histopathological
findings were observed (bar = 500 µm). Low: higher magnification (bar = 100 µm) showing the
normal histological cutaneous structure.

The skin exposed to MBRT irradiation presented multifocal epidermal hyperplasia
in low severity, which was characterized by an increase in thickness of the epidermal
layer from single-cell layer to 2–3 multilayers. Often, there were minimal infiltrates of
inflammatory cells and/or decrease in the presence of annexal structures (hair follicles,
sebaceous glands, and apocrine glands), see Figures 9 and 10 (higher magnification). The
lesions extended over an average length of 487 µm and they were spaced by 1.1 mm, on
average. This pattern does not seem to follow the peak and valley dose profiles delivered
and shown in Figure 2.
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Figure 9. MBRT irradiation. HE staining, Bar = 500 µm. Three multifocal areas of epidermal
hy-perplasia (minimal) are present in the image (arrowheads), where the epidermal layer appears
thickened and the subjacent dermis showed lack of annexal structures. On the subjacent correspond-
ing areas, there was a decrease in the number of hair follicles, apocrine glands, and sebaceous glands.
There was also a minimal and multifocal in-flammatory infiltrate.

Figure 10. MBRT irradiation. HE staining. Higher magnification. Bar = 100 µm. Higher magnification
that shows the epidermal focal increase from 1–2 layers (left and right edges) to 4–5 multiple layers
(minimal epidermal hyperplasia, double-headed arrow). The subepidermal presence of small clusters
of inflammatory cells (arrow).

The skin that is irradiated with broad beam presented relevant changes of epidermis
and dermis, epidermal necrosis, associated with inflammation, oedema, and loss of the
annexal structures, see Figure 11. There was a focally extensive loss of epidermis and
dermis (ulceration), with replacement by abundant eosinophilic cellular and karyorrhectic
debris and an overlying serocellular crust. The multifocal loss of the annexal structures
was often detected. Blood vessels subjacent to the necrosis presented reactive endothelium
and they were often hyalinized or contained fibrin thrombi. There was an inflammatory
infiltrate in the adjacent dermis with numerous granulocytes, macrophages, lymphocytes,
and fewer plasma cells. see Figure 12. The connective tissue from the dermis also presented
oedema, haemorrhage, and reactive fibroblasts. Epidermal hyperplasia was also often
detected in less affected areas, often in the edges of the ulceration. The onset of severe
damage occurred significantly earlier than the one reported in previous studies with X-rays
at 40 and 80 Gy in one fraction [31]: two weeks in Ne BB (20 Gy) vs. 21 days with X-rays.
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Figure 11. Broad beam irradiation. HE staining. Upper figure (bar = 500 µm): a large area of the
skin presented extensive epidermal necrosis (encircled), with abundant inflammatory infiltration
and loss of annexa. There was also epidermal hyperplasia in less affected areas (double-headed
arrow). Lower figure—Bar = 200 µm: note that the loss of cellular detail of the epidermis (epidermal
necrosis, encircled) at higher magnification. The subjacent dermis appears highly infiltrated by
inflammatory cells.

Figure 12. Broad beam irradiation. HE staining, Bar = 100 µm. Within the dermis, there is an
inflammatory infiltrate consisting of macrophages, lymphocytes, and neutrophils. The collagen fibres
from the connective tissue were separated by oedema (white spaces, asterisk). In the image, a couple
of vessels present early hyalinization (arrows).
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4. Discussion

Despite major advances in RT in the last decades, the treatment of hypoxic tumours
remains elusive. In this context, the use of very heavy ions for therapy (e.g., Ne, Si, Ar),
which are less dependent on the oxygen effect than X-rays, was explored in the past
(BEVALAC facility, Berkeley, CA USA). Between 1975 and 1992, 433 patients were treated
with C, N, O, Ne, Si, and Ar ions [6] for various malignancies. Very heavy ions (i.e., Ne)
showed encouraging results in terms of local control of hypoxic tumours, for the treatment
of macroscopic salivary gland carcinomas, paranasal sinus tumours, soft tissue sarcomas,
macroscopic sarcomas of bone, locally advanced prostate carcinomas, and biliary tract
carcinomas [32]. Unfortunately, serious late damage, including fatal complications, were
reported [6]. For that reason, the use of such particles for therapy was rapidly discontinued,
a few years after their first use.

The work that is presented in this paper aims to explore a new RT approach that
might allow for a renewed and optimal use of such very heavy ions for therapy. In this
first evaluation, we were able to demonstrate that the alliance of MBRT and Ne ions leads
to a net reduction of toxicity as compared to conventional broad beam irradiations in
the plateau region (normal tissues). In our evaluation, severe toxicity was observed after
conventional Ne broad beam irradiations, including radionecrosis. The onset of severe
damage was significantly earlier (14 days versus 21 days) than higher doses (40 and 80 Gy)
deposited in X-ray irradiations (28). In contrast, only light to mild erythema was present
after MBRT, despite peak doses of 60 Gy (120 Gy biological equivalent dose, approximately)
delivered in one sole fraction. Additionally, the damage seemed reversible, as reflected by
the reduction of the damage score from the 20th day after irradiation. Thus, the damage
may be considered adaptive and of low clinical significance.

It should also be highlighted that the peak dose deposited in this experiment (60 Gy) is
significantly higher than the ones employed in previous skin irradiation experiments while
using conventional (seamless) exposures and that led to severe skin toxicity. In particular,
doses higher than 24 Gy (X-rays) in one fraction have been previously reported to lead
to a high risk for severe and irreversible skin toxicity [33]. A dose of 25.9 Gy delivered
with 30 MeV protons induced moist desquamation (score 3 in our study) in 50% of the
irradiated mice [34]. Along this line, heavy ions are even more effective than X-rays and
protons inducing skin damage: doses between 20 Gy (80 keV/µm) and 30 Gy (14 keV/µm)
of carbon ions resulted in 25% skin shrinkage [35]. Additionally, a dose of 18 Gy (one
fraction) of Ne ions (80 keV/um) delivered to the mice’s feet induced the same isoeffect
than 50 Gy delivered with gamma rays (red foot or dry desquamation in 150% of the area
with epilation 250% of the area) [36]. Therefore, we can conclude than MBRT offers a net
gain in normal (skin) tissue sparing.

It is also worth noting that the average length (487 µm) and spacing (1.1 mm) among
lesions do not directly correspond to the lengths of the peak and valley dose regions.
Consequently, this disregards a simple dose effect. Instead, the pattern of the lesions
points to a more global or collective tissular effect. It might be due “beneficial” bystander
effects leading to tissue restoration, already observed in previous studies in skin [37,38].
Those effects could be initiated by strong cell-signalling cascades and cytokines release
after cell death in the high dose regions [39]. Interestingly, the length of areas without
lesion (1.1 mm in average) corresponds well to the ones that were found in in-depth
evaluations of spatiotemporal proliferation and migration during wound healing in mouse
skin epidermis [40].

The minimal toxicity observed after Ne MBRT irradiations is coherent with the results
of our previous theoretical works [21,22], which predicted favourable dose distributions,
with very low valleys in normal tissues and a low impact of nuclear fragments with
high linear energy transfer. Concerning the fragmentation tail, our previous works [21]
showed that spatially fractionation of the dose (and, thus, its tissue preservation) is also
maintained at the tail region. Indeed, low valley doses were also obtained in the tail region.
Consequently, a good tissue sparing could be expected in that region.
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The gain in normal tissue preservation opens the door to a potential renewed use of
those very heavy ions for therapy. Several works have reported an equivalent or superior
tumour control with both x-rays and protons MBRT than with BB [15,17–19]. This outcome
has been obtained with highly inhomogeneous dose distributions in some cases and very
low valley doses [15,17]. However, if needed, a more homogeneous dose distribution
could be achieved by narrowing the beams spacing or interlacing several arrays in the
tumour [16,41]. In addition, and thanks to the minimal toxicity observed, more aggressive
irradiation schemes than the one employed here could be considered in Ne MBRT.

Moreover, there are some indications that heavy ions cans potentiate the immune
response in a more effective way than photons, or even proton beams [5]. This might
result in a highly effective synergic effect with the potential immune activation in spatially
fractionated radiation therapy [42].

The results of this first experiment support the continuation of the exploration of very
heavy ions for therapy. A first evaluation of tumour control effectiveness was planned in
March 2021, and it is now postponed due to COVID-19 crisis.

5. Conclusions

This manuscript reports the first experimental evidence of the significant gain of
normal tissue preservation that is provided by Ne MBRT in comparison with broad beam
irradiations. The mice leg’s skin exposed to MBRT showed low local effects, which were
mostly characterized by multifocal epidermal hyperplasia, minimal inflammatory reaction,
and a decrease in annexal structure numbers. At this timepoint, these local effects were
considered to be adaptative and of low clinical significance. In comparison, mice exposed
to broad beam exhibited severe side effects. Therefore, Ne MBRT treatments are remarkably
better tolerated than broad beam. This result could allow for a renewed use of very heavy
ions, whose high linear energy transfer in the target would be unrivalled to overcome
tumour hypoxia.

Supplementary Materials: The following are available online at https://www.mdpi.com/2072-6694/
13/6/1356/s1, Table S1 Total summarized scores from histology evaluation in each treatment group.
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Appendix A

Severity scores were assigned Grade 1 to 5.

Grade 1, Minimal

This corresponds to a histopathologic change ranging from inconspicuous to barely noticeable but so minor,
small, or infrequent as to warrant no more than the least assignable grade. For multifocal or diffusely
distributed lesions, this grade was used for processes where less than approximately 10% of the tissue in an
average high-power field was involved.

Grade 2, Slight
This corresponds to a histopathologic change that is a noticeable but not a prominent feature of the tissue.
For multifocal or diffusely distributed lesions, this grade was used for processes where between
approximately 10% and 25% of the tissue in an average high-power field was involved.

Grade 3, Moderate
This corresponds to a histopathologic change that is a prominent but not a dominant feature of the tissue.
For multifocal or diffusely distributed lesions, this grade was used for processes where between
approximately 25% and 50% of the tissue in an average high-power field was involved.

Grade 4, Marked
This corresponds to a histopathologic change that is a dominant but not an overwhelming feature of the
tissue. For multifocal or diffusely distributed lesions, this grade was used for processes where between
approximately 50% and 95% of the tissue in an average high-power field was involved.

Grade 5, Severe
This corresponds to a histopathologic change that is an overwhelming feature of the tissue. For multifocal or
diffusely distributed lesions, this grade was used for processes where greater than approximately 95% of the
tissue in an average high-power field was involved.

References
1. Graham, K.; Unger, E. Overcoming tumor hypoxia as a barrier to radiotherapy, chemotherapy and immunotherapy in cancer

treatment. Int. J. Nanomed. 2018, 13, 6049–6058. [CrossRef]
2. Zhao, C.; Zhang, Q.; Yu, T.; Sun, S.; Wang, W.; Liu, G. Hypoxia promotes drug resistance in osteosarcoma cells via activating

AMP-activated protein kinase (AMPK) signaling. J. Bone Oncol. 2016, 5, 22–29. [CrossRef] [PubMed]
3. Brizel, D.M.; Scully, S.P.; Harrelson, J.M.; Layfield, L.J.; Bean, J.M.; Prosnitz, L.R.; Dewhirst, M.W. Tumor oxygenation predicts for

the likelihood of distant metastases in human soft tissue sarcoma. Cancer Res. 1996, 56, 941–943. [PubMed]
4. Krämer, M.; Weyrather, W.K.; Scholz, M. The increased biological effectiveness of heavy charged particles: From radiobiology to

treatment planning. Technol. Cancer Res. Treat. 2003, 2, 427–436. [CrossRef] [PubMed]
5. Tinganelli, W.; Durante, M. Carbon ion radiobiology. Cancers 2020, 12, 3022. [CrossRef] [PubMed]
6. Castro, J.R.; Linstadt, D.E.; Bahary, J.P.; Petti, P.L.; Daftari, I.; Collier, J.M.; Gutin, P.H.; Gauget, G.; Phillips, T.L. Experience in

charged particle irradiation of tumors of the skull base: 1977–1992. Int. J. Radiat. Oncol. Biol. Phys. 1994, 29, 647–655. [CrossRef]
7. Dilmanian, F.A.; Zhong, Z.; Bacarian, T.; Benveniste, H.; Romanelli, P.; Wang, R.; Welwart, J.; Yuasa, T.; Rosen, E.M.; Anschel,

D.J. Interlaced X-ray microplanar beams: A radiosurgery approach with clinical potential. Proc. Natl. Acad. Sci. USA 2006, 103,
9709–9714. [CrossRef]

8. Deman, P.; Vautrin, M.; Adam, J.-F.; Edouard, M.; Stupar, V.; Bobyk, L.; Farion, R.; Elleaume, H.; Rémy, C.; Barbier, E.L.; et al.
Monochromatic minibeams radiotherapy: From healthy tissue-sparing effect studies toward first experimental glioma bearing
rats therapy. Int. J. Radiat. Oncol. 2012, 82, e693–e700. [CrossRef]

9. Prezado, Y.; Deman, P.; Varlet, P.; Jouvion, G.; Gil, S.; Le Clec’H, C.; Bernard, H.; Le Duc, G.; Sarun, S. Tolerance to dose escalation
in minibeam radiation therapy applied to normal rat brain: Long-term clinical, radiological and histopathological analysis. Radiat.
Res. 2015, 184, 314–321. [CrossRef] [PubMed]

10. Prezado, Y.; Dos Santos, M.; Pouzoulet, F.; Gonzalez, W.; Jouvion, G.; Guardiola, C.; Heinrich, S.; Labiod, D.; Juchaux, M.;
Jourdain, L.; et al. Transfer of Minibeam Radiation Therapy into a cost-effective equipment for radiobiological studies: A proof of
concept. Sci. Rep. 2017, 7, 1–10. [CrossRef]

11. Prezado, Y.; Jouvion, G.; Dendale, R.; Jourdain, L.; Sebrie, C.; Pouzoulet, F.; Hardy, D.; Patriarca, A.; Nauraye, C.; Bergs, J.; et al.
Proton minibeam radiation therapy spares normal rat brain: Long-term clinical, radiological and histopathological analysis. Sci.
Rep. 2017, 7, 1–7. [CrossRef]

12. Lamirault, C.; Doyère, V.; Juchaux, M.; Pouzoulet, F.; Labiod, D.; Dendale, R.; Patriarca, A.; Nauraye, C.; Le Dudal, M.; Jouvion,
G.; et al. Short and long-term evaluation of the impact of proton minibeam radiation therapy on motor, emotional and cognitive
functions. Sci. Rep. 2020, 10, 1–14. [CrossRef]

http://doi.org/10.2147/IJN.S140462
http://doi.org/10.1016/j.jbo.2016.01.002
http://www.ncbi.nlm.nih.gov/pubmed/26998423
http://www.ncbi.nlm.nih.gov/pubmed/8640781
http://doi.org/10.1177/153303460300200507
http://www.ncbi.nlm.nih.gov/pubmed/14529307
http://doi.org/10.3390/cancers12103022
http://www.ncbi.nlm.nih.gov/pubmed/33080914
http://doi.org/10.1016/0360-3016(94)90550-9
http://doi.org/10.1073/pnas.0603567103
http://doi.org/10.1016/j.ijrobp.2011.09.013
http://doi.org/10.1667/RR14018.1
http://www.ncbi.nlm.nih.gov/pubmed/26284420
http://doi.org/10.1038/s41598-017-17543-3
http://doi.org/10.1038/s41598-017-14786-y
http://doi.org/10.1038/s41598-020-70371-w


Cancers 2021, 13, 1356 13 of 14

13. Girst, S.; Greubel, C.; Multhoff, G.; Dollinger, G.; Schmid, T.E.; Reindl, J.; Siebenwirth, C.; Zlobinskaya, O.; Walsh, D.W.; Ilicic,
K.; et al. Proton minibeam radiation therapy reduces side effects in an in vivo mouse ear model. Int. J. Radiat. Oncol. 2016, 95,
234–241. [CrossRef]

14. Prezado, Y.; Martínez-Rovira, I.; Thengumpallil, S.; Deman, P. Dosimetry protocol for the preclinical trials in white-beam
minibeam radiation therapy. Med. Phys. 2011, 38, 5012–5020. [CrossRef]

15. Sotiropoulos, M.; Brisebard, E.; Le Dudal, M.; Jouvion, G.; Juchaux, M.; Crépin, D.; Sebrie, C.; Jourdain, L.; Labiod, D.; Lamirault,
C.; et al. X-rays minibeam radiation therapy at a conventional irradiator: Pilot evaluation in F98-glioma bearing rats and dose
calculations in a human phantom. Clin. Transl. Radiat. Oncol. 2021, 27, 44–49. [CrossRef]

16. Prezado, Y.; Sarun, S.; Gil, S.; Deman, P.; Bouchet, A.; Le Duc, G. Increase of lifespan for glioma-bearing rats by using minibeam
radiation therapy. J. Synchrotron Radiat. 2011, 19, 60–65. [CrossRef] [PubMed]

17. Prezado, Y.; Jouvion, G.; Patriarca, A.; Nauraye, C.; Guardiola, C.; Juchaux, M.; Lamirault, C.; Labiod, D.; Jourdain, L.; Sebrie, C.;
et al. Proton minibeam radiation therapy widens the therapeutic index for high-grade gliomas. Sci. Rep. 2018, 8, 1–10. [CrossRef]

18. Prezado, Y.; Jouvion, G.; Patriarca, A.; Dendale, R.; Guardiola, C.; Gonzalez, W.; Juchaux, M.; Bergs, J.; Nauraye, C.; Labiod, D.;
et al. Tumor control in Rg2 glioma-bearing rats: A comparison between proton minibeam therapy and standard proton therapy.
Int. J. Radiat. Oncol. 2019, 104, 266–271. [CrossRef] [PubMed]

19. Lamirault, C.; Brisebard, E.; Hardy, D.; De Marzi, L.; Dendale, R.; Jouvion, G.; Prezado, Y.; Patriarca, A.; Juchaux, M.; Crepin,
D.; et al. Spatially modulated proton minibeams results in the same increase of lifespan as a uniform target dose coverage in
F98-glioma-bearing rats. Radiat. Res. 2020, 194, 715–723. [CrossRef] [PubMed]

20. Rivera, J.N.; Kierski, T.M.; Kasoji, S.K.; Abrantes, A.S.; Dayton, P.A.; Chang, S.X. Conventional dose rate spatially-fractionated
radiation therapy (SFRT) treatment response and its association with dosimetric parameters—A preclinical study in a Fischer 344
rat model. PLoS ONE 2020, 15, e0229053. [CrossRef]

21. Peucelle, C.; Martínez-Rovira, I.; Prezado, Y. Spatial fractionation of the dose using neon and heavier ions: A Monte Carlo study.
Med. Phys. 2015, 42, 5928–5936. [CrossRef]

22. González, W.; Prezado, Y. Spatial fractionation of the dose in heavy ions therapy: An optimization study. Med. Phys. 2018, 45,
2620–2627. [CrossRef]

23. Tsujii, H.; Mizoe, J.-E.; Kamada, T.; Baba, M.; Kato, S.; Kato, H.; Tsuji, H.; Yamada, S.; Yasuda, S.; Ohno, T.; et al. Overview of
clinical experiences on carbon ion radiotherapy at NIRS. Radiother. Oncol. 2004, 73, S41–S49. [CrossRef]

24. Yasuda, H.; Fujitaka, K. Responses of TLD-BeO:Na (UD-170A) to heavy ions and space radiation. Radiat. Prot. Dosim. 2001, 94,
275–280. [CrossRef] [PubMed]

25. Rossomme, S.; Hopfgartner, J.; Vynckier, S.; Palmans, H. Under-response of a PTW-60019 microDiamond detector in the Bragg
peak of a 62 MeV/n carbon ion beam. Phys. Med. Biol. 2016, 61, 4551–4563. [CrossRef] [PubMed]

26. Rossomme, S.; Marinelli, M.; Verona-Rinati, G.; Romano, F.; Cirrone, P.A.G.; Kacperek, A.; Vynckier, S.; Palmans, H. Response of
synthetic diamond detectors in proton, carbon, and oxygen ion beams. Med. Phys. 2017, 44, 5445–5449. [CrossRef]

27. Martisikova, M.; Jakel, O. Dosimetric properties of Gafchromic(R) EBT films in medical carbon ion beams. Phys. Med. Biol. 2010,
55, 5557–5567. [CrossRef] [PubMed]

28. Prezado, Y.; Martínez-Rovira, I.; Sánchez, M. Scatter factors assessment in microbeam radiation therapy. Med. Phys. 2012, 39,
1234–1238. [CrossRef]

29. Leith, J.T.; Woodruff, K.H.; Howard, J.; Lyman, J.T.; Smith, P.; Lewinsky, B.S. Early and late effects of accelerated charged particles
on normal tissues. Int. J. Radiat. Oncol. 1977, 3, 103–108. [CrossRef]

30. Hirayama, R.; Uzawa, A.; Obara, M.; Takase, N.; Koda, K.; Ozaki, M.; Noguchi, M.; Matsumoto, Y.; Li, H.; Yamashita, K.; et al.
Determination of the relative biological effectiveness and oxygen enhancement ratio for micronuclei formation using high-LET
radiation in solid tumor cells: An in vitro and in vivo study. Mutat. Res. Toxicol. Environ. Mutagen. 2015, 793, 41–47. [CrossRef]

31. Chaze, T.; Hornez, L.; Chambon, C.; Haddad, I.; Vinh, J.; Peyrat, J.-P.; Benderitter, M.; Guipaud, O. Serum proteome analysis for
profiling predictive protein markers associated with the severity of skin lesions induced by ionizing radiation. Proteomes 2013, 1,
40–69. [CrossRef] [PubMed]

32. Linstadt, D.E.; Castro, J.R.; Phillips, T.L. Neon ion radiotherapy: Results of the phase I/II clinical trial. Int. J. Radiat. Oncol. Biol.
Phys. 1991, 20, 761–769. [CrossRef]

33. Archambeau, J.O.; Pezner, R.; Wasserman, T. Pathophysiology of irradiated skin and breast. Int. J. Radiat. Oncol. 1995, 31,
1171–1185. [CrossRef]

34. Tatsuzaki, H.; Arimoto, T.; Inada, T.; Uwamino, Y.; Nakamura, T.; Yaguchi, M.; Akisada, M. Early skin reaction following
superficial proton irradiation. J. Radiat. Res. 1991, 32, 175–180. [CrossRef] [PubMed]

35. Ando, K.; Koike, S.; Ohmachi, Y.; Ando, Y.; Kobashi, G. Tumor induction in mice after local irradiation with single doses of either
carbon-ion beams or gamma rays. Int. J. Radiat. Biol. 2014, 90, 1119–1124. [CrossRef] [PubMed]

36. Uzawa, A.; Ando, K.; Kase, Y.; Hirayama, R.; Matsumoto, Y.; Matsufuji, N.; Koike, S.; Kobashi, G. Designing a ridge filter based on
a mouse foot skin reaction to spread out Bragg-peaks for carbon-ion radiotherapy. Radiother. Oncol. 2015, 115, 279–283. [CrossRef]
[PubMed]

37. Belyakov, O.V.; Mitchell, S.A.; Parikh, D.; Randers-Pehrson, G.; Marino, S.A.; Amundson, S.A.; Geard, C.R.; Brenner, D.J. From
The Cover: Biological effects in unirradiated human tissue induced by radiation damage up to 1 mm away. Proc. Natl. Acad. Sci.
USA 2005, 102, 14203–14208. [CrossRef]

http://doi.org/10.1016/j.ijrobp.2015.10.020
http://doi.org/10.1118/1.3608908
http://doi.org/10.1016/j.ctro.2021.01.001
http://doi.org/10.1107/S0909049511047042
http://www.ncbi.nlm.nih.gov/pubmed/22186645
http://doi.org/10.1038/s41598-018-34796-8
http://doi.org/10.1016/j.ijrobp.2019.01.080
http://www.ncbi.nlm.nih.gov/pubmed/30703513
http://doi.org/10.1667/RADE-19-00013.1
http://www.ncbi.nlm.nih.gov/pubmed/32991712
http://doi.org/10.1371/journal.pone.0229053
http://doi.org/10.1118/1.4930960
http://doi.org/10.1002/mp.12902
http://doi.org/10.1016/S0167-8140(04)80012-4
http://doi.org/10.1093/oxfordjournals.rpd.a006500
http://www.ncbi.nlm.nih.gov/pubmed/11487811
http://doi.org/10.1088/0031-9155/61/12/4551
http://www.ncbi.nlm.nih.gov/pubmed/27224547
http://doi.org/10.1002/mp.12473
http://doi.org/10.1088/0031-9155/55/18/019
http://www.ncbi.nlm.nih.gov/pubmed/20808027
http://doi.org/10.1118/1.3681274
http://doi.org/10.1016/0360-3016(77)90235-8
http://doi.org/10.1016/j.mrgentox.2015.08.003
http://doi.org/10.3390/proteomes1020040
http://www.ncbi.nlm.nih.gov/pubmed/28250398
http://doi.org/10.1016/0360-3016(91)90020-5
http://doi.org/10.1016/0360-3016(94)00423-I
http://doi.org/10.1269/jrr.32.175
http://www.ncbi.nlm.nih.gov/pubmed/1658319
http://doi.org/10.3109/09553002.2014.932030
http://www.ncbi.nlm.nih.gov/pubmed/24923475
http://doi.org/10.1016/j.radonc.2015.04.007
http://www.ncbi.nlm.nih.gov/pubmed/25981129
http://doi.org/10.1073/pnas.0505020102


Cancers 2021, 13, 1356 14 of 14

38. Sedelnikova, O.A.; Nakamura, A.; Kovalchuk, O.; Koturbash, I.; Mitchell, S.A.; Marino, S.A.; Brenner, D.J.; Bonner, W.M. DNA
double-strand breaks form in bystander cells after microbeam irradiation of three-dimensional human tissue models. Cancer Res.
2007, 67, 4295–4302. [CrossRef]

39. Dilmanian, F.A.; Qu, Y.; Feinendegen, L.E.; Peña, L.A.; Bacarian, T.; Henn, F.A.; Kalef-Ezra, J.; Liu, S.; Zhong, Z.; McDonald, J.W.
Tissue-sparing effect of x-ray microplanar beams particularly in the CNS: Is a bystander effect involved? Exp. Hematol. 2007, 35,
69–77. [CrossRef]

40. Aragona, M.; Dekoninck, S.; Rulands, S.; Lenglez, S.; Mascré, G.; Simons, B.D.; Blanpain, C. Defining stem cell dynamics and
migration during wound healing in mouse skin epidermis. Nat. Commun. 2017, 8, 14684. [CrossRef]

41. Serduc, R.; Bräuer-Krisch, E.; Brochard, T.; Rémy, C.; Barbier, E.L.; Bravin, A.; Le Duc, G.; Depaulis, A.; Estève, F.; Laissue, J.A.;
et al. High-precision radiosurgical dose delivery by interlaced microbeam arrays of high-flux low-energy synchrotron X-rays.
PLoS ONE 2010, 5, e9028. [CrossRef] [PubMed]

42. Potez, M.; Fernandez-Palomo, C.; Bouchet, A.; Trappetti, V.; Donzelli, M.; Krisch, M.; Laissue, J.; Volarevic, V.; Djonov, V.
Synchrotron microbeam radiation therapy as a new approach for the treatment of radioresistant melanoma: Potential underlying
mechanisms. Int. J. Radiat. Oncol. 2019, 105, 1126–1136. [CrossRef] [PubMed]

http://doi.org/10.1158/0008-5472.CAN-06-4442
http://doi.org/10.1016/j.exphem.2007.01.014
http://doi.org/10.1038/ncomms14684
http://doi.org/10.1371/journal.pone.0009028
http://www.ncbi.nlm.nih.gov/pubmed/20140254
http://doi.org/10.1016/j.ijrobp.2019.08.027
http://www.ncbi.nlm.nih.gov/pubmed/31461675

	Introduction 
	Materials and Methods 
	Irradiations 
	In Vivo Experiment 

	Results 
	Discussion 
	Conclusions 
	
	References

