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 49% are cured by surgery

 40% are cured by radiotherapy

 11% are cured by chemotherapy  

The Royal College of Radiologists (RCR) estimates that,

of those cancer patients who are cured:

Significance of radiotherapy





Rationale for proton beam radiotherapy





•250 MeV synchrotron developed in collaboration with Fermi National Accelerator Laboratory
•3 gantries (passive scattering)
•1 fixed clinical beamline (passive scattering)
•1 fixed ocular beamline (passive scattering)
•1 fixed experimental beamline (passive scattering)

World’s first hospital-based proton therapy facility - clinically operational since 1990



250 MeV synchrotron (Hitachi PROBEAT system)
•3 gantries (2 passive scattering + 1 pencil beam scanning)
•1 fixed clinical beamline (passive scattering)
•1 fixed ocular beamline (passive scattering)
•1 fixed experimental beamline (passive scattering)

250 MeV Cyclotron (Varian ProBeam system)
•4 gantries (pencil beam scanning)

Clinically operational since 2006

Clinically operational since 2021

Cyclotron

Energy Selection 

System (ESS)

Beam Transport System

Gantries



Single-room proton therapy system:

Gantry-mounted 250 MeV synchrocyclotron



Capital cost:
• Increased access to proton 

therapy for patients
• More clinical data

• Increased availability of research 
facilities

• Detector development
• Radiobiological data
• ….

Compact/modularity:
• Construction and installation
• Ease of maintenance

Reduced shielding:
• Space and cost

Performance characteristics:
• Motion mitigation techniques
• Fast adaptive delivery
• …..



Patient treatment in seated position?

CT scanner



Passive Scattering

Pencil Beam Scanning (PBS)

Beam Delivery System



Advantages of scanned beam delivery

1. Can “paint” any physically possible dose distribution.

2. Uses protons very efficiently as compared to passive scattering in which more 
than 50% of protons have to be “thrown away”.

3. Generally, requires no patient-specific hardware.

4. The neutron background is substantially reduced as a result of points (2) and (3).

5. Allows the implementation of IMRT with protons – termed intensity-modulated 
proton therapy (IMPT)

Disadvantages of scanned beam delivery

1. The need to overcome “interplay effects” (Bortfeld, 2002)* induced by organ 
motion.

*Bortfeld T et al. (2002) Effects of intra-fraction motion on IMRT dose delivery: 
Statistical analysis and simulation. Phys Med Biol 47:2203-2220







VMAT                                                                     IMPT

VMAT technique: 2 full arcs;
5mm PTV expansion from CTV.

IMPT technique: Multi-field optimization (MFO) with 2 pencil beam scanning fields;
positional uncertainty of 5mm & range uncertainty of 3% to robustly cover CTV.

Proceedings 55th International Conference of the Particle Therapy Co-Operative Group. Int J Particle Ther. Summer 2016, 3(1), 231



Advantages of scanned beam delivery

1. Can “paint” any physically possible dose distribution.

2. Uses protons very efficiently as compared to passive scattering in which more 
than 50% of protons have to be “thrown away”.

3. Generally, requires no patient-specific hardware.
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Positional uncertainty and anatomical variation 
over course of treatment



PTCOG 56, 2017





Amos R, et al. Variation in dose distribution with tumor shrinkage for proton therapy of lung 

cancer. Proceedings of PTCOG 46, Zibo, Shandong, China, 2007





Importance of Volumetric Image-Guidance 

Proton therapy IMRT











LAD: Left Anterior Descending artery



Wang X, Zhang X, Li X, Amos RA, Shaitleman SF, Hoffman K, et al.
Br J Radiol 2013;86:20130176



Range probe / proton radiography

•Possible prior, during and after field delivery

•pCT only possible pre- or post-delivery

Prompt gamma

•Prompt γ emission within nanoseconds

•Only applicable for on-line range verification

PET

•Possible on-line, or short time after irradiation

•Biological wash-out can be an issue

MRI

•Retrospective range verification as a function 

of tissue change.



Proton CT (pCT) Dual Energy CT (DECT)

• More information – greater accuracy
• Reduction in CT artifacts



MRI

Dose PET

In-vivo verification



Plan robust optimization







Relative biological effectiveness (RBE) of clinical proton beams

Distal most portion of the SOBP predominantly contains 

Bragg peak high-LET particles, whereas the most proximal 

portion of the beam increasingly contains higher-energy, 

lower-LET particles.

RBE varies throughout the SOBP due to the changing 

LET.

LET and RBE in V79 cells as a function of depth in a 

70 MeV proton beam with a 2.5 cm SOBP.

Wouters B. et al. Radiat Res. 1996;146:159-170



RBE determined in vitro and in vivo

All known published RBE values at all dose levels for 

mammalian cell lines studied in vitro in proton beams 

in the clinical energy range.

All RBE vs. dose values for acute- and late-reacting 

experimental animal systems.

Paganetti1 reviewed and tabulated the data above an

determined that the average RBE was 1.1.

1. Paganetti H. et al. Int J Radiat Oncol Biol Phys. 2002;53:407-421



Uncertainty in RBE



Biological effect: LET based planning





Howell R, Amos R, Kanke J, et al.

Predicted risk of cardiac effects with modern cardiac-sparing radiation therapy techniques

Proceedings of PTCOG 53. Int J Particle Ther. 2014;1(2):617-618





Aims:

• To re-evaluate the technical requirements for clinical PBT systems.

• To suggest potential solutions for equipment cost-savings with the view to further democratize 

PBT for RT patients who may benefit.

Methods:

• Survey PBT community to establish baseline parameters for contemporary clinical practice.

• Attempt to re-establish a new baseline by examining:

a) Relevant indications for proton irradiation;

b) Pencil beam scanning (PBS) treatment techniques for these indications;

c) Related proton beam field parameters.

• Initial treatment planning study of two common PBT indications:

1) Low- to intermediate-risk prostate cancer (typically requires high-energy beams).

2) Cranio-spinal irradiation (CSI).

• LETd re-distribution methods were applied and considered when evaluating treatment 

planning techniques.

• Treatment planning was done in research version 11B-IonPG(12.0.130) of RayStation

(RaySearch Laboratories AB, Sweden).

• Work in progress

Amos RA, et al. Re-evaluation of beam energy and field size limits for clinical proton beam therapy 

(PBT) and related PBT system requirements. Physica Medica 104(S1), S52-S53 (2022)



Example 1: Low- to intermediate-risk prostate PBT

Standard parallel-opposed Lats Lt and Rt Anterior Obliques

Rectal volume displacement to simulate the use of 

the SpaceOAR™, or similar device, for rectal 

spacing.

Rectal displacement used: 12.7 mm1,2

1Noyes WR, et al. Human collagen injections to reduce rectal dose during 

radiotherapy. IJROBP 2012; 82(5): 1918-1922
2Amos RA. Rectal dose reduction through tissue displacement during 

intensity-modulated proton therapy (IMPT) for prostate cancer. MPEC 2012

Amos RA, et al. Re-evaluation of beam energy and field size limits for clinical proton beam therapy 

(PBT) and related PBT system requirements. Physica Medica 104(S1), S52-S53 (2022)



Femoral heads

Displaced rectum

Nominal rectum

Standard parallel-opposed Lats Lt and Rt Anterior Obliques

Highest beam energy = 205 MeV Highest beam energy = 171 MeV LAO-RAO                          Opposed Lats

LETd distribution LETd distribution

LAO-RAO: Dose

Opposed: LETd

LAO-RAO: LETd

Dose and LETd data along central AP axis:

• Higher LETd in rectum for LAO-RAO plan, but at 

onset of dose fall-off (25% of Rx)

Robustly optimized PBS treatment plans

Amos RA, et al. Re-evaluation of beam energy and field size limits for clinical proton beam therapy 

(PBT) and related PBT system requirements. Physica Medica 104(S1), S52-S53 (2022)



Example 2: Cranio-spinal irradiation (CSI)

Robustly matched PBS fields

Amos RA, et al. Re-evaluation of beam energy and field size limits for clinical proton beam therapy 

(PBT) and related PBT system requirements. Physica Medica 104(S1), S52-S53 (2022)



CSI with standard matched PA fields for the spine and Rt and Lt lateral “junctioned” fields for the whole brain using 

LETd penalty functions. The junctioned fields match distally at mid-plane.

• Max. beam energy: spine fields = 150 MeV

• Max. beam energy: junctioned brain fields = 165 MeV

• Max. beam energy: standard parallel-opposed brain fields = 187 MeV

LETd for junctioned fields. Comparison of LETd across whole brain for standard 

parallel-opposed fields and lateral junctioned fields.

Amos RA, et al. Re-evaluation of beam energy and field size limits for clinical proton beam therapy 

(PBT) and related PBT system requirements. Physica Medica 104(S1), S52-S53 (2022)



Alternative approach:

Proton arc therapy to whole brain component of CSI

• Single 360o degree arc

• Max. beam energy = 159 MeV (using a maximum radiological depth limit) 

• Homogeneous LETd

Further consideration of short IMPT spine field delivered while translating patient on couch.

Amos RA, et al. Re-evaluation of beam energy and field size limits for clinical proton beam therapy 

(PBT) and related PBT system requirements. Physica Medica 104(S1), S52-S53 (2022)



Proposed PBT System Configuration and Specifications (patent pending)

• Conventional (non-superconductive) cyclotron 

with beam energy of 180 MeV or less.

• Degrader without a downstream energy 

selection system - not required due to small 

distal fall-off at maximum energy.

• Lightweight 360o non-isocentric gantry - non-

isocentricity reducing gantry radius.

• Scanning system with one scanner before last 

bending magnet - reducing gantry radius.

• Bending magnet with focusing entrance fringe 

field – enabling compactness of magnet.

• Small maximum field size (20x10 or 10x10 cm2) 

reducing cost of scanning magnets and power 

supplies and enabling scanning through the last 

bending magnet.

Main Advantages of Proposed System

• Equipment cost greatly reduced (estimated to be below $10M)  improved accessibility of PBT

• Gantry radius < 3 m and total length < 10 m  significant reduction in building cost

• Low energy requiring less shielding of secondary radiation  further reduction in building cost

• Possible combination with conventional linacs (several options of level of integration)  combination x-ray/proton therapy 

for certain indications.

• Low maximum energy enabling high beam currents  FLASH compatible

• Proton arc compatible

Amos RA, et al. Re-evaluation of beam energy and field size limits for clinical proton beam therapy 

(PBT) and related PBT system requirements. Physica Medica 104(S1), S52-S53 (2022)



FLASH-RT: Ultra-high dose rate (UHDR) radiotherapy

Dose rate >40 Gy s-1

Data from:

Favaudon V, et al. Ultrahigh dose-rate FLASH irradiation increases the differential response 

between normal and tumor tissue in mice. Sci Transl Med 2014; 6: 245ra93.



Dose rate ~ 5 Gy/min

Dose rate ~ 300 Gy/s

36 weeks post-irradiation of mini-pig skin:

• Conv-irradiation – severe fibronecrotic lesions

• FLASH-irradiation – normal appearance of skin

FLASH-RT for SCC



75 yr old patient with multi-resistant CD30+ T-Cell cutaneous lymphoma

FLASH-RT - 15 Gy in 90 ms

Day 0 5 Months
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Practical challenges for the clinical delivery of safe and efficacious 

proton FLASH

Taking advantage of the Bragg peak:

• Transport lower energies at ultra-high dose rates

• Custom beam shaping devices at end of delivery nozzle

• eg: “Hedgehog” from IBA

• What is the impact of sub-FLASH dose rates at distal fall off for distal OAR?

• …….

Motion mitigation:

• No motion-related interplay effect

• FLASH delivery requires precise timing to hit a moving target

• …

Accurate absolute and relative dosimetry:

• Dose rate dependency issues with dosimeters

• …

Radiation shielding:

• Higher dose rates

• Different workload

• …

………



TumourOAR

IMRT or IMPTpFLASH

Combining pFLASH with conventional dose rate RT to spare OAR?



PTCOG 57



(Accepted for publication in Nature Scientific Reports)

1. gantry

2. NPL primary-standard proton calorimeter (PSPC)

3. instrumentation for the NPL PSPC

4. vacuum pump

5. ion chamber setup





Proton Minibeam Radiation Therapy (pMBRT)

• Spatially fractionated proton beams – spares proximal normal tissue.

• Minibeam FWHM approx. 1 – 2mm.

• Minibeams created with either PBS or PSPT system with slit collimation.



Prezado Y. et al. Int J Radiat Oncol Biol Phys 2019 Jun 1;104(2):266-271



Heavier-ion therapy



Heavy-ion facilities

HIMAC at NIRS in Japan first 

to treat with C-ions in 1996



Electrons Protons Carbon ions







Boron Neutron Capture Therapy (BNCT)

• First proposed by Gordon Locher in 1936.

• Patient infused with a non-toxic 10B targeting drug which selectively accumulates in 

tumor cells.
• Drug traditionally used is boronphenylalanine (BPA) – others now being developed

• Tumor irradiated with low energy (< 0.1eV) neutrons.

• Nuclear reaction emits 7Li-ions and α-particles.

• These high-LET ions deliver therapeutic dose to 10B-loaded cancer cells whilst 

limiting damage to surrounding normal cells without 10B.



Accelerator-based BNCT clinical systems

• Early BNCT systems relied on reactor-

based neutron sources – not suitable for 

hospital-based clinical facilities.

• Novel accelerator-based neutron sources 

enabling a renaissance in BNCT to occur.

• Clinical systems based on low-energy 

(approx. 2.5 MeV) proton accelerators.

• Research:
• Dose verification;

• Image-guided targeting;

• ……



Questions?
r.amos@ucl.ac.uk



CALL FOR PAPERS

Special Collection:

Advances in Particle Therapy for Cancers

Guest Editor: Richard A. Amos

Submission deadline: June 30th, 2023

https://journals.sagepub.com/page/tct/collections/call-for-papers/advances-

in-particle-therapy-for-cancers

https://journals.sagepub.com/page/tct/collections/call-for-papers/advances-in-particle-therapy-for-cancers
https://journals.sagepub.com/page/tct/collections/call-for-papers/advances-in-particle-therapy-for-cancers
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