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Treating cancer with radiation 
therapy: from (basic) physics 
to clinical live treatment 
planning with particles

Alessandro Vai, Medical Physics Unit



source: ECIS – European Cancer Information System

Estimated cancer incidence: both 
sexes, non-melanoma skin, all ages

+21%

2020

2040

male

female



EU Policy against Cancer – 3 pipelines

Feb-2022

1) Prevention



2) Early detection -
screening

3)Delivering high quality
standard of care

About 100,000 pts treated in Italy with 

radiotherapy (AIRO)



How does radiation therapy work against cancer?

Cancer is a condition in which cells of a 
specific part of the body begin to grow and 
reproduce uncontrollably, forming tumors 
which affect surrounding tissues and organs 
and sometimes spread to other parts of the 
body through the bloodstream or lymphatic 
system.

Radiotherapy involves using carefully 
selected doses of ionizing radiation to 
damage the DNA of cancer cells. The DNA 
controls how they divide. Radiation causes 
the tumour to shrink and, in some cases, 
die.
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How does radiation therapy work against cancer?
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Conventional radiotherapy: photon RT

IMRT or VMAT (LINAC )
30fx : 6 weeks

Radiosurgery (CK, TomoTherapy):
3/5/7 fx: avg. 1 week

Outpatient procedure - > 1 to several wks duration



Photon percentage Depth dose curve

100

60

single beam

tumor

IAEA TRS 398 (2000)

Dose to water under Reference conditions



Conformal 3D 
photon RT

Photon intensity-
modulated RT

Arc-therapy

…increasing complexity



Conformal 3D 
photon RT

Photon intensity-
modulated RT

Arc-therapy

…current state-of-the-art photon RT

Conformal 3D 
photon RT

Photon intensity-
modulated RT

multiple beams, e.g. 175 fields (every 2°)
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Differences???



with respect to photons: p+, C 6+ have

Exponential dose fall off after build up

+

Sharper lateral penumbra

Inverse dose profile with a maximum 

energy deposition in the Bragg Peak

→ Dose at depth (target) is greater than 

dose at surface

→ Steep distal dose fall off 

Reference radiation RBE RBE > 1

Particle Therapy - Rationale

1) Superior physical dose deposition properties

2) Higher relative biological effectiveness (RBE)



Particle Therapy – Inverse dose profile



Particle Therapy – sharper lateral penumbra

(A) Schematic presentation of irradiation setup. To mimic the clinical 

situation of tumor treatment at a certain tissue depth, PMMA was 

employed as water/tissue density equivalent and placed in front of the 

target (cell culture plate). 

(B) The normalized lateral intensity distribution (0–40 mm along X-axis, 

black solid line) of all four investigated particles is shown (bottom). As the 

beam mass increases, the steepness of the lateral distribution increases, 
due to the reduced scattering for heavier ions.

(C) Schematic presentation of lateral scattering in proton and carbon ion 

beams. Left panel presents the irradiation setup used to demonstrate 

lateral scattering for proton and carbon beams. Right panel are the 
scanned images of irradiated dosimetric films.



Particle Therapy – Higher RBE

Karger, 2021

Translation to radio-biological studies



Direct action: dominant for high-LET (linear energy
transfer) radiation

Irradiation has direct effects on deoxyribonucleic acid
(DNA). For example, a secondary electron resulting from
absorption of an X-ray photon interacts with the DNA to
produce an effect, and this is the dominant process
associated with high-LET radiation such as carbon ion
beams.

Indirect action: dominant for X-rays and electrons from
LINAC

Secondary electrons can interact with a water molecule,
for example, to produce a hydroxyl radical, which in turn
damages the DNA molecule. The DNA helix has a
diameter of about 2 nm. It is estimated that free radicals
produced in a cylinder with a diameter double that of
the DNA helix can affect the DNA.

Particle Therapy – phys factors affecting RBE - LET



PT limits(?)  -> more prone to range uncertaintes than photons



PT limits (?) -> limited availability & more expensive (2-3x)

4700 pts treated 
since 2011
(400 ocular 

melanoma pts)

@ CNAO

@ worldwide

https://www.ptcog.site/index.php/facilities-in-operation-public



Cyclotron, 2 fixed-beam lines, 2 rooms with gantry, 1 experimental room

Minimal layout  is always quite large

Mevion “compact” cyclotron solution

PT limits (?) -> limited availability & more expensive (2-3x)



23 Phase II Trials 

§ Chordomas- chondrosarcoma
§ Salivary gland tumors
§ Soft tissue Sarcoma 
§ Mucosal Melanoma 
§ Adenoidocistic carcinoma 
§ Recurrent   pleomorfic adenoma 
§ Meningioma
§ Orbital tumors
§ Locally advanced head and neck tumors 
§ High risk prostate cancer
§ Inoperable pancreatic cancer
§ HCC
§ Re-irradiation of recurrent rectal cancer 
§ Re-irradiation of Head and neck 

carcinoma

CNAO Clinical Activity: Sites and Histology 

26% protons + 74% C-ions 
79% definitive RT + 21% re-irradiation 



CNAO Clinical Activity: case eligibility
to treatment with particles



Diagnostic imaging Treatment Planning Treat. Delivery

• Mask -> 
abdominal & 
thoracic
compression

• Computed
tomography
(CT) imaging

• Additional
imaging (PET, 
MRI, etc)

Radiation therapy clinical workflow

Preparation

• Define tumor
and 
therapeutic

• Prepare
treatment plan

• Treatment plan
QA

Delivery

Treat. monitoring

• Patient
positioning

• Pre-treatment 
imaging

• Beam delivery

• Re-evaluative
imaging
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CT: 3D map of x-ray
attenuation in body

MRI: 3D map of 
hydrogen atoms

Diagnostic imaging



Diagnostic imaging



Diagnostic imaging



Prescribed radiation dose to target is based on accepted clinical protocols, 
whose rationale is based on radiobiological studies and clinical trials.

LOCAL CONTROL of the DISEASE 
in 80% (90%) of the patients

Treatment planning



OPTIMIZATION → MAX TD → 
dose that produces an 

acceptable probability of 
treatment complication

NORMAL TISSUES

TOLLERANCE DOSE 
for a specific 

complication for 5% 
(50%) of the 

patients

Treatment planning

Tolerance Dose
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…using a treatment 
planning system (TPS) 
commissioned on each
specific machine.

Treatment planning



Treatment planning

Inverse planning

Define beams arrangement and 
optimization goals



Treatment planning

Spots assignment



Treatment planning

Cost function



Treatment planning

Optimization tecniquesOptimization tecniques



Treatment planning

Optimization tecniques



Treatment planning

Optimization tecniques



Treatment planning



Patient positioning + Daily imaging verification
LL

AP

DRR vs RX

Treatment delivery



Treatment delivery



Treatment delivery



Planning CT CT arter 8 FX (2 wks)

re-evaluative CT

Treatment monitoring



Planning: Green
After 8 fx: Red

REPRODUCIBLE!

Treatment monitoring



NOT REPRODUCIBLE!
Treatment monitoring



Sources of uncertaintes in range determination







Modification of tissue I-values impacted both the proton 
range and SOBP width. R90 range shifts up to 7.7 mm (4.4.%) 
and R80 range shifts up to 4.8 mm (1.9%) from the nominal 
range were recorded. Modulating the tissue I-values by 10% 
the nominal value resulted in up to a 3.5% difference mean 
dose in the target volumes and organs at risk (OARs) 
compared to the nominal case. The range and dose 
differences were the largest for the deeper-seated prostate 
and pancreas cases. The treatments that were simulated 
with randomly sampled I-values resulted in range and dose 
differences that were generally within the upper and lower 
bounds set by the 10% uniform variations. This study 
demonstrated the impact of I-value uncertainties on patient 
dose distributions. Clearly, sub-millimeter precision in 
proton therapy would necessitate a reduction in I-value 
uncertainties to ensure an efficacious clinical outcome.







Respiratory motion

Cardiac motion



















To mitigate the impact of uncertaintes on plan quality
->Robust optimization

Add penalties into the cost function for robustness

● Allow the planning system to score robustness on a

spot-by-spot basis and how one spot will affect the

overall sensitivity to potential plan degradation

● Spots with poor robustness (high sensitivity to plan

degradation) will be penalized by iteratively

decreasing and, potentially, eliminating their

intensity



Beam arrangements









Motion reduction due to shallow 
compression

Image and treat tumor at specific respiratory phase

For each tumor section deliver 1/5 of the 
dose for 5 times (to reduce local

over/under dosage points)

Compression Gating Layer-rescanning

4-D optimization to mitigate intra-fraction motion
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Adaptive replanning
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Plan verification strategies
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Plan verification strategies
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Experimental verification
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Experimental verification
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Experimental verification
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In-silico verification



Model-based (no CT) PT treatment: eye-melanoma



TPS Varian Eclipse ocular 
proton planning  

Eye – model preparation: 
looking straight

Plan preparation: eye staring at 
gazing angle direction

Range

Modulation

Eye-melanoma treatment
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MC optimized PB weights

Beamline optimization

Eye-melanoma treatment



INFN-Pavia

Individualized bras collimator
(aperture)
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 ≈ 400 pts treated so far (since Aug 2016)
 about 3’ delivery time 
 60 Gy (RBE) prescribed in 4 daily fractions

Treatment delivery



On-going studies for medical physicist @ CNAO… 
improving plan quality outcome



Traslate better dose distribution to an expected reduced risk
of toxicity….





On-going studies at CNAO… CARA VT
CARA-VT: on-going plan comparison study (protons vs photons)

in collaboration with San Matteo Hospital (Pavia)

for cardiac radioablation of ventricular tachycardia

 15 VT pts, undergoing invasive trans-catheter ablation, so far enrolled (30 pts 

foreseen)

 ECG-gated CT scan

 Photon plan (VMAT) vs proton plans (PBS, different strategies): comparison of 

DVHs for target volumes (CTV, ITV, PTV) and OARs (sub-cardiac structures, 

lung, breast, etc.)



On-going studies at CNAO… CARA VT

Combined respiratory and cardiac gating (ANZAI system)



On-going studies at CNAO… CARA VT

Proton plan

VMAT plan



On-going studies at CNAO… CARA VT
cardiac-gated Proton plan

Robust Proton plan (NO cardiac gating)
Collimated Proton plan

(sharper penumbra)

Standard (uncollimated) Proton plan



On-going studies at CNAO… toxicity studies



On-going studies at CNAO… toxicity studies

LEM I MKMDOSE PROFILE
LEM 

MKM

too high

too low
correct

And OARs dose constraints? – NO correction applied



On-going studies at CNAO… toxicity studies

68.8 Gy (RBE)LEM Gy (RBE)MKM

Optic 
Nerve

Relapse
CTV

LEM

MKM



On-going studies for medical physicist @ CNAO…
detectors characterizations





• Testing the use of commercial anthrophormic 3D printed
phantoms filled with (VIP polymer) gel sensitive to radiation

• Validation with p and C-ions

• End-to-End test on both protons and C-ion clinical plans

Gel dosimetry with protons and carbon ions



Ongoing scientific collaboration with IROC Houston QA Center for protons and carbon ions
approval (credentialing)

4-D phantom

H&N phantom

End-to-end tests



Multi-parametric Imaging
for  PT: integrating
macro & microstructural
models

MICRO:
Quantitative 
MRI (DWI, 
PWI)
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Courtesy of Chiara Paganelli (POLIMI)

MACRO:
CT + 
dose 
maps

MACRO:
Anatomical
MRI 
(T1-w, T2-w)



Multi-parametric Imaging for PT:
integrating macro & microstructural models

MULTI-PARAMETRIC IMAGING

PRE-PROCESSING
image segmentation, intensity 

normalization, ...

MACHINE LEARNING-BASED 
MODELS

FEATURE EXTRACTION
Radiomics, candidate features, 

biomarkers, …

KNOWLEDGE-BASED RADIOBIOLOGICAL / STRUCTURAL MODELS
Tumour control probability, microstructural model, …

MACRO
modelling of properties at the 

MACRO level 
(e.g. DWI, PWI,…)

MICRO 
modelling of properties at the 

MICRO level 
(e.g. cellularity, angiogenesis)

VALIDATION

TECHNICAL

REPRODUCIBILITY 

REPEATABILITY

EXTERNAL 
COHORT / 

CROSS-
VALIDATION

BIOLOGICAL – CLINICAL

CLINICAL 
OUTCOME 

(e.g. follow-up)

CORRELATION 
TO VALIDATED 
SURROGATE

SIMULATIONS 
(e.g. Monte 

Carlo)

PHANTOM 
STUDIES

GOAL: patient stratification 
and PT treatment 
personalization at different 
scales

CT + dose maps
Anatomical MRI (T1-w, T2-w)
Quantitative MRI (DWI, PWI)

AIRC IG-2020 n. 24946
PI: Prof. Baroni G.

94Courtesy of Chiara Paganelli (POLIMI)



In-vivo range verification in particle therapy

Zhu X, Fakhri GE. Theranostics. 2013;3(10):731-740.

Main clinical motivation:
inter-fractional

morphological changes
Planning CT Control CT

Courtesy of Elisa Fiorina (INFN)



In-vivo range verification in particle therapy

Zhu X, Fakhri GE. Theranostics. 2013;3(10):731-740.

Range monitoring by means of 
passive signals from beam/tissue

nuclear interactions

Main clinical motivation:
inter-fractional

morphological changes



The INSIDE bimodal system



The INSIDE bimodal system

Dose Profiler
- secondary protons 

- carbon ion in-vivo 
verification

M.G. Bisogni at al, JMI 2017; Ferrero et al., Sci.Rep 2018; Traini et al., Phys. Med., 2017 

LFS 

pixelated 

crystals

SiPM

In-beam PET

- positron emitters

- proton and carbon ion in-
vivo verification

SiPM

beam

𝛄 511 keV

𝛄 511 keV

charged 
particles

BCF-12 square 

scintillating fibres



From July 2019 to February 2020 

Planning CT

Control CT

fraction 1 fraction 21

ClinicalTrials.gov NCT03662373 E. Fiorina et al, Frontiers 2021



Future steps at CNAO… Beyond protons and carbon ions



Future steps at CNAO… commercial proton gantry





Future steps at CNAO…

Protons: similar target coverage, while significant reduction in integral 
dose to normal tissues (lower dose bath) 



 Proton arc therapy (combined or not with upright positioning):
increased degree of freedom in plan optimization

Future steps at CNAO…



Future steps at CNAO… BNCT



Future steps at CNAO… BNCT



Thanks!
Grazie!

alessandro.vai@cnao.it


