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ABSTRACT
This work investigates the feasibility of using fast neutrons for intra-operative radiotherapy (nIORT®) in the 
treatment of aggressive brain cancers, particularly glioblastoma multiforme (GBM). A compact neutron generator 
produces neutrons of 2.45 MeV energy with high linear energy transfer, elevated relative biological effectiveness 
(RBE ≅3÷5 times higher than X-rays and electrons) and reduced oxygen enhancement ratio, key factors in 
overcoming hypoxia-mediated radioresistance. Monte Carlo simulations using the MCNP code demonstrate that 
the nIORT® device can deliver a diffuse high-flux beam (~108 cm-2 s-1), achieving equivalent dose rates of ~1.2 
Gy(RBE)/min and allowing short irradiation times. Unlike standard IORT techniques relying on focused beams of 
X-rays or electrons, the diffuse neutron beam can treat large and topographically irregular tumor beds, a notable 
advantage in GBM. The dose gradient in tissues depth induced by fast neutrons exhibits complementary features 
with respect to the steep behavior of electrons and the more penetrating X-rays, that could be advantageously 
exploited in balancing the need for an effective local tumor control.

The compactness and limited weight (~120 kg) of the self-shielded nIORT® device remotely operated via a robotic 
arm, and its ability to administer high dose targets within few minutes, represent fundamental advantages in 
the view of possible treatments in a hospital OR dedicated to nIORT® without posing safety concerns. Although 
the nIORT® approach requires specialized equipment, personnel, and careful logistical planning, its enhanced 
efficacy and broader dose coverage suggest a significant potential in adjuvant therapy. Combining nIORT® with 
immunotherapy warrants further study, as fast-neutron–induced cell death could intensify immune responses 
and support synergistic effects of immune checkpoint inhibitors. If clinically validated, nIORT® may offer an 
important step toward more effective, multimodal treatment strategies - integrating surgery, chemotherapy, and 
immunotherapy - to improve outcomes for patients with GBM and other high-risk brain malignancies.
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room, QCC: Quiescent cancer cell, RBE: Relative Biological 
Effectiveness, RIAE: Radiation-induced abscopal effect, RIBE: 
Radiation-induced bystander effect, RISM: Radiation-induced 
secondary malignancy, RT: Radiation therapy, SSB: Single strand 
break, TME: Tumor microenvironment, TMZ: Temozolomide.

Symbols
D’f		  Physical dose rate [Gy min-1]
D’eq		  Equivalent dose rate [Gy (RBE) min-1]
Deq,T		  Equivalent dose Target (or clinical end-point) 
[Gy (RBE)]
φ		  Flux [cm-2 s-1]
min		  minute(s)
TT		  Treatment time

Introduction
Brain tumors, particularly glioblastoma multiforme (GBM), 
are known for their high aggressiveness and the lack of curative 
treatment options. The GBM is the most common and deadliest 
primary malignant brain tumor in adults, characterized by 
rapid growth, high invasiveness and a remarkable resistance to 
conventional therapies. Despite advances in surgical, chemotherapy, 
and radiotherapy (RT) techniques, the prognosis for GBM patients 
remains poor, with a median survival of approximately 12÷15 
months following diagnosis [1]. One of the defining features of 
GBM is its diffuse infiltration into surrounding brain tissue, which 
makes complete surgical resection nearly impossible. Even with 
maximal tumor removal, residual microscopic disease typically 
persists, contributing to high recurrence rates. Additionally, GBM 
exhibits large tumor beds (~4÷10 cm) and significant heterogeneity 
at the cellular and molecular levels, further complicating treatment 
efforts. This heterogeneity includes variations in genetic mutations, 
metabolic pathways and responses to therapy, which collectively 
contribute to the tumor's resilience against standard treatments 
[2,3]. The current standard of care for GBM is a combination of 
surgery, RT and chemotherapy, commonly referred to as the “Stupp 
protocol”. This chemoradiation therapy regimen involves maximal 
safe surgical resection of the tumor, followed by RT (typically 
60 Gy delivered in 30 fractions) combined with concurrent 
daily administration of temozolomide (TMZ), an oral alkylating 
chemotherapy agent. After the RT phase, patients continue with 
adjuvant TMZ for six cycles. This protocol has demonstrated 
modest improvements in overall survival and progression-free 
survival: nearly all patients experience disease progression due to 
the tumor's intrinsic resistance mechanisms [4].

Determining the most efficient type of radiation remains a critical 
question in the RT research field. As well known, biological 
responses triggered by RT exposure mainly depend on:
•	 the energy deposition per unit length of radiation track, 

i.e., linear energy transfer (LET: keV/µm), that is directly 
proportional to the number of ionization events along the 
particles’ path;

•	 the relative biologic effectiveness  (RBE), representing the 
ratio of doses required by two different radiations (e.g., 

photons and ions) to cause the same level of biologic effect, in 
which photon X and γ-rays of certain energy are assumed as 
reference radiation with a unitary RBE value.

Recent advancements have explored the use of radiation particles 
with high LET for GBM treatment, such as neutrons and carbon 
ions [5]. While X-rays and electrons are commonly used due to 
their accessibility and established protocols, high-LET particles 
such as neutrons, protons and carbon ions have shown promising 
results in achieving better tumor control. Proton therapy, for 
instance, allows precise dose delivery with minimal exposure to 
surrounding healthy tissues, making it an attractive option for 
complex tumors. Carbon ion therapy combines the advantages of 
proton therapy with the high biological effectiveness of high-LET 
radiation, potentially offering even greater benefits [6]. 

When compared to conventional low-LET radiation, high-LET 
particles offer superior biological effectiveness (i.e., RBE strongly 
depending on LET value) since they generate fewer but larger 
double-strand DNA breaks (DSBs) per unit dose. Apart from LET, 
the RBE value is also affected by the dose per fraction (inversely 
proportional), the type of tissue and the cell cycle stage (the radio-
sensitivity change at different stages). In any case, irradiation 
particles with low LET and RBE values (as X-rays) are less effective 
in treating radioresistant tumors, such as GBM, and may require 
higher doses to achieve the same therapeutic effect, increasing the 
risk of damaging healthy tissues. Otherwise, radiation particles 
with high LET and RBE (as fast neutrons) cause more complex 
DNA damage, which is harder for tumor cells to repair, potentially 
improving the local tumor control (LTC) and patient outcomes. 
Early clinical studies and preclinical data suggest that high-
LET RT could significantly enhance the treatment response in 
radioresistant tumors like GBM: further research is required to 
optimize treatment protocols and minimize toxicity to surrounding 
healthy tissues [7].

In parallel with RT, immunotherapy is gaining attraction 
as a complementary strategy for the GBM treatment. The 
immunosuppressive tumor microenvironment (TME) of the GBM 
has historically hindered the effectiveness of immunotherapies, 
such as immune checkpoint inhibitors (ICIs). But recent studies 
suggest that combining RT with immunotherapy could help 
overcome this barrier. Radiation-induced tumor cell death releases 
neoantigens, which can enhance the immune system’s ability to 
recognize and target cancer cells. Early-phase clinical trials are 
currently investigating combinations of RT and immunotherapy, 
including vaccines, ICIs and adoptive cell therapies, showing 
promising preliminary results [8]. Given the complexity of GBM, 
a multimodal approach that integrates surgery, chemoradiation, 
advanced RT techniques and immunotherapy may represent the 
best path forward. Continued research into these complementary 
strategies is critical to improving survival and quality of life for 
patients with this devastating disease [9].

Among the advanced RT techniques, the intra-operative 



Volume 8 | Issue 1 | 3 of 15Cancer Sci Res, 2025

radiotherapy (IORT) has become a very promising adjuvant 
treatment [10]. As a meaningful example, in the case of breast 
cancer some studies demonstrate both feasibility and outcome 
equivalence, if not superiority when applied in the optimal 
setting, respect to the external beam radiotherapy (EBRT) [11]. 
In the IORT treatment plannings the dose target is administered 
in a one-shot irradiation directly in the surgical cavity (and not 
by a fractionation scheduled EBRT on the skin upon the “closed 
wound”) by zeroing the time to initiation that limits the repopulation 
of residual cancer cells in the TME. Therefore, the one-shot IORT 
irradiation - with craniotomy after maximal surgical resection, 
aiming to avoid the tumor cells’ proliferation between surgery and 
radio-chemotherapy, and to spare healthy tissues - could represent 
a very promising therapeutic option to be inserted in a multimodal 
approach protocol for the treatment of the GBM and other severe 
brain cancers.

Some IORT techniques were recently investigated and adopted 
for the GBM treatment [12-18]. Generally, the most common 
techniques for the solid cancers’ treatment mainly exploit as 
irradiation particles:
•	 low-energy (~50 keV) X-rays, with the so-called low energy 

X-rays IORT (LEX-IORT [13]);
•	 high-energy (~1÷5 MeV) electrons, with the so-called IOERT 

[16].

Even though the IORT treatments sometimes present favorable 
radiobiological factors and outcome data beyond those obtained 
with standard EBRT techniques, their applicability is still limited 
to some cancer pathologies and related tumor bed features. Besides 
the low effectiveness of low-LET and low-RBE particles in treating 
radioresistant cancers, the tumor beds with significant extension 
and topographic irregularities (as the GBM) remain a therapeutic 
challenge with existing technologies foreseeing a focused beam 
(as in the IOERT, most reliable for flat tissue surfaces) and/or a 
beam with a limited irradiation target area (as in the LEX-IORT).

This research study considers the IORT treatment of solid brain 
tumors with fast neutrons produced by a compact neutron generator 
(CNG) that, through the deuterium-deuterium (DD) fusion 
reaction, generates neutrons of 2.45 MeV energy [19]. The CNG is 
self-shielded, limited in size and weight (~120 kg) and manageable 
remotely by a robotic arm. The utilization of a compact source, 
instead of big installations as accelerators (producing neutrons 
e.g., by spallation process of the incident ions on beryllium or 
heavy metal targets) represents a fundamental advantage in the 
view of possible treatments in a hospital operating room (OR). 
Difficulties and limitations of the irradiation treatments made in 
the past with fast neutrons [20] should be mainly overcome by 
the IORT modality, also considering that the excessive toxicity 
of neutrons found by oncologists was partly due to inadequate 
radiobiological understanding, and it was possible to achieve 
better clinical outcomes with low-dose neutrons than photons [21].

Differently from the treatments with low-LET particles mainly 

inducing isolated DNA lesions and sublethal damage, the high-
LET neutrons could induce highly localized and clustered DNA 
damage more difficult to repair, leading to necrosis and apoptosis 
of the cancer cells. Additionally, there are concurrent secondary 
effects leading to cancer cells’ death, such as a major release of 
reactive oxygen (and nitrogen) species and free radicals. High-
LET radiation can overcome multiple mechanisms of resistance 
typical of low LET radiation, including tumor hypoxia (that 
within the TME enhances resistance to RT) with the further 
advantage of a reduced oxygen enhancement ratio (OER) [22,23]. 
The RT with fast neutrons presents also some advantages in the 
treatment of slow-growing tumors (e.g., as GBM and prostate 
adenocarcinomas) and, thanks to the better therapeutic gain than 
photon therapy, it could be the most appropriate for the partially 
resected and recurrent cancers (e.g., as GBM and salivary gland 
tumors) [21].

As discussed in this article, the fast neutrons of 2.45 MeV energy 
produced by the CNG could be used for tumors irradiation. Both 
LET and RBE values depend on neutron energy and the biological 
tissue considered [24]: with energy of about 2.5 MeV, the LET 
results ~30÷50 keV/µm [25], the RBE in tumor cells was measured 
in the 4÷5 range and limited to about 2.5 in normal tissues [24]. 
Thus, the biological effectiveness of fast neutrons in tumor cells 
is about 4÷5 times the ones of standard LEX-IORT and IOERT 
techniques. In this work, the RBE was conservatively assumed 
equal to 3.5 [26] for all tissues of the surgical cavity potentially 
filled with quiescent cancer cells (QCCs).

Relying on the beneficial IORT peculiarities (time to initiation 
zeroing from surgical rejection, administration of high dose levels 
in the tumor bed and lower dose levels in neighboring normal 
tissue), this feasibility study investigates the brain cancers treatment 
by means of the so-called neutron-IORT (nIORT®) technique 
patented by the TheranostiCentre S.r.l. company (TC, Italy) [27]. 
Besides the high-LET and high-RBE of the fast neutrons, the 
spatial diffusion of the beam produced by the CNG can overcome 
some limitations of the current IORT techniques for tumor beds 
with significant extension and topographic irregularities, as in 
the case of GBM. Moreover, the almost isotropic distribution of 
the beam could be particularly suitable for the irradiation of the 
local recurrences, frequently observed within 2÷3 cm from the 
initial GBM lesion and representing the major cause for clinical 
deterioration (and deaths) [28].

The CNG performances for potential nIORT® treatments of 
brain cancers with craniotomy were analyzed by means of the 
Monte Carlo code MCNP ver. 6.1 [29] coupled with the most up 
to date ENDF/B-VIII.0 nuclear data [30]. By modelling a 4-cm-
diameter cylindrical IORT applicator to be inserted in the “skull 
opening”, the neutron flux distribution and the corresponding 
dosimetry parameters were evaluated in the superficial tissues 
of the surgical cavity (brain, skull and skin) and in brain depth. 
The MCNP code was also adopted to simulate the irradiation 
with standard IORT techniques adopting X-rays and electrons: 
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by maintaining the 4-cm-diameter cylindrical IORT applicator, a 
focused beam of 2-cm-diameter was assumed for both particles. 50 
keV photons and 1 MeV electrons were considered for LEX-IORT 
and IOERT, respectively, usually adopted for treating superficial 
tumors with distinct advantages in terms of dose uniformity in 
the target volume [12-18]. This research study analyses - and 
remarks - the complementary features of the nIORT® potential 
treatments in comparison to the standard LEX-IORT and IOERT 
techniques, especially for what concerns the utilization of a diffuse 
beam of high LET and high RBE neutrons and its impact on the 
main dosimetry parameters, such as the flux/dose profiles in the 
superficial tissues of the surgical cavity and in brain depth.

The D-D Fusion Compact Generator for nIORT®
In the last 5 years, the research program on nIORT® was carried 
out by TC in collaboration with the Berkion Technology LLC 
company (BT, USA) and the Italian National Agency for New 
Technologies, Energy and Sustainable Economic Development 
(ENEA). The main outcomes of the activities are represented by:
•	 the fabrication of the first two prototypes of the DD-

CNG (briefly described hereafter) in which the second one 
foresees some technological advancements making possible 
its potential installation in an OR dedicated to nIORT® 
treatments without posing safety and environmental concerns 
[31]; 

•	 the realisation of a new equipped ENEA laboratory [32] for 
the experimental characterization of the CNG prototypes 
and successive related experiments in view of the nIORT® 
application, e.g., in vitro tests on commercial cancer cells. 

The CNG design was filed as an international patent in 2021 and 
registered at the WIPO (World Intellectual Property Organization) 
in 2023 [31]. The conceptual scheme in Figure 1 summarizes its 
main design features and shows its three main components: 
•	 the ion source, that is a RF-driven plasma chamber with D (a 

nonradioactive isotope of hydrogen);
•	 the acceleration column made of High-Density Polyethylene 

(HDPE, having excellent properties in shielding neutrons);
•	 the beam target electrode made of titanium. 

The two CNG prototypes - designed and developed in the 
collaborative research program by TC, BT and ENEA - were built 
in the BT laboratories in the last three years. The picture in the 
top-right part of Figure 1 shows the HDPE accelerator column 
(about 15 cm in diameter) and the attached RF plasma chamber. 
The positive deuterium ions (D+) created in the RF chamber are 
accelerated to the titanium target where DD fusion reactions occur 
by generating neutrons of 2.45 MeV energy. Operating the DD-
CNG at 100 kV - 10 mA DC, a neutron yield of 3.3 109 s-1 is 
generated in the titanium target and the neutron flux results ~108 
cm-2 s-1 at the irradiation window close to the target [31].

Figure 1: Conceptual design and main features of the D+ ion-based CNG. 
Picture of the HDPE accelerator column with the D+ ion source plasma 
chamber (top-right).

Dose Calculation Methodology for nIORT®
To simulate the nIORT® treatment with the MCNP code [29], the 
CNG model was positioned close to a head analytical model with 
craniotomy (see next section). The neutron flux levels in the brain 
surgical cavity were evaluated starting from the neutron yield (  
3.3 109 s-1) generated by the 100 kV-10 mA DC D+ ions impinging 
on the titanium target, with a near-isotropic direction of emission 
reproduced by the code. Neutrons are uncharged particles that do 
not interact with electrons clouds, but directly with target nuclei 
through scattering and absorption reactions. In human tissues, the 
most dominant process of energy transfer derives from the 
interaction with hydrogen nuclei (for their abundance, high cross-
section and low mass compared to the other atoms) and mainly 
generates recoil protons. The MCNP simulations were not 
restricted to neutrons (i.e., primary ones coming from the titanium 
target and secondary ones coming from the scattering with CNG 
components and patient tissues), but they also include photons: 
i.e., gammas (γ) created by neutrons interaction with tissues’ 
nuclei and CNG shielding. 

The physical dose rate distributions (Gy/min) in the superficial 
tissues of the surgical cavity around the nIORT® applicator and in 
brain depth were evaluated with MCNP, that simulates accurately 
the interaction of neutrons and secondary photons in the tissues. 
Starting from the physical dose rates due to neutrons (D’f,n) and 
gammas (D’f,γ) expressed in Gy per minute (Gy/min), the total 
equivalent dose rate (D’eq) administered - expressed in Gy (RBE)/
min - can be obtained by the following equation:

  [Gy (RBE)/min]		 (1)

where:
•	 the RBE value of fast neutrons in biological tissues (RBEn) 

varies between 3 and 5 [24-26] and here it was assumed 3.5 
for all the tissues of the surgical cavity (brain, skull and skin);

•	 the RBE value of secondary photons in biological tissues 
(RBEn) was assumed 1.1 [13].
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The equivalent dose rate profiles due to neutrons and photons were 
calculated starting from the physical dose rates in the biological 
tissues calculated directly by MCNP, and then multiplied by the 
corresponding RBE values by equation (1). The neutrons’ 
contribution to the total equivalent dose rate in superficial tissues 
results about 650 times higher than the contribution of secondary 
gammas because of the higher neutron flux ( 20x photon flux), 
LET and RBE (3.5 vs. 1.1) values. Referring to the aimed dose 
target ( ) defined by standard clinical protocols, usually named 
clinical end point, the treatment time (TT) needed to administer it 
can be easily obtained:

TT = Deq,T/D'eq			   [min]			   (2)

The spatial distributions of the equivalent dose rates (1) in the 
surgical cavity and in brain depth were accurately evaluated by 
MCNP to estimate the peak value administered in the superficial 
tissues at the center of the tumor bed - usually corresponding to 
the  clinical end point – as well as the dose administered in 
the surrounding tumor bed margins and normal tissues, whose 
compositions were retrieved from reliable MC human phantoms’ 
models in literature [33].

Monte Carlo Simulation of the nIORT® Treatments
The left side of Fig. 2 shows a 2D section of the MCNP model of the 
CNG and surrounding shields, made of borated PE and an external 
layer of lead (mainly for γ rays). The whole system is a cylinder 
with about 30 cm in diameter and 40 cm in length. For simplicity, 
the MCNP model does not consider the ion source chamber (in 
the back part of the acceleration column, see Figure 1) since the 
simulations start from the (near isotropic) spatial distribution of 
the 2.45 MeV neutrons emitted from the titanium target on the 
opposite side of the CNG: thus, this model simplification has no 
impact on the flux and dose rate results into the biological tissues 
here presented. The right side of Figure 2 shows an enlarged 
drawing of the MCNP model of the cylindrical IORT applicator 
(in purple color), shaped around the HDPE bearing-ledge structure 
of the CNG containing an aluminum holder for the titanium target. 
The applicator pipe made of Lucite (C5O2H8) is almost transparent 
for neutrons and, via hard-docking, can be inserted close to (or in 
contact with) the tumor bed inside the surgical cavity. For brain 
cancers irradiation, the IORT applicator was positioned in the skull 
“opening” surrounded by skin and skull tissues. The skull was 
modelled 0.7 cm thick and its covering skin 0.5 cm thick (> 0.3 cm 
[33] to consider “folds”). Actually, the tumor bed extension is not 
so well-delimited as in the MCNP model (with the net separation 
between the brain tumor bed and normal tissues): in any case, the 
flux and dose rate levels were accurately calculated / monitored 
in the small volumes of the MCNP cells modelling all the tissues 
around the applicator.

The right side of Figure 2 refers to an IORT applicator of 4 cm 
diameter and about 2 cm long: the air gap between the CNG walls 
and the patient’s head skin results about 1 cm. A thin air gap (0.2 
cm thick, light blue cell) was introduced between the applicator 

end-cap and the tumor bed, that is to consider an average 
distance between them for the “not uniform” contact due to tissue 
irregularities.

Figure 2: Vertical section of the MCNP model of the CNG and 
surrounding shields (left). Zoom section of the MCNP model of the 4-cm-
diameter cylindrical applicator and surrounding surgical cavity simulating 
the nIORT® treatment of brain cancers (right).

In the following graphs - with flux and dose rate profiles in 
superficial and deep tissues - two reference directions are 
considered. As shown in the right part of Figure 2: the “X” axis 
is used for the depth inside the brain tumoral tissue, the “R” axis 
is used for the superficial tissues of the surgical cavity around the 
IORT applicator. To be remarked that “R” represents the distance 
between the center of the tumor bed (i.e., surface cell lying on 
the applicator symmetry axis) and the center of each MCNP cell 
representing the superficial tissues of the surgical cavity. With the 
cylindrical geometry, R corresponds to the brain tissues in front of 
the applicator end-cap until 2 cm, while bigger R values refer to 
the skull and skin cells on its lateral side.

The left side of Figure 3 shows the 2D spatial distribution of 
the neutron flux (expressed in cm-2 s-1) near the IORT applicator 
obtained by the MCNP code. The neutron beam behaves like an 
ionizing radiation “foam” filling the surgical cavity and allows 
to irradiate the tumor bed margins, normally filled by potential 
QCCs, with lower - but still significant - dose levels. As expected, 
the flux peak in the surgical cavity (~108 cm-2 s-1) is obtained at 
tissues surface at the center of the tumor bed (in correspondence 
of the IORT applicator symmetry axis), as evidently shown in the 
graph in the top-right part of Figure 3 where the flux values in 
the superficial tissues of the surgical cavity are represented. As 
indicated by the R axis in the right part of Figure 2, until 2 cm the 
flux values refer to brain tissues, while the last two ones refer to 
the skull and skin cells.

As shown in the bottom-right part of Figure 3, going in brain depth 
the flux level drops by one half in the first centimeter of tissue and 
decreases by a factor 5 at about 3 cm depth. The neutrons penetrate 
into tissues but, because of their high LET (~ 30÷50 keV/μm [25], 
or even higher [21,34]) and their diffuse spatial distribution, the 
overwhelming part of the dose is released at surface and in the first 
centimeters: the deep tissues are still irradiated by the thermal and 
epithermal tails of the neutron flux having decisively lower LET 
values, and hence significantly less effective in cell damaging. To 
be mentioned that in both superficial and deep flux profiles shown 
in Figure 3, the uncertainty of the MCNP results was not indicated: 
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their relative standard deviation is however lower than ~1%, as for 
the flux, physical and equivalent dose rate profiles shown in the 
next sections.

Dose Calculation Methodology for LEX-IORT and IOERT
The MCNP ver. 6.1 code (and ENDF/B-VIII.0 nuclear data) 
was adopted also to simulate LEX-IORT and IOERT irradiation 
treatments. Differently from neutrons, both X-rays and electrons 
interact with the electrons clouds. The X-rays radiation with low 
LET – ~4 keV/μm at 50 keV energy [35,36] - has a significant 
power of penetration, as the secondary electrons produced deposit 
their energy over large distances in the tissues. Coherently, the 
MCNP simulations were not restricted to the primary photons and 
included the secondary electrons created by X-rays interaction with 
the tissues, e.g. through the Compton and photoelectric effects. 

Differently from neutrons and X-rays, the electrons are directly 
ionizing particles that can disrupt the atomic structure of the target 
by producing chemical and biological changes. The electron 
radiation has relatively high LET – up to ~10 keV/μm at 1 MeV 
energy [35,36] – and the beam deposits its energy at shorter 
distances. Indeed, as electrons travel through a medium, they interact 
with atoms by a variety of processes owing to Coulomb force 
interactions. In low-atomic-number media such as water or tissues, 
electrons lose energy predominantly through inelastic collisions 
with atomic electrons creating ionization/excitation events. In 
higher-atomic-number materials, such as lead, inelastic collisions 
with atomic nuclei (i.e., bremsstrahlung) are more important. 

For both low LET X-rays (50 keV energy) and 1 MeV electrons, 
the RBE value – needed to evaluate the equivalent dose starting 
from the physical one in biological tissues - was assumed to be 1.1 
[13,37], as in equation (1) for brain, skull and skin tissues.

Monte Carlo Simulation of LEX-IORT and IOERT Treatments 
To properly compare the main figures of merit of the nIORT® 
technique with the standard LEX-IORT and IOERT treatments, the 
same MCNP geometry and irradiation conditions were considered. 
By referring to the right side of Figure 2, showing an enlarged 
drawing of the 4-cm-diameter cylindrical IORT applicator (purple) 
positioned in the skull “opening”:
•	 while in the nIORT® case the primary 2.45 MeV neutrons are 

generated almost isotropically in the titanium target (by the 
2-cm-diameter D+ beam) and cross the Al holder, the HDPE 
bearing nose and some air gaps before reaching the superficial 
tissues of the brain tumor bed;

•	 in the MCNP simulations of the LEX-IORT and IOERT 
treatments, the 50 keV X-rays and the 1 MeV focused 
electrons were generated directly on the external surface of 
the applicator end-cap and crossed only the 0.2 cm air gap 
(to consider the tissue irregularities) before reaching the brain 
tumor bed.

In view of the comparison with the nIORT® performances, the 
LEX-IORT and IOERT focused beams were assumed with 2 cm 
diameter size and the same level of particles’ flux on the brain 

surface was imposed: about 1.65 108 cm-2 s-1. In detail, as shown 
in Table 1, the X-ray and electron source yield (last column) was 
tuned to obtain the same flux of primary particles impinging – in 
the forward direction - on a 2-cm-diameter circular area of the 
brain superficial tissues at the center of the tumor bed. It can be 
observed that:
•	 to obtain the same flux level, the neutron source yield is 

about 5 times the X-rays and electron ones, mainly because 
of the different beam spatial distribution (almost isotropic vs. 
focused);

•	 in the neutron and X-ray cases the flux in the forward direction 
is 91-92% of the total, while in the electron case is higher (
96%). Thus, the primary particles are scattered back from the 
brain tissues to air in different percentages: about 8% in the 
nIORT® and LEX-IORT cases, and only about 4% in the 
IOERT one. 

Comparison Among nIORT®, LEX-IORT and IOERT 
Treatments
By assuming the same flux level of incoming primary particles on 
a 2-cm-diameter brain circular area (see Table 1), the flux values 
were evaluated in the 2-mm-thick cells representing the superficial 
tissues of the surgical cavity (i.e., brain, skull and skin) and the 
2÷5 mm thick cells in brain depth (see Figure 2). Figure 4a shows 
the results obtained by the MCNP code in surface tissues: as in 
Figure 3 they are reported without uncertainties and, as indicated 
in Figure 2, the “R” axis until 2 cm refers to brain tissues and the 
last two values refer to the skull and skin cells. It results evident 
that:
•	 the focused beams of X-rays and electrons irradiate only the 

central part of the tumor bed in a 1-cm-radius circular area 
(corresponding to the beam section), while the diffuse neutron 
beam irradiates – with decreasing flux levels around the 
central peak - the whole tissue area in front of the 2-cm-radius 
applicator end-cap, as well as the skull and skin tissues on its 
lateral side;

•	 despite the same integral flux values of impinging particles 
on surface tissues (see Table 1), the electron flux in the first 2 
mm (i.e., thickness of surface cells) is 20-25% higher than the 
photon flux and the central peak of the neutron flux: evidently, 
multiple scattering events due to impinging electrons are 
generated in the first millimeters of brain tissues, resulting in 
a high LET.

Table 1:	 MCNP results: flux of primary incident particles on brain 
surface in a 2-cm-diameter circular area at the centre of tumor bed.

IORT 
Technique

Incident 
primary particle

Flux [cm-2 s-1] Fwd / 
Tot

Source 
Yield

Backward Forward Total [%] [s-1]

nIORT® Neutron 1.445e7
1.644e8

1.789e8 91.9 3.30e9
LEX-IORT X-ray 1.666e7 1.810e8 90.8 5.14e8
IOERT Electron 7.119e6 1.715e8 95.8 5.11e8

Figure 4b shows the flux levels in brain depth: as expected, the 
neutron flux results less penetrating than the X-rays one (for the 
higher LET) and more penetrating than the electron flux, that 
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Figure 3: 2D spatial distributions of the neutron flux inside and around the nIORT® applicator (left). Neutron flux in superficial tissues of the surgical 
cavity around the IORT applicator (top-right) and in brain depth (bottom-right) [cm-2 s-1].

Figure 4a: MCNP results: neutron, X-ray and electron flux values in the superficial tissues of the surgical cavity with nIORT®, LEX-IORT and IOERT 
techniques (2 mm thick cells; [cm-2 s-1]).

Figure 4b: MCNP results: neutron, X-ray and electron flux values in brain depth with nIORT®, LEX-IORT and IOERT techniques (2÷5 mm thick 
cells; [cm-2 s-1]).
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Figure 5a: MCNP results: physical dose rates in the superficial tissues of the surgical cavity with nIORT®, LEX-IORT and IOERT techniques (2 mm 
thick cells; [Gy/min]).

Figure 5b: MCNP results: physical dose rates in brain depth with nIORT®, LEX-IORT and IOERT techniques (2÷5 mm thick cells; [Gy/min]).

drops to zero after 0.6 cm in brain tissues. Even if not shown, it 
can be mentioned that in the nIORT® case, the flux level of photon 
secondary particles is in the order of 3-5% in surface tissues and 
creases at 10% at 5 cm depth.

Figure 5a shows the physical dose rate levels (Gy/min) in the 
2-mm-thick cells representing the superficial tissues of the surgical 
cavity: as for fluxes in Figures 3 and 4a (and indicated in the right 
part of Figure 2), the values refer to the brain tumor bed until 2 
cm radius, while the last two ones refer to the lateral skull and 
skin cells. As expected, the physical dose rate distributions follow 
the flux behavior of the diffused neutrons and focused X-rays and 
electrons. But, despite the same flux level of incoming particles, 
the dose rate values are largely different (~3 orders of magnitude) 
because of the very different LET values of primary particles. The 
maximum physical dose rates at the center of tumor bed result 
0.004 / 0.35 / 4.6 Gy/min for X-rays, neutrons and electrons, 
respectively. It can be highlighted that on the brain superficial 
tissues in correspondence of the 2-cm-diameter beam area (around 
the center of the tumor bed):
•	 the physical dose rates due to X-rays is 85 times lower than 

the neutron one;
•	 the physical dose rates due to electrons is 14 times higher 

than the neutron one.

The physical dose rate values shown in Figure 5a for neutrons 
and X-rays include the contribution of the secondary photon 
and electron particles, respectively. It can be noticed that in 
the nIORT® case, the contribution of secondary photons to the 
physical dose rate in superficial tissues is only about 0.5% of the 
neutrons contribute (vs. 3-5% for flux values).

Figure 5b shows the physical dose rate levels in brain depth. As in 
the flux profile (see Figure 4b), the IOERT physical dose rate 
drops to zero after 0.6 cm in brain tissues. The nIORT® physical 
dose profile is less penetrating than the LEX-IORT one: with 
neutrons the dose rate values drop by a factor 20 in 5 cm depth, 
while with X-rays the values decrease only by a factor 2 in the 
same 5 cm range. It can be further mentioned that in the nIORT® 
the physical dose rates due to secondary photons at 5 cm depth 
results 5% of the neutron one (vs. about 0.5% at tissues surface).
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Figure 6a shows the equivalent dose rate (Gy(RBE)/min) profiles 
in the 2-mm-thick cells representing the superficial tissues of the 
surgical cavity: as RBE values, 3.5 was assumed for neutrons and 
1.1 for both X-rays and electrons. As in previous graphs in Figures 
4a and 5a, the values refer to brain tissues until 2 cm, while the last 
two refer to the skull and skin cells on the IORT applicator lateral 
side. Adopting the same flux levels (see Table 1), the LEX-IORT 
technique provides equivalent dose rates ~ 250 / 1000 times lower 
than the nIORT® / IOERT ones, respectively: in the nIORT® / 
IOERT cases, the dose peaks administered at the tissue surface are 
about 1.2 and 5.1 Gy(RBE)/min, respectively. The physical dose 
rate due to electrons was about 14 higher than the neutron ones, 
but the high-RBE of 2.45 MeV neutrons reduces this ratio to about 
4. With the almost isotropic neutron beam, the dose rate level 
decreases smoothly along applicator end-cap radius (reaching 20 
/ 30% of the central peak in the surrounding skull / skin tissues, 
respectively) and thus should result well suitable for irradiate 
tumor beds with significant extension.

Figure 6b shows the equivalent dose rates in brain depth. While the 
equivalent dose due to electrons drops to zero after 0.6 cm in brain 
tissues, the other two profiles are decisively more penetrating. As 
for the physical dose profiles (Figure 5b), besides the different 
orders of magnitude, the LEX-IORT profile decreases in brain 
depth only by a factor 2 in 5 cm, while the nIORT® profile 
decreases by a factor 20 in the same 5 cm range. Even if not shown, 
it can be also mentioned that in nIORT® the equivalent dose rate 
due to secondary photons in superficial tissues is only ~ 0.15% of 
the neutrons’ contribute, and creases to ~5% at 5 cm depth.

Finally, to highlight the complementary features of the nIORT® 
treatment in comparison to standard LEX-IORT and IOERT 
techniques, Figures 7a and 7b shows on a linear scale the normalized 
dose rate profiles in the superficial tissues of the surgical cavity and 
in brain depth, respectively. Unlike the previous figures, instead of 
imposing the same flux of incident primary particles (see Table 
1), the same equivalent dose peak was assumed at the center of 
the tumor bed (e.g., the power of the LEX-IORT device should 

Figure 6a: MCNP results: equivalent dose rates due in the superficial tissues of the surgical cavity with nIORT®, LEX-IORT and IOERT techniques 
(2 mm thick cells; [Gy(RBE)/min]).

Figure 6b: MCNP results: equivalent dose rates in brain depth with nIORT®, LEX-IORT and IOERT techniques (2÷5 mm thick cells; [Gy/min]).
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be ~250 / 1000 times higher to reach the dose peaks obtained 
by nIORT® / IOERT, respectively). The peculiar dose profiles 
provided by the nIORT® device, both at the tissue surface (Figure 
7a) and at tissue depth (Figure 7b), could contribute to enhancing 
the adjuvant treatment of severe cancers with local recurrences, 
such as GBM. The dosimetry parameters obtained through MCNP 
refer to brain cancer treatment, but the results could be generalized 
to other severe solid tumors in different organs and areas of the 
body.

Discussion
One of the primary advantages of the IORT technique is the 
elimination of the delay between surgery and adjuvant RT 
treatments, referred to as the time to initiation. In conventional 
EBRT techniques, this delay can reduce the efficacy of treatment, 
especially in cases of GBM brain metastases where potential 
repopulation within the resection cavity can occur. By eliminating 
this time gap, IORT modalities - such as the nIORT® - have 
the potential to provide better outcomes than delayed EBRT 
approaches by addressing cancer cells immediately after surgical 
resection, thus minimizing the risk of recurrence. The limited 
size and weight of the system (~120 kg, manageable remotely 
by a robotic arm) should make the nIORT® device installable in 
a hospital OR dedicated to nIORT®, without posing safety and 
environmental concern, and avoiding the necessity to install an OR 
in a research center or next to a nuclear reactor.

The feasibility of IORT for brain cancers treatment is largely 
determined by the accessibility of the tumor bed. While access is 
easier with small spherical applicators, such as those used in the 
LEX-IORT technique [12-13], it becomes more challenging with 
larger cylindrical applicators usually adopted in IOERT [16]. The 
nIORT® device, with its 4-cm-diameter applicator (see Figure 2), 
addresses this challenge by allowing efficient irradiation of larger 
target areas despite the small size of the applicator. Indeed, the 
neutron’s diffusion property further enhances the ability to treat 
large and irregular tumor volumes. Furthermore, the small size of 
the applicator makes the nIORT® device potentially suitable for 
the treatment of many organs and parts of the body. 

When selecting the most suitable IORT technique for the solid 
cancers’ treatment, it is essential to consider both the physical 
characteristics of the irradiating particles and their biological 
effects on the irradiated tissues. This article compares the nIORT®, 
LEX-IORT and IOERT techniques by imposing the same flux 
level of incoming particles on the surface of the irradiated brain 
tumor bed (see Table 1). In the 50 keV X-rays case, despite the 
same flux level, the equivalent dose rate in the superficial tissues 
of the surgical cavity results about 250 / 1000 times lower than 
the nIORT® / IOERT ones, respectively. Neutrons, as used in 
nIORT®, offer distinct advantages over traditional X-rays and 
electrons, particularly due to their higher RBE and LET values. 
For their high LET, neutrons deliver localized DSBs that are 
harder to repair and may lead to more effective LTC compared 
to lower-LET radiation. Furthermore, the 2.45 MeV neutrons 

have a RBE approximately 3÷5 times higher than X-rays and 
electrons, making them highly effective in killing cancer cells, 
including radioresistant ones. The high-LET-RBE particles cause 
complex DNA damage, which is more difficult for cancer cells 
to repair: in particular, fast neutrons have been shown to induce 
cell death in cancer stem cells (CSCs) or metastatic CSCs, which 
are often responsible for tumor recurrence and metastasis, a key 
limitation of conventional treatments [20]. The high RBE of fast 
neutrons makes nIORT® also particularly useful in overcoming 
the limitations associated with the OER, which is a crucial factor 
in traditional RT. Neutrons, with a lower OER than X-rays and 
electrons, are less affected by hypoxic TME, which often hinders 
the effectiveness of RT [22-23]. 

Besides the benefits deriving from high-LET-RBE properties, the 
peculiar spatial dose distributions obtained by fast neutrons lead to 
other important considerations. Several MCNP studies pointed out 
that the potential advantages (deriving from the diffuse beam) can 
be obtained with nIORT® applicators of different shape and size, 
depending on the organ of the body to be irradiated [38-41]. In the 
superficial tissues of the surgical cavity, the almost-isotropic 
diffusion of neutrons allows for effective treatment of irregular 
tumor beds (see Figures 6a and 7a), without requiring the precise 
alignment demanded by the standard IORT techniques using 
focused beams (e.g., by optic systems). Thus, in principle the 
nIORT® technique could extend the IORT applicability beyond 
the “focused beam” IOERT and “small target volume” LEX-IORT 
adjuvant treatments. One of the main peculiarities of the nIORT® 
is represented by the almost “spherically symmetric” field of the 
beam, in which the neutrons diffusion into the tissues acts as a sort 
of “particles foam” filling the surgical cavity. The possibility to 
irradiate extended and irregular tissue area with a diffuse beam 
could be particularly efficient for the treatment of the GBM tumor, 
whose diameter at the time of diagnosis is usually 4 cm and, in 
some cases, it reaches up to 10 cm diameter [42]. The isotropic 
fast-neutron beam should induce necrosis and apoptosis of the 
QCCs within the topography irregularities of the tumor bed and 
should allow maximizing LTC by reducing the probability of local 
recurrences, frequently observed within 2÷3 cm from the GBM 
initial lesion. 

For the dose profiles in brain depth, the nIORT® device delivers a 
dose gradient not as steep as the IOERT one and, at the same time, 
not penetrating as LEX-IORT X-rays (see Figure 7b). This feature 
could be advantageously exploited in balancing the need for 
effective LTC with minimizing adverse effects on normal tissues 
and nearest organs at risk (OARs). Even if the dose gradient is not 
steep as in the IOERT case, the overwhelming part of the nIORT® 
dose is however administered at brain surface and in the first 3-4 
cm in tissue depth (reaching 5% of the superficial peak at 5 cm), 
significantly sparing deeper tissues from excessive radiation.

High-LET-RBE particles could solve also certain clinical 
challenges related to tissues repair mechanisms, since low-LET 
radiation typically induces single-strand breaks (SSBs), which 
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are more efficiently repaired by cancer cells through the non-
homologous end joining (NHEJ) pathway. In contrast, high-LET 
radiation like fast neutrons induces more complex DNA lesions, 
including DSBs, that are harder to repair. This significantly 
hampers the cancer cells' ability to repair the damage, leading 
to cell death: indeed, the high-LET-RBE radiation saturates the 
repair systems of cancer cells at higher doses, leading to genomic 
instability and potentially greater tumor cell inactivation [43].

For what concerns the potential risks of radiation-induced 
secondary malignancies (RISMs, [44]), the long-term RISMs have 
not yet been determined and are difficult to compare with the ones 
of standard RT techniques [45]. Otherwise, about the radiation-
induced bystander effects (RIBE) in which nearby non-irradiated 
cells experience damage, although RIBE has been observed with 
X-rays and electron therapies, preclinical studies indicate that 
neutrons do not induce this phenomenon, which may reduce the 
risk of unintended damage to healthy tissues [46]. Additionally:
•	 thanks to the epithermal and thermal tails of the neutron flux 

spreading out around the tumor bed, the nIORT® could lead 
to the potential appearance of the radiation induced abscopal 

effect (RIAE) on distant non-irradiated cells due to the 
adaptive immune system [47]; 

•	 the ability of fast neutrons to inhibit tumor cells proliferation 
and epithelial-mesenchymal transition (EMT) in GBM and 
other cancers is a promising area for further exploration, as 
EMT is a key factor contributing to tumors’ metastasis and 
radio-resistance [48,49].

Although these hypotheses require validation through in vitro 
and in vivo preclinical studies, the promising features of nIORT® 
suggest it could become a valuable addition to the standard-of-
care treatments for GBM and other brain malignancies. But, 
when managing neoplasms with metastatic potential, a purely 
local approach may be insufficient. The addition of concurrent 
or adjuvant chemotherapy - such as TMZ [50] - in combination 
with nIORT® could offer an effective strategy to overcome glioma 
stem cell resistance, by further improving treatment outcomes. 
It is known that in case of the standard IORT after surgical 
resection and adjuvant chemotherapy treatment, about 80-85% of 
recurrences occur near the resection margins and, even by adding 
target therapy with bevacizumab, nimotuzumab or cilengitide, the 

Figure 7a: MCNP results: normalized dose profiles in the superficial tissues of the surgical cavity with nIORT®, LEX-IORT and IOERT techniques 
(2 mm thick cells).

Figure 7b: MCNP results: normalized dose profiles in brain depth with nIORT®, LEX-IORT and IOERT techniques (2÷5 mm thick cells).
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clinical outcomes are not significantly improved [12]. Instead, 
because of its superiority in improving necrosis and apoptosis of 
the tumor cells in the resection margins, the nIORT® regimen 
should lead to a reduction in recurrences, as long as the fast 
neutrons’ LET is not such as to induce secondary malignancies or 
an excessive reaction of the adaptation immune system. A possible 
protocol for the successful treatment of the GBM and other tumors 
(e.g., breast cancer [39]) could include the nIORT® irradiation 
delivered immediately after excision, followed by adjuvant EBRT 
treatments with or without chemotherapy in the TMZ regimen. The 
most suitable nIORT® irradiation protocol will only be determined 
by in vivo tests or over organoid cultures, as pre-clinical models of 
the irradiated organs.

Recent studies have highlighted the potential of combining the 
IORT techniques with immunotherapy [51,52] with some specific 
applications for the GBM treatment [53-55]. The high RBE of fast 
neutrons could further enhance immune modulation, stimulating 
both innate and adaptive immune responses in patients with 
GBM. This combination may lead to a more robust anti-tumor 
response, potentially improving patient survival. Clinical evidence 
supporting the synergistic effect of RT and ICIs is growing, and 
nIORT® could further amplify this effect by the increased RBE 
value from 1.1 (for photons and electrons) up to 3÷5, thereby 
potentially enhancing the immune system’s response to the 
tumor. The potential benefits of ICIs, such as Pembrolizumab and 
Nivolumab, could be investigated as adjuncts to the single-session 
nIORT® treatment since these agents may help to overcome 
tumor-induced immune evasion mechanisms and to enhance the 
systemic antitumor immune response initiated by neutron-based 
RT. Indeed, high-LET irradiation can induce extensive cell death 
within the tumor, creating large quantities of dying or dead cancer 
cells and associated antigens. 

While the abovementioned aspects are beneficial for triggering 
an antitumor immune response, there is a concurrent risk that 
macrophages may become saturated by rapidly engulfing tumor 
debris, thereby impairing their scavenger receptor functions. 
This potential reduction in the clearance capacity of the immune 
system underscores the importance of determining an optimal 
nIORT® irradiation dose that maximizes tumor cell kill but avoids 
overwhelming macrophages [56,57]. The process of their clearance 
by efferocytosis via macrophages and dendric cells should 
be considered to avoid an excess of engulfment phenomenon 
in the homeostasis processes. Efferocytosis also induces an 
immunosuppressive TME and hence stimulate the cancer cells of 
escaping from immune surveillance. In the GBM case, it is known 
that efferocytosis contributes to the immunosuppressive phenotype of 
macrophages in this cancer, but a better understanding is needed [58]. 

Conclusions and Future Perspectives
The nIORT® technique, utilizing fast neutrons produced by a 
compact generator, represents a promising adjuvant treatment of 
severe brain cancers - as the GBM - following maximal surgical 
resection. Differently from the boron neutron capture therapy [60] 

exploiting thermal and epithermal neutrons to induce (n,α) reactions 
in boron carriers injected into the patients, the fast neutrons interact 
directly and efficiently with the hydrogen nuclei, producing recoil 
protons that ionize the tissues. The IORT approach eliminates 
the time delay between surgery and RT, offering the potential for 
improved outcomes compared to traditional EBRT, where tumor 
repopulation and radio-resistance can diminish treatment efficacy. 
The system’s ability to administer high dose targets within few 
minutes - e.g., 10÷20 Gy(RBE) in about 8÷16’ - further supports 
its feasibility for clinical use. The utilization of a compact source 
device - without posing safety concerns - represents another 
fundamental advantage in the view of possible treatments in a 
hospital OR dedicated to nIORT®.

The nIORT® technique represents a promising modality for 
treating GBM and other brain cancers, offering several potential 
advantages over traditional RT approaches. Its ability to deliver 
high doses of radiation in a single session, combined with the high 
LET and RBE ( 3÷5) values of fast neutrons could be highly 
effective in targeting cancer cells, including radioresistant and 
motile CSCs, with minimal damage to surrounding healthy tissues 
in which the RBE value results lower. The high-LET and high-
RBE of nIORT® should create a high number of dead and 
apoptotic tumor cells with respect to the other forms of ionizing 
radiation fields, such as photons, electrons and protons.

Neutron diffusion allows for treatment of irregularly shaped 
tumor beds, providing coverage even in complex surgical cavities. 
The reduced OER and high RBE values of neutrons enhance the 
efficacy in hypoxic areas of tumors, a limitation for conventional 
RTs with X-rays and electrons. The spatial dose distribution in 
surface tissues permits to irradiate larger area of the surgical 
cavity (with potential local recurrences) in comparison with the 
LEX-IORT and IOERT techniques exploiting focused beams. The 
dose profiles in brain depth show complementary properties of 
the nIORT® treatment in comparison to the standard ones, with 
a behavior not steep as the IOERT one and not penetrating as the 
LEX-IORT X-rays. Certainly, LEX-IORT and IOERT have well-
established protocols, are easier to manage and offer precision in 
dose delivery with predictable outcomes. But the development of 
the nIORT® technique could integrate these standard techniques 
especially for tumor beds with significant extension, topographic 
irregularities and possible local recurrence - as the GBM - that 
remain a therapeutic challenge. The dosimetry parameters obtained 
by the MCNP code refer to the brain cancers treatment, but the 
results could be generalized to sever solid tumors in other organs. 
Indeed, the limited size of the nIORT® applicator (4-cm diameter) 
allows to reach the major parts of the body: even the internal organs 
could be also irradiated by adopting standard surgical spacers, e.g., 
as for the locally advanced pancreatic cancers [59].

Future studies should explore the feasibility of leveraging 
nIORT® to prime the immune response, potentially followed 
by sessions of EBRT to sustain immune system activation over 
time: this strategy could mitigate tumor recurrence and improve 
long-term control. Even if further pre-clinical and clinical studies 
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are required to evaluate these combined strategies - particularly 
in terms of safety, efficacy and optimal timing - this approach 
holds significant promise for improving treatment outcomes 
and survival rates for patients with GBM and other severe brain 
malignancies. With further clinical validation, nIORT® could 
become a standard adjuvant treatment, potentially in combination 
with chemotherapy and/or immunotherapy, providing a more 
effective and personalized approach to brain cancer therapy. 
Emerging evidence highlights the synergic potential of combining 
RT with immunotherapy to improve patient outcomes, since RT 
can enhance immunogenic cell death and can promote the release 
of tumor antigens activating the immune system. The integration 
of nIORT® with immunotherapeutic modalities represents an 
exciting frontier in the multidisciplinary management of aggressive 
brain tumors and could provide a unique opportunity to "educate" 
the immune system to recognize and target solid tumors more 
effectively. Future investigations should focus on establishing 
dose–response parameters that balance potent local control and 
immunogenic stimulation, with minimal immunosuppressive 
effects resulting from macrophage saturation. Such dose-
optimization studies will be critical to fully integrate nIORT® 
with emerging immunotherapeutic strategies, including immune 
checkpoint blockade, to achieve both local control and systemic 
antitumor effects.
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