
Clinical and Experimental Radiobiology Course 2025

Ch.25

Particles in Radiotherapy

Patricia Lindsay, Ph.D., DABR, FCCPM

Radiation Physics, Princess Margaret Cancer Centre

University of Toronto Department of Radiation Oncology

Basic Clinical Radiobiology

Ch.6



Clinical and Experimental Radiobiology Course 2025

Acknowledgements

• Slides adapted from Dr. Michael Joiner



Clinical and Experimental Radiobiology Course 2025

Learning Objectives

• Define particle therapy

• Understand physical benefits of particle therapy

• Understand radiobiological benefits (and 

challenges) of particle therapy

• Describe and give examples of clinical uses of 

particle therapy
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Particle Therapy (Hadron Therapy)
• Hadron

o Any type of subatomic particle made up of quarks and subject to the 

strong force (two types of hadrons: baryons and mesons)

o Protons and neutrons are hadrons

o Hadron or particle therapy refers to radiotherapy using:  protons, light-

ions or heavy-ions (and fast neutrons)

• Light vs Heavy-ions

o Atomic number is the number of protons in the nucleus of an atom

o Atomic mass is the number of protons + neutrons

o Light ions:  z < 6, heavy ions:  z >=6 
o Helium is a light ions

o Carbon is a heavy ion
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Particle Therapy

• Both physical and radiobiological benefits to 

particle therapy (protons, carbon-ions) compared 

with conventional (photon) treatment

o Physical:  less dose deposition proximal and distal to 

the tumor, less scattering

▪ Bragg Peak

o Biological: Higher LET and RBE

▪ Impact on both tumor and normal tissues 
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Physical 
basis for particle therapy
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Physical Benefits of Particle Therapy

• Bragg Peak

• Increasing particle mass -> less influence 

of scattering and straggling

• Increasing particle mass -> nuclear 

fragmentations which contributes to dose 

beyond the Bragg Peak
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Kraft, History of Heavy ion therapy at GSI
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https://www.oncolink.org/healthcare-professionals/oncolink-university/proton-therapy-professional-education/oncolink-proton-

education-modules/the-physics-of-proton-therapy

Spread-out Bragg Peak
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Brief History of Hadron Therapy

1929 
Development 
of cyclotron

1938

First patient 
treatments 

with neutrons 
(high RBE)

1946

Wilson paper 
introducing 
concept of 

proton 
therapy

1954

 Protons first 
used for 
clinical 

treatment

1950s-1980s   
Neutrons, 

protons, pi-
mesons,  
used for 
clinical 

treatments at 
physics 

research 
accelerators

1975 

Argon and 
Neon ions 
used for 
clinical 

treatments 
(++ toxicity)

1990  

First hospital-
based proton 

therapy 
facility in the 

US

1994  

First clinical 
carbon ion 
facility in 
Japan

Degiovanni A, Amaldi U. History of hadron therapy accelerators. Phys Med. 2015 Jun;31(4):322-32. 

doi: 10.1016/j.ejmp.2015.03.002. Epub 2015 Mar 23. PMID: 25812487

Wilson R.R. Radiological use of fast protons. Radiology. 1946;47(5):487–491. doi: 10.1148/47.5.487.
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Biological
basis for high-LET therapy

(e.g. carbon ions, )
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Biological Benefits of High LET Radiotherapy

• Decreased influence of oxygen

• Decreased influence of cell cycle position

• Decreased range of radiation response of 

different  cell types
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4MeV d-Be

OER = 3.0
OER = 1.7

McNally et al. Int J Radiat Biol 1985;48:847

Reduced effect of oxygen
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Variation of RBE and OER with LET
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Reduced Range of Radiation Response

• Range of radiation response of different cell types is 

reduced with high-LET radiation (neutrons) compared 

with X-rays

o In-vitro response of 20 human cell lines to photon and neutron 

irradiation

o Same median cell survival for 2 Gy (photons) and 0.68 Gy 

(neutrons)

o Average RBE = 2 Gy /0.68 Gy = 2.94
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ATM cell line

Reduced range of response

Figure 6.9
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SF neutrons < SF photons

SF neutrons > SF photons
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Benefit of High LET Radiation

• Benefit of high LET 

radiation in clinical 

setting may therefore 

depend on the relative 

radiosensitivity of the 

tumour and surrounding 

normal tissue
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Biological bases for high-LET particle 

therapy

(e.g. carbon ions, neutrons)

• Reduced range of response

• Reduced influence of oxygen

• Reduced influence of cell cycle
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CLINICAL APPLICATIONS OF 

PARTICLE THERAPY



Clinical and Experimental Radiobiology Course 2025

Current Clinical Use of Particle Therapy

114 Proton therapy centres  16 Carbon ion centres

https://www.ptcog.site/index.php/facilities-world-map

https://www.ptcog.site/index.php/facilities-world-map
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Current Clinical use of Particle Therapy

In Canada (2017):  

>100,000 courses of 

radiation therapy

In Canada (2020): 

48 radiation treatment 

facilities in Canada.

Data from CPQR
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Why don't we treat all patients using Particle therapy

▪ Clinical evidence for proton and carbon-ion 

therapy is still developing

▪ Proton and carbon ion therapy is significantly 

more expensive

▪ Requires large, highly specialized equipment

▪ There is limited availability 
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Yonsei Carbon ion facility in Korea

Han MC et al. The first Korean 
carbon-ion radiation therapy 
facility: current status of the 
Heavy-ion Therapy Center at the 
Yonsei Cancer Center. Radiat 
Oncol J. 2024 Dec;42(4):295-307. 
doi: 10.3857/roj.2024.00206. 
Epub 2024 Dec 20. PMID: 
39748530; PMCID: 
PMC11701461.

• 9 m in length

• Rotational radius 6.3 m

• Weight: 200 tons
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PROTON THERAPY
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ASTRO

(American) 

Guidelines

https://www.astro.org/ASTRO/media/ASTRO/Daily%20Practice/

PDFs/ASTROPBTModelPolicy.pdf

https://www.astro.org/ASTRO/media/ASTRO/Daily%20Practice/PDFs/ASTROPBTModelPolicy.pdf
https://www.astro.org/ASTRO/media/ASTRO/Daily%20Practice/PDFs/ASTROPBTModelPolicy.pdf
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Patient Selection for Proton Therapy

Langendijk JA, Hoebers FJP, de 

Jong MA, Doornaert P, Terhaard 

CHJ, Steenbakkers RJHM, 

Hamming-Vrieze O, van de Kamer 

JB, Verbakel WFAR, Keskin-

Cambay F, Reitsma JB, van der 

Schaaf A, Boersma LJ, Schuit E. 

National Protocol for Model-

Based Selection for Proton 

Therapy in Head and Neck 

Cancer. Int J Part Ther. 2021 Jun 

25;8(1):354-365. doi: 

10.14338/IJPT-20-00089.1. PMID: 

34285961; PMCID: PMC8270079.



Clinical and Experimental Radiobiology Course 2025

https://www.ebme.co.uk/articles/clinical-engineering/proton-beam-therapy
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Gogineni E et a Comparative 
In Silico Analysis of Ultra-
Hypofractionated Intensity-
Modulated Photon 
Radiotherapy (IMRT) Versus 
Intensity-Modulated Proton 
Therapy (IMPT) in the Pre-
Operative Treatment of 
Retroperitoneal Sarcoma. 
Cancers (Basel). 2023 Jul 
4;15(13):3482. doi: 
10.3390/cancers15133482. 
PMID: 37444592; PMCID: 
PMC10341304
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Craniospinal irradiation

Eaton BR et al.  
Secondary 
Malignancy Risk 
Following Proton 
Radiation 
Therapy. Front 
Oncol. 2015 Nov 
26;5:261. doi: 
10.3389/fonc.201
5.00261. PMID: 
26636040; 
PMCID: 
PMC4659915.
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Clinical Benefits of Proton Therapy

• Reduction in normal tissue volume/doses

• Reduction in associated side-effects

• Cost-effectiveness with respect to long-

term management of toxicity
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Clinical Proton Treatment Planning:  

RBE = 1.1

Paganetti H, Niemierko A, 
Ancukiewicz M, Gerweck LE, 
Goitein M, Loeffler JS, Suit HD. 
Relative biological 
effectiveness (RBE) values for 
proton beam therapy. Int J 
Radiat Oncol Biol Phys. 2002 
Jun 1;53(2):407-21. doi: 
10.1016/s0360-
3016(02)02754-2. PMID: 
12023146.
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Protons are low LET Radiation …

Haas-Kogan D, Indelicato D, 

Paganetti H, Esiashvili N, Mahajan 

A, Yock T, Flampouri S, MacDonald 

S, Fouladi M, Stephen K, 

Kalapurakal J, Terezakis S, Kooy H, 

Grosshans D, Makrigiorgos M, 

Mishra K, Poussaint TY, Cohen K, 

Fitzgerald T, Gondi V, Liu A, 

Michalski J, Mirkovic D, Mohan R, 

Perkins S, Wong K, Vikram B, 

Buchsbaum J, Kun L. National 

Cancer Institute Workshop on 

Proton Therapy for Children: 

Considerations Regarding 

Brainstem Injury. Int J Radiat Oncol 

Biol Phys. 2018 May 1;101(1):152-

168. doi: 

10.1016/j.ijrobp.2018.01.013. PMID: 

29619963; PMCID: PMC5903576.



Clinical and Experimental Radiobiology Course 2025

CARBON-ION THERAPY
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Clinical Evidence for Carbon-ion therapy

• 78 primary studies

• Looked at clinical 

outcomes (survival, local 

control) and toxicity

• Categorized data based 

on strength of evidence

Light E, Bridge P. Clinical indications for carbon-ion radiotherapy in the UK: A critical review. Radiography (Lond). 
2024 Mar;30(2):425-430. doi: 10.1016/j.radi.2023.12.014. Epub 2024 Jan 9. PMID: 38199158.
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Carbon-ion Radiotherapy:  Clinical Examples

Eekers DBP, Roelofs E, Jelen U, Kirk M, Granzier M, Ammazzalorso F, Ahn PH, Janssens GORJ, Hoebers FJP, Friedmann T, Solberg T, Walsh S, Troost EGC, 
Kaanders JHAM, Lambin P. Benefit of particle therapy in re-irradiation of head and neck patients. Results of a multicentric in silico ROCOCO trial. 
Radiother Oncol. 2016 Dec;121(3):387-394. doi: 10.1016/j.radonc.2016.08.020. Epub 2016 Sep 14. PMID: 27639891.
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Carbon-ion Radiotherapy:  Clinical Examples

Matsumoto K, Nakamura K, Shioyama Y, Sasaki T, Ohga S, Yamaguchi T, Yoshitake T, Asai K, Kakiuchi G, Honda H. Treatment Planning 

Comparison for Carbon Ion Radiotherapy, Proton Therapy and Intensity-modulated Radiotherapy for Spinal Sarcoma. Anticancer Res. 2015 

Jul;35(7):4083-9. PMID: 26124359.
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Treatment Planning for Carbon Ion Radiotherapy

• Treatment planning must 

convert physical dose to 

RBE-weighted dose

• Different models are 

used for this calculation

• Can make comparison of 

clinical data difficult
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Summary:  Particle Therapy

• Physical advantages of Particle Therapy

– Bragg peak

– Adjustable Bragg peak depth

– Sharp beam edges (small penumbra)

• Biological advantages of high LET Radiation

– low OER, reduced cell-cycle effect, less repair of

tumor cells; high-LET benefits partially maintained

even after spreading out the Bragg peak
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Exciting Applications of Particle Therapy

Proton Flash Therapy:  

FAST-01 clinical trial

Mascia AE, Daugherty EC, Zhang Y, Lee E, Xiao Z, 
Sertorio M, Woo J, Backus LR, McDonald JM, 
McCann C, Russell K, Levine L, Sharma RA, 
Khuntia D, Bradley JD, Simone CB 2nd, Perentesis 
JP, Breneman JC. Proton FLASH Radiotherapy for 
the Treatment of Symptomatic Bone 
Metastases: The FAST-01 Nonrandomized Trial. 
JAMA Oncol. 2023 Jan 1;9(1):62-69. doi: 
10.1001/jamaoncol.2022.5843. Erratum in: JAMA 
Oncol. 2023 May 1;9(5):728. doi: 
10.1001/jamaoncol.2023.0218. PMID: 36273324; 
PMCID: PMC9589460.

Mohiuddin M, Lynch C, Gao M, Hartsell W. Early clinical results of 

proton spatially fractionated GRID radiation therapy (SFGRT). Br J 

Radiol. 2020 Mar;93(1107):20190572. doi: 10.1259/bjr.20190572. 

Epub 2019 Nov 7. PMID: 31651185; PMCID: PMC7066961

Spatially fractionated radiotherapy


	Slide 1
	Slide 2: Acknowledgements
	Slide 3: Learning Objectives
	Slide 4: Particle Therapy (Hadron Therapy)
	Slide 5: Particle Therapy
	Slide 6
	Slide 7
	Slide 8
	Slide 9: Physical Benefits of Particle Therapy
	Slide 10
	Slide 11
	Slide 12
	Slide 13: Spread-out Bragg Peak
	Slide 14: Brief History of Hadron Therapy
	Slide 15
	Slide 16: Biological Benefits of High LET Radiotherapy
	Slide 17
	Slide 18
	Slide 19
	Slide 20: Reduced Range of Radiation Response
	Slide 21
	Slide 22
	Slide 23: Benefit of High LET Radiation
	Slide 24
	Slide 25
	Slide 26: Clinical applications of Particle Therapy
	Slide 27: Current Clinical Use of Particle Therapy
	Slide 28: Current Clinical use of Particle Therapy
	Slide 29: Why don't we treat all patients using Particle therapy
	Slide 30
	Slide 31: Proton Therapy
	Slide 32: ASTRO (American) Guidelines
	Slide 33: Patient Selection for Proton Therapy
	Slide 34
	Slide 35
	Slide 36
	Slide 37: Clinical Benefits of Proton Therapy
	Slide 38: Clinical Proton Treatment Planning:  RBE = 1.1
	Slide 39
	Slide 40: Protons are low LET Radiation …
	Slide 41: Carbon-ion Therapy
	Slide 42: Clinical Evidence for Carbon-ion therapy
	Slide 43: Carbon-ion Radiotherapy:  Clinical Examples
	Slide 44: Carbon-ion Radiotherapy:  Clinical Examples
	Slide 45: Treatment Planning for Carbon Ion Radiotherapy
	Slide 46
	Slide 47: Exciting Applications of Particle Therapy
	Slide 48

