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Introduction
» The physical, biological and clinical rationale of ion beam therapy

* lon beam interaction in matter
The clinical application of ion beams
e Beam production and application
* Beam gantries and the HIT worldwide first heavy ion beam gantry
* Overview of clinical workflow and treatment planning
* Pre-clinical beam characterization and modeling for TPS
* Monte Carlo modeling
* Dosimetry and quality assurance
e In-vivo treatment verification for carbon ions & protons
* Novel imaging techniques and new trends in ion therapy
* Visitat RPTC (tbc)

- 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

7%= (Dy(F)— D(F))> =min
F

PLANNING
> Optimized =
| Planningaims_|—»1 0 Presrpion
technical
Modification of aims data
and creation of TV or
avoidance structures
o Accepted
Optimizer treatment plan
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- The total function to minimize is a weighted sum of cost functions, e.g.
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where D ; denotes the prescribed dose in dose grid voxel j, D; = D;(N) and w; is the
weighting factor associated with the grid voxel j based on the planner’s prescriptions. The first
sum runs over all grid voxels inside a PTV, while the second sum runs over all voxels inside an
OAR. ©(x) is the Heaviside function, so the terms from the second sum only contribute if the
computed dose is larger than the prescribed dose.

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

- 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)

16.06.2020
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- Treatment plan is evaluated and eventually (sometimes
after more iterations) approved by radiation oncologist
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Complete volume must be inspected slice by slice

Source: GSI/DKFZ 8
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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

After C. Karger 9
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Passively scattered proton therapy at MGH with gantry

+ 3field 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)

Paganetti, ..., Parodi, ..., PMB 2008 10
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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

Jakel et al PMB 2001 11
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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

Issues: sensitivity to uncertainties (beam position and range)

I'hru Beam

Bussier and Adams, MGH 12
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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
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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

©

Distal field patching

A dose gradient is planned
perpendicular to the patch line

Vokme (%)

It is a special case of IMPT
(scanning!)

Less sensitive to range and beam
position errors

.sBEsBa83

lnmmn‘:ma?mmmlu“?n

(Jakel 2011)

—>Wedge direction

After C. Karger 12C-ions 14
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Different planning techniques to increase dose conformity when
OARs are very close to PTV

IMPT with multiple fields (gantry)
Issues: Computational and delivery complexity, sensitivity to uncertainties

. Trofimov
MGH
| .
) 10 20 30 40 50 60 70 80 9C 100
Dose [%]

15

Different flavours of IMPT with different degrees of complexity

Field incidence Field incidence
PE———

E Distal Edge
Tracking
P

Field incidence
—

l

leld incidence

2.5 D modulati¢n ' 3D modulation

A. Lomax: “Intensity modulation methods for proton RT”
Phys. Med. Biol. 44:185-206 (1999)
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IMPT: 3D modulation
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* Prostate carcinoma:
(GTV + 5mm) to 79.2 Gy
(CTV + 5mm) to 50.4 Gy

A Trofimov MGH

A Trofimov MGH
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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

H Paganetti 21
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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)

Setup error
Az=+5 mm

(Jikel 2001)

11



16.06.2020

LMU| sier
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 [4DCTI)

e Novel methods for robust treatment
LMU maxmias-| | Planning in lon Beam Therapy.

MONCHEN

Sensitivity analysis with MC error propagation for dynamic target definition

A

Mean and Standard deviation of the dose in each voxel Non-isotropic target expansion

Table 1
Comparison of PTV sizes and CTV coverage between the isotropic approach and the DTD method.

Case Plan number Type of CTV-to-PTV expansion Beam arrangement PTV size (in voxels) Percentage of CTV safely covered
Head 5 mm isotropic Horizontal 1004 90 I
= m— 3

1
Head 2 TRy GO oo o 1000
| Head 3 DTD Horizontal 1140 95 I
Head 4 DTD —60° and 60° 909 98
Prostate 1 6mm isotropic Horizontal 1451 84
Prostate 2 6 mm isotropic —45° and 45° 1451 64
Prostate 3 Horizontal 1352 90
Prostate 4 DTD —45° and 45 1312 99
Ca ba| 8 Jake| Radiotherapy and Oncology 107 (2013) 227-233 # 24

12



LUDWIG-

I_Mu antnseae| | Treatment planning strategies

MONCHEN

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.

+ “Standard” optimization

Phantom test case

LUDWIG-
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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:
F(2) = F(Don (@) + puF(Du(a)) Doom: nom?nal dose; DW:' quhysical worst case dose
: ‘ : x: spot weight to be optimized

pw & weighting factor to control the hmportance of the worst case dose distribution in the final result

Plugfelder et al PMB 2008

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

@ = arg min max F(d"(w)). ds.: dose re.al‘iza.tion, w: spot weight to be optimi;ed
w0 Aims to minimize penalty for worst case realization

Fredriksson et al, Med Phys 2011

16.06.2020
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(b) robustly optimized IMPT plan

Semin Radiat Oncol 2018 April ; 28(2): 88—-04. doi:10.1016/).semradone 2017.11.005.
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. L. - F Albertini, A Lomax (PSI, Villingen)
Heuristic approaches 0 Jikel (DKFZ, Heidelberg)

(dose unc. calculation)

Dynamic target definition n .
)= G. Cabal, O. Jakel. (DKFZ, Heidelberg)

(Target definition, beam T~ P Park X. Zhu. (MD-Anderson,

angle selection and Houston)

dose unc. calculation)

J Unkelbach, T Bortfeld. (MGH-

Probabilistic Treatment Planning

(Inverse planning and —_— :aFfVBdrf{'kBOSton; . Sweden)
nc. | lation redriksson, orsgren. (Sweden

CLECL IS I Eis LY M. Bangert, N. Wah! (DKFZ)

The Chain of Radiotherapy

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

o U

Thermoplastic mask, vacuum mattress, abdominal compression...

[Basic Radiation Oncology, Mahr & Schlegell

™

LUBW(e- Imaging for treatment

MAXIMILIANS-
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o U

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 lon Beam Therapy Center

16.06.2020
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Correlation between planning CT image and patient position
(typically via DRR from planning CT and orthogonal X-rays)

Source: HIT Heidelberg

o LR
R =

As in photon therapy, use integrated on-board X-ray imager for
volumetric so called cone beam imaging (CBCT)

15" SEPTEMBER , 2014 -

WORLD’S FIRST PT SPECIFIC CBCT GOES
//‘\ CLINICAL

16.06.2020
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_ Cone beam
Fan beam

Figure 10. Volumetric registration
at the treatment unit. A cone-beam
CT acquired at the time of treatment
is registered to the treatment plan-
ning CT (larger dataset) to properly

CouchLat 09 Couch Prch 14 Couch Lat s ";6“ 08 inchde Shoost S position the patient on the treat-
CouchLrg 02 Couch Rok 3503 Couch Lng 52 850 02 ke e ment table ((ourte_sy of Pe_ter
Couch Vit 09 CouchRn 18 Couch Vit 0998 s 08 9 inehds Monroe, PhD, Varian Medical
Couch Proj Fn 23 Couch Fan 00 00 00 % iechde Systems).
1 2 Cancel

_The British Journal of Radiology, 79 (2006), S99-5108 ﬂ
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Application of position correction via robotic table (6 DOF)

- _Pitch max. +/-15°

Source:
HIT

Step On Position 650 mm

PRE-RADIOTHERAPY WORKUP

o [~ ™ [ Moo’
]

RADIOTHERAPY PREPARATION
30 " Delineation of volumes of
Immobiiization planning interest (VOIs), e.g, GTV,
CTV, OAR
PLANNING
Planning aims O Prescription
plan and
T technical
Modification of aims. data
and creation of TV or
avoidance
Optimizer treatment
DELIVERY

P N e ey

]

PLAN ADAPTATION (if r y)
RECORD AND REPORT
B | Level 2or3 ICRU Report 83
K e S
s

16.06.2020
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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

eprovide a basis for scientific evaluation and improvement of
treatments

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)

C. Karger, DKFzZ

Dose at ICRU reference point Dose at ICRU reference point Median Dose = Dg,,

Maximum PTV dose (>15mm Maximum PTV dose (>15mm D, ..;-max= D2,

in diameter) in diameter)
Minimum PTV dose (no Minimum dose PTV (no D ear-min = Dogoe
volume restriction) volume restriction)

Dose homogeneity (within +7 Dose homogeneity (within +7 No specific doss
and -5% of prescribed dose) and -5% of prescribed dose) homoaen e(&? laatory.
Su ‘oea“(\‘, W report

of Dy, — Dogy,

£0f \.\g\“‘ HI= D5
No conformity index given Conformityv.: 0(’&93_ No specific conformity index
Treats 'R\) REY volume of  mandatory
- e\N \
Absorbed dose-accura (0% O \bsorbed dose-accuracy: Low-gradient (=relative
e within 5% change of dose < 20%/cm):

within 5% \)‘o\\
ece(\‘p 85% of the target volume
5 should be within 5% dose
High-gradient area
(>=20%/cm):
85% of dose samples
within 5mm of the intended

position

C. Thieke, DKFZ

39

16.06.2020
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In addition to the quantities common to conventional ther
additional parameters associated with the RBE-wei
distribution need reporting (especially for io

e The RBE-model and all un

e Absorbed and biol -distribution)

r underlying a/p-value,
ant for combined treatments)

es of beam delivery records should be stored
importance for recalculation of treatment plans

How to calculate dose distribution?

16.06.2020
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R

CT-System H,0-equiv.

EEEENR EEEEN
——h

—=

Kramer et al, PMB 2000

Physically: Stopping

From previous lecture

CT-number conversion

S 2.0 ’ v
power ratio in tissue
relative to water "\ z =
o 16F B 1
= A .4 ==
g 0
. 10F : Chiba, 30cm phantom | -
> Chiba, 20cm phantom
5 Chiba, plastics
o . 2<;z, c3‘=;=h
© o5 7 B musce, O Goss 1
o 7 A fat, O Geiss
:E\l = used, 0 Geiss
00 # 1 4 1 L 1 4 1 L
-1000 -500 0 500 1000 1500
CT Number

Rietzel et al, Radiat Oncol 2008

Kramer et al, PMB 2000

16.06.2020
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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)

16.06.2020
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Passive conformation of scattered broad beam with range modulators /
range shifters / compensators (distal edge) and collimators (lateral shaping)

AT AT r AT

P > t > t > — 5
\

v v 4

range - range- compensator
scattering modylator shifter  collimator -
system
1I . )

done skin

LUDWIG-
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Beam modeling in scattered broad beams

=0ld approach: broad-beam models based on ray-tracing techniques

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

collimator

bolus
degraders single-sided

range modifier

©

source

time-varying

variable
range modulator

degrader  aperture patient

Hong et al, PMB 1996

24
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Broad beam models based on ray-tracing techniques

- Find range and modulation of the beam required to cover the target
(note: for "2C ions this also encodes the RBE variation in depth)

- Find detph zand
distance s to aperture
for each point of ] ’
9 Distance 0 aperture 2
interest (POI) T or

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

B. Schaffner, Varian

rescription .
prezerip ateral penumbra as function of s
Drpg(x,y, 2) = Dree.p - dreg (Zeft) - L(s, 2eff) “distance to aperture at given z depth

e
RBE x percentage absorbed dose (norm to 100% at SOBP center) ICRU 93

e | |B€@aM modeling:
LMIU | | scattered broad beams

MONCHEN

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

aperture

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

block

HOI"Ig et aI, PM B 1 996 Figure 4. Two pencil beam sets as seen in the BEV.

16.06.2020
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Pencil beam algorithm in scattered broad beams

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

Hong et al, PMB 1996

. ||Beam modeling:
LMU | [Baessiets scattered broad beams

MONCHEN

Pencil beam algorithm in scattered broad beams

Typical formulation:

Dose contribution of a single pencil beam
d(x',y', )= C(How,y,7)

The central-axis term 1s simply taken from the measured broad-beam central-axis depth
dose m a water phantom—modified by an mverse square correction:

SSdo + (l,(;ff )2

I
&

C(z") = DD(d.sy) (

DD: central-axis depth-dose of open beam in water
ssd,: source-to-surface distance for measurement
d.: effective depth accounting for WEPL correction

Hong et al, PMB 1996

26
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Pencil beam algorithm in scattered broad beams
Typical formulation (‘cnt):

dix'.y,z2H)=CEHow',y'. )

The off-axis term. O(x’, y’, z'). is taken to be the lateral flux distribution from the radial
emittance suffered by protons directed along the axis of the pencil beam. The distribution
is taken to be Gaussian:

1 i
om0
! 2[00 (2)]? P Z[Umr ]2

spatial standard deviatign of the dlstrlbut
where o,,,(z) 1s the Iaéa af emittance stan ﬂl% ée\, ation ca culated by adding m quadrature

the contributions from the source, from every beam modifying device and from the patient,
The normalization 1s such that integrating the dose over an infinite area

of equally weighted pencil beams, i.e. modelling an open beam, gives back the open beam
depth—dose distribution.

Hong et al, PMB 1996

wowe. | Physical beam characterization

LMU| saeeeri
Scattered broad beams

A successful proton radiotherapy treatment depends on
accurate delivery of the required range (R), modulation
width (M) of the SOBP, as well as the absolute dose. The
latter requires accurate determination of the dose delivered
per monitor unit: The output (W).

Modulati
98% dose odutation

Range
90% dose |~ \

[

Dose

Engelsman &t al.
Depth Med. Phys. 36 (6), June 2009

27
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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

.Princip\e of Double Scattering
oo i

By
Pre-scatterer

—
..r Range modulator

? beam nozzle
E.E. .E ¢ w‘l‘ “‘."

+ Option: combination of a range

Wy Wy, W, ! modulator and second scatterer used in

a given range (energy) span

W
pattern’
Aperture
fisismm,  /FE Range Compensator

+5€mmsmﬁem + Suboption: subspan of the option that
“ uses its own ‘beam current modulation

——

Range

Modulation width

Roelf Slopsema

LMU womnans-| | Physical beam characterization
UNIVERSITAT

Scattered broad beams: the configuration options

You just bought a proton-therapy system
from us. Congratulations!

We will be ready to hand over the first
room to you on June 1.

Each room has 8 double-scattering
options. Each option has three suboptions

that use a different beam current
modulation.

Our system is great: the range and
modulation width can be varied
continuously.

The scattered field size is fixed, but we
have variable collimators and three snouts.

16.06.2020
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Physical beam characterization

Scattered broad beams: commissioning of TPS

ased on pencil beam algorithm.

Collection of beam data

Va

pristine peak pdd / SOBP

open-field profiles — virtual SAD
half-beam profiles — effective source size
fluence along beam axis — effective SAD

lidation dose calculation against measurement

water phantom
including inhomogeneities, oblique beams, etc...

Roolf Siopsema_ JIllUniversily of Florida Proton Therapy nsiitute]

LMU
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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

16.06.2020
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wowe | 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

120 T

D / arb. units -

‘ 157 184 211 ‘ 231
MeV MeV MeV MeV

1 I %,
15 20 25 30 35

z/em —
Protons, MGH

LMU
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wowe | 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

100
80
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20
[

Dose [%]

120

Dose [%]
3
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Paganetti et al, Med Phys 31, 2004
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Scattered broad beams: fluences in air

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

FS RM Magnets SS Jaws IC _ Snout

P — [ >Q
| H—% |
FIG. 1. Schematic, not to scale, of our IBA universal nozzle in double-
sczmenng mode. Components are a binary fixed scatterer system (FS), a
range modulator track (RM), magnets (not used for double scattering), a

contoured second scatterer (SS), collimator jaws, monitor unit chamber (IC),
and snout.

Med. Phys. 36 (6), June 2009
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Scattered broad beams: lateral field size in air

» The virtual SAD is the ,geometric' SAD

m |t is found by a linear fit to the field sizes
measured at different positions along the
beam axis

B E\eld Size

Vitual SAD

B. Schaffner, Varian
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Virtual SAD for different nozzle options
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Scattered broad beams: lateral field size in air
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

It allows to deduce the virtual Open beam cross plane in-air profiles
source position from the 2T
geometric growth or |

magnification of the proton field

size (50%-to-50% width) near 9 50

. o

isocenter (e.g., at a depth K o

distance of + 20 cm and 0 cm §

from ISO) 20

Virtual source position is 2

determined from measured MY 0 N

beam diver ence -200 -150 -100 -50 0 50 100 150 200
g Off-axis distance (mm)

MDAnNderson Cancer Center, Houston
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Scattered broad beams: longitudinal fluence in air

= The effective SAD is the ,dosimetric' SAD

= Itis found by a 1/r2 fit to the measurements of the
fluence along the beam direction

Fluence in air

[ Ahecariiaad |
1 M irement
- &
I Effective SAD II

Scattered broad beams: longitudinal fluence in air

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)

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

16.06.2020
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Effective SAD for different nozzle options

280 T T T T T

Scattered broad beams: effective source size

m [t is assumed that the penumbra shape can be modelled by the
effective source size concept introduced by Hong et al.

= The proton source is assumed to be located at the position of the
nominal source and to have a Gaussian distribution.

Error function

Proton distribution Half:beam shaped penumbra

at source position

]
. | Nominal SAD |
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Scattered broad beams: effective source size

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

|t a”OWS tO deduce the effective Half-beam cross plane in-air profiles for 250 MeV beam
source size, to be used in
conjunction with the effective o —————
source position, to model the e
lateral scattering of the proton 3
= J —e— Z=20 cm, Thin section of RMW
£l a2 - Z=:20 cm, Thin section of RMW
. ) g 1 2-20 em Trcksectonol MW
The effective size of the | “n
proton source is calculated il
using the penumbra width of A/
the half-blocked field s o o 5 - p -

Off-axis distance (mm)

MDAnNderson Cancer Center, Houston
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Effective source size for different nozzle options
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Angular confusion and divergence

“All beam-line elements introduce a certain angular confusion
to the beam. The total effect of this confusion can be
measured as the shape of the penumbra behind a half-
blocked beam.

Angular Confusion describes the range of directions (about
some mean angle) which protons passing through any given
point may have.

Angular divergence measures the variation in that mean angle
over a plane perpendicular to the beam’s central axis.”

* Only angular divergence leads to sharp and magnified
image

* Only Angular confusion leads to fuzzy unmagnified image
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Measurements — the input for the dose model

» Fluence calculation
m Open field cross profiles -> Virtual SAD
m Fluence along Z axis  -> Effective SAD

m Half beam block -> Lateral penumbra of fluence
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Example of fluence distribution

Compensator 50% Fluence

)
10cm 10cm “ A 10cm

|

|« >k
1
1

Block

VARIAN Medical Systems Barbara scnafiner, P 1C0OG 46 siige 10
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Measurements — the input for the dose model

m Fluence calculation
= Open field cross profiles -> Virtual SAD
m Fluence along Z axis  -> Effective SAD

m Half beam block -> Lateral penumbra of fluence

m Beamlet calculation

m Depth dose curve -> Depth dose parameters

VARIAN Medical Systems Barbara Schaffner, PTCOG 46 Slide 20

16.06.2020

37



