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Dose optimization

ICRU Report 83

- Radiation oncologist specifies the planning aims, e.g. „homogenuous 
dose of 60Gy to the PTV, not more than 40 Gy to the spinal cord“
Note: this is not necessarily the dose prescription

- Treatment planner generates a plan using inverse planning software

!
2 2

0( ( ) ( )) min
r

D r D r   



16.06.2020

3

Dose optimization

- The total function to minimize is a weighted sum of cost functions, e.g.

Additional cost functions can include a different penalization of
underdosage/overdosage in target

6

- Optimization parameters: dose constraints, weight factors, organ 
priorities, dose-volume-histograms (DVH) points

- Optimization parameters are chosen such that the planning aims 
are reached (no clinical meaning)

KonRad by Siemens AG
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Dose-volume-histogram

7ICRU Report 83

- Treatment plan is evaluated and eventually (sometimes 
after more iterations) approved by radiation oncologist

D near-min

D near-max

D median

Isodoses

8

Complete volume must be inspected slice by slice

Source: GSI/DKFZ
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Beam angle selection

9After C. Karger

Beam angle selection

• Due to the high degree of dose conformation, typically only 2-3(4) 
beams are used in ion beam RT 

=> more critical selection of appropriate beam angles

• Currently beam angles are selected manually
(automatic selection poses a non-convex optimization problem, 
but ongoing research on automatic beam angle selection)

• Beam angle selection is performed to optimize target coverage 
and normal tissue sparing, taking into account

- restrictions of the positioning & delivery system 

- robustness of dose against range uncertainties, setup errors
and organ motion

Beam angle selection

10

+ + =

Paganetti, ..., Parodi, ..., PMB 2008

Passively scattered proton therapy at MGH with gantry

• 3 field irradiation of paraspinal tumour

• SFUD dose delivery (no IMPT possible due to passive beam delivery)

• Additive law (not valid for 12C-ions due to variable RBE)

• Degrees of freedom from gantry 
(avoid directions along ear channel, nasal cavity)
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Beam angle selection

11

Active scanned 12C-ion delivery at GSI

• 2 field irradiation of skull base tumours

• SFUD dose delivery, but IMPT possible

• No additive law (variable RBE)

• Limited degrees of freedom from fixed beam

GSI: ± 104° in the shown coronal plane

Jäkel et al PMB 2001

12

Treatment planning strategies

Different planning techniques to increase dose conformity when 
OARs are very close to PTV

Beam “Patching” (example of proton passive beam delivery)

One field treats segment of the target avoiding OAR with lateral penumbra

Second field treats remaining segment, avoiding OAR with lateral penumbra

Patch junctions are always selected within target volume

+

Bussier and Adams, MGH

Issues: sensitivity to uncertainties (beam position and range) 
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Treatment planning strategies

Different planning techniques to increase dose conformity when 
OARs are very close to PTV

Beam “Patching” (example of 12C-ion scanning, no gantry)

Rationale of sparing brainstem (no dose of field 2 to B) and increase 
robustness (less ions of field 1 to be stopped before OAR)

Issue of of cold / hot spots along the patch line

14

Treatment planning strategies

Different planning techniques to increase dose conformity when 
OARs are very close to PTV

“Wedged fields”

Similar to “distal field
patching”, but using 
beams with shallower
distal fall-off  

A dose gradient is planned 

perpendicular to the patch line

It is a special case of IMPT 
(scanning!)

Less sensitive to range and beam 
position errors 

12C-ionsAfter C. Karger
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Treatment planning strategies

Different planning techniques to increase dose conformity when 
OARs are very close to PTV

IMPT with multiple fields (gantry)

Trofimov 
MGH

Issues: Computational and delivery complexity, sensitivity to uncertainties

Different flavours of IMPT with different degrees of complexity
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Treatment planning strategies

IMPT: distal edge tracking

Treatment planning strategies

IMPT: 3D modulation
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Treatment plan comparison

A Trofimov MGH

Treatment plan comparison

A Trofimov MGH
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21H Paganetti

The clinical benefits of IMPT

IMPT treatment options can be tailored to yield

 Improved dose conformality and steeper dose gradients

 Further reduction of integral dose

 Less sensitivity to range uncertainty and other source of 
uncertainties (Lomax et al 2001)

or a combination thereof (however not all of them may be achievable 
at the same time to the full extent)

Challenge: management of uncertainties

Strategies to improve plan robustness

1) Sensitivity analysis

Recalculate the treatment plans under consideration of

- Setup uncertainties: virtually introduce shifts or rotations according 
to knowledge of typical magnitude of setup errors

- Range errors (eg 3% of HU values)
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CT1 CT2 CT3

Strategies to improve plan robustness

1) Sensitivity analysis

Recalculate the treatment plans under consideration of

- Inter- and intra-fractional movement: use for recalculation
time-dependent CT images (interfractional: CT of different 
days, intrafractional: CT of different motion phases [4DCT])

Mean and Standard deviation of the dose in each voxel

Novel methods for robust treatment
Planning in Ion Beam Therapy.

Sensitivity analysis with MC error propagation for dynamic target definition

Non-isotropic target expansion

Cabal & Jäkel # 24
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Treatment planning strategies

J Unkelbach, MGH

2) Robust IMPT optimization (probabilistic planning)
Uncertain parameters are assumed to vary within some interval (uncertainty set).
Under this assumption, the quantity to be minimized is not a nominal plan, but rather 
the expected value of the residual cost over the possible values of range uncertainties 
and setup errors weighted according to their probability.

Treatment planning strategies

2) Robust IMPT optimization (worst case and minimax optimization)

Without making assumption on probability distributions, one can try to optimize the
worst case scenario which can happen to make the plan robust 

Worst case optimization: via the simulation of range uncertainties and positioning 
errors one can obtain for each voxel the worst case scenario (e.g. minimum dose 
for a target voxel and maximum dose for an OAR voxel). The dose distribution 
composed by all worst case voxels is then included in the cost function:

Dnom: nominal dose; Dw: unphysical worst case dose
x: spot weight to be optimized

As an alternative, one can optimize the spot weights for the physically possible worst 
case scenario under the given uncertainties, so called mini-max optimization

ds: dose realization, w: spot weight to be optimized
Aims to minimize penalty for worst case realization

Plugfelder et al PMB 2008

Fredriksson et al, Med Phys 2011 



16.06.2020

14

Probabilistic planning

Minimax optimization

Fredriksson et al, technical report 2010 
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Dynamic target definition
(Target definition, beam 
angle selection and 
dose unc. calculation)

G. Cabal, O. Jäkel. (DKFZ, Heidelberg)
P. Park, X. Zhu. (MD-Anderson, 
Houston)

Heuristic approaches
(dose unc. calculation)

F Albertini, A Lomax (PSI, Villingen)
O Jäkel (DKFZ, Heidelberg)
…

Novel methods for robust treatment
Planning in Ion Beam Therapy.

Probabilistic Treatment Planning
(Inverse planning and 
dose unc. calculation)

J Unkelbach, T Bortfeld. (MGH-
Harvard,Boston)
A Fredriksson, A Forsgren. (Sweden)
M. Bangert, N. Wahl (DKFZ)

Tradeoff between 

 Robustness
 Conformality

# 29

The Chain of Radiotherapy

Imaging 

Tumour Localization

Treatment Planning

Patient Positioning

Treatment

Plan Verification

Verification

Radiotherapy workflow (simplified)



16.06.2020

16

Immobilization Techniques

High precision ion beam therapy requires an accurate and reproducible 
patient set-up, with well characterised material (when in the beam path)

Thermoplastic mask, vacuum mattress, abdominal compression…

[Basic Radiation Oncology, Mahr & Schlegel]

X-ray planar / volumetric imaging for precision positioning

Examples of X-ray based image guidance in ion beam therapy

a, b) clinical workflow at the Paul Scherrer Institute where patient is 
prepared and imaged with a dedicated CT system outside of the treatment 
room and then transported with a dedicated shuttle into the treatment room, 
where additional checks can be performed by orthogonal X-ray images

c) C-arm imager (Siemens AG) at the Heidelberg Ion Beam Therapy Center

Imaging for treatment
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Correlation between planning CT image and patient position
(typically via DRR from planning CT and orthogonal X-rays)

Stereotactic positioning, 
Imaging for treatment

Source: HIT Heidelberg

As in photon therapy, use integrated on-board X-ray imager for

volumetric so called cone beam imaging (CBCT)

In-room imaging for 

patient positioning

34
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CBCT vs CT

35
Courtesy G. Landry

Fast image reconstruction and registration to planning CT for position correction

CBCT imaging for 

patient positioning

36
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Patient Positioning System 
Functionality

Isocentric Rotation +/-100°

Step On Position 650 mm

Pitch max. +/-15°

Roll max. +/-15°

Application of position correction via robotic table (6 DOF) 

Source: 
HIT

# 37

38

ICRU Report 83
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Reporting of treatment plans is necessary to

• document what has been done at all steps of the treatment

• provide a basis for the assessment of the therapeutic outcome or 
the occurrence of side effects

•estimate the normal tissue tolerance in case of re-irradiations of a 
recurrent tumor

•provide a basis for scientific evaluation and improvement of 
treatments

C. Karger, DKFZ

Basis of reporting is given by ICRU 50 & 62 & 83 & 93

Documentation has to be kept for many years 
(according to German law: 30 years)

Dose prescription and reporting

ICRU Report 50 (1993) ICRU Report 62 (1999) ICRU Report 83 (2010)

Dose at ICRU reference point Dose at ICRU reference point Median Dose = D50%

Maximum PTV dose (>15mm 
in diameter)

Maximum PTV dose (>15mm 
in diameter)

Dnear-max = D2%

Minimum PTV dose (no
volume restriction)

Minimum dose PTV (no
volume restriction)

Dnear-min = D98%

Dose homogeneity (within +7 
and -5% of prescribed dose)

Dose homogeneity (within +7 
and -5% of prescribed dose)

No specific dose 
homogeneity mandatory.
Suggestion to report

𝐻𝐼 =
𝐷2% − 𝐷98%

𝐷50%

No conformity index given Conformity index CI = 
Treated volume / volume of
PTV

No specific conformity index
mandatory

Absorbed dose-accuracy:
within 5%

Absorbed dose-accuracy:
within 5%

Low-gradient (=relative 
change of dose < 20%/cm):

85% of the target volume
should be within 5% dose

High-gradient area
(>=20%/cm):

85% of dose samples
within 5mm of the intended
position

C. Thieke, DKFZ
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In addition to the quantities common to conventional therapy, 
additional parameters associated with the RBE-weighted dose-
distribution need reporting (especially for ions heavier than protons) : 

• The RBE-model and all underlying input

• Absorbed and biological dose-distributions (=> RBE-distribution) 

• Equivalent dose of conventional radiation for underlying a/b-value, 
so called “iso-effective dose” (important for combined treatments)

Additional digital archives of beam delivery records should be stored 
and are of special importance for recalculation of treatment plans

42

How to calculate dose distribution?
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Beam delivery options

Rietzel et al, Radiat Oncol 2008

Krämer et al, PMB 2000

Krämer et al, PMB 2000

Beam modeling in water

From previous lecture

Physically: Stopping

power ratio in tissue

relative to water
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Physical beam characterization 
(in water and air) 

-Collection of data for TPS beam model

- Verification of constancy of beam properties (QA)

- Verification of TPS calculations (dosimetry)

Physical beam characterization 
(in water and air) 

-Collection of data for TPS beam model

- Verification of constancy of beam properties (QA)

- Verification of TPS calculations (dosimetry)
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Beam delivery strategies

Passive conformation of scattered broad beam with range modulators / 
range shifters / compensators (distal edge) and collimators (lateral shaping)

D. Schardt, GSI

Beam modeling in scattered broad beams

Old approach: broad-beam models based on ray-tracing techniques

New approach: pencil beam algorithm, with central- and off-axis term

Hong et al, PMB 1996
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Beam modeling: 
scattered broad beams

Broad beam models based on ray-tracing techniques

- Find range and modulation of the beam required to cover the target
(note: for 12C ions this also encodes the RBE variation in depth)

B. Schaffner, Varian

- Use look-up
tables for dose in 
depth, and apply
a correction for
lateral penumbra

- Find detph z and
distance s to aperture
for each point of
interest (POI)

ICRU 93

prescription

RBE  percentage absorbed dose (norm to 100% at SOBP center)

lateral penumbra as function of s
distance to aperture at given z depth

Pencil beam algorithm in scattered broad beams

Central-axis term related to measured broad-beam central-axis depth
dose in a water phantom, with inverse square correction

Off-axis term described as Gaussian distribution with width resulting
from multiple-Coulomb scattering contributions from the beam-
modifying devices and the patient

Hong et al, PMB 1996

At each point of interest POI the 
contributing pencil beams are 
sampled in polar coordinates 
centered at the point of interest

Beam modeling: 
scattered broad beams
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Pencil beam algorithm in scattered broad beams

Hong et al, PMB 1996

Typical set of input data (in water or air): 

- Characterization of “open beam”, i.e., of ion beam free of any 
patient-specific beam-modifying system but those always in the 
beam line (e.g., beam-spreading system, monitor system, …): 
Bragg peaks, lateral profiles, fluences in air

- Measurements of the dose output of the open beam 

Beam modeling: 
scattered broad beams

Pencil beam algorithm in scattered broad beams

Hong et al, PMB 1996

Typical formulation: 

DD: central-axis depth-dose of open beam in water 
ssdo: source-to-surface distance for measurement
deff : effective depth accounting for WEPL correction 

Beam modeling: 
scattered broad beams
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Hong et al, PMB 1996

Typical formulation (‘cnt): 

Beam modeling: 
scattered broad beams

Pencil beam algorithm in scattered broad beams

spatial standard deviation of the distribution

Physical beam characterization

Scattered broad beams

90% dose

Depth

D
o

se

Modulation
Range98% dose
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Scattered broad beams The complexity of scattered broad 
beams:
SOBPs of different R and M are 
obtained using different combinations 
of “options” and “suboptions” in the 
beam nozzle

Physical beam characterization

Physical beam characterization

Scattered broad beams: the configuration options
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Scattered broad beams: commissioning of TPS

Physical beam characterization

Scattered broad beams: basic data

Dosimetric characterization of pristine and SOBP beams with computer-
controlled 1D translation of an ionization chamber in a water tank for a 
subset of energies (ranges) and nozzle settings

Physical beam characterization
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Scattered broad beams: depth dose profiles in water

Dosimetric characterization of pristine and SOBP beams with computer-
controlled 1D translation of an ionization chamber in a water tank in 
open field (i.e., minimally collimated) configuration

Protons, MGH

Physical beam characterization

Scattered broad beams: depth dose profiles in water
Dosimetric characterization of pristine and SOBP beams with computer-
controlled 1D translation of an ionization chamber in a water tank in open 
field (i.e., minimally collimated) configuration

Protons, MGH

Paganetti et al, Med Phys 31, 2004

Determination of R and M, 
flatness of SOBP

Physical beam characterization
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Measurements of lateral and longitudinal fluences in air

The true sources, which are distributed along the beam axis, can be
approximated by a virtual and effective source with an effective source size

Scattered broad beams: fluences in air

Physical beam characterization

B. Schaffner, Varian

Scattered broad beams: lateral field size in air

Physical beam characterization
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R. Slopsema

Virtual SAD for different nozzle options

Physical beam characterization

Measurement (e.g., via film, small ionization chamber or diode) of the 
cross-field profiles of the proton fluence in air for open field 
configuration

Virtual source position is 
determined from measured 
beam divergence

It allows to deduce the virtual 
source position from the 
geometric growth or 
magnification of the proton field 

size (50%-to-50% width) near 
isocenter (e.g., at a depth 
distance of ± 20 cm and 0 cm 
from ISO)

MDAnderson Cancer Center, Houston

Scattered broad beams: lateral field size in air

Physical beam characterization
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B. Schaffner, Varian

Scattered broad beams: longitudinal fluence in air

Physical beam characterization

Measurement of the proton fluence in air along the central beam axis for 
open field configuration with computer-controlled 1D translation of an 
ionization chamber

It allows to deduce the effective 
source position from the 
reduction of the fluence in depth
(e.g., ± 25 cm from ISO)

MDAnderson Cancer Center, Houston

Effective source position is 
determined by fitting the 
fluence to the inverse square 
law

Scattered broad beams: longitudinal fluence in air

Physical beam characterization
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Physical beam characterization

R. Slopsema

Effective SAD for different nozzle options

B. Schaffner, Varian

Scattered broad beams: effective source size

Physical beam characterization
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Measurement (e.g., film, small ionization chamber or diode) of the cross-
field profiles of the proton fluence in air for half-blocked field

The effective size of the 
proton source is calculated 
using the penumbra width of 
the half-blocked field

It allows to deduce the effective 
source size, to be used in 
conjunction with the effective 
source position, to model the 
lateral scattering of the proton

MDAnderson Cancer Center, Houston

Scattered broad beams: effective source size

Physical beam characterization

Physical beam characterization

R. Slopsema

Effective source size for different nozzle options
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