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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 hadron beam radiotherapy 





Brief history of Proton Beam Therapy 

1946:  Therapeutic use of proton beams first proposed by Robert Wilson1 

                       1Wilson RR. Radiological use of fast protons. Radiology. 1946;47:487-491 

 

1954:  First patient treated at the UC Lawrence Berkeley Laboratory (LBL) 
– Treated the pituitary gland with beams passing entirely through the brain. 

 

1957:  Proton radiosurgical techniques for brain tumors developed at the Gustaf-Werner   
 Institute, Uppsala, Sweden 

– First to use range modulation 

 

1961: Radiosurgery of small intercranial targets at the Harvard Cyclotron Laboratory 
 

70s – 80s:  Physics facilities worldwide – notably, the Paul Scherrer Institute (PSI) in Switzerland 

 

1989: The world’s first hospital-based low-energy ocular proton beam therapy facility opened at 
 Clatterbridge Cancer Centre, UK 

 

1990: The world’s first hospital-based high-energy proton beam therapy facility opened at    
 Loma Linda University Medical Center, California 

 

2000s - : Rapid growth in number of proton facilities internationally  





Personal experience in proton beam radiotherapy 

2002 – 2005: 2005 – 2013: 

•First hospital-based high-energy proton 
therapy facility in the world. 
•First patient treated in 1990 
•18,362 patients treated by end of 2014* 

•World-leading cancer treatment and 
research center. 
•Proton Therapy Center opened in 2006 
•First in the USA to treat with PBS in 2008 
•5,838 patients treated by end of 2014* 

*Int J Particle Ther. 2015;2(1):50-54 



•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) 





•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) 





Current Indications for NHS Patients 

Travelling Abroad for PBT 

• Adult 
• Base of Skull & Spinal Chordoma 
• Base of Skull Chondrosarcoma 
• Spinal & Paraspinal Bone and Soft Tissue    Sarcomas (Non 

Ewing’s) 
 

• Paediatric 
• Base of Skull & Spinal Chordoma 
• Base of Skull Chondrosarcoma 
• Spinal & Paraspinal ‘adult type’ Bone and Soft Tissue 

Sarcomas 
• Rhabdomyosarcoma 
• Orbit 
• Parameningeal & Head & Neck 
• Pelvis 
• Ependymoma 
• Ewing’s Sarcoma 
• Retinoblastoma 
• Pelvic Sarcoma 
• Optic Pathway and other selected Low Grade Glioma 
• Craniopharyngioma 
• Pineal Parenchymal Tumours (not Pineoblastoma) 
• Esthesioneuroblastoma 
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Paediatric Adult 

Indication 2009 

Framework 

assumption 

2012 

Updated 

assumption 

Indication 

 
2009 Framework 

assumption 

 

2012 Updated 

assumption 

Chordoma/ Chondrosacoma 15  Ocular/Orbital 2 25 

Rhabdomyosarcoma (Orbit) 5 Chordoma 60 60 

Rhabdomyosarcoma (Parameningeal and H&N) 15 Chondrosarcoma 30 30 

Rhabdomyosarcoma( Pelvis) 10 Para- Spinal / Spinal Sarcoma 180 180 

Osteosarcoma 3 Meningioma 100 100 

Ewings 9 Acoustic Neuroma 100 100 

PPNET 5 Craniospinal NOS (Pineal) 10 10 

Ependymoma 25 Head & Neck & Paranasal Sinuses 300 300 

Low Grade Glioma 5 PNET(medulloblastoma ) 30 30 

Optic Pathway Glioma 12 Difficult cases 300 123 

Craniopharyngioma 15 TYA 200 

Medulloblastoma (PNET) 70 

Hodgkins 5 

Retinoblastoma 5 

Meningioma 3 

Intracranial germinoma 10 

Nasopharynx (H&N) 15 

Difficult Cases-Esthe/Neuro/Liver 5 

Very Young Age 20 

Total 252 330 Total 1,110 1157 



What will UK service look like? 

• 2 sites selected 

– The Christie (Manchester) 

– UCLH (London) 

 

• 2 Sites, 1 Service 

– Integrated clinically within the hospital 
setting 

– Integrated with existing conventional 
photon facilities 

– Collaboration across all areas 

• Referral 

• Protocol Development 

• Technology 

• Research 

– Due to open in 2018/2019 

 

 

 



• Geographical access 

• Viable centre size 

• Integrated radiotherapy department 

• High quality and recognised complex case mix 
– Largest paediatric practice in Europe 

 

 

 

Why UCLH? 
Brain/CNS 

Breast 

Endocrine 

Gynae 

Haematology 

Head and Neck 

Lower GI 

Lung 

Sarcoma 

Skin 

Upper GI 
Urology 

NULL OTHER 





Zakrzewska P, Pitt M, Amos RA, D’Souza D & Ahmed T. 

Application of building information modelling (BIM) in the design, construction, and operations 

management of a complex proton beam therapy facility in central London.  
 

Proceedings of PTCOG 54. Int J Particle Ther. 2015;2(1):331-332 









Operational Expectations 

Facility opening times: 
 

 24Hour/day 

 Clinical time: 
 5 days per week 

 14 Hours per day 

 Quality Assurance Checks 

 Maintenance Requirements 

 Research 
 



Beam delivery system: Passive scattering 



Beam delivery system: Pencil beam scanning 

• 94 Energies: 72.5 - 221.8 MeV 
• Range: 4.0 – 30.6 cm 
• Adjustability: 0.1 cm 
• Max field size: 30x30 cm2 

• Beam size: 5 - 14 mm  (air) 
• Energy absorber (range shifter) 





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 
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Wu R, Amos RA, et al. Effect of CT truncation artifacts on proton dose calculation. 

(Abstract) Med Phys 35, 2697 (2008) 

2-3 mm diff in calculated range 







LAD: Left Anterior Descending artery 



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 



Inelastic nuclear interaction 

Positron-emitting isotope produced 

Annihilation 

Nuclear scatter promote 

nuclei to excited states that 

decay through emission of 

single gamma 

511 keV gammas 

11C or 15O 2 – 15 MeV gammas 

(Existing imaging systems designed for 

gamma energies of a few hunded keV) 





Proceedings: 2013 IEEE Nuclear Science Symposium & Medical Imaging Conference, Seoul, Korea. 





Biological effect: Biology based planning 

Dose     LET 

What is the most important metric for proton planning? 



1st scanner 

magnet Y 
 

2nd scanner 

magnet X 
 

vacuum 

drift tube 
 

dose and 

position monitor  
 40 cm 

 

30 cm 
 



Parallel plate ion-chamber “Peakfinder” system 

Multi-layer ion chamber (MLIC)  2D scintillation detector 



Desirable: 

 

• Fast and accurate 3D dosimetry for treatment plan verification and 

machine QA 

 

 

 

Holy Grail: 
 

• In vivo range verification and on-the-fly adaptive PBS delivery: 

 

• On-board image-guidance (CBCT, MRI); 

• Pre-treatment WEPL verification (pCT, p-radiograph); 

• Fast detection during treatment (prompt gamma); 

• Fast comparison with daily on-board imaging of anatomy; 

• Fast adjustment to spot delivery pattern; 

• Self-verification of pencil beam trajectories and energies; 

• Repeat in vivo verification. 

 



PBT patient mix (2012) 
FY'12 Proton NTS Through May

142, 22%

242, 36%

195, 30%

47, 7%

32, 5%

PEDI/CNS GU THOR HN Other

PED/CNS 
22% 

GU 
36% 

THORACIC 
30% 

HN 

7% 

Other 
5% 

FY’12  

Annualized 

PEDI/CNS 191 

GU  311 

THORACIC 261 

HN 63 

OTHER 32 

TOTAL 857 



Prostate 

Proton therapy IMRT 
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http://www.manchester.ac.uk/


Head & Neck 





IMPT H&N - Example 

• Simultaneous spot optimization 
• Spot spacing = 1 cm  
• Distal & prox. margins = 0 cm 
• Lateral margin = 0.8 cm 

Field 1 Field 2 

Field 3 

Field 1 Field 2 



Post-irradiation photography! 





Thoracic 
Obtain 4D-CT data 

MedTec: Knee-and-Feet LokTM 

Avg, MIP, and breathing phase data sets transferred to 

Eclipse TPS, and all registered to the Avg. CT. 



Dose calculated on Avg CT 



T0 (end inspiration phase) T50 (end expiration phase) 

Verification plans are calculated on at least T0 and T50, using original 

compensator and aperture designs, to evaluate coverage in extreme phases 



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 







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 





Proton Physics Research & Implementation Group 
http://www.pprig.co.uk/pprig/ 

 

http://www.manchester.ac.uk/ 

 

University of Oxford 
http://www.ox.ac.uk/ 

 

http://www.pprig.co.uk/pprig/
http://www.manchester.ac.uk/
http://www.ox.ac.uk/




5,000 mile commute! 



Higgs 

Boson 



Thank you! 


