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1. Introduction 

Recently, remarkable technological, physical and biological 

developments in the field of radiation oncology have resulted in 
improved treatment effectiveness and reduced complication rates 
thanks to the high-precision in tumor identification, localization and 
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dose delivery. These advances unfortunately do not apply to all clinical 
situations, not always necessarily translating into improved local control 
and survival. A significant percentage of cancer patients, for example, 
including those affected by unresectable bulky tumors still remain un
suitable for conventional radio-chemotherapy. These patients are pre
destined to palliative or best supportive care and from that the need to 
improve treatment outcomes for this patient population arises. Fortu
nately, multiple studies are now ongoing that employ alternative de
livery methods of radiation in order to address the limitations of 
conventional radiotherapy, especially when complex clinical scenarios 
are involved. In order to present and to discuss the currently available 
data in regard to novel, unconventional radiotherapy techniques, the 
MedAustron Center for Ion Therapy hosted the new ESTRO (European 
Society for Therapeutic Radiation Oncology) focus group, organizing an 
online seminar that focused on emerging spatially fractionated radio
therapy (SFRT) approaches with a potential to increase the radiation 
therapeutic ratio, encompassing the three radiation oncology disci
plines: clinical radiation oncology, radiobiology and radiation medical 
physics. Innovation in radiation oncology is facing two main line of 
resistance and skepticism, the first being intrinsic and driven by a high 
degree of conservatism in the field and the second being extrinsic and 
driven by lack of strong supporting industries unlike what is happening 
in the field of medical oncology with the input of pharmaceutical 
industry. 

This event was held on October 6th, 2022. The seminar program was 
multidisciplinary by essence including clinical radiation oncology, 
radiobiology and radiation medical physics, and can be found at the 
following link: https://www.medaustron.at/wp-content/uploads/2 
022/08/20221006_Seminar_Unconventional-Radiotherapy-Techniques 
_v1.0.pdf. 

The whole event has been video-registered and made free-available 
at the following link for all interested scientists: https://youtube.com/ 
playlist?list = PL5IOhHd3LZtmmS4D7Zm4140ZRWnBGUMeS. 

Here we discussed current status and future prospective of innova
tive, unconventional radiotherapy techniques. 

2. Clinical use of novel unconventional radiotherapy 
approaches 

2.1. GRID radiotherapy 

Spatial fractionation was introduced early to overcome the problem 
of superficial energy deposition of cathode-ray based radiation treat
ment. SFRT challenges some of the classical dogmas in conventional 
radiotherapy by using a highly spatial dose modulation [1,2]. In order to 
provide greater depth dose to deep-seated tumors in the pelvis, the open 
field was divided into smaller subsections of open and closed fields by 
treating through a “sieve” or a “grid” made of lead and rubber placed on 
the patient’s skin. This allowed for much higher skin dose tolerance by 
sparing some areas, and also much higher dose delivery to deeper tu
mors. This spatially separated the delivered dose into regions of high 
dose or ‘peaks’ and regions of low dose or ‘valleys’ [1–3]. SFRT allows 
for the delivery of high radiation doses only in some areas within tu
mors, especially bulky tumors, avoiding the induction of detrimental 
toxicities to surrounding tissues. A significant increase in normal tissue 
dose tolerances was observed both in early clinical trials and in small 
animal experiments, to a significant increase in normal tissue dose tol
erances [1–3]. Tumor control effectiveness is maintained or even 
enhanced in some configurations as compared with conventional 
radiotherapy [1–3]. With the invention of megavoltage energy linear 
accelerators a few decades ago, the concept of spatial fractionation was 
largely abandoned. 

In the modern era, a metal block added to the linear accelerator was 
re-introduced in order to treat difficult bulky tumors. Spatially frac
tionated GRID radiation therapy debulks locally advanced tumors with 
an initial priming dose of 15–20 Gy in a single fraction with 

heterogeneous dosimetry similar to an interstitial catheter implant. 
Clinically, the combination of high GRID dose and the spatial delivery 
suggests a different radiobiology as compared to conventional 1.8–2 Gy 
per fraction [4]. 

SFRT can promote immunological upregulation to help with cell kill 
(cytokine as well as cell-mediated) as well as a local bystander and 
distant abscopal effects to help shrink very large masses [5]. For palli
ative treatment, a 78% overall response, 20% complete response, and 
73% mass effect response rate can be seen [6]. The GRID has been used 
in the definitive treatment of head and neck cancers and sarcoma. For 
head and neck, GRID can increase the overall response rate by 10% 
compared to the standard treatment [7]. 

The original “spatial” concept of GRID now includes LATTICE and 
microbeam arrangements to deliver similar heterogeneous dose in 
newer configurations. Based on the available data, more than 400 pa
tients have been treated with GRID radiotherapy [1], however the actual 
number may reach up to 1000 patients taking into account the unpub
lished data. 

2.2. LATTICE radiotherapy 

Built upon the clinical experience of GRID SFRT, and inspired by the 
biological insights of bystander/abscopal effects, the technique of 
LATTICE radiation therapy (LRT) was proposed to deliver SFRT to deep- 
seated tumors using 3D configurations in 2010 [8] and in the same year, 
first clinical application of LRT was reported [9]. 

Employing modern radiation delivery systems with intensity/arc- 
modulated focused photon beams, or charged particle beams, LRT 
aims to deliver an array of high dose islands (vertices) within the gross 
target volume (GTV), creating peak-valley-like, and highly heteroge
neous dose distribution. 3D LRT can effectively minimize dose outside of 
the GTV, thus achieving an even higher degree of toxicity control. More 
than 150 patients were treated with LRT for various indications in the 
first 10 years since its technical inception. The early clinical experience 
demonstrated the feasibility and safety of LRT, and led to a series of 
preliminary technical guidelines [10]. Based on the published literature 
and private communication, the clinical implementation of LRT has 
increased rapidly in the last 4 years, with more than 25 RT centers 
worldwide currently using LRT for their patients. Technically, LRT can 
be readily implemented in any facility that has commissioned a SRS/ 
SBRT program; it is similar to delivering a SRS/SBRT to multiple tumors 
simultaneously in a confined area. 

The clinical objective of a LRT varies based on clinical indication. 
Most of LRT cases have been intended for dose boosting, or tumor 
radiation-debulking. Using LRT to mediate anti-tumor bystander/ 
abscopal effects has been under active investigation [11] and attempted 
clinically [12]. However, it is to be acknowledged that the biological 
mechanisms of SFRT in general, beyond classically understood DNA- 
damage pathways involving double strand breaks (DSB), have yet to be 
further investigated. Concerted efforts are needed to more systemically 
explore the biological foundation and clinical efficacies of LATTICE 
SFRT. 

2.3. Personalized ultrafractionated stereotactic adaptive radiation 
therapy (PULSAR) radiotherapy 

Sophisticated new radiotherapy treatment platforms have been 
commissioned to carry out specialized imaging, quantify changes in the 
imaging, and respond with a modified (“adapted”) plan – all while the 
patient lies on the table for treatment. The key opportunity to exploit 
with this adaptive approach is to personalize the therapy for an indi
vidual patient. Such would be a dramatic change from routine practice 
of a “one-size-fits-all” class solution for treating patients with 
radiotherapy. 

Conventional radiotherapy giving daily doses of 2–3 Gy exploits 
differences in repair between targeted tumor and normal tissue. 
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Anatomically, though, changes induced by this therapy are most often 
subtle, reflecting the small daily doses that try to avoid severe changes. 
But subtle changes rarely result in meaningful opportunity to adapt. 
Likewise, even the more aggressive dose intensity associated with ste
reotactic ablative radiotherapy rarely results in significant changes in 
anatomical form, especially if given daily or even every other day as is 
done in most routine practice. In general, therapies that are delivered 
uninterrupted over a short period of time, particularly if they react only 
to anatomical form without regard to biological function, may fall short 
of achieving an adaptive, personalized radiotherapy. 

To address this dilemma, PULSAR was developed to insert an 
intentional pause into a course of radiotherapy [13]. This pause could be 
counterproductive when giving conventional radiotherapy, but daily 
doses in the range of stereotactic ablative therapy (SAbR) have been 
shown to provide durable control without accelerated proliferation in 
randomized trials [14,15]. Spacing SAbR doses (called pulses) by a week 
or months allows more dramatic biological change to ensue. This 
biology is measured with various assays and correlated to outcome, 
eventually allowing PULSAR to be steered in a personalized fashion for 
each individual patient. With the break between pulses, PULSAR is less 
toxic than routine SAbR (Fig. 1). Preclinical evidence shows that among 
the biological changes associated with PULSAR is a complimentary 
relationship with common immunotherapy agents like checkpoint in
hibitors, again allowing an enhanced, personalized opportunity to 
improve adaptive radiotherapy [16]. 

2.4. Single-dose radiotherapy (SDRT) 

Ultra-high dose single fraction radiotherapy has been shown to 
operate above the threshold of 12 Gy, a dual target model of tumor tissue 
injury consisting of DNA DSBs and microvascular dysfunction [17]. A 
transient endothelial acid sphingomyelinase (ASMase)/ceramide-medi
ated ischemia/reperfusion phenomenon impairs DSB homology- 
directed repair in tumor cells rendering synthetic tumor cell lethality 

[17]. Single dose radiotherapy (SDRT) biology, thus, fundamentally 
differs from the classical tumor cell autonomous single target model of 
fractionated radiotherapy. 

Recent phase II-III clinical trials reported that 24 Gy SDRT renders 
approximately 90% actuarial 5-year local relapse-free survival (LRFS) in 
a wide range of human oligometastatic tumors, regardless of tumor type, 
size or oligometastatic target organ [18–20]. SDRT delivery may not be 
feasible in ~30% of oligometastatic lesions due to interference by dose/ 
volume constraints of a serial organ at risk (OAR) [19]. However, a 
bystander radiosensitization of a minor sub-volume of the target 
exposed to a ≥25% dose-sculpted reduction to meet a serial OAR dose/ 
volume constraint has been shown to produce similar tumor control 
rates to full PTV coverage, provided that ≥60% of the PTV is exposed to 
≥24 Gy to trigger the ischemia/reperfusion vascular phenomena 
equilibrating SDRT lethal signaling throughout the tumor interstitial 
space [21]. Future studies will also need to address changes in the tumor 
immune microenvironment (TIME) following ultra-high dose SDRT as a 
potential contributor to favorable tumor local control rates and 
improvement in distant metastasis-free survival in oligometastatic pa
tients receiving SDRT metastasis-directed radioablation to all detectable 
disease deposits [20]. 

Recently, the results of a proof-of-concept phase II randomized study 
determining the feasibility and safety of 24 Gy SDRT and its iso-effec
tiveness to extreme hypofractionated SBRT (5x9 Gy) in the treatment of 
intermediate risk localized prostate cancer has been reported [22]. At a 
median of 48 months there were no significant differences in prostate- 
specific antigen (PSA) relapse-free survival and in late toxicities be
tween the two arms, underscoring the importance of larger studies to 
establish the indications of SDRT as a potential new standard of care in 
localized prostate cancer [22]. 

2.5. Low-dose radiotherapy (LDRT) 

Low-dose hyper-radiosensitivity (HRS), i.e. an increased cell killing 

Fig. 1. Three important advantages of PULSAR (Personalized, Ultra-fractionated, Stereotactic, Adaptive Radiotherapy).  
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(per unit dose) than predicted by conventional radiobiological model
ling, has been observed in several mammalian cell lines after acute ra
diation exposure to doses <0.5 Gy. Conversely, a relative increased 
radioresistance (IRR) has been seen in a dose range of 0.5–1 Gy. The 
main mechanism regulating the HRS/IRR transition seems to involve 
checkpoint events in the G2 phase of the cell cycle, which prevent cells 
damaged by radiation from entering mitosis with unrepaired DNA le
sions, so that genome integrity is preserved. Therefore, the low-dose 
HRS phenomenon may be due to the apoptotic death of a subset of 
cells that have failed to undergo this early G2-phase checkpoint arrest 
[23]. The activation of the ATM kinase seems to play a key role in 
promoting DNA repair and triggering the induced radiation resistance. It 
seems that in most cases the dose to activate the ATM pathways is higher 
in tumor than in normal cells, thus creating a therapeutic window to 
overcome radio-resistance of tumor cells while sparing normal tissues 
from toxicity. 

To exploit this phenomenon in the clinic, low-dose fractionated 
radiotherapy (LD-FRT), i.e. the use of multiple small dose per fraction 
(<1.0 Gy), has been proposed as a chemo-sensitizer by synergizing with 
drugs that enrich the G2-phase cell fraction. Some phase I-II studies and 
retrospective studies including patients with either advanced or recur
rent tumors, reported encouraging therapeutic outcomes and similar 
tolerability of combined LD-FRT and chemotherapy, as compared with 
chemotherapy alone [24]. However, the only one randomized phase III 
trial published so far showed no benefit from adding LD-FRT to induc
tion chemotherapy in patients with locally advanced nasopharyngeal 
cancer [25]. 

Similarly, pulsed low dose-rate radiotherapy (PLDR) has been 
developed to exploit HRS by delivering the daily radiation dose of 2 Gy 
in 10 sub-fractions (pulses), each of 0.2 Gy, with a 3 min time interval. 
Several retrospective studies have reported favourable outcomes and 
toxicity profiles, suggesting that PLDR could be so effective as to over
come radioresistance of recurrent tumors, and also have increased ca
pacity of normal tissue sparing [26,27]. Recently a single-arm, 
prospective study showed promising effectiveness and no impairment of 
neurocognitive function and quality of life by using PLDR in newly 
diagnosed glioblastoma [28]. Nevertheless, the PLDR technique has 
never been directly compared with standard reirradiation techniques 
yet. 

In summary, although several experimental results have laid a strong 
radiobiological foundation for the clinical use of low dose radiotherapy, 
only a few prospective clinical trials have been published so far. Phase III 
clinical trials are warranted to evaluate the benefit of combined chemo- 
LDRT or PLDR over conventional treatments for different types of 
cancer. 

2.6. PATHY radiotherapy 

Radiation-induced immunomodulatory effects, such as bystander or 
abscopal effects, are very rare when conventional radiotherapy is con
cerned. The reason for this is because traditional radiotherapy was 
designed primarily to be tumoricidal and not to be immunostimulative. 
Whole-tumor irradiation, especially including the elective treatment 
volumes, usually induces lymphopenia due to killing of circulating im
mune cells and those located in the tumor microenvironment, resulting 
in immunosuppression and weak immunogenic potential [29]. This 
radiation-induced immunosuppression might be overcome and shifted 
to immunostimulation by changing the form of radiotherapy, by, for 
example, delivering an ablative radiation dose to the partial tumor 
volume sparing the peritumoral immune-environment. This novel 
approach can improve the therapeutic ratio adding a component of 
immune-mediated killing to the radiation-directed tumor cell killing, 
[29]. The preclinical findings that preceded the development of this new 
method, showed that the high-single-dose irradiation of hypoxic tumor 
cells generated a more intense bystander effect than the normoxic cells, 
suggesting their important role in potentiation of non-targeted radiation 

effects [30]. This led to the development of a novel concept for PArtial 
Tumor irradiation targeting HYpoxic segment (PATHY) for induction of 
the immune-mediated bystander and abscopal effects. Encouraging 
clinical outcomes in terms of local bulky tumor control, neoadjuvant 
potential, symptom relief and immunomodulatory effects have been 
seen [29,31]. The immunohistochemical and gene-expression analyses 
of surgically removed abscopal-tumor sites, suggested that delivery of an 
ablative radiation dose to the partial (hypoxic) tumor volume, delivered 
at precise time considering the homeostatic fluctuation of the immune 
response, with sparing the peritumoral immune-environment, would 
significantly enhance the immune-mediated anti-tumor radiation ef
fects. This unique unconventional radiotherapy technique due to its 
higher immunogenic potential may improve the prognosis of patients 
affected by highly complex malignancies, providing additional oppor
tunities for future research in terms of combining novel immuno- 
modulating agents with more modern radiotherapy approaches. 

3. Radiobiological mechanisms of the novel unconventional 
radiotherapy approaches 

3.1. Radiation-induced bystander effect 

For advanced SFRT radiotherapies, including GRID, LATTICE and 
Microbeam approaches, our knowledge of the biological drivers of these 
responses is still limited but it is likely that bystander/abscopal effects 
play a role. A similar scenario exists for high dose-rate FLASH exposures 
[32]. The radiation-induced bystander effect is defined as the response 
of cells to the consequences of their neighbors being irradiated and has 
been well characterized in vitro [33]. There is a close interrelationship 
between bystander responses and the abscopal responses, which occur in 
tissues remote from the irradiation field and this is driven by the im
mune response (Fig. 2) [34]. A simple approach to simulate a SFRT 
exposure is to mimic the steep dose-gradients that are inherent in all 
spatially modulated beams by using a partially shielded exposure of a 
cell culture to evaluate both direct and bystander responses [35,36]. 
These approaches clearly show that signaling occurs away from the 
irradiated area, leading to increased cell killing and the effect of this 
cannot be predicted from the delivered dose. 

One recent work has studied the consequences of different bystander 
ranges on overall clinical response by simulating these processes and 
their impact on the effective uniform dose (EUD) delivered to a tumor. 
For lung and prostate tumors, an increased EUD is observed when 
signaling plays a role leading to enhanced cell killing but with minimal 
impact on normal tissue response [37]. The challenge now is to validate 
this pre-clinically and clinically. Preclinical delivery of SFRT beams is 
now possible with small animal irradiation platforms, as image-guided 
beams can be delivered using these systems into tumors and normal 
tissues [38]. 

For clinical translation, an elegant example of this is the PATHY 
project [39,40]. Here, partial irradiation of bulky tumors has been 
advocated to target radioresistant regions of a tumor whilst at the same 
time allowing an immune response to be activated by defining a 
Bystander Tumor Volume (BTV) within the GTV leading to abscopal 
effects. 

3.2. Radiation-induced abscopal effect 

Conventionally fractionated radiotherapy (i.e., 2–3 Gy) mostly in
duces cell death by DNA DSBs that mainly leads to cell apoptosis. When 
doses per fraction over 8 Gy are used, other non-targeted effects of 
radiotherapy appear. These effects are mainly related to the vascular 
system (endothelial apoptosis) leading to tumor cell necrosis and 
increased expression of tumor antigens and “eat-me” signals (HGMB1, 
Calreticulin, ATP), increasing the immune-related cell death [41]. 

High dose per fraction treatments (SBRT/SRS (stereotactic radio
surgery)) seem to also induce a change in the TIME, reducing the 
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immunosuppressive myeloid-derived suppressor cells (MDSC) and reg
ulatory T cells (Tregs), and increasing polarization of the tumor- 
associated macrophages (TAMs) to the M1 anti-tumor phenotype [42]. 

This radiation-induced activation of the immune system is the 
rationale for the sparsely clinically observed abscopal responses, distant 
tumor responses observed out of the radiation fields [43]. Unfortu
nately, tumors inhibit the radiation-induced immune responses through 
the expression of PD-L1 and other factors that suppress the antitumor 
effect of T cells, and often, the abscopal response do not appear clinically 
[44]. 

Immune Check-point Inhibitors (ICI) are molecules able to block the 
PD-1/PD-L1 axis increasing T-lymphocyte activity against the tumor. 
Tumor responses varying from 20 to 50% are related to the development 
of ICI resistance, mainly regarding PD-L1 expression, T cell infiltration 
and mutation profile. SBRT/SRS could be an alternative to re-invigorate 
the immune system in combination with ICI treatment, without the 
clinical limitations of systemic treatments and with sound basis of its 
effect on tumor-suppressive microenvironment [45,46]. Abscopal re
sponses are more common when high SBRT/SRS BED-doses are used, the 
patients are already in ICI treatment, and radiotherapy is administered 
to nodal/visceral metastases. Those patients obtaining an abscopal 
response showed increased survival compared to those not achieving 
abscopal response [47]. 

As a conclusion SBRT/SRS is able to reinvigorate the exhausted im
mune system after ICI tumor resistance, with very limited toxicity most 
likely through generation of abscopal response. 

3.3. Immunomodulation by low-doses 

Although radiotherapy has been combined with immunotherapy, the 
dose and fractionation of radiation that is optimal for such combination 
therapy is not settled. A consensus review on this subject was recently 
published [48]. Briefly, radiotherapy can be divided into three immu
nomodulatory applications, based upon dose and fractionation. Ablative 
high-dose radiotherapy fractionation, usually delivered by SABR or SRS, 
induces immunogenic cell death and may be used for in situ vaccination 
protocols. Sub-ablative fractionation schedules, such as the commonly 
used 8 Gy × 3, activates the cytosolic DNA-induced STING-dependent 

type I interferon response [49] and increases the expression of cell 
surface death receptors, thereby sensitizing irradiated tumor cells to 
immune cytolysis [50]. Finally, TIME-modulating LDRT (0.5–5 Gy) can 
be used to reprogram macrophages to the inflammatory M1 phenotype 
and increase the infiltration of cytotoxic T lymphocytes (CTLs), while 
reducing Tregs [51]. In contrast to high-dose immunogenic ablative 
radiotherapy fractionation that induces primarily a CD8 + CTL-medi
ated anti-tumoral immunity, LDRT was shown to elicit predominantly a 
CD4(+) Th1 cell-mediated immunity with features of exhausted effector 
cytotoxic cells, with a subset expressing NKG2D and exhibiting prolif
erative capacity [52]. In addition, there was activation of dendritic cells 
expressing the NKG2D ligand RAE1 [52]. Since distant unirradiated 
tumors can exert a tumor-specific, Treg-dependent suppressive effect on 
the local and systemic anti-tumoral immune response to in situ vacci
nation [53], LDRT, using either external beam radiotherapy or ther
agnostic radio-immunotherapy, can be used to promote inflammation 
and reprogram the TIME for sensitizing immunologically “cold” resis
tant tumors to immunotherapy [54,55]. Traditionally, fractionated 
radiotherapy has been designed using equal fraction sizes of radio
therapy because of DNA repair and toxicity considerations. This 
convention was challenged by testing whether low dose fractionation 
(0.5 Gy × 4) given before or after a high single dose (22 Gy) radio
therapy can increase the infiltration of immune effector cells and 
improve the tumoricidal effects of high dose ablative radiotherapy 
fractionation [56]. In a model of metastatic breast cancer, we demon
strated that a novel hybrid radiation dose fractionation regimen, con
sisting of a single high-dose radiotherapy, followed by post-ablation 
modulation with four daily low-dose fractions (22 Gy + 0.5 Gy × 4) can 
reprogram the TIME by diminishing Treg-mediated immune suppression 
while increasing infiltration of CD8+ effector CTLs, thereby increasing 
the efficacy of both primary and metastatic tumor control [56]. Similar 
results have been obtained where high dose radiotherapy to one site, 
combined with LDRT to multiple sites have shown benefits in inducing 
“radscopal” tumor response in the LDRT-treated tumors [57,58]. In 
summary, LDRT can reprogram the TIME to an inflammatory environ
ment that supports in situ vaccination of hypofractionated radiotherapy. 

Fig. 2. Schematic of the interrelationship of bystander and abscopal effects.  
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3.4. Combined particle therapy and immunotherapy 

Immunotherapy is considered the most important breakthrough in 
cancer therapy of the 21st century. However, despite the successes of 
ICIs monotherapy for malignant melanoma [59], immunotherapy is 
generally delivered in combination with other cancer treatments such as 
targeted therapy, chemotherapy, and radiotherapy [60]. The combina
tion of radiotherapy and ICIs is particularly attractive because ionizing 
radiation is able to elicit an immune response in the irradiated organism 
thus making it an ideal partner for immunotherapy drugs [61,62]. 
However, while some clinical trials demonstrated increased patients’ 
survival when ICIs are delivered after chemoradiotherapy [63,64], other 
trials gave disappointing outcomes [65,66]. 

A promising approach to improve the clinical results is to replace 
conventional X-ray therapy with particle therapy [67,68]. This is due to 
both physical and biological characteristics of radiotherapy with accel
erated charged particles. Thanks to the Bragg peak, charged particles 
recue the integral dose to the patient and therefore spare more immune 
cells compared to conventional radiotherapy, resulting in reduced 
lymphopenia [69,70]. On the other hand, the peculiar biological effects 
of high-linear energy transfer (LET) heavy ions can lead to antigenicity 
and adjuvanticity, thus resulting in a synergistic effect when combined 
to immune-stimulating drugs [71]. 

Pre-clinical studies conducted on the combination of immuno
therapy and charged particle irradiation have shown promising results 
so far. An increased second tumor rejection was observed following 
injection of pre-treated dendritic cells (DCs) and resulted in increased 
specific lysis activity of CD8+ T cells [72,73]. In an osteosarcoma mouse 
model, reduced lung metastases were measured after combination of 
radiation with ICIs (anti-CTLA4 and anti-PD-1) [74], and the effect was 
stronger when using 12C-ions than X-rays (75) (Fig. 3). A combination of 
12C-ions and anti-PD-1 resulted in more tumor infiltration of CD8+ T 
cells than any other single or combined treatment investigated and 

significantly improved the survival of mice in two different melanoma 
models when iso-effective doses were compared [76]. In an abscopal 
tumor mouse model, unirradiated tumors showed higher frequencies of 
naïve T cells activated when 12C-ions were combined with anti-CTLA4 
[77]. 

In conclusion, combination of radiotherapy and immunotherapy is 
likely to be widely exploited in the management of advanced solid 
cancers. Pre-clinical results support the rationale that particle therapy 
can be the ideal match of immunotherapy. 

4. Development of other promising unconventional radiation 
delivery approaches 

4.1. Flash 

FLASH has become a fascinating and novel research field attracting 
the attention of the scientific community and the radiotherapy industry. 
It is based on irradiation at ultra-high dose rates and has been shown to 
differentially modify normal tissue and tumor response to irradiation. 
With more than 30 articles published in preclinical models, the interest 
of FLASH is convincing (Fig. 4) and show preservation of normal tissue 
and maintenance anti-tumor efficacy in tumor-free animals, tumors 
induced subcutaneously, orthotopically, in genetically engineered 
mouse models (GEMMs), in immunocompetent and immunocompro
mised animals [78]. 

This “in vivo” differential effect has been named “the FLASH effect“ 
and has been reported to occur with electron, photon, and proton beams 
using single dose, hypofractionated regimen and very recently standard 
fractionation (Limoli and Vozenin et al. in press). However, today only a 
few beams have been validated as inducing the FLASH effect and most of 
the FLASH studies have been performed with the Kinetron at Institut 
Curie and the Oriatron/eRT6 at the CHUV [78]. These electron irradi
ators have low energy (4–6 MeV); consequently, their applicability is 
limited to small animals and superficial tumors (dose depth profile 
around 1.5 cm). Several groups have modified clinical LINACs into 
UHDR FLASH-irradiators (17–20 MeV) [79]; likewise, Varian Inc is now 
offering FLASH-enabled electron LINACs modified from their commer
cial CLINACs and TRUEBEAM machines. Although the FLASH effect has 
been primarily observed with electron beams, similar findings have been 
qualitatively validated in preclinical experiments with photon [80,81] 
and proton beams operating at a mean dose rate above 40 Gy/s [82]. The 
FLASH effect has also been reported recently with the use of proton- 
FLASH-PBS and Bragg peak proton-FLASH beams. Remarkably, 
although the structure of the electron, photon, and proton FLASH beams 
is different, they have all been shown to produce the FLASH effect. 

In contrast and although performed at a high-dose rate, some studies 
have reported the absence of the FLASH effect using synchrotron photon 
[83], proton [84], and electron [85,86] beams. These studies might have 
been carried out with different beam parameters or beyond those 
required to elicit a significant FLASH effect and emphasize the fact that 
critical physical parameters required to trigger this biological effect are 
still not fully understood. In addition, recently trials conducted in do
mestic and large animals showed that a high single dose could cause late 
toxicity even when FLASH is used [87]. These studies suggest that the 
parameters and conditions required to robustly produce the FLASH ef
fect are not sufficiently understood and characterized. Despite this gap 
of knowledge, FLASH is moving in the clinic. Studies with electron [88] 
including the first side-by-side comparison of FLASH vs conventional 
dose rate [89], and proton-FLASH [90] have been performed and show 
no difference in the toxicity profile triggered by FLASH and conven
tional dose rate. This type of studies might cast the doubt on the benefit 
of FLASH and might enhance skepticism whereas more work is needed 
to optimize FLASH from technological and biological angles. 

Fig. 3. Potential of metastatic suppression of carbon-ion radiotherapy (CIRT). 
As compared to X-ray radiotherapy (XRT), CIRT alone already results in a 
significant reduction of the number of superficial lung metastases in an 
abscopal osteosarcoma mouse model. The effect is enhanced when combined 
with checkpoint inhibitors (CPI) Reproduction from Helm et al. [75]. 
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4.2. Clinical implementation of LET-painting in proton therapy treatment 
planning 

Treatment planning of Intensity modulated proton therapy (IMPT) is 
performed using a constant relative biological effectiveness (RBE) of 1.1, 
even if RBE for normal tissue depends on endpoint, α/β ratio, LET and 
fractionation. Differences in LET definitions in biological experiments 
and in Monte Carlo (MC) calculations have been observed and accord
ingly steps towards harmonization of LET-calculations have been taken 
[91,92]. 

Some centers have the capability to calculate LET and RBE in the 
treatment planning system (TPS), whereas many centers use MC- 
calculations of LET outside of the clinical TPS, as currently no com
mercial proton TPS is able to perform LET/RBE-optimization for use in 
clinical treatment plans. RaySearch Laboratories provide a research 
proton-TPS, where it is possible to optimize using different options for 
decreasing LET/RBE in OAR. 

The concept of LET-painting utilizes delivery of high LET radiation 
only to the radioresistant compartments within the tumor volume so 
that normal tissues are minimally exposed to this high LET radiation. 
This results in significant reduction in the radiation-induced toxicity as 
the normal cells retain their ability to repair. Based on this, we devel
oped a study that focused on decreasing the dose component delivered 
with protons having an LET above a certain threshold. Unpublished 
findings from this study showed that the decreased high-LET dose 
component was associated with a decrease in RBE to the brainstem in 
treatment of meningioma patients and that a reduction in normal brain 
doses of 22% was obtained, omitting the limitations of beams with distal 
edge in the brainstem (Table 1, Fig. 5). To make optimization criteria 
solely based on LET is questionable, as the combination of intermediate 
LET values and high dose results in increased RBE. Yet, LET-painting has 
the potential to reduce the normal tissue complication probability 
(NTCP) for brainstem necrosis and optical damage [93]. 

To make LET-painting available for clinical use, certain issues have 
to be considered, such as the availability of new optimization capabil
ities in the TPS in trade off to available resources for implementing a 
new TPS in the clinic. Methods for including LET/RBE in evaluation of 

uncertainties have to be developed. In addition, quality assurance (QA) 
of treatment plans has to be performed not only for dose, but also for 
LET. Measuring LET is not trivial, and is typically only possible by in
direct means. Therefore, there is also a need to compare different 
methods for experimentally obtaining the average LET in clinical rele
vant settings that will require discussion amongst various investigators/ 
medical physicists with the primary aim of preparing for commissioning 
of LET-optimization and patient specific QA of LET-optimized plans. 

4.3. Microbeam and minibeam radiation therapy 

Among the different forms of SFRT, microbeam (MRT) [94] and 
minibeam radiation therapy (MBRT) [95] use very narrow (sub
millimetric) beams. The irradiation in MRT and MBRT is performed with 
arrays of parallel 50 µm and 0.5 to 1.0 mm wide beams, respectively. 
This enables the alliance between the advantages of SFRT with the 
exploitation of the dose volume effects [96]. The beam spacing ranges 

Fig. 4. Preclinical and clinical investigations of FLASH updated from Limoli and Vozenin, Ann Rev Cancer Bio (in press).  

Table 1 
The study included 5 meningioma patients treated to 54 Gy RBE. D2cc of the 
brainstem for the plans with clinical beam configuration (Clin) and optimized 
with penalty on the high LET component to the brainstem (Clin opt). Column 3 
and 4 show the same values for the conformal plan (DE) and the corresponding 
optimized plan using an objective on the high LET component of the dose 
(DE_opt).  

D2cc in GyRBE Clin Clin_opt DE DE_opt 

Pt1 DhighLET  13.1  9.0  13.7  9.4 
Pt1 VarRBE  56.3  54.9  56.2  55.1 
Pt2 DhighLET  11.5  8.5  17.0  9.6 
Pt2 VarRBE  55.6  54.9  56.9  54.9 
Pt3 DhighLET  18.8  9.8  26.5  14.6 
Pt3 VarRBE  59.7  57.3  61.2  56.7 
Pt4 DhighLET  11.6  8.7  20.7  11.3 
Pt4 VarRBE  51.3  48.6  50.0  38.6 
Pt5 DhighLET  16.1  9.7  18.8  10.2 
Pt5 VarRBE  58.8  57.5  59.4  56.9 
Average DhighLET  14.2  9.1  19.3  11.0 
Average VarRBE  56.3  54.6  56.8  52.4  
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from 200 to 400 µm in MRT and from 1 to 4 mm in MBRT. MRT and 
MBRT are still at the preclinical stage but they hold great potential to 
achieve radical treatments of radioresistant tumors, such as gliomas 
[97–101]. 

MRT and MBRT originated at large 3rd generation synchrotrons 
[93], facilities offering ideal beam features for these techniques: negli
gible divergence, kilovoltage X-rays beams and enormous dose rates. 
MRT and MBRT have shown a remarkable normal tissue sparing at very 
high peak doses (up to 100 Gy in MBRT and 600 Gy in MRT) 
[95,102–108], and tumor control in aggressive tumor models 
[109–112], such as gliomas. It should be highlighted that each tech
nique should be used and compared in its respective therapeutic range 
(20–30 Gy integral dose in MBRT and 100 Gy in MRT). 

The advancement of MRT has been slowed down due to the need for 
very high dose rates and kilovoltage X-rays beams to avoid blurring of 
the characteristic patterns of peak-and-valleys [93]. This has confined 
the exploration of the technique to a few large synchrotron facilities. 
Novel and recent concepts [113,114] offer promise of enabling the MRT 
exploration outside synchrotrons sources, although MRT would still be 
limited to low energy X-rays beams [115]. The first MRT in trial has been 
recently performed in dogs [116]. The results of the short follow up (3 
months) in treated dogs are promising, however, insufficient for solid 
conclusions yet. 

The wider beams employed in MBRT provide several benefits. 
Firstly, the patterns of peak-and-valleys are not dependent on the cardio 
synchronous pulsations, and the technique could be implemented into 
conventional and low-cost equipment [117]. In addition, MBRT is not 
limited to the use of low energy X-rays beams but it can be implemented 
with higher energy X-rays [118], protons [119], carbon [120] and some 
other heavier ions [121]. The excellent results (71 % pathological 

complete remission without toxicity) of the first de novo brain tumor 
dog MBRT trial [122] opens the door to the transition towards clinical 
trials. 

The full picture of the biological mechanisms induced by MRT and 
MBRT is still missing. Main potential players with some experimental 
evidence reported in the literature include differential vascular effects 
[123], cell signaling effects (bystander-like effects) [124,125], abscopal 
effects [126], inflammation and immunomodulatory effects [127,128], 
and stem cell migration [129]. 

Currently, the relative weight and interrelation of those possible 
contributors and how these effects are translated when the spatial dose 
distribution is modified are still unclear. 

Further biological experiments are urgently needed to parameterize 
the relationship between the irradiation parameters (beam width, 
spacing, PVDR, peak and valley doses) and the radiobiology. 

5. Conclusions 

Despite all the advances of modern radiation oncology, cancer 
remain non-curable for a large proportion of patients. In its current, 
traditional form, conventional radiotherapy is not able to deliver an 
ablative radiation dose to these tumors without exceeding the dose- 
constraints of nearby critical structures. In most of these cases, stan
dard radiotherapy may neither improve survival nor offer an improve
ment in quality of life, usually resulting in treatment failure. Obviously, 
these situations require different ways of delivering radiation, exploiting 
different mechanisms of action. Indeed, the emerging, novel, uncon
ventional radiotherapy approaches appear to be effective in these 
complex tumors. These unconventional approaches might be subdivided 
into two subgroups, the one used in the clinic by few clinicians lacking 

Fig. 5. Upper left clinical beam configuration avoiding more than one field having distal edge in the brainstem. Lower left the conformal plan. Upper right DVH 
showing the sparing of Brain-CTV (Yellow), brainstem (Green) with same coverage of CTV (Cyan). Dotted line the conformal plan full line the clinical plan. Lower 
right panel shows the dose difference map with red colors showing the spared area of the brain. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 
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strong biological rational and systematic investigations (GRID, LAT
TICE, PATHY), and another developed from preclinical studies lacking 
technological robustness and significant clinical applicability (FLASH, 
MRT). Merging these two approaches in a top-down and bottom-up 

manner and shared models and expertise might enhance to their trans
lation. These approaches adopt different radiobiological mechanisms, 
especially when SFRT are concerned, boosting the radiation-mediated 
tumor cell killing by adding an immune-mediated killing component 

Table 2 
Ongoing clinical trials utilizing novel unconventional radiotherapy approaches.  

Clinicaltrials. 
gov identifier 

Study Type Study start 
date 

Recruitment 
status 

Planned 
number of 
participants 

RT 
technique 

RT fx Condition/ 
disease 

Primary 
endpoint 

NCT04168320 SBRT-PATHY Phase 1 October 
30, 2018 

Recruiting 30 PATHY 10 or 12 Gy × 3 Unresectable 
bulky tumors 

Bystander and 
abscopal effect 

NCT04875871 PARTICLE-PATHY Phase 1–2 May 6, 
2021 

Recruiting 23 PATHY 8, 10, 12 or 15 
Gy × 3 

Unresectable 
bulky tumors 

Bystander 
(local) tumor 
response rate 

NCT02333110 GRID Therapy as 
Palliative Radiation 
for Patients With 
Advanced and 
Symptomatic Tumors 

NA January 7, 
2015 

Recruiting 50 GRID 15–20 Gy × 1 Advanced and 
Symptomatic 
Tumors 

Symptom relief 

NCT04549246 GRID Therapy for 
Tumors of the Head, 
Neck, Thorax, 
Abdomen, Pelvis and 
Extremities 

Observational June 18, 
2020 

Active, not 
recruiting 

120 GRID 20 Gy × 1 Head, Neck, 
Thorax, 
Abdomen, 
Pelvis and 
Extremities 

Local/ 
radiographic 
control rate 

NCT05121545 ProGRID Phase 1 April 6, 
2022 

Recruiting 12 GRID 2–18 Gy × 1 Sarcoma, 
Melanoma 

Feasibility of 
the Pro-GRID 

NCT05443971 Durvalumab and 
Grid Therapy for the 
Treatment of Non- 
small Cell Lung 
Cancer in Patients 
Who Progressed 
During or After 
Treatment With the 
PACIFIC Regimen 

Phase 2 January 
30, 2023 

Not yet 
recruiting 

10 GRID 20 Gy × 1 Stage III 
NSCLC 

Safety of GRID 
+ Durvalumab 

NCT04553471 Palliative Lattice 
Stereotactic Body 
Radiotherapy (SBRT) 
for Patients With 
Sarcoma, Thoracic, 
Abdominal, and 
Pelvic Cancers 

Phase 1 September 
22, 2020 

Active, not 
recruiting 

70 LATTICE 5-fraction 
Lattice SBRT 
delivered to 20 
Gy with a 
simultaneous 
integrated 
boost (SIB) to 
66.7 Gy 

Large 
Sarcoma, 
Thoracic, 
Abdominal, 
and Pelvic 
Cancers 

Rate of local 
control 

NCT05524064 FAST-02 Phase 1 September 
20, 2022 

Active, not 
recruiting 

10 FLASH 8 Gy × 1 Bone 
Metastases in 
Thorax 

Toxicity, Pain 
Relief 

NCT04592887 FAST-01 Phase 1 November 
3, 2020 

Active, not 
recruiting 

10 FLASH 8 Gy × 1 Bone 
Metastases in 
Thorax 

Workflow 
Feasibility, 
Toxicity 

NCT04986696 IMPulse Phase 1 July 1, 
2021 

Recruiting 46 FLASH 7 dose levels: 
22 Gy; 24 Gy; 
26 Gy; 28 Gy, 
30 Gy, 32 Gy 
and 34 Gy, 
single fraction 

Melanoma Determination 
of maximum 
tolerated dose, 
Toxicity 

NCT04779489 CIRTiN-BC Phase 1 September 
6, 2021 

Recruiting 27 PULSAR 12 Gy × 1 every 
12–16 days 

Bladder 
Cancer 

Protocol 
Completion 

NCT04786093 Durvalumab and 
Stereotactic 
Radiotherapy for 
Advanced NSCLC 

Phase 2 August 10, 
2021 

Recruiting 52 PULSAR 12–15.5 Gy × 1 
every 4 weeks 

NSCLC Quality of Life 
Scores 

NCT04889066 Durvalumab 
(MEDI4736) and 
Radiosurgery (fSRT 
vs. PULSAR) for the 
Treatment of Non- 
Small Cell Lung 
Cancer Brain 
Metastases 

Phase 2 June 1, 
2023 

Not yet 
recruiting 

46 PULSAR 8–9 Gy × 1 
every 4 weeks 

Brain 
Metastases of 
NSCLC 

Intracranial 
clinical benefit 

NCT05021237 Ultrafractionated 
Radiation Therapy 
for Metastatic 
Cervical Cancer 

Phase 2 February 1, 
2022 

Recruiting 30 PULSAR 8–8.5 Gy × 1 
every 3–5 
weeks 

Cervical 
Cancer 

Overall 
Survival 

NCT04035642 PROSINT II Phase 2 June 1, 
2019 

Recruiting 200 Single 
Dose RT 

24 Gy × 1 Prostate Treatment- 
related adverse 
events  
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resulting in improved radiotherapy therapeutic ratio. The prospective 
trials utilizing multiple SFRT approaches are ongoing and available data 
suggest their safety and effectiveness associated with high immuno
modulatory and neoadjuvant potential (Table 2). Therefore, the possible 
combination of SFRT with conventional radiotherapy may become a 
new standard of care treatment for these complex tumors. This will 
however require high-level evidence to be built. We believe that these 
approaches deserve more support and systematic investigations, as they 
might become the future of radiation oncology, at least for some specific 
patient subpopulations that cannot benefit from conventional 
radiotherapy. 
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