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When radiotherapy was born, in the 
early 1900s following the discovery of 
X-rays by Wilhelm Roëntgen, 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 
^60Co 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 
regimens:

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 
Pardo-Montero 2023)
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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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Further improvements in the 
therapeutic ratio were achieved 
through MOTION MANAGEMENT 
techniques addressing respiratory 
motion, organ motility, and variations 
in organ filling. Organs affected 
include the lung, upper abdomen, and 
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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Three main strategies have been 
developed:

B) Radiofrequency-based tracking 
systems for real-time localization of 
the prostate.
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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 
AND CARBON IONS. These particles 
enhance dose conformality through 
the Bragg peak; carbon ions 
additionally provide high linear energy 
transfer (LET).
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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 
^11B state that disintegrates into an alpha 
particle and ^7Li, releasing high LET energy 
over cellular dimensions and causing lethal, 
localized damage
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BNCT

^10B 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.
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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

Therapeutic outcomes have also 
improved through integration with 
chemotherapy. Concurrent 
chemoradiotherapy has enhanced 
results in several anatomical sites, 
including head and neck, esophageal, 
and colorectal cancers. The rationale 
includes:
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RADIOCHEMIOTHERAPY

A) Radiosensitization (e.g., 5-
fluorouracil, cisplatin).

B) Task division: chemotherapy acts 
systemically against microscopic 
disease and locally as a 
radiosensitizer, while 
radiotherapy provides highly 
conformal local cytotoxicity with 
improved therapeutic ratio.
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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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IMMUNOTHERAPY, such as PD-
1/PD-L1 inhibitors (e.g., 
nivolumab), blocks immune 
checkpoints, maintaining 
lymphocyte activation. The 
optimal integration and timing 
with radiotherapy remain under 
investigation, given radiation-
induced lymphocyte depletion.
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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).
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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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NETWORK PHARMACOLOGY AND 
RADIORESISTANCE

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

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 
may reactivate signaling pathways and 
promote radioresistance.
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NETWORK MEDICINE AND 
RADIORESISTANCE

A) NF-κB–mediated inflammatory 
signaling activated by radiation-
induced ROS, promoting survival 
pathways and radioresistance.
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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 
modulation, leading to 
FLASH radiotherapy (≥40 
Gy/s).
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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



THE TUSCANY HEALTH ECOSYSTEM – SPOKE 1 28

ONGOING CLINICAL TRIALS IN FLASH

Recent and ongoing phase I–II trials 
are evaluating FLASH radiotherapy in 
skin cancers, bone metastases, and 
melanoma skin metastases, including 
dose-escalation studies and proton-
based FLASH approaches in 
Switzerland and the United States 
(2023–2025).

1. FLASH Radiotherapy for Skin Cancer (LANCE) Randomized Phase II Selection Trial 
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 x 
6 Gy for T2 lesions. Flash vs Conventional - Centre Hospitalier Universitaire Vaudois – 
Switzerland  2025 
 

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 
FLASH Radiotherapy (>40 Gy/s). Varian, a Siemens Healthineers Company USA. 
Protontherapy , Ohio. – 2025 
 

3. Feasibility Study of FLASH Radiotherapy for the Treatment of Symptomatic Bone 
Metastases - Varian, a Siemens Healthineers Company – USA - FLASH radiotherapy is 
radiation treatment delivered at ultra-high dose rates compared to conventional radiation 
treatment. Protontherapy – Cincinnati Ohio – 2024 
 

4. A Phase I, 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 

1. FLASH Radiotherapy for Skin Cancer (LANCE) Randomized Phase II Selection Trial 
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 x 
6 Gy for T2 lesions. Flash vs Conventional - Centre Hospitalier Universitaire Vaudois – 
Switzerland  2025 
 

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 
FLASH Radiotherapy (>40 Gy/s). Varian, a Siemens Healthineers Company USA. 
Protontherapy , Ohio. – 2025 
 

3. Feasibility Study of FLASH Radiotherapy for the Treatment of Symptomatic Bone 
Metastases - Varian, a Siemens Healthineers Company – USA - FLASH radiotherapy is 
radiation treatment delivered at ultra-high dose rates compared to conventional radiation 
treatment. Protontherapy – Cincinnati Ohio – 2024 
 

4. A Phase I, 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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VHEE FLASH

Very High Energy Electrons (VHEE) 
may represent a significant 
advancement, enabling deep-seated 
FLASH delivery due to photon-like 
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.
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IMPLEMENTATION OF EVIDENCE

In medicine, as in politics, scientific 
evidence alone does not guarantee 
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 
radiotherapy.



THE TUSCANY HEALTH ECOSYSTEM – SPOKE 1 31

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
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CONCLUSIONS 2

Ultra-high dose rate irradiation has 
highlighted the FLASH effect, while 
VHEE technology may extend FLASH to 
deep targets.

To remain at the forefront of oncology, 
radiotherapy must integrate into the 
network pharmacology paradigm, 
embracing a modular—not mono-
target—understanding of cancer 
biology.
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THE END


