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B Today’s objectives

— Discuss the general planning tools used in proton planning
 Aperture / Compensator based delivery
e Pencil Beam delivery

— Review the unique handling of CTV / ITV / PTV when treating with
protons

— Understanding the benefits of PBS and some additional concerns

— PBS patient specific QA
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IR Aperture / Compensator based Planning Strategies

e Cover the target with appropriate margins

e Spare the critical structures

* Plan with fields that deliver the most “robust” plan
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B Tools to do our job

* Protons
— Range : The depth of the Bragg peak (D90%)
— Modulation : The spread of the Bragg peak
— Apertures : Shaping the beam perpendicular to the path
— Compensators : Distal Shaping

— Patch Fields : Distal Edge to Lateral Edge Matching

M Northwestern
Medicine’

Chicago Proton Center



B The Physics of Protons

Spread Out Bragg Peak (SOBP)
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B Range and Modulation
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B Spreading the beam across the field
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Patient Specific Devices




B Aperture Design
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B Brass Aperture mounted in Treatment Snout
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B Penumbra at Various Air Gaps
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B Penumbra as Mid SOBP at various ranges

Penumbra at Various Ranges,
mid-SOPB (4cm)
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F \ With Compensator
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B Design of the compensator
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B Design of the compensator
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mm With Discrete Compensator
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IR Smearing
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IR Smearing

Smearing Radius * = \/ (Set up Margin)?+(Int Motion)%+(0. 03 * Depth)?
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*Moyers, et.al I.J. Rad Onc Bio Phy, 2001



mm With Discrete Compensator

Target Area

Compensator

Aperture Inhomogeneity (Air Pocket)

M Northwestern
Medicine’

Chicago Proton Center



B Smearing

e Sacrificing distal conformity to ensure you have enough range (and
modulation) to cover the target

e Accounts for the fact that treatment path lengths may be different
than planned path lengths due to set-up errors and internal motion.

e Can easily be built into compensator design

e Not directly accounted for in PBS
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I Question 1
Which statement is true regarding the smearing

radius in compensator based proton therapy?:

A. Smearing helps to increase dose
conformity to the target.

33%

B. Smearing decreases range uncertainty

C. Smearing is not necessary is
inhomogeneous regions

D. The magnitude of the smearing radius
is related to the expected set-up errors
, the internal motion and the range of
the proton beam

E. Smearingis directly applicable to
photon treatments as well
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B Question 1

Which statement is true regarding the smearing
radius in compensator based proton therapy?:

a)
b)
c)
d)

e)

Smearing helps to increase dose conformity to the target.
Smearing decreases range uncertainty
Smearing is not necessary is inhomogeneous regions

The magnitude of the smearing radius is related to the expected set-up errors, the
internal motion and the range of the proton beam

Smearing is directly applicable to photon treatments as well

Correct Answer (d) . The magnitude of the smearing radius is related to the expected
set-up errors , the internal motion and the range of the proton beam

WM

Reference : Moyers, et.al I.J. Rad Onc Bio Phy, 2001
Northwestern ICRU 78

Medicine’
Chicago Proton Center



B Patch Field Technique

Patch Field

Patch Line

Through
Beam
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mm Patch Field Technique:
Match Line Change

Through
Beam
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B ICRU Definitions Patient

CTV GTV

ITV
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B ICRU Definitions Patient

ITV + SM
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Protons need no distal Set-up margin?

But.... What about
Range Uncertainties

No thw ster
M Center



BB Where do range uncertainties come from ??
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Figure 12. Dotted lines: typically applied range uncertainty margins in proton therapy treatment
planning as currently typically applied at the MGH (3.5% + 1 mm), the MD Anderson Proton
Therapy Center in Houston (3.5% + 3 mm), the Loma Linda University Medical Center (3.5% +
3 mm), the Roberts Proton Therapy Center at the University of Pennsylvania (3.5% + 3 mm) and
the University of Florida Proton Therapy Institute (2.5% + 1.5 mm). Note that these centers may
apply bigeer margins in specific treatment scenarios. Dashed line: estimated uncertainty without
the use of Monte Carlo dose calculation. Solid line: estimated uncertainty for complex geometries
without the use of Monte Carlo dose calculation. Dashed-dotted line: estimated uncertainty with
Nortl .
I\ Megic the use of Monte Carlo dose calculation.

Chicago Proton Center Paganetti, Phys. Med Biol (57), 2012



B Movyers : lon Stopping Powers and CT Numbers

Table 7. Summary of estimated uncertainties in treatment planning due to CT numbers and stopping powers

Uncartainty Befors Uncartainty Possible Futurs
Canss Mitigation Mitigation A fter Mitigation Uncartainty
Scanner calibration for standard conditions +0.3% day-to-day Fatient-gpecific scaling T0.0% *+0.0%
k¥p, filter, and FOV s=lection T2.0% PMMA, PC Use only calibratad *0.0% T 0.0%
> X 2.0% bote conditions
Wolume and configuration scanned T25% Fatient-gpecific scaling T0.0% T 0.0%

Position in scan

Wletal implants

Stopping power of water
RL=F of tismes and devices

WEQ v, RLSP {(goft tissues only)
Energy dependance of RLEF for low 2

Total (=oft tissuzs only)

*1.5% water
*2.5% tigsue
> X+ 3.0% bons
1005

+1.0%
F00 w0 3.0
*+1.6%
+1.2%

Z = 22 - MVXCT
7 = 22 - substihition
Contonar and sabstitate

* 1.5% water®
*2.0% tigaue

= ¥ 3.0% bona¥
*5.0%% metal¥®

+1.0%
T1.0%
158
1.2
3.5

+0.5% waterZE#
+0.8% tisqueF®
> * 1.0% bone"E*
£ 5.0% metal¥

+0.5%
+1.0%
+1.5
+0.5M<

iz

Abbreviations: DE, dualenergy CT, MC, Montz Carlo caloulations,

#*Not congideted in total

A\
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Yang : Comprehensive analysis of proton range uncertainties related to patient
stopping power ratio estimation using the stoichiometric calibration

Table 8. Estimates of uncertaintiss (1) in patlent SPE estimation in eurrent clinical practice,

Unecertainties in PR estimation (1o )

Uncettainty source Lung (%) Soft (%) Bone (%)
Uncertainties in patient CT imaging 3.3 0.6 15
Uncertainties in the parameterized 38 0.8 0.5
stoichiometric formmla to calenlate

theoretical C'T mimbers

Uncertainties due to deviation of actual 0.2 1.2 16
himan body tizsue from ICRIT standard

tizsue

Uncertainties in mean excitation energies 0.2 0.2 0.6
Uncertainties due to energy dependence of 0.2 0.2 0.4
PR not accounted by dose algorithm

Total (root-mim-square) 5.0 16 24

Table 9. MMadian, 90th percentile and 95th percentile of composite rangs uncertaintiss and the

cormespond ing percentile when the rangs uncertainty 18 3.0% at different clinical sitss,

Composite range uncettainty (%)

Tumorsite Median  90th percentile  95th percentile

Fercentile when range
uncettainty = 3.5%

Prostate 1.3 2.5 3.0 Qi o
Lung 1.5 2.9 34 6%
Head and 1.3 26 3.0 Q8T
neck

Northwestern

Medicine’
Chicago Proton Center
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B Poganetti : Range uncertainties in proton therapy and the
role of Monte Carlo simulations

Range uncertainty Range uncertainty

Source of range uncertainty in the patient without Monte Carlo  with Monte Carlo
Independent of dose calculation

Measurement uncertainty in water for commissioning =+ 0.3 mm + 0.3 mm

Compensator design + 0.2 mm + 0.2 mm

Beam reproducibility + 0.2 mm + 0.2 mm

Patient setup £ 0.7 mm £ 0.7 mm
Dose calculation

Biology (always positive) ~ +~0.8% +~0.8%

CT imaging and calibration + 0.5%* + 0.5%"

CT conversion to tissue (excluding I-values) + 0.5%" + 0.2%*

CT grid size + 0.3%° + 0.3%°

Mean excitation energy (I-values) in tissues 4+ 1.5%4 +1.5%"

Range degradation; complex inhomogeneities —0.7%° +0.1%

Range degradation; local lateral inhomogeneities * + 2.5%" +0.1%
Total (excluding *, ") 2.7% + 1.2 mm 2.4% + 1.2 mm
Total (excluding ") 4.6% + 1.2 mm 2.4% 4+ 1.2 mm
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B Adding Setup and Range Uncertainty with Protons

<:>“““Pe1;pendicular Expansion Parallel Expansion
Physical Distance Radiobiological Depth
= (cm) (WET)
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Graphics Measure
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B Question 2
Which statement is true about range

uncertainty of a proton beam?

A. Range Uncertainty can not be
quantified. 27%

B. Range Uncertainty Is very poorly

understood
20% 20%

C. Range Uncertainty can be accounted for
by adding a beam specific distal and
proximal margins

17%

D. Range Uncertainty will completely
eliminate the benefits of decreased
integral dose given to the patient by a
proton treatment

E. Range Uncertainty will lead to lower
tumor control rates for proton patients

M Northyvgstern A. B. C. D. E.
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B Question 2
Which statement is true about range
uncertainty of a proton beam?

a) Range Uncertainty can not be quantified.
b) Range Uncertainty Is very poorly understood

c) Range Uncertainty can be accounted for by adding a beam specific distal and
proximal margins

d) Range Uncertainty will completely eliminate the benefits of decreased integral dose
given to the patient by a proton treatment

e) Range Uncertainty will lead to lower tumor control rates for proton patients

Correct Answer (c) : Range Uncertainty can be accounted for by adding a
beam specific distal and proximal margins

References : Moyers MF, et.al. : Med Dosim. 2010 Autumn;35(3):179-94.
Yang M, et.al : Phys Med Biol. 2012 Jul 7;57(13):4095-115.
V] Northwestern  paganetti, H : Phys Med Biol. 2012 Jun 7;57(11):R99-117.
Chicago Proton Center



B HU Unit conversions

e Conversion from HU to RSP has inherent problems
— Noise
— Beam hardening

* Trying to make our CT scanner a spectrometer
— Two tissues can have same HU but different RSP

e Anything not natural can have large errors.
— Contrast
— Fillings
— Implants
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B Chestwall Expander
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B Breast Prosthesis

Fig. 3: Treatment plan for patient with silicone breast prosthesis. (a) Planned dose
distribution without RLSP reassignment. (b) Delivered dose distribution if planned
without proper pRLSP assignment.
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B Is there any hope for improvements?

e Dual Energy CT (kV / MVCT)

* Proton activation (PET/SPECT) Tomography
* Prompt Gamma verification

* Proton Radiography

* Proton Tomography

M Northwestern
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B Importance of Image Guidance (IGRT)

* Image Guidance critical to avoid a
geometric miss if the target

 For protons, verification of proton
path length equivalence is essential.
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B Fffect of Path Length Variances :
Photons
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B cfroct of Path Length Variances
Protons

Depth —_—
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B Pencil Beam Delivery / Planning

e Layers of spot patterns delivered over the target volume
e Variable Intensity Control

e Dose uniformity

 Simultaneous Intergraded Boost

 Distal AND Proximal conformity

 The ability to perform Multi-Field Optimizations

M Northwestern
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B Spot Intensity for SFUD plan

[\V] Northwestern BEV of the Intensity patterns
Medicine’
Chicago Proton Center



B Spot Positions and Intensity

* Impossible to manually define spot positions and intensities and

hope they relate to each other.
* Inverse planning is required

e Objective function is defined

* An iterative process is used to minimize the objective function

Objectives/Constraints Beams Energy Layers  Spot Selection

m Load template... § Create template... Add MCO function

Function Constraint | Dose ROI Description
" Physical Composite Objective

- Min Dose Beam Set W CTV1 Min Dose 3600 cGy, All beams

- Min Dose Plan B PTV1 Min Dose 3650 cGy

= Max DVH Plan Retinalt Max DVH 900 cGy to 10% volume
= Min Dose Plan CcTv1 Min Dose 3575 cGQy
- Max Dose Beam Set Ringl Max Dose 3900 cGy, All beams
» Max Dose Plan LensRt Max Dose 100 cGy

» Max Dose Plan CochleaRt Max Dose 900 cGy

- Max Dose Plan OralCavity Max Dose 3600 cGy
- Max Dose Plan CTv1 Max Dose 3800 cGy

- Max Dose Plan HippoHeadLt Max Dose 600 cGy

[ ]
||
r
r
i Max Dose Plan B pPTv1 Max Dose 3800 cGy
||
]
||
||
F

- Max DVH Plan TemporalLlobelt  Max DVH 1000 cGy to 5% volume

Robust = Weight

Value -
14.4724
3.5735
2.0146
1.7542
1.2127
0.8720
0.6733
0.6557
0.6450
0.5258
0.3853

0.3831

0.3284



B Aperture/Compensator vs. PBS

Norm:Dose(1000.0 cGy = 100%)

Isovalues (%)




B Advantage of a Compensator

& i )
e
e

No Compensator With Compensator




B Advantage of a Compensator

With Compensator




I PBS Planning is lacking critical tools that are easily
available in Aperture /Compensator delivery:

How do we account for?

e Smearing

— Set-up errors
— Internal motion and inconsistent anatomy
— No physical device (compensator)

e Range Uncertainties

M Northwestern
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B Single Fiel

d Optimized : IMPT ,,

< 100% of Dose 100% of Dose
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B Multi-Fie Dose : (IMPT )

< 100% of Dose 100% of Dose
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B SFUD with range error

—

|\V| ,\N/lgfjtigi"r;'ee@stem ‘ < 100% of Dose ‘ 100% of Dose
Chicago Proton Center



B Multi Field Optimized with a range error

C—

)
)
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Delivery timing of your PBS delivery system and method
B .. o be understood

* PBS Beam delivery method

—Delivery speed perpendicular to incident beam

—Delivery speed parallel to incident beam

M Northwestern
Medicine’
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Bl Delivery perpendicular to incident beam

ose

~ 1 second” Depth
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B Delivery parallel to incident beam

Not Quick ~ é5 second

M Northwestern
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HEA With PBS we need to consider Robustness:

e Quantify the sensitivity of the PBS plan to :
— Set-up errors
— Internal Motion
— Range Uncertainties

e Two methods to do this:
— Prospectively : Robustness Optimization
— Retrospectively : Robustness Evaluation

M Northwestern
Medicine’

Chicago Proton Center



Objectives/Constraints

Lo L]

Function
Physical Composite Objective
Min Dose
Min Dose

Max DVH

Beams

Energy Layers

Load template... | Create template...

ROI

Spot Selection

Constraint Dose

Beam Set W
Plan PTV1

Plan Retinalt

Max Dose
Max Dose
Max Dose
Max Dose

Max Dose

Plan CTV1

Beam Set Ringl
Plan LensRt
Plan PTV1
Plan CochleaRt

Plan OralCavity

b Max Dose
Max Dose
Max DVH
Max DVH
Max Dose
Max Dose
Max DVH
Max DVH
Uniform Dose
Max DVH
Max DVH
Max DVH
Max DVH
Max Dose
Max Dose
Max DVH
Max Dose
Max Dose
Max Dose

Max DVH

Ba_ .. mama

Plan cvl

Plan HippoHeadLt
Plan TemporalLobelt

Plan Ringl

.4
]
&
r
F
||
||
||
||
||
F
r
r

Plan Cochlealt

Plan HippoTailRt
Plan ParotidLt
Plan OralCavity
Plan CTV1

Plan Brain

T E EEEMN

Plan ParotidRt

Plan TemporallobeRT1
Plan OralCavity
Plan Brain
Plan OpticNervelt

Plan

OralCavity

n

Plan Brainstem

Plan LensLt

Plan OpticNerveRt

|8 N |

RetinaRt

[P ey

Add MCO function

Description Robust = Weight
Min Dose 3600 cGy, All beams

Min Dose 3650 cGy

Max DVH 900 cGy to 10% volume

Value
14.4724
3.5735
2.0146
1.7542

Min Diose 3575 cGy

Max Dose 3500 cGy, All beams
Max Dose 100 cGy

Max Dose 3800 cGy

Max Dose 500 cGy

Max Dose 3600 cGy

0.8720
0.6733
0.6597
0.6450
0.5293

Max Dose 3800 cGy

Max Dose 600 cGy

Max DVH 1000 cGy to 5% volume
Max DVH 3000 cGy to 10% volume
Max Dose 2300 cGy

Max Dose 600 cGy

Max DVH 2000 cGy to 80% volume
Max DVH 600 cGy to 70% volume
Uniform Dose 3650 cGy

Max DVH 500 cGy to 10% volume
Max DVH 400 cGy to 50% volume
Max DVH 1000 cGy to 5% volume
Max DVH 2900 cGy to 30% volume
Max Dose 3600 cGy

Max Dose 3600 cGy

Max DVH 3600 cGy to 15% volume
Max Dose 3600 cGy

Max Dose 175 cGy

Max Dose 3600 cGy

Max DVH 300 cGy to 10% volume

0.3893
0.3891
0.3234
0.2820
0.2515
0.2242
0.2086
0.1750
0.1654
0.0712
0.0332
0.0064
0.0023
0.0013
7.1147E-4
9.9509E-5
2.4875E-5
0.0000
0.0000




B Robustness Analysis

Process of evaluating several potential scenarios to
understand potential “worse case” results

* Translate and/or rotate individual fields and recalculate

— Mimic Set-up errors

 Re-assign shifted HU conversion curves and recalculate
— Mimic HU conversion errors

* Move Target structures and recalculate
— Mimic Internal Motion

M Northwestern
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B CQuestion 3

Which statement s true about robustness

evaluations?

A. Robustness evaluation quantity
potential differences in dose
distributions of PBS plans caused by set-
up and/or range uncertainties.

33%

B. Robustness evaluation compare proton
and photon plans

C. Robustness evaluation are not necessary 17%

for Multi Field Optimized proton plans 13%

13%
D. Robustness evaluation should be
different to the nominal treatment plan

E. Robustness evaluation will speed up the
planning process

M Northyvgstern A. B. C. D. E.
Medicine

Chicago Proton Center



B Question 3

Which statement s true about robustness
evaluations?

a) Robustness evaluation quantity potential differences in dose distributions of PBS
plans caused by set-up and/or range uncertainties.

b)  Robustness evaluation compare proton and photon plans

c)  Robustness evaluation are not necessary for Multi Field Optimized proton plans
d)  Robustness evaluation should be different to the nominal treatment plan

e) Robustness evaluation will speed up the planning process

Correct Answer (a) : Robustness evaluation quantity the differences in dose
distributions of PBS plans caused by set-up and/or range uncertainties.

References : Pugh TJ, et al. : Med Dosim. 2013 Autumn;38(3):344-50.
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B A few cases where PBS was beneficial:

Male Whole Pelvis

Photons Protons

I\ Northwestern
Medicine’
Chicago Proton Center



99.4GY rpE)

0.0GY gz

A\
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Retreat Meningioma

40 y/o Male
History of Brain
iIrradiation at
age 2 for acute
lymphoblastic
leukemia.

50.4GY rgp

Boost to
59.4Gy(RBE)



Pineal Blastoma

13 y/o Male
Germinoma .
Pineal Region

0.0GY rgg)

I\ Northwej
Medicine

Chicago Proton"cente



B PBS Patient Specific QA

e Secondary independent measurement of planned fluence onto a uniform
phantom

— With protons :
 3-dimensional dose distribution
A profiles at one depth does not predict the profile at other depths

 Profile Measurements : Must obtained at various depths
— How many is enough?
e Initially obtained at least 4 depths
e Distal portion of CTV
e Center portion of CTV
e Proximal portion of CTV
e Depth =10cm or less : Plateau region

M Northwestern
Medicine’

Chicago Proton Center



B Patient Specific PBS QA S/U

Zero at fgont of
water bulldup




B PBS Patient Specific QA Process

Horm: &bs

0.00 {cm)

M Northwestern
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B Obtain expected planned dose planes

Norm: abs : 0. 00
0. 00

: 3.00
dogeicGyl: 27485

local max(cGy):2840.8
Q2 PLAN

Taovalues (cGy)

2500.0

2000.0
1500.0
1000.0

Distal Proximal MECEET




Bl Profile evaluation of calculated vs. measured profiles

vt PBS QA Flaig and Strom - OmniPro I'mRT

File Edit Measure Workspace View To

D H T as b & [a}

Equipment  Help

SimpleTap
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A2 Compare Profiles
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Evport ta L5 File

Decimal Symbol: [
DataSeparstor: [ <]
Display
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I” Relative Count
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FG 3.0 %, 3.0 mm, <VALID>

Average over ROl 1478.5 cGy (min: 1.4 cGy, max: 2796.0 cGy)|
100% = 2770.9 cGy
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B Obtain expected planned dose planes

Norm: abs :

dose (eGy): 2748.5

local max(cGy):2840.8
Q2 PLAN

Taovalues (cGy)
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B Distal Edge Evaluation

Histogram: Result - Gamma24 -e

[
Export to CSY-File
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Bl Distal Edge Evaluation
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Histogram: Result - Gamma25

Export to CSV-File

Decimal Symbol: I )

Data Separator: |

Display
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Bl Distal Edge Evaluation

File Edit
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Export to CSV-File
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Data Separator: |
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Statistics:
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m®m. In Conclusion: Isit too hard??
Should we give up??

No way !

The true benefit of proton is in the difference
in integral dose. Make the best of this !!

M No thW ster
Center



Thank You for listening!

M Northwestern
Medicine’
Chicago Proton Center



