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Recommended reviews on the topic:
Û Robert P. Johnson (Jan. 2018). “Review of medical radiography and tomography with proton

beams”. In: REPORTS ON PROGRESS IN PHYSICS 81.1, p. 016701. issn: 0034-4885. doi:
10.1088/1361-6633/aa8b1d

Û G. Poludniowski, N. M. Allinson, and P. M. Evans (2015). “Proton radiography and tomography
with application to proton therapy”. In: BRITISH JOURNAL OF RADIOLOGY 88.1053. doi:
10.1259/bjr.20150134
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What is currently the main motivation for proton imaging?
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Application in ion-beam therapy planning
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Treatment plan prior to treatment
Û treatment plan currently based on computed tomography (CT)
Û basic interactions of X-rays fundamentally different in comparison to ions
Û CT provides Hounsfield units (HUs) ( linear attenuation coefficient

Û translation of HUs to electron densities ( conventional therapy

Û translation of HUs to stopping power ratio (SPR) ( ion-beam therapy

photon therapy

HU = 1000� �� �water
�water

I = I0e��x

ion-beam therapy

R̄(E0) =
Z 0

E0

1
S(E ) dE with S(E ) = �

dE
dx
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Treatment plan prior to treatment
Û treatment plan currently based on CT
Û basic interactions of X-rays fundamentally different in comparison to ions
Û CT provides HUs ( linear attenuation coefficient

Û translation of HUs to electron densities ( conventional therapy

Û translation of HUs to SPR ( ion-beam therapy

HU to SPR calibration curve is required:

Û calibration curve required for each CT scanner used for treatment planning
Û accuracy of curve important for accuracy of dose calculation
Û simplest calibration curve obtained by measurements of HUs and SPR of known tissue substitutes

I is sensitive to the used tissue substitute

Û less sensitive method required ) stoichiometric calibration
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Treatment plan prior to treatment
Û treatment plan currently based on CT
Û basic interactions of X-rays fundamentally different in comparison to ions
Û CT provides HUs ( linear attenuation coefficient

Û translation of HUs to electron densities ( conventional therapy

Û translation of HUs to SPR ( ion-beam therapy

Stoichiometric calibration:

Û introduced by Schneider, Pedroni, and Lomax (1996)
Û based on theoretical HUs and SPRs of human body tissue

I calculated according to known elemental composition of human tissue
I and CT-specific parameters determined in measurements of tissue substitutes

Û method less sensitive to the used tissue substitutes
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HUs to stopping power ratio calibration curve
Coarse recipe for stoichiometric calibration:
1 scan tissue substitutes of known chemical composition with CT used for treatment planning ) HUs
2 determine scanner-specific parameters based on HUs measurement) E -dependence of attenuation

I total attenuation coefficient of mixtures can be written with energy dependent coefficients K (i. e.
cross sections)

� = �Ng (Z ;A)
h
K phZ̃ 3:62 + K cohẐ 1:86 + KNN

i
�Ng . . . electron density, KNN . . . Klein-Nishina cross section, Z̃ ; Ẑ . . . for mixtures

I scan different tissue substitutes ) linear regression ) determine K

3 calculate HU for human tissue (ICRP) using the previous CT calibration ) HU / �

4 calculate SPR for human tissue (/ �Ng )
5 plot HU versus SPR
6 determine calibration curve by fitting through the data points

) there can be ambiguities!
) all details in Schneider, Pedroni, and Lomax (1996)
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Conversion errors

Image: Schaffner and Pedroni (1998)

Errors & ambiguities:
Û Conversion HU ! stopping power

I Introduces conversion errors
I Material-dependent ambiguities
I points for bone on straight line
I no unique calibration for soft tissue

Range errors are an issue:

Image: Courtesy of H. Fuchs
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Conversion errors

Image: Schaffner and Pedroni (1998)

Errors & ambiguities:
Û Conversion HU ! stopping power

I Introduces conversion errors
I Material-dependent ambiguities
I points for bone on straight line
I no unique calibration for soft tissue

Range errors are an issue:
Û � 1:8% for bone
Û � 1:1% for soft tissue
Û can be substantially larger in the

persence of high Z materials!
) see Poludniowski, Allinson, and Evans (2015) or
Robert P. Johnson (2018)
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Known facts
Û energy deposition (� dose) in ion-beam therapy strongly localised

Û wrong determination of SPR might lead to deposition of maximum dose outside of target region
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Known facts
Û energy deposition (� dose) in ion-beam therapy strongly localised
Û wrong determination of SPR might lead to deposition of maximum dose outside of target region

Accurate determination of SPR very important!
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Basic considerations in tomographic imaging:
Û projections need to be acquired, either by

1 rotation of patient around its vertical axis ) positioning?

2 rotation of nozzle with imaging system around patient ) gantry?

Û projections used as input in a tomographic reconstruction algorithm
Û ions need to pass through the imaged object ) higher energies than for therapy

Û energy loss of transmitted protons in object ) image contrast

Information required for SPR reconstruction:

Û path of ions traversing object ) can only be estimated
I achieved by particle tracking

Û energy loss of ions in object ) measurement of residual energy
I achieved by using a calorimeter

) different ways to achieve fully or partially
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Types of set-ups

Image: Krah et al. (2018)

Four types:
1 single particle tracking

I tomography
I tracking challenging ) fluence!

2 passive field + pixel detector
I energy variation ) radiography

3 scanning + range telescope
I energy variation ) radiography

4 scanning + pixel detector
I radiography & tomography
I ion entry position roughly known
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The physics principle in ion-beam therapy summarised
Û continuous energy loss (∆E ) of a particle traversing matter

Û energy loss given by the mass stopping power S ) Bethe-Bloch

S
�

= �
1
�

dE
dx

Û maximum deposition of energy at the end of the particle’s path ) Bragg peak
Û given by mean range, R, of a particle with given energy E0

R(E0) =
Z 0

E0

1
S(E ) dE =

Z 0

E0

�
�

dE
dx

�
�1

dE

) if dE
dx wrong ) R(E ) wrong ) wrong dose deposition
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Energy loss in object

Û integral over specific energy loss dE
ds along track length s

∆E =
Z dE

ds ds =
Z dE

dx dx �
X

�(s) dE
dx ∆s

dE
dx is the energy loss per unit density-weighted track length x = � � s

Û dE
dx only weak dependence on traversed material: dE

dx �
Z
A
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Energy loss in object

Û integral over specific energy loss dE
ds along track length s

∆E =
Z dE

ds ds =
Z dE

dx dx �
X

�(s) dE
dx ∆s

dE
dx is the energy loss per unit density-weighted track length x = � � s

Û dE
dx only weak dependence on traversed material: dE

dx �
Z
A

) measurement of ∆E gives �(s) in traversed object (
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What about the ion path inside the object?
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Ions undergo multiple Coulomb scattering (MCS)
Û the scattering angle ΘMCS is energy and material dependent

ΘMCS �
13:6MeV

�p z
p

l=X0

with the radiation length (material constant) X0, and z = 1 for protons
Û for 250MeV protons traversing 20cm of water ΘMCS � 1�

Û displacement of protons due to MCS

Image: Williams (2004)
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) measurement / determination / calculation of
Û energy loss of ions in object
Û most likely path of protons in object

A. Hirtl (TU Wien) Ion-beam Imaging 17/38



Outline Motivation Imaging Summary References General Reconstruction Challenges Examples Other

) measurement / determination / calculation of
Û energy loss of ions in object
Û most likely path of protons in object

Energy loss ∆E :

Image: Bucciantonio (2015)
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) measurement / determination / calculation of
Û energy loss of ions in object
Û most likely path of protons in object

∆E and MCS:

Image: Poludniowski, Allinson, and Evans (2015)
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Reconstructing the SP-“image” – Algebraic reconstruction technique (ART)

Û start from linear stopping power S(x ; y ;E )

� dE = S(x ; y ;E ) dl (1)

dE . . . differential energy loss of particle with E in a point (x ; y) in a slice along a path dl

Û separate energy and material factors from stopping power (SP)

linear SP = mass SP� physical density

Û rewriting with mass SP (S
�

(x ; y ;E ) = S(x ; y ;E )=�(x ; y)) and multiplying both sides of eq. (1) with
mass SP at some reference energy E0

�
S
�

(x ; y ;E0) dE = S
�

(x ; y ;E0) � S
�

(x ; y ;E ) � �(x ; y) dl (2)

E0 . . . reference energy (arbitrary, e. g. energy of protons from accelerator)
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Reconstructing the “image” ctd.

Û divide by mass SP at E ) SPR

S
�

(x ; y ;E0)
S
�

(x ; y ;E )
dE = S(x ; y ;E0) dl (3)

Image: Wang, Mackie, and Tome (2010)

I mass SPR of materials in figure left compared to mass SPR of
water with E0 = 200MeV (from NIST)

I mass SPR error at E0 to E in eq. (3) over a wide energy range
is < 6 � 10�3

I ) small dependence on material

I ) approximated with measured SPR for liquid water
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Reconstructing the “image” ctd.

Û with the SPR of water

�

�
S
�

(H2O)
�E0

E
dE = S(x ; y ;E0) dl (4)

with the abbreviation

�
S
�

(H2O)
�E0

E

�=
�

S
�

(x ; y)
�E0

E
=

S
�

(x ; y ;E0)
S
�

(x ; y ;E )

Û S(x ; y ;E0) in eq. (4): SP at reference energy E0 in the reconstruction plane
Û integrating both sides in eq. (4) along proton path yields

�

Z Eout

Ein

�
S
�

(H2O)
�E0

E
dE =

Z
L

S(x ; y ;E0) dl (5)
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Projection equation for SP image at E0

�

Z Eout

Ein

�
S
�

(H2O)
�E0

E
dE =

Z
L

S(x ; y ;E0) dl (6)

the SP for E0 = Ein at any point in the reconstruction plane can be determined
) choice of E0 arbitrary! ) L proton path in object (MLP!)
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Projection equation for SP image at E0

�

Z Eout

Ein

�
S
�

(H2O)
�E0

E
dE =

Z
L

S(x ; y ;E0) dl (6)

the SP for E0 = Ein at any point in the reconstruction plane can be determined
) choice of E0 arbitrary! ) L proton path in object (MLP!)

Discretisation of object (phantom) in N pixels ) projection equation for pixel j for M protons:

pi � �

Z Eout

Ein

�
S
�

(H2O)
�E0

E
dE =

NX
j=1

wijSj(E0) i = 1; : : : ;M (7)

pi is the measured energy loss (ray sum) and wij is the path length of the proton i through pixel j
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Discretisation of object (phantom) in N pixels ) projection equation for pixel j for M protons:

pi � �

Z Eout

Ein

�
S
�

(H2O)
�E0

E
dE =

NX
j=1

wijSj(E0) i = 1; : : : ;M (7)

pi is the measured energy loss (ray sum) and wij is the path length of the proton i through pixel j

pi is the energy loss (� ray sum) ) measured with the calorimeter

A. Hirtl (TU Wien) Ion-beam Imaging 21/38



Outline Motivation Imaging Summary References General Reconstruction Challenges Examples Other

Projection equation for SP image at E0

�

Z Eout

Ein

�
S
�

(H2O)
�E0

E
dE =

Z
L

S(x ; y ;E0) dl (6)

the SP for E0 = Ein at any point in the reconstruction plane can be determined
) choice of E0 arbitrary! ) L proton path in object (MLP!)

Discretisation of object (phantom) in N pixels ) projection equation for pixel j for M protons:

pi � �

Z Eout

Ein

�
S
�

(H2O)
�E0

E
dE =

NX
j=1

wijSj(E0) i = 1; : : : ;M (7)

pi is the measured energy loss (ray sum) and wij is the path length of the proton i through pixel j

reconstruction problem reduced to solving a linear eq. for Sj(E0)

) details see Wang, Mackie, and Tome (2010) or Civinini et al. (2017)
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Statistical variations influencing the resolution:

lateral straggling, �x : lateral position at given depth ( MCS

angular straggling, �Θ: proton direction at given depth ( MCS

energy straggling, �E : energy at given depth ( Bethe-Bloch

range straggling, �R : stopping depth for a given energy ( Bethe-Bloch

A. Hirtl (TU Wien) Ion-beam Imaging 22/38
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Statistical variations influencing the resolution:

lateral straggling, �x : lateral position at given depth ( MCS

angular straggling, �Θ: proton direction at given depth ( MCS

energy straggling, �E : energy at given depth ( Bethe-Bloch

range straggling, �R : stopping depth for a given energy ( Bethe-Bloch

In addition:
inelastic nuclear interactions: removal of proton

A. Hirtl (TU Wien) Ion-beam Imaging 22/38
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Statistical variations influencing the resolution:

lateral straggling, �x : lateral position at given depth ( MCS

angular straggling, �Θ: proton direction at given depth ( MCS

energy straggling, �E : energy at given depth ( Bethe-Bloch

range straggling, �R : stopping depth for a given energy ( Bethe-Bloch

A few numbers:

Table: Poludniowski, Allinson, and Evans (2015)

A. Hirtl (TU Wien) Ion-beam Imaging 22/38
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Situation can be influenced!
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lateral and angular straggling
Û is reduced at higher energies ) degradation of image contrast
Û is reduced for heavier ions (carbon, helium)
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Û is reduced for heavier ions (carbon, helium)

energy and range straggling
Û is a kind of noise
Û can be reduced by increasing the number of protons
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lateral and angular straggling
Û is reduced at higher energies ) degradation of image contrast
Û is reduced for heavier ions (carbon, helium)

energy and range straggling
Û is a kind of noise
Û can be reduced by increasing the number of protons

What are the technological constraints for an appropriate application?
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General tracking set-up:

PSD: position-sensitive detector
RERD: residual energy-range detector

Constraints for potential set-up:

Image and Table: Poludniowski, Allinson, and Evans (2015)

A. Hirtl (TU Wien) Ion-beam Imaging 25/38
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Requirements for an appropriate system for proton therapy

Table: Poludniowski, Allinson, and Evans (2015)

) proton energy beyond 250MeV would allow the imaging of extended objects!

A. Hirtl (TU Wien) Ion-beam Imaging 26/38
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Non-exhaustive overview of active groups

Table: Poludniowski, Allinson, and Evans (2015)

A. Hirtl (TU Wien) Ion-beam Imaging 27/38



Outline Motivation Imaging Summary References General Reconstruction Challenges Examples Other

Proton computed tomography (pCT) – examples

pCT vs X-ray:

Images: R. P. Johnson et al. 2016 (top), Ordonez et al. 2017 (bottom)

pCT slices (Ep � 62MeV):

Image: Scaringella et al. 2014

A. Hirtl (TU Wien) Ion-beam Imaging 28/38
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Proton computed tomography (pCT) – examples

pCT vs X-ray:

Images: R. P. Johnson et al. 2016 (top), Ordonez et al. 2017 (bottom)

SP map (Ep � 175MeV):

Images: Bruzzi et al. 2017
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Ion-beam computed tomography (iCT) – examples

Sample: iCT vs X-ray:

Images: Shinoda, Kanai, and Kohno 2006

Û less MCS for ions like carbon
Û fragments need to be considered
Û helium is an interesting option

A. Hirtl (TU Wien) Ion-beam Imaging 29/38
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Dose considerations:
Û dose deposition due to ion-beam imaging low (estimated to a few mGy for a pCT head scan)

) Schulte et al. (2005)

Û typical head scan of diagnostic x-ray CT up to � 40mGy

Phantom: Resolution vs. diameter:

) for 10mGy at the centre

Resolution vs. dose:

Images: Schulte et al. (2005)
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Other interesting imaging options with ions
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PRIOR – Proton Microscope for FAIR (GeV protons)

) sub-millimetre resolution

) biological samples with 0.8GeV protons

Image: Prall, Durante, et al. (2016)
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PRIOR – Proton Microscope for FAIR (0.8GeV protons)

Image: Prall, Lang, et al. (2015)
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The nuclear option j – Nuclear scattering radiography (� 1GeV protons)

Images: SAUDINOS et al. (1975) and CHARPAK et al. (1979)

Û most protons pass object and undergo MCS (e.m.) ( small angles

Û some elastic (pp) and quasi-elastic (pN) scattering ( large angles
Û point of scattering: intersection of incident and scattered trajectories
Û 3D reconstruction of density variations in object with one exposure!
Û is not correlated to the number of electrons ) no SP!!
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Nuclear scattering radiography of electric motor

Image: DUCHAZEAUBENEIX et al. (1983)
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Summary

Pros

Û direct measurement of SPR with iCT ) no extrapolation

Û improvement in treatment planning ) smaller safety margins
Û less dose to the patient than with diagnostic x-ray CT

Challenges (many!)

Û clinical particle fluence ) fast detectors required

Û positioning of patients ) gantry?

Û MCS ) higher energies?
Thank you for your attention!
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