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Carbon ions: where
do we go next



Modified from C. Glowa et al. / Cancer Letters 378 (2016) 97–103

Well diferentiated 
prostate cancer

Moderately 
diferentiated prostate 
cancer

poorly diferentiated 
prostate cancer



CIRT in H&N

• Mucosal Melanoma

• B&STS

• Paranasal sinuses
LC

Courtesy of Dr Mizoe

Courtesy of Dr Mizoe

Hu et al 2020



CIRT for sarcoma
CIRT has been used with curative intent in 
many non operated sarcoma such as:

• Chordoma

• Chondrosarcoma

• Osteosarcoma

Imai et al. 2016

Imai et al. 2017

Courtesy of Dr Kamada



Potential advantages

• Non SCC H&N

• Sarcoma

• Rectal cancer re-RT

• High risk prostate cancer

• Pancreatic cancer



We need more centers to produce the evidence
We need more evidence to build the centers 



The path forward

Prove that good results are tru

• Clinical trials

• Cooperation

• Innovative methodology

Explore new potential use

• Hypoxia/reoxygenation

• LET painting

• Immune response



Showcase: sacral chordoma

• Can we propose carbon ions as an alternative to surgery?

• How much should we insist before accepting patient refusal ?

• Are the Japanese data reproducible ?

• Is long term toxicity profile really better with carbon ions?

• What are the salvage treatment options?

• Can we do the same with protons?
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23 active sites in 7 countries 
and more are joining

Courtesy of S. Radaelli
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NED AWD DOD
Dead for 

Complication

Dead for

other

cause

37% (32) 57% (50) 3% (3) 1% (1) 1% (1)

97%(31)

(Arm A)

3%(1)

(Arm B)

6%(3)

(Arm A)

94%(47)

(Arm B)

33%(1)

(Arm A)

67%(2)

(Arm B)

100%(1)

(Arm A)

100%(1)

(Arm B)
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LET painting



Carbon ion is not a 
high LET RT



Carbon ions
High LET RT ?(only where you need it)

lowLET

high LET



RBE

Does RBE tell 
the truth, 
all the truth, 
nothing but the 
truth?
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Inferior clinical outcomes in large tumors

• A. Matsunobu et al. 2012 Unresectable Osteosarcoma of the trunk treated with CIRT

Clinical target volume (<500 cm3 vs. ≥500 cm3):

• Significantly associated with 5-year LC

o 88% vs 31%

• Significantly associated with 5-year OS:

o 46% vs 19%

JF 09-11-2021; M. Schafasand

5-year LC 5-year OS

CIRT: Carbon Ion Radiotherapy; LC: Local Control; OS: Overall Survival
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Recent studies

• Y. Hagiwara et al. 2020

o Influence of dose-averaged linear energy transfer 
on tumour control after carbon-ion radiation 
therapy for pancreatic cancer

• S. Matsumoto et al. 2020

o Unresectable chondrosarcomas treated with 
carbon ion radiotherapy: Relationship between 
dose-averaged linear energy transfer and local 
recurrence

• S. Molinelli et al. 2021

o How LEM-based RBE and dose-averaged LET 
affected clinical outcomes of sacral chordoma
patients treated with carbon ion radiotherapy

• Influence of LETd on tumor control

• Significant association of high LETd,min(≥44 keV/µm) in the 
GTV with better 18-month LC

o 100% vs. 34.3%

JF 09-11-2021; M. Schafasand

LETd: Dose averaged Linear Energy Transfer; LETd, min: Minimum dose averaged Linear Energy Transfer; LC: Local Control
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Recent studies

• Y. Hagiwara et al. 2020

o Influence of dose-averaged linear energy transfer 
on tumour control after carbon-ion radiation 
therapy for pancreatic cancer

• S. Matsumoto et al. 2020

o Unresectable chondrosarcomas treated with 
carbon ion radiotherapy: Relationship between 
dose-averaged linear energy transfer and local 
recurrence

• S. Molinelli et al. 2021

o How LEM-based RBE and dose-averaged LET 
affected clinical outcomes of sacral chordoma
patients treated with carbon ion radiotherapy

• Significant correlation of V50 keV/µm with tumor volume

o V50 keV/µm: The ratio of the volume in the PTV receiving less than 
50 keV/µm to the entire volume of the PTV

JF 09-11-2021; M. Schafasand

PTV: Planning Target Volume
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Recent studies

• Y. Hagiwara et al. 2020

o Influence of dose-averaged linear energy transfer 
on tumour control after carbon-ion radiation 
therapy for pancreatic cancer

• S. Matsumoto et al. 2020

o Unresectable chondrosarcomas treated with 
carbon ion radiotherapy: Relationship between 
dose-averaged linear energy transfer and local 
recurrence

• S. Molinelli et al. 2021

o How LEM-based RBE and dose-averaged LET 
affected clinical outcomes of sacral chordoma
patients treated with carbon ion radiotherapy

• All LETd evaluators obtained from the CTVHD (boost) were
higher than the CTVLD

• LETd|50% of the CTVHD was significantly higher for the control
group

JF 09-11-2021; M. Schafasand

LETd: dose averaged Linear Energy Transfer; LETd|50%: Median LETd; CTVHD: Clinical Target Volume high dose; CTVLD: Clinical Target Volume low dose 
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LETd/High-LET-dose in large targets

• Sacral chordoma

o PTV1: 1954.5 cm3

o PTV2: 1305.7 cm3

• Sequential dose prescription

o RBE-weighted dose per fraction: 

• PTV1: 9 fx; 4.6 Gy (RBE)/fx

• PTV2: 7 fx; 4.6 Gy (RBE)/fx

• Beam arrangement:

o T-shape (2 horizontal + 1 vertical)

PTV: Planning Target Volume; RBE: Relative Biological Effectiveness; fx: Fraction

LETd



LET-based optimization
• Sacral chordoma

• PTV1: 1244.3 cm3

• PTV2: 656.7 cm3

• Sequential dose prescription
• RBE-weighted dose per fraction: 

• PTV1: 9 fx; 4.6 Gy (RBE)/fx
• PTV2: 7 fx; 4.6 Gy (RBE)/fx

• Beam arrangement:
• T-shape (2 horizontal + 1 vertical)

• Comparing the:
• RBE-weighted dose distribution
• LETd distribution
• DVHs & LVHs

PTV: Planning Target Volume; GTV: Gross Tumor Volume; RBE: Relative Biological Effectiveness; fx: Fraction; DVH: Dose Volume Histogram; LVH: LETd Volume Histogram
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LET-based optimization
• Sacral chordoma
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Research question

“In order to achieve a good clinical outcome, most tumor voxels must receive besides prescribed 
dose, enough dose with high LET”

JF 09-11-2021; M. Schafasand

LET: Linear Energy Transfer 

?

high

enough

most





And in the meanwhile…
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SACRAL CHORDOMA AT MEDAUSTRON

Sacral chrodoma LC

Sacral chrodoma OS

Sacral chrodoma
Freedom from distant mets
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CIRT + immune response



Radioimmunotherapy

Formenti & Demaria, Lancet 

Oncol. 2009



Combined 

radiotherapy and 

immunotherapy 

in the clinics:

lung cancer trial

46

NSCLC progressing after 3 lines of chemo

and chest RT: Multiple lung, bone 

and liver metastasis

RT to one liver met  6 Gy X 5  ( TD 30 GY)

Ipilimumab, 3 mg/Kg, after first RT q3 weeks, X  4 cycles
Golden et al Cancer Immunology Research, 2014

48 months after 

RT+immunothe

rapy

Courtesy of Silvia Formenti

Courtesy of dr. M Durante



The physical advantages of CPT
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Courtesy of Marco Schwarz, TIFPA, Trento



Durante et al., Int. J. Radiat. Oncol. Biol. Phys. 2000

Physical advantages of particle 

therapy for immunology



Can carbon be more immunogenic?

High LET Helium (160 keV/mm) killed cells 
producing  more ICD markesr as compared to 
X rays:

ATP  4.12 times

HMGB1 1.97 times

CRT 2.74 times



03/01/13



08/07/2022



08/07/2022



Chen et al., Nat. Immunol. 2016

cGAS/STING pathway



Mackenzie et al., 
Nature 2017

Harding et al., 
Nature 2017

Micronuclei 
can trigger 
the 
cGAS/STING 
pathway

Courtesy of dr. M Durante



Durante & Formenti, Front. Oncol. 2018 



PATHY concept 

• PATHY – PArtial Tumor irradiation targeting HYpoxic segment: a novel approach for exploitation of bystander and abscopal effects.

• Developed in 2015 aiming to improve RT-therapeutic ratio by maximizing the radiation-induced immune response (local and distant).

• –PATHY consists of 3 components:
1.) HIGH-DOSE PARTIAL TUMOR IRRADIATION TARGETING HYPOXIC SEGMENT (more abscopal tumor part(preclinical findings)),
2.) SPARING OF PERITUMORAL IMMUNE MICROENVIRONMENT (PIM) as a NEW OAR,
3.) TIME-SYNCHRONIZED IMMUNE-GUIDED IRRADIATION.

• TARGET POPULATION: patients with unresectable bulky unsuitable for conventional RT-CHT.



PATIENTS TREATED WITH -PATHY APPROACH: OUTCOMES

2021

Apr 2022



SAMPLE SIZE: 22 patients

PATIENT SELECTION/clinical scenarios:
- unresectable, bulky central nervous system (CNS)/body cT3-T4 tumors,
- bulky disease defined as tumor mass with the diameter ≥6 cm,
- largely hypoxic tumors,
- large in-field/marginal recurrence after prior radiotherapy.

PURPOSE:
to explore the effectiveness of the CARBON-ions-based PArtial Tumor irradiation targeting HYpoxic segment (CARBO-PATHY)

Primary endpoint:
Bystander (non-targeted local) bulky tumor response rate.
Secondary endpoints:
1. Abscopal (non-targeted distant) metastatic tumor response rate.
2. Overall survival,
3. Time to local tumor progression,
4. Time to distant tumor progression, 
5. Symptoms relief,
6. Radiation related toxicity,
7. Patient reported quality of life,
8. Timing of PARTICLE-PATHY in relation to clinical outcomes.

Protocol approved by the local ethic committee on 25th of February 2021

Estimated Study Start Date: June 2021 



Case presentation

46 years old male

2011: Radiation-induced (secondary) leiomyosarcoma of the skull base/sinus maxillaris/nasal cavity/ base of tounge:

1977: St.p. Retinoblastoma right, Enucleation, external radiotherapy und Ruthenium applicator. 

1994: St.p. Retinoblastoma left,  Enucleation.

Treatment: 
- Chemotherapy (Epirubicin/Ifosfamid),
- EBRT 70Gy/2Gy,
- Macroscopic radical tumor resection.

OCTOBER 2019: Local recidiv of leiomyosarcoma right frontal base:

Treatment NOVEMBER 2019: 
- Macroscopic radical tumor resection.



Evaluation of further radiotherapy: PATHY planning

February 2020: fast growing recurrence. 

Symptoms: headaches, epistaxis, dysphagia.

Fairly good general condition, KPS 80%. 

March 2020: fast local progression.

Fast symptom- and general conditions-
deterioration, 
KPS 40%.

No indication to further surgery, photons 
X-ray, CIRT, systemic therapy.



CARBO-PATHY: 12Gy RBE x 3 to 70% (Dmax 46Gy RBE in 3 fractions)

GTV

BTV





Side effects: none. KPS improved to 90%. The patient got out of bed and rode a bicycle with his wife. 
He died 3 months after the treatment due to another recurrence.

2 months 
after

Before 
CARBO-
PATHY



MORE IMAGES: patient population



Treatment planning



Outcomes: bystander and abscopal effects



Outcomes: bystander and abscopal effects



Hyopxia / reoxygenation
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Carbon ionPhoton

(γ-ray)

Carbon ion for OPC ?

Carbon ion beam have significantly smaller OER than photons

HSG tumor cells 
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Courtesy of dr. Sato



Michael Bauman





Lack of re-oxygenation at 2 weeks is 
the key



Loco regional control of HPV- locally 
advanced OPC



Hypoxia and reoxygenation

Fukawa et al. 2004
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