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Reducing uncertainties 
Total range uncertainty

±2.4% + 1.2 mm – H. Paganetti, Physics in Medicine and Biology 57(11): R99–R117

±3.5% – M. Yang et al.,  Physics in medicine and biology, 57(13), 4095. 

 Dual Energy x-ray CT (DECT)
Reduce by ~ 1%

Proton CT
To  <1%

Aim to reduce range uncertainty in 
treatment planning to ~1%, to achieve 
a percent dose difference (∆D) to 
distance to agreement (DTA) of ∆D/
DTA=1% per mm as prescribed for 
treatment QA



Effect of ±3% range error

• Never use the distal edge

• Need is to reduce exposure of healthy tissue

• To ensure target coverage, irradiate a larger 
volume of healthy tissue (PTV margins). 

• To ensure OARs are within tolerance under 
patient shifts, compromise target coverage.

• The larger the uncertainty accounted for, the 
greater the compromise.



Beam energy

Patient positioning

CT uncertainties

Distal edge RBE

Variation in patient anatomy through treatment 

Uncertainty pyramid 

lesser

greater



Pre-treatment imaging Treatment planning

In-room imaging Correction/re-planning Treatment

Repeat

Adaptive PBT pathway

pCT

pCT

pCT



• Increase proton energy and reduce intensity of beam by a factor of ~10,000. 

• Pair of proximal position-sensitive trackers records trajectory of each incident proton and identical 
pair of distal trackers records corresponding exit trajectory. 

• Residual Energy Resolving Detector (RERD) logs the residual energy of each proton.   

• Following information for each proton: entry position, exit position and energy absorbed.   
To produce a clinical-quality CT, require ~107-8 such triplets. 

Principles of proton CT instrument

A Solid-State Proton Imaging System 
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• Three equi-rotated custom silicon strip 
sensors – greatly reduces anomalous events

• Cope with high flux levels (treatment beam)

• High count rate – 2×1088 protons/s detected 
over full detector area (@ 26 MHz spill 
frequency

• 150 μm-thick n-in-p silicon, active area   
93 × 96 mm and strip pitch of 90.8 μm 

•
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Image reconstructions – Pac-man collimator (29 MeV)

Proton trackers – iThemba LABS proton vault

Proton tracker results
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instrument

Proton tracker 
pair

Proton tracker 
pair

Range Telescope
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24 Imager Layer  

Total Raw Data 
z ~120 Gbit/s 
 

 
 

24 Cable Interfaces  

8x CL Cable  8x CL Cable  

4x CL Cable + 1x PWR 
Sync from Strip System 

1x  
Housing 

 
48x 

 Imager Halves 
 

24x 
Camera Boards 

 
24x  

Stiffener 
 
 

8x 
Mux Boards 

 
 
 
 
 

2x 
Mother Boards  

Range Telescope 

• Currently 22 layers of silicon strip sensors
• Can replace with high-speed CMOS imagers

Error bars are last layer standard deviation
To give an idea of the width of the distributions

RT calibration: mean last layer

2nd order polynomial fit
Standard error reported

Calibration curve



Proximal trackers 

Distal trackers 

Range telescope 

Phantom 

Compensator 



Types of proton CT. Part 1 12

(a) (b)

(c) (d)

Figure 3: Central slice reconstructions of the water phantom: (a) relative stopping-

power, (b) relative scattering-power, (c) relative attenuating-power and (d) relative

straggling-power. Four inserts are included in the phantom: ICRP skeletal muscle

(top), ICRP cortical bone (right), ICRP adipose (bottom) and air (left). Windowing is

identical in each image (ρ(τ) = 0.2 to 1.8).

Figure 4: Central horizontal line-profiles of relative stopping, scattering, attenuating

and straggling-power for the images depicted in figure 3.

relative stopping-power

relative straggling-power 
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relative scattering-power

relative attenuating-power

Proton CT modalities
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• Stopping-power – most crucial quantity 
for PBT planning

• For biological materials: stopping-power, 
scattering-power and attenuating-power 
can be related to electron density 
(Kanematsu et al., Medical Physics 39, 
1016, 2012)

• Scattering and attenuation power only 
require trackers – reduced system 
complexity

• Combine two or more modalities to 
yield improved quality pCT



Relative scattering-power pCT
7

(a)(b)

FIG.6:SliceimagesofthePRaVDAtissue-substitutephantomusing:(a)x-rayCTand(b)protonscattering-power
CT.Theinsertmaterialspresentare:lungsubstitute(top),corticalbonesubstitute(bottomright)andair(bottom

left).

narimagesofmedianscattering-anglehavebeendemon-
stratedexperimentally20.Tomographicreconstructions
ofinversescatteringlength(closelyrelatedtoabsolute
scattering-power)havebeendemonstratedinsimula- 415

tion21,22.Further,wenotethatnuclearscatteringtomog-
raphy(NST)withprotonshaslongbeenestablished,but
thisreliesonverydi↵erentprinciples(wide-anglesingle
scattering).

Inadditiontodemonstratingthefirstexperimental 420

CTimagesusingmultiple-scattering,therearetwonote-
worthyadditionalfeaturesofthiswork.Firstly,the
back-projection-filteringapproachproposedisahigh-
resolutionalgorithmforprotonscatteringtomography
accommodatingnon-linearprotonpaths.Secondly, 425

theapproachofreconstructingofrelativescattering-
powerratherthanabsolutescattering-powerhasclear
advantages,asthelatterquantityisnon-localanda
moreproblematicquantity23.Wenotethatahigh-
resolutiontracker-onlypCTalgorithmhasrecentlybeen 430

proposed24,butthiswasusinganentirelydi↵erentmech-
anismforcontrast:attenuationduetoinelasticnuclear
interactions.

Futureworkwillreportontherefinementofthetech-
niqueandanalysispresentedinthispaperaswellas 435

theadditionofa‘range-telescope’totheexperimental
setuptoinfereachproton’sexitenergy(asillustrated
inFig.1).Thiswillpermitreconstructionofrelative
stopping-powerinadditiontorelativescattering-power.
ThecompletePRaVDAsystemwillprovideaprototype 440

ofthefirstfullysolidstatepCTscannerconstructedusing
silicondetectorsforboththetrackingandresidual-range
measurementsofprotons.

Wenotethatinordertoimagelarger,moreclini-
callyrelevantareasusingthescatteringpowertechnique, 445

higherenergybeamsofprotonswouldberequired.This

wouldensureboththattheprotonscanpassthroughthe
objectwithadequatemomentumtobemeasured,and
alsothattheyhaveundergoneasu�cientlylowamount
ofMCSsuchthattheinformationontheirtrajectorycan 450

stillbereliablyextracted.Simulationsbyourgrouphave
suggestedthatscattering-powerpCThascomparable
spatial-resolutiontostopping-powerpCTwithpatient-
sizedobjects,albeitwithsubstantiallyhighernoise.A
detailedcomparisonofthetechniques,however,isbe- 455

yondthescopeofthiswork.

V.CONCLUSION

Beamsofprotonswithnominalenergiesof125and
191MeVweresuccessfullytrackedthroughaphantom
containinginsertsofdi↵erenttissueequivalentmaterial. 460

Thiswascarriedoutusinganoveltrackersystemof
siliconmicro-stripdetectorswhichweredevelopedus-
ingtechnologyfromhighenergyphysicsexperiments.
Ahightrack-reconstructione�ciencywasdemonstrated
(>80%)andusingthetrackingsystem,anewtypeof 465

tracker-onlyprotonCTwasdemonstratedforthefirst
time.Inthisnewmodality,thecontrastcanbeat-
tributedtothescatteringpowerofthematerialsthrough
whichtheprotonspass.
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proton scattering-power CT x-ray CT

lung substitute
cortical bone 

substituteairExperimental Result

Taylor, J. T., et al., (2016), An experimental 
demonstration of a new type of proton computed 
tomography using a novel silicon tracking 
detector. Med. Phys., 43: 6129–6136. 



Relative stopping-power pCT

Proton CT slices of 6-insert phantom 

Material Density [g/cc] Expected RSP pCT RSP Percent error

PMMA ~1.16 1.15 1.15 0.0

AP7(adipose) 0.92 0.95 0.94 -0.7

WT1(water 
equivalent)

1.00 1.00 0.98 -1.6

RB2 rib/
average 

bone

1.40 1.21 1.22 1.2

SB5 hard 
cortical bone 

1.84 1.63 1.62 -0.4

LN10 lung 0.25-0.35 0.25 0.29* -*

AIR 0.00 0.00 0.09* -*

Comparison of known residual stopping power for Leeds Test 
Objects and as measured using proton CT

*The image slices containing the LN10 insert and air cavity manifest streak 
artefacts that compromise quantitative accuracy. For that reason, percentages error 
is not shown for these two materials. 

1 mm diameter sphere 
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Reconstructed CT image coronal slices of the imaging phantom

Comparison of film radiograph and radiographs from the PRaVDA system

PreliminarypCTx-ray CT



Proton CT X-ray CT

adipose (fat)

muscle 

vertebrate (bone) 

Coronal pCT and 120kV X-ray CT image slices. Fine bone structure is visible 
in both images. No smoothing has been applied to the pCT image

Proton CT biological sample

Preliminary

Lamb chop in agar



OPTIma
Optimising Proton Therapy through Imaging 

Funded by

University of Lincoln

University of Birmingham

University of Manchester

University of Surrey

University Hospital Birmingham NHS Foundation Trust 

The Christie NHS Foundation Trust

University Hospital Coventry and Warwickshire NHS Trust

pCT

Next generation system – NHS Christie PBT Centre, Manchester 



Research Room, Christie PBT Centre

• “Fourth Treatment Room”

• Horizontal scanning nozzle - no gantry

• Full independent control and beam access (out of hours!)

• Design for pencil beams

• Design for gantry use

• Design to match clinical needs and treatment workflows

• Design for manufacture



Advantages of Scanning

Broad beam
(scattering) 

Pencil beam
(scanning) 

Reduction in large-angle scattered protons and secondary radiation 



Need to think differently 

More beam scatter
More secondary radiation 

Big expensive sensors
}

Need smaller agile sensors: lower cost, faster readout, reduced processing power
Close integration with cyclotron/delivery system



relative stopping- 
power

relative straggling-
power 

Very low dose – 80 microGy (phantom centre) 
Paediatric Application  

Imaging dose
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Less than conventional x-ray CT

Overall dose ~0.5 Gy 

Low-dose radiographs

Film PRaVDA



Ideal
High spatial resolution
Correct RSP, etc

X-ray CT 
High spatial resolution
Calibration uncertainties in RSP

Stopping Power pCT 
Low spatial resolution
Correct RSP

What are we really doing?

}
Other modalities

Fuse



Scenarios
Replace cone-beam CT for session CT

• Image quality >= Cone-beam  CT

• Reconstruction time comparable

• Acquire full pCT

• Confirm/modify plan

Augment cone-beam CT for session CT

• Image spatial quality < Cone-beam  CT

• Aquire selected proton projections

• Calibrate/confirm/modify plan



• Calibration of the planning pCT for proton beam therapy 

• Calibration of phantoms, etc. for PBT - international standing

• Compare pCT with other indirect methods of reducing certainty (e.g. DECT)

• Explore potential for proton (and other charged particle) imaging

• Fusion with other modalities (e.g. X-ray, MRI, prompt-gammas)

• Develop Adaptive Optimum Treatments

• Translate, commercialise, benefit patients

What we need to do

Thank you
nallinson@lincoln.ac.uk

mailto:nallinson@lincoln.ac.uk
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