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Physical selectivity

 Depth-dose profile (Bragg-Peak)
  lateral scattering (Z>1)

Biological efficacy (Z ≈ 6)

 Elevated local ionization density

  Relative Biological Effectiveness

  Influence of tumour oxygenation

Low LETHigh LET

Left figure: Parodi Habil Thesis 2008; Right figure: Scholz et al Rad Res 2001

The motivation for ion beam
therapy
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LET and Biological effectiveness

Biological effectiveness depends on 

- Linear Energy Transfer LET and resulting amount of complex DNA 
lesions (double strand breaks)

LET -Radiation

1MeV Protons

1MeV/u -Particle

1MeV/u 12C-Ions

Low
LET

High
LET

Ionization tracks

The Relative Biological Effectiveness

Heavy ions are more efficient in cell killing:

 For high energies: slightly increased effect

 For low energies: pronounced increased effect

Relative Biological Effectiveness
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Relative Biological Effectiveness vs LET

(www.gsi.de/bio-pide)

RBE for C, Ne, Si and Ar ions as 

function of the penetration depth 

[redrawn from Blakely 1980]

RBE depends on LET 
(but not only…)

C shows a somewhat
optimal differential 
effect of RBE in BP vs
entrance channel

Radiation Interactions – Oxygen Effect

Indirect radiation damage

Dominant radiation action
for low LET radiation

Radiation interactions 
primarily with water

Direct radiation damage

Dominant radiation action
for high LET radiation
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Oxygen enhancement ratio

0D

D
OER 

Oxygen-Enhancement-Ratio:

Ratio of dose D and D0  required to produce

given biological effect in absence and

presence of oxygen, respectively

Tumour tissue can be scarsely vascularised

 Less oxygen content

 Increase dose to the tumour to achieve desired effect

Oxygen enhancement ratio OER = Dwithout O2
/Dwith O2

| Isoeffect

OER for different radiation qualities
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RBE- and OER Dependence vs LET

Protons
RBE = 1.1

12C-Ions
RBE = 2-4

Clinical RBE:

The motivation for high LET radiation

LD=Lethal dose

Physical and biological advantages
of ion beam therapy

Karger and Jäkel, DKFZ Heidelberg Krämer et al, Adv Space Res 1994

Physical advantages are related to macroscopic features and biological
advantages to microscopic features of the energy deposition pattern

  lateral scattering (Z>1)

  Influence of tumour oxygenation

Optimal 
differential 
effect Z ≈ 6 

(12C ions)

  Biological effectiveness

Biological effectiveness
 Elevated local ionization density

-

Physical selectivity
 Depth-dose profile (Bragg-Peak)

Peak-
region

Plateau-region

Photons
Bragg-Peak

Depth in water (cm)

Photons
Bragg-Peak
Protons

Peak-
region

Plateau-region

Photons
Bragg-Peak
Protons
12C-ions

Peak-
region

Plateau-region
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Clinical situation / indications

organ at

risk

tumor

• ~ 2/3 patients suffer from a local disease at the time of diagnosis

• In ~ 20% local treatment modalities fail 

• Ion beams offer a potentially more effective treatment alternative 

especially for those indications which are deep-seated, close to organs at 

risk and radioresistant (low /b)

Clinical situation / indications

• ~ 2/3 patients suffer from a local disease at the time of diagnosis

• In ~ 20% local treatment modalities fail 

• Ion beams offer a potentially more effective treatment alternative 

especially for those indications which are deep-seated, close to organs at 

risk and radioresistant (low /b)

)( 2

)( DDeDS b 

From first lecture
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Clinical trials

https://neurosciences.ucsd.edu/centers/huntingtons-
disease/research/Pages/clinical-observational-trials.aspx

Not randomized Sometimes randomized Typically randomized

The place of ion beams in 
clinical applications

The role of proton therapy

• Ablative therapy

Pituitary tumours, arteriovenous malformations, vestibular   
schwannomas (acoustic neuroma)

• Organ preservation therapy 

Choroidal melanoma

• Dose escalation around critical structures 

Base of skull, prostate cancer, soft tissue and bone sarcomas, 
Head&Neck

• Reduction in acute and long-term morbidity

Pediatric tumours

• Investigational

Low grade gliomas, lung, pancreatic adnocarcinoma, hepatocellular    
carcinoma, esophageal cancer, breast cancer, lymphoma 
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www.psi.ch

Organ preservation

Local control > 95% at 15 years

Pediatric Tumors: RT of Retinoblastoma  

Dose reduction in bones / epiphyseal cartilage
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RT for Medulloblastoma: Photons vs. Protons

Evident dose reduction in

Mediastinum, Intestine 

and spinal chord

Investigational indications for Heavy ion therapy

Explore the advantages of physical selectivity and 

high LET

 Chordoma and Chondrosarcoma of skull base

Good results with protons [Munzenrider et al: 

Strahlenther Onkol 1999]

 High-grade gliomas and high-risk meningeomas

High rate of recidives or side effects after photon TX

 Adenoicystic Carcinoma (ACC)

Experience with high LET (n): locale control 67%

[Krull et al: Recent Res Cancer Res1998]

 Paraspinal Tumors, Spinal Chordoma

 Prostate Carcinoma, recurrent rectal cancer

 Upper GI (lung, pancreas, liver tumours...) 

GSI Pilot study

HIT Pilot study
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12C ions  vs.  Photon IMRT

12C ions (3 fields)          |         Photon IMRT (9 fields)

12C ions: Better dose conformity

Steeper dose gradients, better sparing of OARs

Lower integral dose

Higher biological efficiency

courtesy O. Jäkel, HIT

After RT:                            

Before
3 Months

6 Weeks

Therapy at GSI Darmstadt 
(12/97 - 07/08)

Patient quality of lifeDebus et al, GSI Project



28.04.2020

12

12C-ion therapy for skull base: Chordoma and Chondrosarcoma

Ion therapy as primary RT: 
20 Fraktionen at 3.0-3.5 GyE (7Fx/Week) 

Therapy at GSI Darmstadt 
(12/97 - 07/08)

Debus et al, GSI Project

[Schulz-Ertner, IJROBP 2007]

FSRT

Protons

C-Ions

conventional RT

GSI: Clinical Study I: Skull base
Chordoma / Chondrosarcoma
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[Schulz-Ertner, IJROBP 2007]

FSRT

Protons

C-Ions

conventional RT

2 Phase III Randomized Studies @ HIT:

Skull Base Chondrocarcoma:

Comparison of Proton and Carbon ion Radiotherapy

Skull Base Chordoma:

Comparison of Proton and Carbon ion Radiotherapy

Nikoghosyan et al., BMC Cancer 2010 a, b

GSI: Clinical Study I: Skull base
Chordoma / Chondrosarcoma

GSI: Combination-Therapy
for ACC

Photon-IMRT

54 Gy on PTV

Boost-treatment 
with 12C-Ions

18 GyE on GTV

Debus et al, GSI Project
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GSI: Clinical Study II: ACC

IMRT

IMRT + C12

[Schulz-Ertner et al., Cancer 2004]

Local
Tumour-
Control

 no dose limiting acute toxicity 
 late toxicity  > CTC grade 2  < 5%

GSI: Clinical Study II: ACC

IMRT

IMRT + C12

[Schulz-Ertner et al., Cancer 2004]

Local
Tumour-
Control

2 Phase II Studies @ HIT:

To increase local control:

Increase of Boost dose to 24 Gy E – COSMIC-Study

Jensen et al., BMC Cancer 2010

To tackle local control & distant metastases:

Combination with Cetuximab

Jensen et al., BMC Cancer 2011

 no dose limiting acute toxicity 
 late toxicity  > CTC grade 2  < 5%
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Combs SE, Habermehl D, Weber KJ

Cooperation: Institute of Pathology, Heidelberg (Prof. Dr. P. Schirrmacher), Dr. Beate Straub

Carbon Ion Radiotherapy for HCC: Cell Experiments at HIT

In-vitro studies

Phase I Study evaluating the treatment of patients with advanced hepatocellular 

carcinoma (HCC) with Carbon Ion Radiotherapy:

The Prometheus-01 Trial

• histologically confirmed or imaging-confirmed HCC 

• makroscopic tumor

• localized, no metastases

Study Coordinator Combs SE  

in cooperation with

Prof. Dr. Jan Schmidt, Surgery

Dr. Tom Ganten, Gastroentereology

Dr. L. Edler, Dr. I. Burkholder, dkfz-Biostatistics

Arm A: Experimental Arm

Arm B: Historical Controls

HCC

Carbon Ion Radiotherapy

Dose Escalation

4 x 10 Gy E        40 Gy E

Increasing fraction size

4 x 14 Gy E     56 Gy E

TACE, Sorafenib-Systemtherapie, HeiLIVCA

C

DFG Klinische Forschergruppe Schwerionentherapie Combs SE et al., BMC Cancer 2010

TACE: Transarterial chemoembolization
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Liver MRI

Initial

2 months 
after RT

Habermehl et al, Radiation Oncology 2013

Carbon Ion Radiotherapy for HCC: 

Initial clinical results at HIT

Carbon Ion Therapy at NIRS
(mostly with passive beam delivery)

Since 09/2003 recognised as „Highly Advanced Medical Technology“ 
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Tumor Local Control 12 Months

Head&Neck 83%

Lung 75%

Liver (primary) 92%

Cervix 70%

Prostate 85%

Tsujii et al, 2001

Chiba / Japan (1994 - 2002): 1187 Patients

Hyogo / Japan (2002): 28 (C12)

Experience with Ions in Japan

Before RT 48 months after RT

Malignant melanoma 57.6GyE/16fx (NIRS)

Carbon Ion Therapy at NIRS
(with passive beam delivery)



28.04.2020

18

Treatment plan and tumor response 6 months after treatment 

with 79.2 GyE in 18 Fractions (one field per fraction)

Potential of reduction of number of fractions with Ion RT

Courtesy of Prof. Tsujii, Chiba, Japan

Fractionation of carbon 
ion therapy

Reduced influence of dose per fraction in 
high-LET therapy enables more flexibility in 
choice of fractionation scheme

Neutron experience suggested to shorten 
overall time and deliver total dose tolerated 
by relevant ‘late-effect’ tissues in shortest 
time consistent with acute response

Huge clinical experience of 12C ion hypo-
fractionated therapy at Chiba/NIRS

Source: Matsufuji et al, NIRS; Tsujii et al, Jpn J Clin Oncol 2012

• Lung cancer stage I (36-48 Gy(RBE) 1Fx)
• Liver cancer (32-45 Gy(RBE) 2Fx)
• Pancreatic cancer (> 35-45 Gy(RBE)  8-12 Fx)
• High rish prostate cancer (57.6 Gy(RBE) 16 Fx)
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08.06.2013 K.Frey, LMU – PTCOG 2013

 >  90 Proton therapy facilities, ~30 in Europe (Germany: 5 in operation)

 13 12C ion facilities in Europe and Asia, few combined p and 12C 

The worldwide spread of ion beam therapy

www.ptcog.ch
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Carbon ion therapy technologies

Heidelberg protons&heavy ions therapy facility (HIT)

HIMAC Japan HIMAC Japan

Start of clinical treatment planned in 2027

Outlook – The future of
proton- and heavier ion therapy

Data from http://ptcog.web.psi.ch

Protons: 

Established in the clinical routine

Ions
12C: Ready for wider clinical 

application

 Provide a better treatment for identified favorable indications

 Promote the full clinical exploitation of the ion beams advantages

 Give an evidence-based medicine answer to still open question:

- Is there a clinical advantage?

- For which tumours?

- For which ion type?

The mission of „state-of-the-art“ dedicated ion facilities



28.04.2020

21

The physical advantages of ion beams

The finite range with the characteristic “Bragg-peak”

Depth in water (cm)
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Courtesy of T. Bortfeld, MGH

ideal dose distribution

The reduced lateral scattering (for Z > 1)
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The biological effectiveness for different „qualities“ 

Increasing complexity

of damage to DNA

with increasing

ionization density of

radiation track.

This is expected to

lead to a decrease

in the probability

and fidelity of repair.

COMPLEX DAMAGE

SIMPLE DAMAGE

30 nm

low concentration of

ionisation events

high concentration of

ionisation events

-radiation

Low LET tracks

High LET track

 -radiation

Schematic of radiation tracks in chromatin fibre

Pr

Pr

2 nm

DNA

M. Hill, MRC, 

Harwell

Where do particle beam 
properties come from ?
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 The main processes suffered by heavy charged particle in the 
energy range of therapeutic interest are:

 Coulomb inelastic interaction with the atomic electrons of the 
medium

→ Energy loss and its transfer to the medium

 Coulomb elastic interaction with the atomic nuclei of the 
medium

→ Deflection from the incident direction

 Nuclear reactions 

→ Alteration of the quality of the primary beam

 Heavy charged particles (50 < E < 440 MeV/u)

45K. Parodi27 April 2020

• “Soft” collisions (b >> a): interaction with the atom as a whole, 
resulting in the transfer of a very small amount of energy (a few eV) 
to the atom of the absorbing medium (mostly excitation)

• “Hard” (or “Knock-on”) collisions (b ≈ a): interaction with a single 
atomic electron, which is then ejected from the atom with 
considerable kinetic energy (delta -ray) causing secondary ionization 
along a separate track than primary charged particle.

• Coulomb-force interactions with the external nuclear field (b << a):  
interaction mainly with the nucleus, resulting in elastic scattering
(deflection) or inelastic radiative interaction (Bremsstrahlung)

e-

b

a

e-

e-

e-

e-

e-

e-

e-

++

+
++

+
++

Undisturbed 

trajectory

b classical impact parameter

a classical atomic radius
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47K. Parodi27 April 2020

Linear stopping power is defined by the mean energy loss dE of a 
charged particle per pathlength dx in a material: 

S = dE/dx [MeV/cm}

Mass stopping power is defined as S divided by the density r of the 
traversed material: S/r [MeVcm2/g]

Stopping power can be divided into several independent 

components for electronic, nuclear and radiative:

S = (dE/dx)el + (dE/dx)nuc + (dE/dx)rad

(dE/dx)el:   electronic or collision stopping power

(dE/dx)nuc: nuclear stopping power due to elastic Coulomb 

scattering (Rutherford ). Note: this is a misnomer!

(dE/dx)rad : radiative stopping power due to bremsstrahlung

48K. Parodi27 April 2020

Heavy charged particles stopping power S ≈ (dE/dx)el

Nuclear stopping power is typically negligible except at very low 
energies

 Radiative stopping power depends on the inverse square of the 

mass of the particle and is thus negligible for heavy charged 

particles in the energy range of therapeutic relevance

Protons in water
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49K. Parodi27 April 2020

Within the range of therapeutically relevant energies the process of 
energy loss is dominated by electronic collisions and can be 
described by the Bethe-Bloch-formula (E > ~1 AMeV)
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c : speed of light (3·108 m / s)

re : classical electron radius (2.82·10-15 m); me: electron mass (511 keV / c2) 

NA : Avogadro constant (6.02·1023 molecules / mol)

I : mean excitation potential of the medium; I  Z I0 , with I0 = 10 eV

Z, A, r : atomic number, mass number and mass density of the absorbing medium

z, v : charge (in units of e) and speed of the incident particle 

b = v / c ;    = 1 / (1 + b 2 )1/2

 : density correction (due to polarization effects in dense media)

C : shell corrections (relevant for v ≈ orbital velocity of the bound interacting electrons, which

cannot be longer treated as stationary)

Wmax : maximum energy transfer in a single collision

From W.R.Leo
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For compounds or mixtures (with weight 
fractions fZ1,fZ2… of elements Z1, Z2,….) the 
Bragg rule is used:
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Bethe-Bloch and effective charge
correction
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Schardt et al 2010

Proton and carbon ion stopping power in 
water

 Heavy charged particles: Secondary electron spectra

W m cemax 










2

1

2
2

2

b

b

Maximum energy of secondary 
Electrons (for Epart < mpartc

2):
1MeV protonen          1MeV/u C12

Secondary Electron tracks

L. Grevillot, Ph.D. Thesis 2011 (ranges in water)

The interaction of radiation with matter –
a review
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 Heavy charged particles: LET

 The Linear Energy Transfer (LET) (similar to the restricted linear electronic 
stopping power) is (since the new ICRU 90) defined as : 

LD = dED/dx

where dED is the mean energy lost by the charged particles due to electronic
interactions in traversing the distance dx, minus the mean sum of the kinetic   
energies in excess of D of all electrons released by the charged particles

 This concept is related to energy transferred locally to limit the energy transfer to 
secondary charged (delta) particles to a threshold D. 

 LET can thus be expressed as: 

LD = Sel – (dEel, D /dx),

where dEel, D is the mean sum of the kinetic energies, greater than D, of all the 
electrons released by the charged particle in traversing the pathlength dx

Note: L = Sel (numerically the same but different concepts)
and is called unrestricted LET

53K. Parodi

The interaction of radiation with matter –
a review

Courtesy O. Jäkel

The ratio between the projected range and the csda range is called 

detour factor, d=Rp /R<1

lateral range

vectorial range

projected range

penetration depth 

csda Range

Charged particle 

entering material
material

 The concept of charged particle range R may be defined as the 
expectation value of the pathlength that the particle follows until it 
comes to rest

 The projected range Rp is the expectation value of the farthest depth 
of penetration of the particle in its initial direction

Courtesy O. Jäkel
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 The csda range Rcsda rappresents the particle range in the 
“continuous slowing down approximation”, which for practical 
purposes can be taken as identical to the range R and is easily 
related to the stopping power as:
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R=16cm Water Protons C-12 Ions
E (MeV/u) 150 300
b 0.26 0.43
z 1 6
S (MeV/cm) 5.5 128.1

2
Courtesy 

O. Jäkel

55K. Parodi28 April 2020

Range of  
different beams 
in water

30 cm range 
define the end 
energy for the 
accelerator 
design:
p  220 MeV
C  430 MeV/u

Courtesy A Peters
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Energy loss and range straggling

 The Bethe-Bloch formula describes the mean energy loss suffered 
by charged particles when passing through a medium. However, 
for each single particle the amount of energy lost will differ from 
the mean value because of statistical fluctuations in the number of 
collisions experienced and in the energy transferred in each 
collision. Moreover, MCS processes yield different paths for the 
beam constituents.

 For a thick absorber Dx (→ large number of collisions) the energy 
loss and thus the range distribution (in the beam direction x) can 
be considered to be Gaussian:

With sx approximated in water as                                  (A particle mass number)

57K. Parodi28 April 2020
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Where does the Bragg-Peak come from?

(Bethe-Bloch formula and

effective charge)

Electronic energy loss
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Where does the Bragg-Peak come from?

Christopher Kurz, MSc Thesis, Heidelberg

Where does the Bragg-Peak come from?

M
straggl

1
 ~ s

Courtesy 

D. Schardt

Energy loss and range straggling


