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Why do we need proton CT?

Calibration of CT units for radiotherapy 119

Figure 2. Calibration curves for the transformation of Hounsfield values into relative proton
stopping power (⇢s ). The solid line shows the stoichiometric calibration (A) for biological
tissues, the dotted line the tissue substitute calibration for Mylar/Melinex/PTFE (B) and the
dashed line the tissue substitute calibration for B110/SB5 (C). The squares represent calculations
for tissue substitutes and the stars are calculations based on the chemical composition of real
tissues. The small plot shows in detail the Hounsfield number range corresponding to soft tissue.

between the simulated proton radiography and the experimentally obtained integral proton
stopping power matrix.

4. Results

4.1. Comparison of tissue substitutes with real tissues

In figure 2 the relative proton stopping power of tissue substitutes (squares) listed in
table 3 and real tissues (stars) listed in table 4 are plotted against the scaled Hounsfield
values. It can easily be seen that the tissue substitute data vary substantially. Hence, a

U. Schneider, Phys. Med. Biol. 41 
(1996) 111–124 

Stoichiometric calibration

Uncertainty in proton stopping power leads to 
uncertainty in where protons stop
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Aim to reduce stopping power uncertainty to 1%



HADRON COMPUTED TOMOGRAPHY

The next application of the solution 
[for Computed Tomography]... concerns 
the recent use of the peak in the Bragg 
curve for the ionisation caused by 
protons, to produce small regions of 
high ionisation in tissue. The 
radiotherapist is confronted with the 
problem of determining the energy of 
the incident protons necessary to 
produce the high ionisation at just the 
right place, and this requires knowing 
the variable specific ionisation of the 
tissue through which the protons must 
pass. 

K.M.	  Crowe	  et	  al..	  Axial	  Scanning	  with	  900	  MeV	  Alpha	  Particles.	  Nuclear	  Science,	  IEEE	  Transactions	  on,	  22(3):1752–1754,	  June	  1975.	  

A. M. Cormack. Representation of a Function by Its Line 
Integrals, with Some Radiological Applications. Journal of 
Applied Physics, 34(9), 1963. 

The first alpha scanner ever trialled on humans
A 40 years old idea



Basics of proton CT Entry trajectory
Exit trajectory
EnergyAbsorbed

Repeat millions of times!}

Entry trajectory Exit trajectory EnergyAbsorbed= EnergyBeam - EnergyResidual

that the estimate of 1.6% for soft tissue includes contributions for
(added in quadrature): stoichiometric parameterization (0.8%),
human tissue composition variation (1.2%) and mean excitation
energy (0.2%) and other sources (0.6%). None of the first three
sources of errors contribute in a calibration in pCT and the
ambition with this type of imaging should be to reduce the un-
certainty in SPR substantially (to ,1%). Reduced uncertainties
offer the possibility of smaller planning margins and additional
beam directions, potentially leading to superior patient outcomes.
The surge in the number of operational and planned proton
therapy centres in recent years therefore makes the exploitation of
this modality timely.5

Before proceeding further, some clarification of topic coverage
should be made. pRG and pCT, in the context of this review,
mean the imaging of an object using the transmission of protons
through it. The energy loss of the transmitted protons is the
primary mechanism for image contrast. The greatest emphasis
will be given to proton-tracking systems: as will be seen, these
are best able to cope with the difficulties imposed by proton
multiple scattering. Some requirements for a practical pCT
scanner for proton therapy are summarized in Table 1. Note that
the dose burden expected from this form of imaging is not
unduly high. The estimated absorbed dose required for a pCT
scan of a head, for treatment planning purposes, has been es-
timated at a few milligray.10 For comparison, note that a typical
head scan using a diagnostic X-ray CT scanner or X-ray cone
beam CT (CBCT) might deliver 40mGy.11

We will not be concerned here with other forms of imaging using
proton beams, such as nuclear scattering tomography12 that relies
on wide-angle scattering, g interaction vertex imaging13 (GIVI)
using prompt g emission or positron emission tomography14

(PET) of induced b emission. The latter two (GIVI and PET)
primarily promise benefit for in vivo range verification (inferring
the depths that protons penetrated).15 Finally, we emphasize that
our interest in this review is with protons. Reference to heavy-ion
radiography and tomography will be made only where compari-
son with imaging with protons is apt, and we refer the reader to
other sources16 for this related topic.

AN OVERVIEW OF THE PHYSICS OF
PROTON IMAGING
Typically protons lose their energy gradually as they penetrate
into a material and the rate of energy loss increases as they slow
down, producing a sharp “Bragg peak” at their terminus. The
stopping depth is quite well defined for a particular initial en-
ergy. Proton therapy takes advantage of this characteristic to
concentrate a high dose in a tumour with very little dose de-
posited beyond the proton range. Typical initial kinetic energies
for therapeutic applications extend from around 60MeV (3 cm
range in water) to 230MeV (33 cm range in water). Henceforth,
when the term proton energy is used in this review, it should be
taken to refer to its kinetic energy.

Any therapeutic energy proton passing through an appreciable
thickness of tissue (.1mm water) will undergo many inter-
actions. Owing to the stochastic nature of charged particle
interactions, there will be statistical variations in:17

(i) lateral position at a given penetration depth (“lateral
straggling”)

(ii) proton direction at a given penetration depth (“angular
straggling”)

(iii) energy at a given depth (“energy straggling”)
(iv) stopping depth for a given initial energy (“range

straggling”).

Representative numbers for these phenomena are provided in
Table 2. Given the statistics for lateral straggling, obtaining the
target spatial resolution listed in Table 1 is clearly a challenge.

The random deviations in proton direction are predominantly
caused by elastic Coulomb scattering from the nuclei of atoms:
so-called “multiple Coulomb scattering” (MCS). This in turn pro-
duces lateral deviations and the two forms of straggling are corre-
lated. Energy loss and its variation, however, are predominantly
caused by excitation and ionization of atomic electrons: this is de-
scribed by the “Bethe formula” and its extensions. The stopping
depth for any particular proton exhibits statistical variation owing to
variations in cumulative energy loss, although variations in non-
linear paths also contribute to a lesser degree. Range straggling is

Table 1. Requirements for a practical (proton-tracking) CT scanner for proton therapy

Category Parameter Value

Proton beam
Energy

$200MeV (head)

$250MeV (body)

Fluxa $3000 protons cm22 s22

Imaging dose Maximum absorbed doseb ,20mGy

Image quality
Spatial resolution, s !1mm

Relative stopping-power accuracy ,1%

Time
Data acquisition time ,10min

Reconstruction time ,10min

aQuoted figure based on the scenario of 1-mm voxels and 180 projections, a target of 100 protons passing through a voxel per projection6 and a 10-min
acquisition.
bQuoted figure based on a crude calculation of comparable stochastic risk to typical X-ray CT head scans (!40mGy7,8), assuming a proton radiation
weighting factor twice that of photons.9

BJR G Poludniowski et al

2 of 14 birpublications.org/bjr Br J Radiol;88:20150134

G. Poludniowski et al., Br J Radiol 2015; 88: 20150134. 

M. Esposito 05.07.16



Multi-‐wire	  Proportional	  Chambers
Double-‐Sided	  Strip	  Detectors
Scintillating	  Fibres	  Hodoscopes
Gas	  Electron	  Multiplier	  detectors

Scintillator-‐based	  calorimeter
Plastic	  scintillator	  stack

V. Sipala et al., POS (RD11) 013, 2011 

V.A. Bashkirov et	  al.,	  Med.	  Phys.	  43,	  
664	  (2016)

D. Lo Presti et al., J. Inst. 9, C06012, 2014 

PRaVDA
The first solid-state energy-range detector 
for proton CT.

Unlike calorimeters, position sensitive 
detectors allow for multiple proton tracks 
to be detected in a single readout cycle 
potentially reducing CT scan times.

Basics of proton CT



Detector technology
CMOS Active Pixel Sensors Silicon Strip Sensors

• 2D-positional detectors
• Analog readout
• kHz readout (high occupancy per R/O 

cycle)
• Moderately radiation tolerant
• Mosaic tiling of edge-less sensors to cover 

larger areas
• High material budget

• 1D-positional detectors
• Binary readout (in our 

implementation)
• MHz readout (low occupancy per 

R/O cycle)
• Radiation tolerant to LHC doses
• Dead areas when tiling to larger areas
• Low material budget



The PRaVDA proton CT system

Front	  trackers

Back	  trackers

Range	  telescope2 tracking units

• 4 sets of 3 layers of 
Silicon Strip Detectors 
(SSD)

• Crossed at 60°

Range	  Telescope

• 21	  layers	  (SSD)

• 1D	  tracking

Readout	  frequency	  =	  26	  MHz

Max	  hit	  rate	  =	  2×108 hits/second	  
(uniform	  field)

Total	  data	  throughput	  =	  66	  Gb/s



Why do we need a Monte Carlo simulation?

Detector	  design
• 2	  different	  technologies
• SSD	  derived	  from	  HEP
• CMOS	  sensors	  derived	  from	  medical	  imaging

Radiation	  tolerance	  and	  shielding

Tracking	  algorithms	  (trackers	  and	  range	  telescope)

CT	  reconstruction	  algorithms
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PROTON COMPUTED TOMOGRAPHY*t

Kenneth M. Hanson
University of California

Los Alamos Scientific Laboratory
Los Alamos, NM 87545

Abstract

The use of protons or other heavy charged parti-

cles instead of x rays in computed tomography (CT) is

explored. The results of an experimental implemen-

tation of proton CT are presented. High quality CT

reconstructions are obtained at an average dose re-

duction factor compared with an EMI 5005 x-ray scanner

of 10:1 for a 30-cm-diameter phantom and 3.5:1 for a

20-cm diameter. The spatial resolution is limited by

multiple Coulomb scattering to about 3.7 mm FWHM.

Further studies are planned in which proton and x-ray

images of fresh human specimens will be compared.
Design considerations indicate that a clinically use-

ful proton CT scanner is eminently feasible.

Introduction

Medical radiographic imaging took a giant leap

forward with the introduction of the computed tomo-

graphic (CT) scanner. With it, radiologists were

able to detect for the first time soft tissue abnormal-

ities which differed only slightly (% 1%) in density

from the surrounding normal tissue. However, a new

limit in density sensitivity has emerged which arises

from the detection of a finite number of x rays by the

CT scanners. The number of detected x rays may be

increased by increasing the dose. However, it appears

that radiologists are reluctant to increase the dose

much above 10 rads in a CT examination. This self-

imposed dose limit implies a corresponding limit in

density sensitivity as long as x rays are used. Pro-

tons offer an alternative modality which can provide
improved density resolution for a given dose. In this

paper the advantages, disadvantages, and practicali-
ties of the use of protons in medical CT imaging will

be discussed. What can be said about protons may also

be said of other heavy ions, such as deuterons, tri-

tons, and alpha particles. These other ions will be

discussed later.

Physical Aspects of Proton and X-Ray Radiography

Figure 1 depicts the qualitative difference in

the way protons and x rays sample the atoms in matter.

The use of protons in medical imaging differs from

that of x rays owing to the fact that protons are

charged whereas x rays are not. Thus, in their pass-

age through matter, protons interact with many atoms

losing a small amount of energy in each interaction.

A measurement of the total energy loss of a single
proton provides information about a very large number

of atoms, typically millions. Diagnostic x rays, on

the other hand, are either scattered to wide angles
or absorbed by each atom with which they collide. In

x-ray radiography it is the attenuation of the un-

scattered x rays which is measured. The detection of

the transmittance of a single x ray is representative

of primary interactions of incident x rays with many

atoms, typically thousands. A large number of x rays

*This work was supported by the U.S. Department of

Energy
tThis paper was previously published in the Proceed-

ings of the TC-4 Working Conference on Computer Aided

Tomography and Ultransonics in Medicine, edited by

J. Raviv/J.F. Greenleaf/G.T. Herman, North-Holland
Publishing Company, 1978.

must be detected to attain the same accuracy in a path-

length measurement as the energy loss measurement of a

single proton. However, the initial proton energy

needed for the measurement is much larger, e.g., 200

MeV, than normal diagnostic x-ray energies, 70 keV.

The dose advantage of protons is, therefore, not

immediately obvious and must be based on an accurate

calculation.
A calculation of the dose advantage has been per-

formed in which ideally collimated, monochromatic

beams and perfect detectors were assumed. It was

further assumed that the water-like phantoms are

placed in a water bolus. Protons which scatter to

large angles due to nuclear interactions contribute

to the dose but cannot be used in the energy loss

measurements. Table I summarizes the average doses

obtained for a series of scans with 13 mm spacing for

various sized phantoms. NEQ, the number of noise-

equivalent quanta detected in the complete projection

measurements, is a measilre of the density sensitivity

of a CT reconstruction.1 An NEQ of 107 mmM1 implies

an rms noise of 0.35% in a reconstruction with 1.5 x

1.5 mm2 pixels using the Shepp and Logan algorithm.2

One can see from Table I that the proton dose advantage

increases as the phantom diameter gets larger. At a

diameter of 30 cm (abdomen size) the dose advantaae is

about 6:1.
In their interactions with atoms, the protons

undergo small angular defl'ections. This multiple

Coulomb scattering leads to a divergence of a proton

beam which is initially well collimated. The result

is a limitation upon the spatial resolution which does

not exist for x rays. As shown in Fig. 2, a 230-MeV
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Fig. 1. Schematic representation of the basic differ-

ences between proton and x rays in their

interaction with atoms.
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Every proton matters

Follow the herd - use statistics 

• Interaction of energetic protons chiefly 
through Coulomb interactions with the 
outer-shell electrons – Multiple Coulomb 
Scattering.  Such energy losses are 
statistical processes

• Fluctuation in the proton range – range 
power

• Fluctuation in the proton direction – 
lateral power

• Fraction of proton undergo non-elastic 
nuclear interactions – attenuating power

Protons vs. photons 

+ + xxx x

Proton tracker pair (proximal) Proton tracker pair (distal) Residual energy-resolving 
detector

(Range Telescope)

Estimate entry point
Estimate exit point

Estimate maximum likely path

The principle 

Repeat lots of times ….

100 – 300 MeV 
protons

First Proximal Strip Camera 

Second Proximal Strip Camera First Distal Strip Camera 

Second Distal Strip Camera 

Residual energy-Range detector 

(Range Telescope)

Sets of 3 strip sensors Multiple (20-30) layers 
of CMOS imagers, 
silicon strip sensors, 
or mixture

�

Record incident trajectory Record exit trajectory Record residual 
energy

The instrument 
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Range Telescope 
24 layers CMOS images - each:
20 um epi
700 um substrate
200 um pitch (512 x 512 pixels)
1 mm PMMA
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 
75 mm diameter  

SuSi

University of Birmingham  
BlueBEAR HPC cluster 

and GridPP 

Modelling

University of 
Birmingham BlueBEAR
HPC cluster and GridPP

strip

CMOS

Range  Telescope

More details on beam line models in Tony Price’s talk yesterday: “Code sharing of MC beam models for advanced 
radiotherapy” (ID: 201) and  poster “A validated model of the University of Birmingham Medical Beamline (ID:248)

Geant 4.10.1
Standard opt_3
QGSP_BIC



Strip  Trackers

Treatment
Nozzle

Compensator

Treatment
Collimator

Phantom
7  cm  diameter

Geant4 model of the 
PRaVDA instrument

SuSi – validation results
iThemba beamline University of Birmingham beamline

SDS – 191 MeV p CMOS sensor – 29 MeV p



Proton CT reconstruction algorithm

Novel	  algorithm	  for	  CT	  reconstruction:
Back	  projection-‐then-‐filtering

Stopping	  power	  uncertainty	  <0.2%

Poludniowski, G., Allinson, N.M. and Evans, P.M., 2014. Proton computed 
tomography reconstruction using a backprojection-then-filtering 
approach. Physics in medicine and biology, 59(24), p.7905.



Design specifications:
o 0.35 μm technology
o 5 cm ×10 cm imaging area
o 3-side buttable
o 194 μm pixel
o 150 e- noise floor
o 1kHz frame rate (11 bits) 

Further readings:
M. Esposito et al, J. Inst 2015; 10 (06), C06001
T. Price et al., J. Inst. 2015;10 (05), P05013
G. Poludniowski et al., Phys. Med. Biol. 59 
(2014) 2569–2581 

 3!

sensor (1000 Ohm cm for W5 and 500 Ohm cm for W3) results in a longer charge carrier lifetime, allowing 
for charge spread at larger distance from the diodes to be collected. 
 

 
Figure&2.&Measured&spectra&for&W3&(left)&and&W5&(right)&exposed&to&29&MeV&protons.&

&
Figure&3.&Maximum&signal&size&per&cluster&for&W3&(left)&and&W5&(right)&exposed&to&29&MeV&protons.&

29 MeV protons signal 
spectrum

The PRaVDA CMOS imager

Patient collimator



Charge sharing model

Charge	  diffusion Charge	  
collection

Parametric	  
charge	  sharing Digitisation

Validation	  results

Signal spectrum(38 MeV p) Average cluster size (20-38 MeV p)

Geant4-‐based	  simulations	  of	  charge	  
collection	  in	  CMOS	  Active	  Pixel	  Sensors, 
M. Esposito et al., Jinst 12 P03028, 2017

Most probable signal (20-38 MeV p)

Charge	  
generation	  



Integration into the Geant4 toolkit

CMOS	  charge	  
sharing	  	  model Geant4

Ad-hoc CMOS classes are complied together 
with standard Geant4 classes to produce a 
single executable 

CMOS	  	  
specifications	  	  

(pixel	  size,	  noise,	  
gain,	  epi	  layer	  

etc.)

Geometry
(phantom,	  

detectors	  etc.)	  

User-specified 
parameters set up 
through a macro system

Radiation	  field
(proton	  beam,	  
X-‐ray	  tube	  etc.)

A CMOS image
Each pixel value corresponding to the 
expected DN, given the experimental 
parameters and the detector specifications

Flexible tool which can simulate 
commercial CMOS sensors for any 
medical application (radiography, portal 
imaging etc.)



PRaVDA proton CT

Material Density
[g/cm3]

Expected  
RSP

pCT  
RSP

Percent
error

PMMA ~1.16 1.15 1.15 0.0

AP7 0.92 0.95 0.94 -0.7

WT1 1.00 1.00 0.98 -1.6

RB2 1.40 1.21 1.22 1.2

SB5 1.84 1.63 1.62 -0.4

LN10 0.25-0.35 0.25 0.29* -

AIR 0.00 0.00 0.09* -

*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.  
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Conclusions

• PRaVDA has developed 2 solid-state technologies for proton CT

• Design heavily relied on MC simulations

• Simulation of charge sharing in CMOS Active Pixel Sensors

• Model of a multi-step process from e/h pair generation to digitalisation

• Flexible tool to be integrated into Geant4

• Developed for proton CT but can be seamlessly extend to:

• Different commercial CMOS sensors (just setting sensor specs)

• Different radiation field/geometry

• E.g. radiography, mammography, portal imaging,  fluoroscopy etc.

• Happy to share the code for different applications/experiments

mesposito@lincoln.ac.uk

• On our first proton CT stopping power uncertainty equal or lower of 1.6% -
preliminary analysis
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