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When radiotherapy was born, in the
early 1900s following the discovery of
X-rays by Wilhelm Roéntgen, it
became the first therapeutic weapon
against cancer after surgery. Its use
was entirely empirical, as tumor
regressions were observed following
the earliest applications, which were
mostly delivered in a single session.
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The discovery of radioactivity enabled
the expansion of therapeutic
applications through nuclear radiation
(gamma rays, electrons, and
positrons), leading to the
development of Curietherapy or
brachytherapy. This approach brought
radioactive sources into direct contact
with the tumor (skin, gynecological
cavities) or even inside tumors (head
and neck, gynecology, skin).
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With the use of radiofrequency
technologies—originally developed
and refined for telecommunications
and wartime radar interception—
telecobalt therapy units became
widespread in the post-war period. By
employing artificial sources such as
N60Co and "137Cs, these devices
generated megavoltage photon beams
capable of delivering therapeutic
doses at depth within the human
body.
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Depth-dose performance further
improved with the availability of
megavoltage beams (6—25 MV), first
generated by synchrotrons and later
by linear accelerators. With the
advent of dynamic volumetric
techniques and digitally controlled
multileaf collimators, extremely high
energies were no longer necessary.
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This technological evolution produced
two major modifications in radiotherapy
TCP > 0.9 — regimens:

y
o

a) A shift from conventional fractionation
(2 Gy per day, 5 fractions per week,
totaling 25-35 fractions) to
hypofractionated schedules (2.5-5 Gy per
fraction, 20-10 total fractions). (Photo L
1 Pardo-Montero 2023)

number of fractions

dose per fraction (Gy)

Figure 3: Modelled dose per fraction versus number of fractions to achieve 90% control for HR patients

treated with radiotherapy and ADT (dashed line). The circles represent the experimental fractionations

included in the dataset.

THE TUSCANY HEALTH ECOSYSTEM — SPOKE 1 6



Finanziato
dall’Unione europea
NextGenerationEU

Synergy Between Radiotherapy (Local Action)
& Chemotherapy (Systemic Action)

RADIOTHERAPY CHEMOTHERAPY
_ (Local Action) ' (Systemic Action)

' Radiation Beam s A ] Drugs in the Bloodstream

Elimination

Radiation Beam -
of Tumor Cells

% Liver o3

Targeted action on - > @ > - g 4 Lungs
@ primary tumor T2 | ) - 8 g “
—

@’ Targeted action
OfF PRITAry SUgo Combined Effect
Local Control Systemic Control

%, Primary Tumor | @ Mlcrometastasesvl a Tumor Cells

\_/ oo:o“ Chemotherapy Drugs

% dell’'Universita Italiadomani
BT EdE"a Ricerca D RIGHESA £ RESILIENZA

. Ministero *%y; THE

Tuscany Health Ecosystem
PIAND NAZIONALE

b) A reduction in treatment volumes,
enabled by CT, MRI, and PET-CT imaging
for precise target delineation. Additionally,
improved systemic therapies allowed
radiotherapy to focus primarily on
macroscopic tumor burden, while
chemotherapy targeted microscopic and
distant disease.
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STEREOTACTIC TECHNIQUES

Thanks to these innovations, very
small volumes were irradiated using
stereotactic techniques, which made it
possible to treat brain lesions with a
single session of 20-21 Gy.
Subsequently, stereotactic techniques
were extended to small extracranial
volumes in all body sites, also
benefiting from motion management
systems.
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| 4 N — | ~ Further improvements in the
4 ™ e therapeutic ratio were achieved
.9 D a through MOTION MANAGEMENT

§ techniques addressing respiratory
motion, organ motility, and variations
\| in organ filling. Organs affected
N \ ; - —d Q include the lung, upper abdomen, and
| " i prostate. As treatment volumes
\ decrease and prescribed doses
increase, precision and motion control
\| become increasingly critical

Fig. ITV —ICRU 50 and 62
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Three main strategies have been
developed:

A) Respiratory gating, which interrupts
irradiation when the target moves
outside a predefined range.
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RAYPILOT® transmitter in ' .
center of prostate Three main strategies have been

developed:

B) Radiofrequency-based tracking
systems for real-time localization of
the prostate.

oon in bladder

out lumen
| 3
.
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Three main strategies have been
developed:

C) Hybrid MRI-guided linear
accelerators, enabling real-time
imaging during irradiation and beam

interruption if the target moves out of
field
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Beyond volume reduction and motion
control, further improvements have
been pursued using alternative
radiation modalities such as PROTONS
L AND CARBON IONS. These particles

Protons enhance dose conformality through

\ the Bragg peak; carbon ions
P(";';’_:;S additionally provide high linear energy
I transfer (LET).

Carbon lons Heavy lons

Neutrons

10 100 1000
LET (keV/pm)
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BORON NEUTRON CAPTURE THERAPY
(BNCT)

High LET exploitation has also renewed
interest in thermal neutron beams through
Boron Neutron Capture Therapy (BNCT). In
this approach, boron selectively
accumulates in tumor cells and captures
thermal neutrons, producing an excited
N11B state that disintegrates into an alpha
particle and A7Li, releasing high LET energy
over cellular dimensions and causing lethal,
localized damage
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BNCT

N10B is delivered to tumor cells via
Boronophenylalanine (BPA). Tumor
cells—such as gliomas, melanomas,
and head & neck cancers—
overexpress LAT1 (L-type amino acid
transporter 1), explaining their
increased amino acid uptake and
facilitating selective boron
accumulation.

THE TUSCANY HEALTH ECOSYSTEM — SPOKE 1
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BNCT

Alphabeam™ BNCT System — TAE Life
Sciences (USA)

Compact accelerator system for Boron
Neutron Capture Therapy (BNCT)

neutron source generated by a
compact tandem accelerator

designed for installation in hospitals

used with boron-10—-containing drugs
that selectively accumulate in tumor
cells
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RADIOCHEMOTHERAPY
Chemotherapy Schedule

» Therapeutic outcomes have also

: | improved through integration with
Radiotherapy Schedule chemotherapy. Concurrent

. A _ chemoradiotherapy has enhanced
' ' y : | results in several anatomical sites,
including head and neck, esophageal,

and colorectal cancers. The rationale
includes:
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RADIOCHEMIOTHERAPY
Radioresistant properties
ZL";:,‘,‘:,;“:,:";‘:I,‘:,’;S.,., A) Radlosens[tlza!tlon (e.g., 5-
b ot apontoels fluorouracil, cisplatin).
+ Altered cell cycle
* Enhanced DNA damage
response
+ Repopulation by cancer e o o
stemcells B) Task division: chemotherapy acts
R d. i ta t L] L] L] L]
ancar ol systemically against microscopic
] disease and locally as a
¢ Drug . g ® .
T - miRHA radiosensitizer, while
Q-}"gy — it g radiotherapy provides highly
ﬁ & 8,3 i conformal local cytotoxicity with
Tumor cell Radiosensitive Radioresistant

death tumor tumor Racilosensitzer improved therapeutic ratio.

Schematic diagram representing the role of radiosensitizers in enhancing radiosensitivity.
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TARGETED THERAPY AND
IMMUNOTHERAPY

Modern oncology includes
TARGETED THERAPIES—
monoclonal antibodies directed
at specific molecular
alterations. Some are antibody—
drug conjugates. Many are
combined with radiotherapy to
enhance cytotoxic effects.
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| PD-L1 binds to PD-1 and inhibits Blocking PD-L1 or PD-1 allows

e PR IMMUNOTHERAPY, such as PD-
Tumorc 1/PD-L1 inhibitors (e.g.,
nivolumab), blocks immune
checkpoints, maintaining

%@@m o1 Af | lymphocyte activation. The
2 :{“ “ Y D
, »

Tumor cell

optimal integration and timing

investigation, given radiation-
induced lymphocyte depletion.

2 2 ) § with radiotherapy remain under

PD-1—programmed cell death 1, PD-Li—programmed cell death 1 igand 1.
Reproduced from the Natlonal Cancer Institute ©2015 Terese Winstow LLC. Used with permission,!
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Planning nativ CT Planning ATSM Cu-64 PET Planning c.e. MRT CIRT 15Gy RBE x 3 Some studies propose selective
irradiation of necrotic tumor
regions (lymphocyte-poor) with
lower doses to perfused areas
to preserve lymphocyte activity
during immunotherapy (Tubin,
2024).

Figure 2 Target delineation based on Cu-64 ATSM PET-CT. GTV=Gross Tumor Volume, PIM=Peritumoral Immune
Microenvironment (radiation-spared), Planning c.e. MRT=contrast-enhanced MRT, CIRT=Carbon-lon Radiotherapy.
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DOSE HETEROGENITY:

LOW DOSES <2 Gy Temporary depletion of
T lymphocytes, which may favor the
reconstitution of the immune
microenvironment.

INTERMEDIATE DOSES (2-7 Gy) Release

of cytokines that increase the infiltration of
immune cells into the tumor.

HIGH DOSES (7—12 Gy) Release of DNA

fragments and activation of the
cGAS/STING/IFN pathway, leading to increased
immunogenicity of surviving tumor cells.

VERY HIGH DOSES >12 Gy Radiation-

induced immunogenic cell death with release of
tumor antigens.
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Finanziato
dall’Unione europea
NextGenerationEU

> Ministero . . : . Y THE
i dell’Universita - 'l Italiadomani :o + Tuscany Health Ecosystem
. 4*

' B . 0
%> e della Ricerca bl ioke

NO NAZIONALE
DI RIPRESA E RESILIENZA

The human disease network

NETWORK PHARMACOLOGY AND
RADIORESISTANCE

Oncology is transitioning from a mono-
target paradigm to a network
pharmacology framework, where disease
reflects dysfunctional network modaules.

Unlike drugs targeting specific molecules,

ionizing radiation affects numerous cellular
components simultaneously. However, due
to dilution effects, many damaged proteins
are non-hub elements, while intact hubs

b may reactivate signaling pathways and

" %,
@

(= ..,.. . .
promote radioresistance.

Cluster of oncological Cluster of retinal Cluster of metabolic-cerebro-
diseases diseases cardiovascular diseases

@ Bone Ear, nose, throat @® Metabolic @ Opthalmological Unclassified
@ Cardiovascular Endocrine @ Muscular @ Psychiatric @ Multiple
¥ Connective tissue Gastrointestinal @ Neurclogical @ Renal
@ Dermatological @® Hematological @ Oncological Respiratory
Developmental Immunological @ Nutritional @ Skeletal
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NETWORK MEDICINE AND
RADIORESISTANCE

Figure 3 A) NF-kB—mediated inflammatory
f Figure 3 Schematic representation of the radiation- signa Iing activated by radiation-

induced NF-KB signaling network. The activation of NF-

KB is mediated by different stimuli: (A) the EGFR indUCEd ROS, promoting SurViva|
signaling pathway, especially through the activity of pathways a nd radiorESiSta nce.

HERZ; (B) the radiation-induced cytokines; and (C) D5Bs
generated by IR-induced ROS. The transcriptional

program of NF-KB leads to several downstream events,
which result in enhanced aggressiveness, increased
survival and better fithess of cancer cells.
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A representation of HIF-1's effects on radiosensitivity for a HIF-1-expressing tumour cell (blue), a non-HIF-1-expressing tumour cell (green), and a
tumour vessel (red). Dashed arrows depict the normal effects of ionising radiation. Dotted arrows show HIF-1-mediated pathways that sensitise
tumours to radiation. Solid arrows show HIF-1-mediated pathways that protect tumours from radiation, whose blockade might radiosensitise
tumours. ‘VEGF’ symbolises the proangiogenic pathway, ‘p21’ the mitotic pathway, ‘p-p53’ the apoptotic pathway, and ‘ATP’ the metabolic pathway.
Note that in this schematic, non-HIF-1-expressing cells are still radiosensitised by HIF-1 blockade.
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B) Hypoxia-induced HIF-1 activation,
increasing VEGF expression and
protecting tumor vasculature, thereby
contributing to radioresistance and
tumor progression.

Understanding altered activation
patterns of radiation-responsive

modules may help identify hub
proteins and guide combined
therapeutic strategies.
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FLASH RADIOTHERAPY

Recent investigations have
focused on dose rate

Single Fraction Regimen:
/ Typically delivered as a

single high-dose fraction

BIOLOGICAL IMPACT

AN

Conventional RT

)\ Dose Rate:
Standard/Low

’/ Tissue Response:
Equal Damage

Fractionation:
E Multi-fractionated

@@ DIFFERENTIAL &

@ OXYGEN DEPLETION |

| G

GXYGEN REQUIRED T0 | NORMAL TISSUE
FIXATE DNA DAMAGE | SPARED:
Normal tissues are spared : Oxygen deplation protects
damage oxygen is required | normal tissue as damage
to fixate DNA damage i fixation is hindered.

Multi-Modality Compatibility:
Can be achieved using electron,
photon, or proton delivery systems.

FLASH RT

Dose Rate:
Ultra-high
(>40 Gy/s)

Tissue Response:

Normal Tissue
Sparing

Fractionation:
Single high-dose
fraction

THE TUSCANY HEALTH ECOSYSTEM — SPOKE 1

modulation, leading to
FLASH radiotherapy (=40

Gy/s).
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Normal Tissue Tumor Cell

THE FLASH EFFECT
Transient Hypoxia
&Q @ Protective
o O J Biological

Response

Normal Tissue Sparing
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Advantages:

a) Reduced oxygen dependence
(potential benefit in hypoxic/necrotic
regions)

b) Improved therapeutic ratio with
normal tissue sparing

c) Logistical benefits (shorter
treatment times)

d) Potential abscopal effect

Limitations:

Currently available beams are mostly
limited to superficial targets

27
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1. FLASH Radiotherapy for Skin Cancer (LANCE) Randomized Phase Il Selection Trial
1. FLASH Radiotherapy for Skin Cancer (LANCE) Randomized Phase Il Selection Trial ONGOING CLI NICAL TRIALS IN FLASH
of FLASH Versus Conventional Radiotherapy for Patients with Localized Cutaneous

Squamous Cell Carcinoma or Basal Cell Carcinoma— human study 22 Gy for T1 lesions 5fr Recent and ongoing phase -1l trials

6 Gy for T2 lesions. Flash vs Conventional - Centre Hospitalier Universitaire Vaudois—

switzerland 2025 are evaluating FLASH radiotherapy in
2 Fu skin cancers, bone metastases, and

2. FLASH Radiotherapy for the Treatment of Symptomatic Bone Metastases in the Thorax - A

dose of 8 Gy delivered in a single fraction will be prescribed to the PTV, delivered with melanoma skin metastases’ including
FLASH Radiotherapy (>40 Gy/s). Varian, a Siemens Healthineers Company USA. . .
Protontherapy, Ohio.— 2025 dOSE-eSCa|atI0n StUdles and proton-

3. Fe based FLASH approaches in

3. Feasibility Study of FLASH Radiotherapy for the Treatment of Symptomatic Bone
Metastases - Varian, a Siemens Healthineers Company— USA - FLASH radiotherapy is SWitze rland and the U nitEd States
radiation treatment delivered at ultra-high dose rates compared to conventional radiation
treatment. Protontherapy— Cincinnati Ohio — 2024 (2023_2025) .

4. A Phase |, First-in-human, Dose Finding Study of High Dose Rate Radiotherapy in Patients

4. A Phase |, First-in-human, Dose Finding Study of High Dose Rate Radiotherapy in Patients
With Skin Metastases From Melanoma - Centre Hospitalier Universitaire Vaudois-
Experimental: Dose escalation of FLASH therapy in skin metastases of small volume (< 30
cc) Experimental: Dose escalation of FLASH therapy in skin metastases of large volume (>
30 and £ 100 cc) : 7 dose levels (22 Gy; 24 Gy; 26 Gy; 28 Gy, 30 Gy, 32 Gy and 34 Gy) — 2023
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Finanziato e R '8

ANZi Ministero . . . . » THE
dall’Unione europea de"'U niuersité N -l ItalladOﬂlaﬂl *o + Tuscany Health Ecosysteln
NextGenerationEU %> edella Ricerca " x

PIANO NAZIONALE
DI RIPRESA E RESILIENZA

sctron beam PDD - R=0.5cm VHEE FLASH

1001 sz T Very High Energy Electrons (VHEE)
| i~ VNN NN may represent a significant
advancement, enabling deep-seated
o N FLASH delivery due to photon-like
o| mtegral BN s depth-dose profiles, reduced motion
management requirements at ultra-
high dose rates, compact accelerator
systems serving multiple treatment
rooms, and high collimation via pencil
beam scanning.

PDD (%)
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m
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70 80
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B. Prostate Moderate Hypofractionation and SBRT

IMPLEMENTATION OF EVIDENCE

In medicine, as in politics, scientific
evidence alone does not guarantee
N clinical implementation. Adoption
may take years, influenced by

- economic and emotional factors.
Shorter treatment regimens may be
perceived as less effective, posing
communication challenges—
particularly relevant to FLASH

D. Breast Conservation Therapy

- radiotherapy.

5%

T = 2

«ar® .
25% o
| .
0%
1975 1980 108 1990 1995 2000 2005 2010 M5 2020
Endorsed by | NCCN
NIHCDC Guideline
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CONCLUSIONS 1

Radiotherapy’s objective of delivering
highly selective high doses to tumors
or part of tumor has driven numerous
technical innovations over recent
decades:

Imaging-guided precision
Motion control

Particle therapy

High LET approaches and BNCT

THE TUSCANY HEALTH ECOSYSTEM — SPOKE 1 31
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Diagnostic and focusing

i : -
Laser generation, Focusing optic Interaction I I_

amplification and poik CONCLUSIONS 2

transport

e Ultra-high dose rate irradiation has
) highlighted the FLASH effect, while
to user VHEE technology may extend FLASH to

beamline

Vacuum deep targets.

Ponderomotive force

To remain at the forefront of oncology,

radiotherapy must integrate into the
o network pharmacology paradigm,
el e | embracing a modular—not mono-
| target—understanding of cancer
biology.

Figure 6. Schematic representation of a laser Wakefield accelerator with its main components. An
ultra-short (~10-40 fs) laser pulse is generated, amplified, and transported to the interaction area.
The laser pulse is then focused on a gas target, usually by an off-axis parabolic mirror. Electrons are
accelerated within the plasma and propagate in the forward direction.
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THE END
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