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Aim: 
Develop an integrated instrument for Proton Therapy imaging, dosimetry, 
treatment monitoring and quality assurance.

• Proton Therapy

• Need for Proton CT

• PRaVDA overview

• Design decisions

• Way forward

Note: 
PRaVDA is a research tool
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Protons

Photons
Never stop

Do stop, 
just not certain where

Dose range

X-ray  radiotherapy Proton  radiotherapy

48 PT facilities worldwide are treating patients with proton therapy, with over 100,000 patients treated so far.

Number of centres is scheduled to double in the next eight years, with at least two new centres in the UK.

Proton beam rather than x-ray therapy is better for treating certain tumour types. Examples of where proton beam 
therapy can offer real benefits are:

• Tumours in the head and neck region

• Tumours near the spine or other critical organs

• Some types of brain tumours 

• Some childhood cancers so the risk of second cancers later in life is greatly reduced.

CT in Proton Therapy Planning

X-ray CT
 Reconstructs relative electron density
 Need this for MV x-ray radiotherapy planning

Proton CT
 Reconstructs relative stopping power
 Need this for proton radiotherapy planning

Main methods
• Simple look-up-table

• Stoichiometric calibration

• Dual-energy CT

“The values recommended in this study based on typical treatment sites and a small group of 
patients roughly agree with the commonly referenced value (3.5%) used for margin design.”

M Yang, X  Zhu, PC Park, U Titt, R Mohan, G Virshup, JE Clayton, L Dong,
“Comprehensive analysis of proton range uncertainties related to patient stopping-power-ratio estimation using the 
stoichiometric calibration”    Phys. Med. Biol. 57 4095–4115 (2012)

Impact of CT Hounsfield number 
uncertainties on dose distributionsuncertainties on dose distributions

-3.5% +3.5%

Dong/MDACC

0% uncertainty
Individualized patient determination of tissue composition 
along the complete beam path rather than CT Hounsfieldalong the complete beam path, rather than CT Hounsfield 
numbers alone, would probably be required even to reach 
“sub-centimeter precision” 

Current uncertainty in proton range is ~3.5%. 
If beam passes through 20 cm of tissue, then Bragg peak could 

be anywhere within +/- 7 mm. Can prohibit treatment of 
tumour adjacent to spinal  cord

Aim to reduce proton range uncertainties to a ~1% 
– variation of +/- 2mm. 

Simplified treatment plans – fewer beams; less possibility 
secondary cancers induced; and treatments will be shorter



Multi-Wire Proportional Chambers
Scintillating fibre hodoscopes
X-Y planes of silicon strip detectors
Gas Electron Multiplier detectors.

Tracking detectors

1 or 2 planes 2 planes

Residual energy-range detector

Crystal scintillator calorimeter for 
measuring proton energy
Plastic scintillators stack for detecting 
proton passage
Plastic scintillators stack for detecting 
passage and energy deposited

Proton CT Technology
Group Year of Ref. Area [cm2] Tracking tech.  

(# units)
RERD 

technology
Proton-rate 

[Hz] PCT or pRG

PSI 2005 22.0x3.2 xy Sci-Fi (2)
Plastic 
scintillator 
telescope

1M* pRG

LLU/UCSC /NIU 2013 17.4x9.0 xy SiSDs (4)
CsI(Tl) 
calorimeters

15k* pCT

LLU/UCSC /
CSUSB

2014 36.0x9.0 xy SiSDs (4)
Plastic 
scintillator hybrid 
telescope

2M* pCT

AQUA 2013 30.0x30.0 xy GEMs (2)
Plastic 
scintillator 
telescope

1M* pRG

PRIMA I 2014 5.1x5.1 xy SiSDs (4)
YAG:Ce 
calorimeters

10k* pCT

PRIMA II 2014 20.0x5.0 xy SiSDs (4)
YAG:Ce 
calorimeters

1M pCT

INFN/LN 2014 30x30 xy Sci-Fi (4) x-y Sci-Fi 1M pCT

NIU/FNAL 2014 24.0x20.0 xy Sci-Fi (4)
Plastic 
scintillator 
telescope

2M pCT

Niigata U 2014 9.0x9.0 xy SiSDs (4)
NaI(Tl) 
calorimeter

30* pCT

PRaVDA 2015 9.5 x 9.5 xuv SiSDs (4)
CMOS APS 
telescope

1M pCT

Summary of current and recent pRG/pCT prototypes

G Poludniowski, N M Allinson, and P M Evans, A review of proton radiography and tomography with application to proton therapy (in press)
the image-quality  would be limited by straggling in  the patient  rather  than uncertainties in  the

measurement of a proton's entry and exit trajectories and residual range. We assume the choice of a

range-telescope  as  the  RERD and  provide  a  constraint  for  a  calorimeter  such  that  it  provides

superior performance to an ideal telescope. 

Table 2. A summary of approximate design constraints for a proton tracking imaging system. See
text for definition of the symbols. Calculations for the RERD are based on a proton with 13 cm
range in water (135 MeV).

Design feature Parameter Value

Number of PSDs N 4

PSD pitch P < 1 mm

PSD offsets PL

√6 D

< 1 mm

PSD thickness T
X0

< 0.005

RERD discretization
(range-telescope)

S < 5 mm 
water-equivalent

RERD energy resolution:
(calorimeter)

R < 0.7 MeV

Number of PSD units

In general, four is the optimal number of PSD modules, since this number allows reconstruction of

both position and direction for the incoming and the outgoing protons. The importance of the first

two modules will depend, however, on the proton beam facility. If the beam has a low RMS spread

in proton angles, such as can be assumed for the Gantry 1-beamline at PSI (10 mrad), then the

initial proton direction might be reasonably be considered well-defined.71 Further, if the beam is a

highly-focused  spot,  as  in  Hansen's  original  pCT experiments  (1.6  mm  FWHM),22 then  little

advantage is gained by having any PSD before the patient. The further reduction of the number of

PSD modules to only one after the patient must be considered suboptimal due to the substantial

MCS in the patient (≈ 40 mrad72).
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Summary of approximate design constraints 

Calculations for the RERD are based on a proton with 13 cm range in water (135 
MeV).

The uncertainty in proton angle in a lateral dimension, based on spatial measurements 
in two idealized PSDs, can be estimated as:                  , where D is the separation in 
PSD modules. This ignores any effects due to the finite thickness of the PSDs. The 
projected spatial uncertainty, at a distance L is: 

where D is the separation in units. To control the precision of proton path 
reconstruction, the distances L and D must therefore be carefully considered. The 
distance L should be minimized and D kept sufficiently large (a few cm).

Practical considerations of avoiding collisions 
of the system with the patient and fitting 
the system in a treatment room limits the 
freedom of these choices.

We shall  not  say  much regarding proton-integrating  designs.  We will  observe,  however,  that  a

detector in such a system forms a single PSD after the patient (as part of its function). In this case it

is important to place the imaging receptor as close as possible to the downstream side of the patient,

to reduce the blurring effects of MCS.

Spatial resolution of PSDs

In an optimal system, the uncertainty on proton path through the system would be limited by MCS

in the patient. That is, the spatial resolution of the trackers would be such that the incoming and

outgoing trajectories are precisely known. The three main candidate technologies (SiSD, Sci-Fi,

GEM) are all based on strip read out in multiple planes. The root-mean-square-error (RMSE) in

spatial reconstruction with such read out is commonly assumed to come from the discrete width of

the strip:

 σ r=
P

√12
(1)

where P is the strip width.65  The RMSE in reconstructing proton path inside a patient, due to MCS

within the patient, is of order 1 mm.44 Based on this figure, a read out pitch for the PSD of 1 mm or

less is probably sufficient (given the √12 divisor). 

Offset between PSD units and to patient

The uncertainty  in  proton  angle  in  a  lateral  dimension,  based  on spatial  measurements  in  two

idealized PSDs (see Figure 8), can be estimated as:  √2 σr / D, where D is the separation in PSD

modules. This ignores any effects due to the finite thickness of the PSDs (see next subsection). The

projected spatial uncertainty, σθL, at a distance L is then:

 σθ L=
PL

√6 D
(2)

where  D is  the  separation  in  units.  To control  the  precision  of  proton path  reconstruction,  the
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Offset between PSD units and to patient

advantageous for monitoring of the beam during treatment.69

A summary of the above systems is presented in table 1. Note that the list of technologies described

is not completely exhaustive. For example, a proof-of-principle of a range telescope consisting of

multiple layers of nuclear emulsions has been proven at a therapy facility.70 However, the above

description of prototypes systems provides a detailed summary of the state of the field.

Figure 8. A schematic of the ideal proton-tracking pRG/pCT system.

Figure 9. A proton radiograph of a canine's head obtained with the PSI system [Permission

needed].
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Our Approach

• Integrated instrument – QA, in-treatment monitoring, and proton CT

• Meet highest clinical needs and therapy workflows

• Capable of commercialisation

• Fully solid-state detectors

• Research platform to consider ALL aspects of proton therapy

• Multiple Silicon Strip Detectors for tracking

• Multiple large-area CMOS imagers (APS) for residual energy determination 

PSD10

! !
Liverpool demonstrated proton counting at Clatterbridge Dynamite (Rad hard wafer-scale CMOS) 

demonstrated proton imaging at therapy energies

100 – 300 
MeV protons

First Proximal 
Proton Tracker

Second Proximal 
Proton Tracker

First Distal 
Proton Tracker

Second Distal 
Proton Tracker

Range Telescope

“One of the most complex medical imaging instruments ever conceived”

EnergyResidual ∝ Range

EnergyBeam

EnergyAbsorbed = EnergyBeam - EnergyResidual 

. . Entry position
Exit position
EnergyAbsorbed

Repeat millions of times!}

100 – 200 
MeV protons

100 – 200 
MeV protons

150 – 200 
MeV protons

Quality Assurance 
Mode

Patient Imaging 
Mode

Treatment Monitoring 
Mode

Beam current = 10 - 100 nA 

Beam current = 10 - 100 nA 

Beam current = 0.1 - 1 nA 

Test phantom

0 – 50 MeV 
protons

Operational Modes Available Proton Sources

Treatment(nozzle(

• Birmingham Cyclotron Source – up to 36 MeV

• iThemba Lab, South Africa – up to 191 MeV



Range Telescope
24 layers CMOS images - each:
20 um epi
700 um substrate
200 um pitch (512 x 512 pixels)
1 mm perspex
1 cm separation

Strip Trackers
4 banks of three 10 cm x 10 cm Silicon strip detectors
100 um pitch
150 um thickness

Treatment
Nozzle 

Compensator

Treatment
Collimator 

Phantom
7 cm diameter

 Geant4 model of PRaVDA instrument

Design informed by accurate simulations

SuSi

University of Birmingham BlueBEAR HPC cluster 

2D Profile using Fluence

2D profile 4th strip moduleStrip detector resolution simulations

All 
particles

Neutrons

Photons

Protons

ElectronsStrip Tracker 0 Strip Tracker 11
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Radiation exposure simulations

Strip detector -primary and secondary 
particle generationDisplacement of simulated data

!rms,th = 0.0729rad"

!rms = 0.0833 ± 0.0005rad"

from Rossi-Greisen equation for 
60 MeV normally incident protons

Comparison with simulations

Proton displacement in Range Telescope - comparison of theory and experiment

Examples of use of 
Geant4 model

Strip camera 1

Strip camera 2

Strip camera 3

Strip camera 4

Cyclotron pulse 
(26 MHz - iThemba)

Double-ended 150µm thick n-in-p technology – 1024 strips at 90.8 um pitch

Strip Detectors
8 ASIC chips 8 ASIC chips

No offset of strips

2 cm offset of strips

Don’t consider

Conventional

Better

No. of strip cameras
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3.5 Pad Ring

XFAB Corner Cell

XFAB Pads: Spares

Empty Cell: 116μm x 160μm

Analog Input: 120μm x 200μm, 
Pad Opening: 102μm x 182μm
(customized)
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Figure 2: Pad Ring with Chip Size

5(14) Rev. 1.1

3 rotated strip assemblies per camera
Reduce ambiguities

128 channels - 2 thresholds 
(programmable at 6 bits)

ASIC – RheaStrips per Camera

2D Profile using Fluence

2D profile 4th strip module J.T. Taylor, et al., (2015), Proton tracking for medical imaging and dosimetry,JINST 10 
doi:10.1088/1748-0221/10/02/C02015
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ASIC – Rhea

Imaging mode
Every proton detected

Treatment mode
Specified fraction of protons detected
Profile histograms to provide sufficient information 
for control feedback
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Proton Tracking 

Total Raw Data 
 ~180 Gbit/s 

 
 
 

Strip Detector 

2x CL Cable 

8x CL Cable 

Sync to  
Range Telescope 

Beam Clk 

4x  
Housing 

 
12x 

 Hybrids 
 

12x 
Camera Boards 

 
12x  

Stiffener 
 

4x 
Mux Boards 

 
4x 

HV Unit 

Tracking detectors

Measures the residual energy of the 
protons exiting the patient – consists of 24 
layers of radiation-hardened CMOS 
imagers.

Same basic technology used in mobile 
phone cameras, except that ours are over 
500 times larger and work 20 times faster.

Total imaging area is over 2.5 m2  and 
enough Silicon to make over 22,000 
iPhone cameras.

Collect data at 6 Gigabytes per second - equivalent to 300 HDTV channels

Range telescope
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Output Signal
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x

Range Telescope - misnomer

Measure exit energy of individual protons
•24 layers of large-area rad-hard CMOS imagers
• Interleaved changeable absorbers

Analogue readout
Provide interpolation between layers 
for improved Bragg peak location 

PMMA absorbers
Interchangeable – 0 to 4 mm

Range Telescope resolution (I) 

Intrinsic spatial resolution depends on: 
 

•  Absorber thickness (0 – 3 mm) 
• Non-active volumes  (~700 um) 
  

 

Energy loss in 700 um Si: 
1.4 MeV @ 60 MeV  
2.4 MeV @ 30 MeV  
  

 

Range Telescope – how many layers?
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Resolution of the Range Telescope 

No#of##
CMOS#Layers#

Perspex##
thickness#(mm)#

30# 0#

24# 0.1#

18# 0.8#

12# 1.8#

6# 4#

Water Equivalent Thickness 
 of a RT module 

Intrinsic energy resolution:
• Absorber thickness (0 - 3 mm)
• Non-active thickness of Si (~700 um)

24 layers – Water Equivalent Thickness of ~1.5 mm

Detector modelling: charge sharing 

Average cluster size = 2.5 pixel 
50 um pixel  

Range Telescope – Pixel size vs. Frame rate

Essentially:  Smaller pixels – more discernible events/frame time

But:  Longer frame time
where from the previous section we determined that ⇥g ⇥ 0.6. The D pa-
rameter is plotted in Fig. 5 against pixel size, P . It can be observed that the
simple equation predicts the desired minimum resolvable distances for both
50 µm and 200 µm pixel sizes.

(a) (b)

Figure 3: (a) A synthetic image (140 protons·cm�2, 200x200 pixels, 50 µm
pitch) and (b) a region-of-interest of the synthetic image at a larger magni-
fication.

5

(a)
(b)

Figure 4: (a) A synthetic image (140 protons·cm�2, 50x50 pixels, 200 µm
pitch) and (b) a region-of-interest of the synthetic image at a larger magni-
fication.

Figure 5: Variation of minimal resolvable distance, D, with pixel size, P .

2.3 Linking proton fluence, pixel-size and pile-up

Based on the concept of minimum resolvable distance, consider a binary
model for clustering: if the separation between two events is greater than D

6

Simulations, plus experiments, plus final Proton CT specification = 200 um pixels and >1,000 fps

Average cluster size 2.5 pixels (50 um) - experimental at iThemba
Detector modelling: charge sharing 

Average cluster size = 2.5 pixel 
50 um pixel  

Charge sharing - charge cloud, diode placement

Active region - 10 cm x 5 cm

RT CMOS Imager – Priapus 



Parameter!       Value
Technology!       0.35 um CMOS Active Pixel Sensor. Rad- hard pixels and on-chip analogue chains
Pixel pitch (um)!       194
Active area (cm2)!       5 cm × 10 cm  - three sides buttable (< 1 pixel loss)
Epitaxial thickness (um) 18
Noise floor (e–)!       ~120
Saturation charge (e–)     < 5 × 105 at <5% non-linearity
ADC Resolution (bit)      8 – 14 programmable step/offset
Frame rate (fps)!        >1,000 (expect 1,600)
Readout!       Rolling shutter
Region of Interest!       One at row selection level

Priapus specification Priapus first image (totally raw)

8-bit image

75 mm dia phantom

RT
12 mm separation (Al plates)

24 CMOS imagers + PMMA absorbers

3 strip
detectors

strip
camera 1

strip
camera 2

strip
camera 3

strip
camera 4

Protons – 1,000 CMOS/frame (~1 ms) - 1 kHz
Tracking efficiency – 84.0%
Time to acquire full CT – 50 min

Strip detector “frame” – 104 MHz

2 off Priapus - CMOS imager (5 x 10 cm)

COB

Camera board

COB
Aluminium Plate (12 mm)

Range telescope slice

Over 100 FPGAs
Data rate 6 GBytes/s
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24 Imager Layer  

Total Raw Data 
 ~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 

Pl
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w

One projection

Three projections

CT Reconstruction: Principles

• Developed novel method for CT
• Need to consider individual protons
• Need to recognise that protons 

don’t travel in straight lines
• Need efficient and accurate method

• Sampling ray-projections through a 2D slice (not necessarily uniformly)
• Backprojecting the ray-projections through a 2D reconstruction matrix
• Convolving (or filtering) this 2D matrix of data with a 2D kernel
• Repetition over a set of angles of orientation

FBP Advantages (Standard Approach)
1. Filtering operation in FBP is in 1D and therefore requires less computation 

and computer memory. 
2. Analytic results for FBP convolution kernels are easier to obtain. 
3. BPF approach has had issues with quantitative accuracy. 

BPF Advantages
A. 1. is no longer a problem with increased computing power
B. Novel implementation overcomes 2. and 3.
C. BPF naturally deals with list-mode data (one particle at a time) without the need 

for binning and it can naturally accommodate non-linear ray-projection paths
D. Because the filtering operation occurs after the backprojection of each proton 

path onto a regular matrix in image space

Back projection then filtering
G Poludniowski, N M Allinson and P M Evans “Proton Computed Tomography reconstruction 
using a backprojection-then-filtering approach” 

• Total analytic solution
• Cope with non-linear paths
• Correction for finite reconstruction volume
• Incorporate differing most likely path algorithms
• Computationally efficient

Proton trajectories 
and energy-loss

Forward project
protons

Translate residual 
range to WEPL

Non-linear path 
back projection

Inverse transform 
plus filtering

Image of 
stopping power

3-knot linear splineCubic spline path

Proton entry trajectory

K1 K2
K3

Proton exit trajectory

ϕ

PSD10

Proton CT using backprojection-then-filtering 11

(a) (b) (c)

Figure 3: Central slice reconstructed using a BPF (9-knot) method for: (a) the x-y

plane, (b) the z-y plane and (c) the x-z plane. Windowing selection: 0.97 to 1.07 in

RSP.

(a) (b)

(c) (d)

Figure 4: A transverse slice (z=2.0 cm, 1.0 mm voxels, Gaussian filter) reconstructed

by (a) SFBP, (b) BPF (0-knot), (c) BPF (2-knot) and (d) BPF (9-knot) methods.

Regardless of general image-quality, the usefulness of the BPF algorithm will

be compromised if it cannot provide quantitatively accurate reconstructions. Table

1 provides the reconstructed relative stopping-power in the three ROIs depicted in

figure 3d with and without the finite matrix correction and for two different sizes of

backprojection matrix. Two notable observations can be made. Firstly, as the size of

the backprojection matrix is increased with respect to the reconstruction matrix, the

(a) FBP
(b) BPF - 0-knot
(c) BPF - 2-knot
(d) BPF - 9-knot

UK Patent Application Number 1413729.3. 



Proton CT - Single Slice Reconstruction

Combine all 180 images

Proton Tracker Unit
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