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Experiment

Are we doing the right 

experiments ?

In vivo

In vitro

TCP

NTCP

DNA damage

…

Heavy ion radiobiology experiments



In vitro as well as in vivo experiments are needed

A) to refine radiobiological models for treatment planning (e.g. 

Microdosimetric Kinetic Model, Local Effect Model)

a) understand the biological damage and repair mechanisms 

(to improve the mechanistic characteristics of these models)

b) define input parameters for these models

c) generate data to test the predictive power of these models

B) to facilitate the accumulation of consistent data sets

Heavy ion radiobiology experiments
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Data analysis

Are we doing the right 

data analysis?

Heavy ion radiobiology experiments



“Half of published research is in fact unreliable at best, if not completely 

false”

Richard Horton, Editor-in Chief of the Lancet. Vol 385, April 11, 2015

“Much of the scientific literature, perhaps half, may simply be untrue. 

Afflicted by studies with small sample sizes, tiny effects, invalid exploratory 

analyses, and flagrant conflicts of interest, together with an obsession for 

pursuing fashionable trends of dubious importance, science has taken a 

turn towards darkness.”

Richard Horton, Editor-in Chief of the Lancet. Vol 385, April 11, 2015



• LETd values not reported in some publications

• αx, βx values not reported in some publications

• α, β, values not reported in some publications

• Error bars values not reported in some publications

• Often uncertainties only refer to reproducibility of their system

Results need to be reproducible



Reporting on biology



1. Biologists and physicists should collaborate on study design and execution.

2. Study design should indicate the accuracy and precision required to meet the 

expected experimental result.

3. A qualified radiation physicist should help to establish the methods needed to 

achieve the required accuracy and precision.

4. The physicist should help to establish an ongoing dosimetry constancy 

program with traceability to National or International standards.

5. Authors should include in their publications sufficient detail concerning the 

setup and dosimetry used for the study, including references to written 

standards and/or protocols used. This will require journal editors and reviewers 

to ensure compliance.

6. The radiobiology community should publish a list of the minimum dosimetry 

information to be included within publications. 

Reporting on biology (recommendations)



7. The radiobiology community should determine where gaps exist in written 

standards and protocols and publish standards to fill those needs. Protocols for 

routine radiobiology experiments for cells, small laboratory animals, and large 

laboratory animals should be developed.

8. The radiobiology community should decide whether a formal dosimetry 

intercomparison program needs to be implemented for the radiobiology 

researchers and, if so, how will it be established and sustained.

9. One suggested mechanism for implementation of many of these 

recommendations would be to establish continuing education venues in both 

the radiobiology and physics communities to foster communication and arrive at 

agreed upon standards.

Reporting on biology (recommendations)



1 3

2

Particle source Experiment Data analysis

Heavy ion radiobiology experiments



In order to properly analyze the results of an experiment, the 

beam must be characterized at the location of the experimental 

setup

Purpose of the expert panel:

To define the physical parameters needed to characterize a 

particle beam in order to allow inter-comparison of different pre-

clinical radiobiology and medical physics experiments 

performed using different ions at the same facility and using the 

same ion at different facilities.



Beam Basics at Existing Facilities



• 12 Clinical Carbon facilities

Japan: 5

China: 3

Europe: 4

• Offering mostly 1H and 12C

• except for HIMAC, HIT, MedAustron and CNAO (also 4He, 16O)

• 8/12 employ an active scanning beam delivery method 

• All facilities are synchrotron based



• There are research rooms at BNL, GSI, NIRS, MedAustron and 

CNAO facilities

• At BNL, GSI, and NIRS, essentially all ions can be accelerated

• BNL and NIRS employ passive scattered beams

• All facilities can irradiate samples with monoenergetic ion 

beams as well as with an SOBP 

• Research laboratories offering heavy ion beams suitable for 

biological experiments: LBNL, UC Davis, TAMU (US), RIKEN 

(Japan), GANIL (France), JINR (Russia)

• Energies typically lower than ~50MeV/u down to several 

MeV/u but with relatively high ion beam currents (e.g. 1013

12C ions/sec)



Measurements to characterize beams for research



Measurements for relative dosimetry
• defining absolute dose (e.g. IAEA TRS-398 protocol with an ion chamber)

• limitation in reference carbon ion dosimetry is the absence of a primary 

dosimetry standard (ion chambers are characterized in a Cobalt beam 

requiring kQ correction)

• the uncertainty in kQ in C dosimetry is much larger than is observed for x-ray 

therapy (~2.8% for C as compared to 1.0% for high-energy x-rays (Andreo, 

2000)

• there is a need for establishing a primary standard for C dosimetry: 

refinement of calorimetry measurements by the standards labs, high-

precision measurements of kQ, which is then used in ionization chambers

• in the meantime: intercomparison of absolute dosimetry would be highly 

valuable OR remote mailable dosimetry system, such as intercomparison

programs run by IROC or the IAEA



Measurements for relative dosimetry

• wide range of detectors have been reviewed (Karger 2010)

• correction can be applied for LET dependence

• Note: TLD respond differently to different ion species, even at 

the same LET (Berger and Hajek, 2008)

• With protons, helium, and boron all contributing dose to variable 

degrees with depth in a carbon beam, the corresponding 

relationship between LET and dosimeter response is not 

uniquely defined (Kempe et al 2007)

• film dosimeters may be used for relative measurements 

orthogonal to the beam, but ion chambers are typically 

employed for measurements along the beam direction



Mixed radiation field in a 12C beam

Measurements for relative dosimetry



Fragmentation spectra of a therapeutic 400 MeV/n 12C ion beam after traversal 

of 3 cm thick bone. (GSI Darmstadt)

Beam quality measurements



• include microdosimetric characterization as well as a 

knowledge of fragmentation products within the beam 

• silicon telescopes have been developed to determine 

microdosimetric spectra (Agosteo et al 2011)

• combining the results of a proportional counter and a telescope 

system allows measuring LET spectra in addition to fluence

spectra of each fragment species to characterize a beam

(Matsufuji et al 2003)

• Fluorescent nuclear track detectors (FNTD) can be applied to 

measure the integral energy deposited by individual particle 

tracks (Kouwenberg et al 2016; Greilich et al 2013) 

Beam quality measurements



Physical measurements at a reference point to characterize the beam:

a) spatial distribution (for three field sizes)

• Acquire the beam image with an active digital camera or with film dosimetry. 

Desirable value: <5% in a 20x20 cm2 max field independent of the beam energy 

and species (La Tessa et al 2016)

b) Divergence

• Place two objects of the same shape one outside of the exit window and one at 

the reference position. Acquire a beam image with a film or DBI. If the beam is 

perfectly parallel no shadow or distortions are detected. 

c) time distribution

• Acquire the beam profile over time with an ion chamber or with a plastic 

scintillator coupled.

Beam quality measurements



Contd.

d) Purity Desirable value: ~95%; lateral beam dose < 1 mGy/delivered-Gy at 10 cm 

from field edge independent of the beam species and energy

• Microdosimetry:

• lineal energy spectra acquired with a TEPC (Tissue Equivalent Proportional 

Counter) at various locations up to 10 cm from field edge (Martino et al 2010) 

• Characterization of species and kinetic energy of fragments:

• energy deposition spectra in-beam (0 degrees - isocenter) and off-beam (for 

instance at 5, 15 deg.) with a pair of Silicon detectors (Zeitlin et al 2007, 2011) 

• energy deposition and time-of-flight spectra in-beam (0 degrees - isocenter) 

and off-beam (e.g. 5, 15 deg.) with a combination of plastic scintillation 

detectors and a calorimeter (depends on availability) (Haettner et al 2013,  

Gunzert-Marx 2008; Rovituso 2017)

Beam quality measurements



Monte Carlo Considerations 



• Needed: MC simulations of the experimental setup (Area 3).

• Simulation has to be combined with beam quality measurement information 

at a defined starting point of the MC simulations (Plane B).

• The information at (Plane B) has to be in parameterized form or as a phase 

space where each individual particle is defined by its type, energy, direction, 

and particle history.

Beam characteristics 

needs to be known at ‘C’



Characterization of the beam at (Plane B) using prior beam quality 

measurements at that plane

• Measurements have to allow fitting relevant parameters to match simulations 

of the radiation field with MC.

Characterization of the beam at (Plane B) using simulation data

• MC model of the in-room devices (Area 2) might be available.

• A phase space parameterization at (Plane B) based on the MC model might 

be provided to the user community (available for HIT (Tessonnier et al. 

2015). The model can be applied to create phase space files containing the 

characteristics (charge, mass, energy, coordinates and direction cosines, 

generation) of every particle at the treatment head exit). 

Beam characteristics 

needs to be known at ‘C’



Characterization of the beam at (Plane B) using full simulation data

• Energy spread and angular spread at (Plane A) are typically known within 

acceptable uncertainties from beam optics considerations or from prior beam 

quality measurements at that plane

• Before reaching (Area 3) the beam may pass through in-room devices (Area 

2). If detailed information of this area is available, a MC model can be built 

and the beam entering the experimental setup can be described (Plane B).

Beam characteristics 

needs to be known at ‘C’



• The MC code has to be well validated for the facility and the specific 

application

• At a minimum, a depth dose curve should be measured to assess range 

differences between experiment and MC. Range-energy relationships may 

differ by a few mm based on different look-up tables

• Standardization of MC validation has been proposed in proton therapy 

(Testa et al 2013)

Code FLUKA GEANT4 MCNPX SHIELD-HIT PHITS

References (Battistoni et 

al., 2007; 

Ferrari et al., 

2005) 

(Agostinelli et 

al., 2003; 

Allison et al., 

2006)

(Hughes et al., 

1997; 

Laboratory, 

2013) 

(Dementyev and 

Sobolevsky, 

1999)

(Niita et al., 

2006; Nose et 

al., 2005)



UC San Francisco - Crocker Nuclear Laboratory Propeller

Massachusetts General Hospital - IBA RMW

Samsung Medical Center - Sumitomo Ridge Filter MLC



Monte Carlo uncertainties

• Electromagnetic interactions causing ionization events are 

reasonably well understood

• Some nuclear interaction channels are not known precisely. 

Note: For a therapeutic 12C beam stopping in water, about 

40% of the ions undergo a nuclear interaction (Haettner et al 

2013) 



Monte Carlo uncertainties



Monte Carlo reporting

Report of the AAPM Task group 268 “Towards complete and 

accurate reporting of Monte Carlo radiation transport studies”
As a minimum, the Monte Carlo study should report on

• MC code including the release number and publication reference

• Reference to previous validation of the code relevant for this particular application 

(if available)

• Starting point of the MC and initial radiation field (e.g. initial phase space)

• Description of the modeled geometry (including a schematic drawing)

• Hardcoded settings or default settings of the MC (e.g. step size limit)

• Physics setting including underlying cross section data

• User setting of the MC (e.g. step size, production threshold for secondary 

electrons and particles from nuclear interactions)

• Statistical uncertainty of the results

• Estimated uncertainty based on validation data 

• Discussion on the impact of uncertainties on the interpretation of the results



Summary: Recommendations of this panel



The panel recommends:
• Measured Bragg curve in water

• Absolute dosimetry, including independent output check, as well as external 

ion chamber intercomparison until traceability to a primary standard can be 

established.

• Relative dosimetry, including off-axis dose, using a ionization chamber in 

intercomparison with clinical centers  within 2%.

• A spatial uniformity <5% in a 20x20 cm2 max field independently of the beam 

energy and species

• Measured divergence at the isocenter

• Measured time structure

• Characterization of beam quality at isocenter using microdosimetry (TEPC), 

and full spectrum of fragments using Si-telescope at 0 deg. and small angle

• Providing all data on beamline characteristics for implementation in a MC 

simulation



The panel recommends:

The following values should be reported when presenting results:

• Nominal ion species and maximum beam energy

• Delivery modality (scanning versus scattered) Bragg peak width

• Physical dose to the tissue/location of interest and medium of 

dose specification (water/medium)

• Ion species distribution at the location of interest

• LET distribution at the location of interest



Parameter Method/Source Reporting *Desired Accuracy 

    
Irradiation technique Facility report For each experiment. (examples: scanned, 

scattered, micro-beam) 

N/A 

Fluence Calibration NIST traceable Ion Chamber + 

Monte Carlo, plastic scintillator 
for low dose experiments 

(<100 mGy) 
 

Value used during experiment for each ion 

species. 

+/-2% of total tracks 

Physical Dose  Ion Chamber, including absolute 

calibration based on chamber 

that is inter-compared between 

centers. 

Dose (including potential range of doses) to 

each specimen 

+/-2% 

Time structure of the 
beam 

Facility’s Accelerator report Describe for all different conditions used in 

the experiment 

Down to biological time scales 

relevant to experiments  

Fluence on  
multiple time scales 

(#particles/area/time) 
 

Ion Chamber + MC for values in 
the experimental setup 

 

For each relevant sample and all time 
scales relevant to biology/chemistry of 

experiment. 

+/-5% of total tracks in the area 
and time unit 

Dose Rate (on 

multiple,  
but relevant time 

scales)  

Calibration results combined 

with time structure of the beam  
 

 

Report for each experiment, including each 

ion species. 

+/-5% for each time unit 

Field size, Dose and 
fluence spatial 

uniformity (or profiles) 
 

Ion chambers, films, plastic 
scintillators and digital beam 

imagers 
 

For experiment, ion species change, 
machine down 

+/-5% (this is not the uniformity 
requirement) 

Nominal Ion species Facility’s Accelerator Report 

 

Highlight any ion species change 

 

 

Ion beam purity 
(contamination)  

Facility’s Accelerator Report Value or range of values for experimental 

conditions 

Inherent uncertainty of purity 

determination 

Nominal Beam energy 

(pristine peak) 

Bragg Peak position in material 

of known physical properties  

Report each beam energy used in the 

experiment(s) 

Beam energy should be 

specified to within +/- 1MeV, 

Bragg peak position to within 

The panel recommends:
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submitted to Med. Phys.; stay tuned


