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Stereotactic ablative radiotherapy versus lobectomy
for operable stage | non-small-cell lung cancer: a pooled
analysis of two randomised trials

JoeY Chang*, Suresh Senan*, Marinus A Paul, Reza ] Mehran, Alexander V Louie, Peter Balter, Harry | M Groen, Stephen E McRae, Joachim Widder,
Lei Feng, Ben E E M van den Borne, Mark F Munsell, Coen Hurkmans, Donald A Berry, Erik van Werkhoven, John | Kresl, Anne-Marie Dingemans,
Omar Dawood, Cornelis ] A Haasbeek, Larry S Carpenter, Katrien De Jaeger, Ritsuko Komaki, Ben | Slotman, Egbert F SmitT, Jack A Rotht

Overall survival (%)

100

80—

60 -

40

20+

T T

3-yearoverall survival (95% Cl):
SABR 95% (85-100); surgery 79% (64-97)
HR (95% Cl): 0-14 (0-017-1-190)
—— SABR
log-rank p=0-037 —— Surgery

Matthias Guckenberger

UniversityHospital
Zurich

9/07/2014 2



ESTRO SBRT Course

Matthias Guckenberger 9/07/2014 P UniversityHospital
Y Zurich




ESTRO SBRT Course FSTROX

Lessons to be learned from surgery

13469 lung resections in Florida
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90 day death rate 3.8% 6.8%
Median OS 47.1 months 50.5 months
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SBRT of lung cancer

Stereotactic body radiotherapy and treatment at a high volume facility @Cmsmk
is associated with improved survival in patients with inoperable stage |
non-small cell lung cancer

Matthew Koshy ***, Renuka Malik ®, Usama Mahmood ¢, Zain Husain ¢, David J. Sher®

* Department of Radiation Oncology, University of Illinois at Chicago; ® Department of Radiation and Cellular Oncology, The University of Chicago; © Department of Radiation

Oncology, The University of Texas MD Anderson Cancer Center, Houston; “ Department of Radiation Oncology, Yale University; and ©Department of Radiation Oncology, Rush
[Iniversitv Medical Center. Chicago. [ISA

Greend 2015

,Patients who were treated at high volume centers were also
noted to have a superior survival“

, This finding was also independent of the fact that SBRT was
mainly performed at high volume centers.,
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| believe ...

... that we need this
course (and others)
more than ever!

Matthias Guckenberger ~ 9/07/2014 6
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| HATED EVERY MINUTE

OF TRAINING, BUT | SAID,

» “DON'T QUIT. SUFFER NOW

2 %;_ . AND LIVE THE REST OF YOUR

LIFE AS A CHAMPION."
- MUHAMMAD ALI
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Our Faculty

Dirk Verellen

Stephanie Lang

Mischa S. Hoogeman

Coen Hurkmans

Clinicians

Karin Diekmann

Morten Hoyer
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Our program

Physics /
Technology

Stereotaxis

Clinical Implemen-
Evidence tation

Matthias Guckenberger 9/07/2014 10 P UniversityHospital
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Topics of our course
<7 <7

Cranial stereotactic radiotherapy Stereotactic body radiotherapy
SRS SBRT

Matthias Guckenberger 9/07/2014 11 g::;;cir5|tyHospltal
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Course program
Sunday: Introduction day

e Historical background

e Radiobiology / Modeling

e SBRT in the context of Oncology
* Errors

Monday Technology and Physics day
Margins

 Management of targets w/o respiration induced motion

e Management of targets with respiration induced motion

e SBRT treatment planning and plan evaluation

QA and safety

Matthias Guckenberger 9/07/2014 12 glrll:;irsnyHospltal
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Course program

Tuesday & Wednesday: Lectures
Stage | NSCLC

» Best practice recommendations

e Oligometastatic disease

e Vertebral metastases

e Primary liver cancer

* Prostate and pancreatic cancer

Tuesday and Wednesday: Split-up sessions

Matthias Guckenberger 9/07/2014 13 gSrI;LT]rSRYHOSPItaI
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Course program

Tuesday Morning: Split-up sessions clinicians & physicists

11:15

12:45

Practical split-session for SBRT lung - Linac

Practical split-session for SBRT lung - Linac

Practical split-session for SBRT lung - Linac

Practical split-session for SBRT liver - Cyberknife

Interactive case demonstration and discussion

Matthias Guckenberger
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Course program
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Course program

Wednesday afternoon:
Split-up sessions

Spine SBRT

Brain SRS

Physics in implementation of SBRT
Practice of SBRT from a RTT perspective

e

YOU CAN ATTEND 2/ 4 of these split up sessions

Matthias Guckenberger 9/07/2014 16 gn'i:fcirsityHospital
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Course program

Thursday: Practical implementation

e Starting a SBRT program: a clinicians view
e Starting a SBRT program: a physicists view
e Starting a SBRT program: a RTT view

e Panel discussion

v’ Broad overview of current technologies and their specific pos / cons
v’ Evidence-based presentation of SBRT & it's limitations

v Room for close interaction in spilt-up sessions

» To build up a successful SBRT program

Matthias Guckenberger 9/07/2014 17 gn'i:fcirsityHospital
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From Frame-based to Frameless:
a historical overview part |l
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scientific collaboration with
BrainLAB AG, RaySearch, MIM

& ESTRO

5(’.’!00’




Learning objectives

* Be able to compare frame-based and IGRT-frameless
intracranial stereotactic radiosurgery (SRS).

« Understand the uncertainties involved in target localization
and patient positioning in intracranial SRS.

e Much more information in the handouts, this presentation is
only a selection to illustrate the essentials.

_# ESTRO
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To frame or not to frame ...

* Why evolving towards frameless intracranial SRS?

 Historical evolution:

» SRS with frame to SBRT with frame
SBRT from frame (SBF) to IGRT
SRS following the evolution in SBRT
Accuracy of frameless SRS

YV V VY
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Some definitions

e Frame-based versus Frameless

» Whether a stereotactic system of external coordinates is used
for localization and positioning or anatomy and ‘real-time’ in-
room imaging

e |nvasive versus non-invasive

» Whether the patient is rigidly fixed to the stereotactic system
using invasive techniques or a ‘patient friendly’ immobilization
system is used allowing multiple fractions

# ESTRO
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A short history of intracranial SRS

* The stereotactic frame was essential for ~ 100 year

» Stereotactic:
» stereos: rigid, fixed
» taxis: ordering
» Rigid relationship between an
external system of coordinates
and the internal anatomy of the brain

Derechinski et al.

* |nvasive fixation of the stereotactic frame to the bony skull was
considered to ensure sub-millimeter accuracy for surgery /
radiotherapy

M ESTRO
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* 1908:

> Robert Henry Clarke and Victory Horsley: Stereotactic
technique based on the reproducibility of the relationships
between landmarks on the skull (external auditory canals,
midline) and anatomical structures within the brain

« 1950s:
> Lars Leksell:

Experiments with 250 kV rotating X-ray source (1951) and
stereotactic proton therapy (1955)

e 1967:

> Lars Leksell:

Gamma-knife radiosurgery using 6°Co-sources for treatment of
functional disorders

e 1980s:

> Oswaldo Betti and Frederico Colombo:
CT-localization and linac-based SRS

SBRT 2016 - D. Verellen




¥ Mechanical accuracy, in phantom!

Mechanical Overall treatment
accuracy accuracy

Gamma Knife

Perfexionf 0.30 mm 0.93 mm
Dedicated Linac:

Novalis 0.31 mm 0.50 — 1.5 mm
Cyberknife* 0.50 mm 0.85 mm

* Hoogeman 2008 & Murphy 2009
5 Wu & Maitz & Massagier 2007

ESTRO
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Frame-based SRS

« Frame makes sense in setup with physical-rigid connection
between patient and radiation source

Leksell et al.

# ESTRO
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e Frame-based SRS

« Frame makes sense in setup with physical-rigid connection
between patient and radiation source ...

« The treatment couch is probably the weakest link

SBRT 2016 - D. Verellen
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Towards extracranial SRS: body frames

* Challenge:

» Creating a rigid external frame that will provide a
repeatable reference for sites in the body

Stereotactic Body Frame, Lax et al.

‘Introduced’ for both immobilization as well as
target localization (“stereotactic reference frame”),
cf. stereotactic radiosurgery

IPij i |
IPioneers in SBRT! & ESTRO
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Towards extracranial SRS: body frames
... still requires IGRT

Stereotactic Body Frame, Lax et al.

« AAPM TG 101 recommendation:

» “Body frames and fiducial systems are OK for immobilization
and coarse localization”

» “They shall NOT be used as sole localization technique”

& ESTRO
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o Evolution of IG-SBRT

. SBRT and motlon management

. well, you'll see plenty of this during the course

,. ESTRO

SBRT 2016 - D. Verellen v School



Frameless SRS

* High precision “frameless” stereotactic radiosurgery:

« ... also requires implementation of image guided systems
for target localization and positioning on the linac!

# ESTRO
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Image-guided frameless SRS

* Image-guided “frameless” stereotactic radiosurgery:

» Replacement of the stereotactic devices with external co-
ordinate and reference systems for patient positioning, by
direct imaging before and during treatment with on-line
correction

» Making use of internal anatomy rather than external
landmarks to localize target, position patient, and avoid
geographic miss during treatment.

SBRT 2016 - D. Verellen
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Outline

« (Can we use bony structures for target localization?
« What accuracy can be achieved?
» In phantom
» Clinical validation
* Frame versus frameless
« Some words of caution
» Conclusions and food for thought

_# ESTRO
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|s the skull a suitable reference?

 If visualization of the target is not possible, one has to
use the bony skull as a surrogate for the actual intra-
cranial target in IGRT

« However, internal ,motion™ of intra-cerebral tumor could
be caused by:
» Tumor progression
Tumor shrinkage
Changes of peritumoral oedema
This is the same for invasive frame-based techniques

V V VY

_# ESTRO
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Differences between bone and tumor match (mm)

Men © -08:10 00211 02210 17207
Maximum 18 23 2 23

Stable tumor position relative 10 the skull for one week Interval
between planning and treatment

~ Noinfluence of pre-treatment steroids
M. Guckenberger et al. IIROBP 2007
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Full 6 DOF automated
patient set-up

SBRT 2016 - D. Verellen School



Full 6 DOF automated
patient set-up
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|s the skull a suitable reference?

A phantom study

« Reference CT dataset rotated with center of rotation at the center of the
Image data set

* Positioning assessed by IR, water level, ExacTrac X- ray portal films and
implanted markers e,

shice no. B2 AMIALISlce mo. 82

Gevaert et al. Int J Radiat Oncol Biol Phys 2012
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|s the skull a suitable reference?

Different locations were chosen to investigate the sensitivity
of the registration algorithm on presence/absence of bony fiducials

Gevaert et al. Int J Radiat Oncol Biol Phys 2012

# ESTRO
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Positioning accuracy (Robotics)
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Gevaert et al. Int J Radiat Oncol Biol Phys 2012
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G
¥ Accuracy of IGRT/frameless SRS: HTT

157 phantom set-ups, # locations
« Residual error < 1.6mm (mean total error 0.7mm (1SD: 0.3mm)

A Residusl £rmoe Afer Frul L ruy Foucs Gaesd Poatoning

Ramakrishna et al. Radiother Oncol 2010

ESTRO

SBRT 2016 - D. Verellen School



¥ Accuracy of IGRT/frameless SRS

Table §. Summansed repositonsng crvoes resulting from
multiple trasslatons and multple rotat»ons

Boae Gray value

Tramslatsonal Rotational Translational Rotatooal
crors fmm)  cmrors [°] croes [mm) crrors ()

(xy.x) (v w) Ay.2) (a.v.w)
Mecan 04 001 ~0.08
sSD 013 040
Max ABS 0.30 (.90
Accuracy 011 029

* |GRT work-flow with CBCT imaging and robotic correction
of set-up errors achieved sub-millimeter accuracy in
phantom studies

Meyer et al. [JROBP 2008
4 ESTRO

School
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|IGRT/frameless: Clinical validation

Intra-fractional accuracy of the frame-

less system
y

0.0610.7 0.02+ 0.12140.8

Tryggestadt 1 CBCT
2 0.2610.7 0.10+ 0.2640.5 CBCT
3 0.0610.5 0.23+ 0.0410.4 CBCT
4 003103 0.29+ 0.1440.4 CBcT

¥ ESTRO
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|IGRT/frameless: Clinical validation

140 patients evaluated (Feb " 07 — Mar " 09)
>  Age 6y — 89y (mean 57y) ; 63 male / 76 female
» 2861 fractions

Non-coplanar dynamic conformal arc or non-coplanar IMRT
»  Average treatment time 14.6 min (5.0 — 34.0 min); SD 3.9 min

Linthout et al. Radiother Oncol 2012
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intrafractional X-ray residual # ESTRO
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X-ray residual rotati

Results
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Results: X-ray residual shifts

Universitair Ziekenhuis Brussel
¥ Vrije Universiteit Brussel
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Results: Intrafraction rotations

Universitair Ziekenhuis Brussel
¥ Vrije Universiteit Brussel
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Results: Intrafraction shifts

Universitair Ziekenhuis Brussel
¥ Vrije Universiteit Brussel

- = & mto
S c S =<
O o 0 Ll
© N~ X -
o ) © \
Qe aoe Qg E
7)) N ) =
. £ £ - £ S
E © o c 2 -
SETSE QD E B
- £ £ - E = £ 2
N O € « C o X
m () - = O S ) - m N g
) = Q.u o = 4.. = = ?..v Ty S T
-+ n | - 8 - —
© o) ) : o =
1 e e 1 o e > e o T 5 A
] e 1
A A A & B o
-—— T o
N © ¢«
~ =) X
::::: TV e ot e m
o 2 Tz
~ O 5
il g
N m £
--E.%u---.. = ~
(TIEELEN é--.. O~
SESSERRERR. T S N ¢
SESESRERARY ,.. : —
FRRERREEE="" , ©
BESFRRERENAL %...- ST
FEREEREENRNSS . ..‘ c O
HitHHHTHH -: .... .w E o
%\ 2 5
¢ —
| -
@
""""'~ H >
ATl m
>
sssss SRR L L
Tl gugm s




iversiteit Brussel

|GRT/frameless: Intrafraction motion

40 patients (66 brain metastases)
Immobilized with Brainlab frameless mask, ExacTrac 6DOF set-up

Intrafraction

[—
Y A\ )

o
W

O

1
o
N

Intrafraction motion

1
— 1
¥ [

¢ Vertical Shift
[mm]

® Longitudinal shift
[mm]

A ] .ateral shift
[mm]

X Vertical rotation

[°]

motion: mean 3D of 0.58 mm (SD: 0.42 mm)
Gevaert et al, 2012
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Study

Immobilization
system

Imaging modality

|GRT/frameless: Intrafraction motion

Intrafractional error

3D vector

Boda-
Heggemann
2006

Masi 2008

Lamda 2009

Ramakrishna
2010

Guckenberger
2010

Thermoplastic masks
Scotch cast mask

Thermoplastic mask & Bite
block
Bite-block

BrainLab mask

BrainLab mask

Scotch cast mask
Thermoplastic masks

Cone-beam CT

Cone-beam CT

Orthogonal x-rays

Orthogonal x-rays

Cone-beam CT

1.8mm £ 0.7mm
1.3mm £ 1.4mm

<1mm
<1mm

0.5mm £ 0.3mm

0.7mm %z 0.5mm

0.8mm = 0.4mm
0.8mm = 0.5mm

SBRT 2016 - D. Verellen
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= _ . .
|GRT/frameless: Intrafraction motion
o8 - v———v - -— - - - -
05} o °° 4
oL @ _~58 - : :
_ sl am ¢ ~= ° 1 ¢ Immobilization in
£ oo} . o< ° _ .  conventional thermoplastic
< aa 1 head masks:
y ‘ » Time dependence of
- o intra- fractional patient
= ) motion
‘.o " |« Keep total treatment time

+2® 2  asshort as possible !!!

Y. -
190 2s 150

Hoogeman et al. IJROBP 2008 =
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frameless

 |nvasive SRS is NOT without uncertainties

« Factors most influencing accuracy:
»  CT image slice thickness

»  Tension / distorsion of ring due to patient weight

»  MRI distorsion

> CT, MRI, PET image registration

»  Target definition

»  Target localization Maciunas et al. Neurosurgery 1994

_# ESTRO
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v—="  Accuracy: Frame-based versus
IGRT-frameless

Gevaert et al. Int J Radiat Oncol Biol Phys 2012
# ESTRO
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v Accuracy. Frame-based versus IGRT-
frameless

1.50

1.00 -
E
= 0.50
= ® Frame-based
o ¥ Frameless
g 0.00 -
jn Longitudinal
-0.50
-1.00
Overall 3D accuracy: 1.20 mm SD 0.66 mm (frame-based)

0.88 mm SD 0.42 mm (frameless)

Gevaert et al. Int J Radiat Oncol Biol Phys 2012 _
_# ESTRO
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frameless
1.50
1.00 -
H
= 0.50
fg ® Frame-based
o ¥ Frameless
g 0.00 -
<>E Longitudinal Lateral
-0.50
-1.00
Overall 3D accuracy: 1.17 mm SD 0.24 mm (frame-based)

0.85 mm SD 0.52 mm (frameless)

Gevaert et al. Int J Radiat Oncol Biol Phys 2012
# ESTRO
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v~ Accuracy: Frame-based versus IGRT-

frameless

« Passive Image-Guided monitoring of frame-based SRS
(GTC-head-ring, BRW frame)

« 102 patient set-ups

A -3 SN Bt (e (Laand B Yl el W Sety

[l “omg (oarapare | Bay e —te letwver rmage codarce ol Cmemrtora e de o
’

Ramakrishna et al. Radiother Oncol 2010
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v~ Accuracy: Frame-based versus IGRT-

frameless
* Intrafraction motion monitored with frame-based (BRW)

and frameless SRS: clinical validation.

» Frame-based (N=102): 0.4mm (1SD: 0.3mm)
»  Frameless (N=110): 0.7mm (1SD: 0.5mm)

saEabaRaEatataRARAEaS:

Ramakrishna et al. Radiother Oncol 2010

ESTRO
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v Margins: Frame-based versus IGRT-
frameless

 Combs et al. (IJROBP 2009), the DKFZ experience comparing
fractionated stereotactic radiotherapy (FSRT) using a relocatable
frame-based mask system and stereotactic radiosurgery (SRS) using
an invasive frame for treatment of Vestibular Schwannoma (N=202):
» Comparable local control rates 96% at 5 years

» The PTV was defined after a fusion of CT/MR images as the area
of contrast enhancement on T1-weighted MRI images, with the
addition of a 1-2 mm safety margin, both for FSRT and SRS!

* Meijer et al. (IJROBP 2003), the VUMC experience for Vestibular
Schwannoma (N=129):
» 2 Groups: dentate patients — FSRT, edentated patients SRS

» Again, comparable results, with small difference in trigeminal
nerve preservation rate in favor of FSRT.

» A minimum safety margin of 1mm was used in both groups!

4 ESTRO
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SRS Frame-based: frame slippage

* Frame slippage (4.23 mm) observed with image-guided
monitoring of frame-based SRS, confirmed with CT-scan.

Planning C1

Ramakrishna et al. Radiother Oncol 2010
SBRT 2016 - D. Verellen




G
¥ IGRT/Frameless: Automated co-registration

« kV X-ray images might display difference in skull density
contours relative to CT-DRR, resulting in erroneous image co-
registration.

Ramakrishna et al. Radiother Oncol 2010 . ESTRO
SBRT 2016 - D. Verellen School
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How about table rotations?
Not corrected for table Corrected for table
positions Reference positions
Table positions 90° 270° 0° 90° 270°
Average shifts

mm mm mm mm mm
Vertical 0,79 £0,5 0,77+ 0,31 0,47+0,15 055+026 0,52+0,12
Longitudinal 0,94 +0,76 0,79 £0,32 0,47+0,21 030+0,11 0,49+0,17
Lateral 0,83+£0,12 0,64+0,31 0,30+£0,09 041+033 0,30+0,07

3D vector 1,48 + 0,34 % 0,73 +£ 0,11 g 0,77+ 0,14

Gevaert et al. Radiother Oncol 2012
_# ESTRO
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|GRT/Frameless: rotational correction

« 40 patients, 66 Brain metastases

« Treatment with 6-DOF robotic couch
correction based on ET/NB IGRT

* Retrospective simulation of 4-DOF by
manipulation of CT-dataset in TPS,
omitting rotational correction

« Paddick Conformity Index reduces
from 0.68 to 0.59
(6-DOF versus 4-DOF correction)

TV XTVPI
E PI 1A%

rwn S e S, Loss of 5% in prescription isodose
coverage (80%).

Gevaert et al. Int J Radiat Oncol Biol Phys 2012 o ESTRO
SBRT 2016 - D. Verellen School




How about table rotations?

« 16 patients: Trigeminal Neuralgia
 Frameless IGRT
» BrainLAB mask

» 6DOF ExacTrac for patient set-up and verification

« Verification images after each table rotation, prior to each
treatment beam/arc.

Gevaert et al. Radiother Oncol 2012
# ESTRO
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How about table rotations?

« Relation between table rotation and overall 3D accuracy, if NOT
corrected in between table positions:

Couch rotation Overall 3D accuracy
10 0,46 £ 0,11
15 0,49 £ 0,15
20 0,57 0,13
60 1,10+ 0,33
70 1,15 % 0,42
80 1,21 * 0,22
90 1,24 + 0,19

Gevaert et al. Radiother Oncol 2012
# ESTRO
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How about table rotations?

« Patient intrafraction motion and uncertainties, with IGRT corrections
In between couch rotations:

» Mean shifts:
= Vertical: -0.01 mm (SD 0.39 mm)
= Longitudinal: -0.05 mm (SD 0.47 mm)
= Lateral: 0.16 mm (SD 0.44 mm)

Mean 3D of 0.89 mm (SD 0.35 mm)

» Mean rotations:
= Vertical: -0.08°(SD 0.25°)
= Longitudinal: 0.09°(SD 0.29°)
= Lateral: -0.05°(SD 0.20°)

Gevaert et al. Radiother Oncol 2012
# ESTRO
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Non-invasive, frame-based???

Study SAT positoning systen Imaging modality Positoning errer

2020 wage regamration for verfication of set up

Roscsbal L4 Deewtel Miastion Crpaypew relogrgen 200 & LA

Swaerney 2| Vingede Bale Hobowr bend oo ider Potal rvagrg | Yoo & L2

L emar J1ED Coll Thamses C umemnen Mtal vy vy LR & DR

Ciccey 2000 tras 10 Sasd Poral ragre Laa « 69aa
3D0-ID mage regaTation for verfication of set-up

Basze 2203 SATOCLXC T2awh L ATme & D

Bods Mcgprmans JU0e Scoteh caw raank Cone-boam U1 Lime » L%

Crachcsdernger 2007 Sootch cavt Tk Cone-doam U1 2 0me 4 LT

2 Significant uncertainties in patient (re-) positioning despite stereotactic

technique
2 Increased errors compared to invasive techniques
> “Worst” of both worlds

SBRT 2016 - D. Verellen




M Dose prescription and margins

« 2 ]esions, treated to 25Gy covering 97% of the target
»  8mm ¢ lesion, 8mm collimator, 25Gy @ 80%:
" Dyax =31.3 GY / Dyean = 27.5GY
» 11mm ¢ lesion, 8mm collimator, 25Gy @ 50%:
" Dy =50.0Gy/ D, = 35.0Gy

8mm diameter met treated with a single 8mm collimator to 25Gy

90% coverage 95% coverage 100% coverage 1mm margin
Dmax = 30.1Gy Dmax = 31.6Gy Dmax = 35.7Gy Dmax = 44.6Gy

. Paddick etal. g ESTRO
SBRT 2016 - D. Verellen \ School




Take home messages

* Why evolving to non-invasive frameless IGRT
treatment:

* For single fraction SRS
» Patient comfort, no risk of bleeding nor infection
» More time for multi-modality, complex treatment planning

» Possibility for in-treatment verification, reducing intrafractional
motion

» No difference in accuracy

For fractionated SRT

» Improved accuracy
>  Efficient work-flow

_# ESTRO

SBRT 2016 - D. Verellen VN School



o Food for thought

K Traditionally, we haven’ t been using margins with the frame-based \
SRS!

> It was (is) assumed to be ‘perfect’
* Whilst we might should have used margins!
»  There are always uncertainties

« Should we omit margins in frameless SRS, based on clinical
\ experience with frame-based SRS (the dose distribution covers it)?

AN

The concept of “frame” comes from the LGK, where the patient is
mechanically fixed to the frame, which in turn is mechanically fixed to
the delivery machine

« This conceptis NO LONGER VALID for linac-based or Cyberknife
systems, where a direct coupling between treatment machine and
patient is absent! IGRT is the only safe way to go!!! /

# ESTRO

SBRT 2016 - D. Verellen \ School




Many thanks to all Friends and Colleagues

L . "
for their nice slides!!! & ESTRO
SBRT 2016 - D. Verellen School
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From frame-based Stereotaxy to frameless
image-guidance a historical perspective

Karin Dieckmann

Department of Radiation Oncology,
General Hospital Vienna

Medical University of Vienna, Austria



History of Stereotactic Radiotherapy I

BT it
SN

1908: Sir Victory Horsley and Robert H. Clarke

— Stereotactic techniqgue based on the reproducibility of
the relationships between landmarks on the skull
(external auditory canals, midline) and anatomical
structures within the brain



History of stereotactic Radiotherapy IT

1951, using the Uppsala University cyclotron,
Lars Leksell and the physicist and radiobiologist

Borje Larsson, developed the concept of

radiosurgery.

«=| Leksell and Larsson first employed proton beams
coming from several directions into a small area into
the brain, in experiments in animals and in the first

treatments of human patients.

He called this technique "'stralkniven' (ray knives).



http://www.answers.com/topic/uppsala-university
http://www.answers.com/topic/cyclotron
http://www.answers.com/topic/radiosurgery

History of stereotactic Radiothera

Leksell achieved a new method
of destroying discrete anatomical
Regions within the brain while minimizing the effect

on the surrounding tissues.

| That GammakKnife unit was primarily intended for

use in functional brain surgery for the section of

e deep fiber tracts, as in the treatment of intractable

pain and movement disor

,Stereo”

tact”

(Greek: ,, solid” or,, 3 dimensional®)

(Latin: , To touch®)

Transverse Coronal




A 7/
" ) f

First surgery performed at Karolinska on an

Acoustic schwannoma in (1969)

Pituitary tumors (1969),

AVM (1970),

Craniopharyngiomas, Meningiomas (in 1976),

Metastases and skull base tumors (in 1986)




Frame-based stereotactic Radiotherapy

e A stereotactic system of external coordinates used for
localisation and positioning

e The patient is rigidly fixed to a stereotactic system using
invasive techniques, ideal for single fraction

High doses of > 80 Gy could be applled in a smgle fraction
local control of metastases could be achieved in 80-90 %




Frame-based stereotactic Radiotherapy
at a LINAC

1980-1990 ies Heidelberg/Harvard:
LINAC based stereotactic RT of the brain

e LINAC most widely available
Majority are modified multi-use LINACS

Some are specially designed for SRS




Frame-based Stereotactic Radiosurgery
Positioning Accuracy

Accuracy and stability of positioning in radiosurgery: Protective shielding——> :[
long —term results of the Gamma Knife system. Collimator channels “
Heck B et al Ilzizzl:rsneelzl® Coordinate\v%,:{éil i
Graf Chromic films densitometric measurements  isocenter/—— =
X: - 0.014+/_ 0.09mm Target in the brain /L W
Y: 0013+/- 0.09mm Patient .
7 - 0002+/_ 0.06mm positioning system

Radiation source\w\
MRI-based target definition

X: 0.06+/-0.09mm
Y: 0.04+/-0.09mm

All measured data were within a
sphere of 0.2mm radius
Target delineation: GTV=PTV

Med Phys 2007 Apr; 34(4): 148795



Accuracy of non invasive Mask systems
2D-2D image registration for verification

set-up
ot [ebmlgess |
Alheit <2mm Simulix xy
2001 Oldelft
Kumar 1.8mm=*=0.8 Pl
2005
Georg 1.3mm=*0.9 Pl

2006




Accuracy of non invasive fixation systems
3D-3D image registration for verification set-up

Lateral
X

Miniti 0.12mm=*=0.35 0.2mm=*04 0.4mm=*0.6
2012
Ingrosso 0.5mm=1.6 0.4mm=*2.7 0.4mm=£1.9
2012
Masi 0.5mm=1.3 0.2mm=*2.4 0.0mm=*=1.7
2008

Guckenberger 0.7mm=2.7 0.0mm=*=24 -0.1mm=£2.0
2007

Baumert 0.04mm=*x14 -0.1mm=*0.8 0.6mm=x1.8
2005

CBCT /CT controls of demonstrated
positioning errors of > 3mm
Target delineation: GTV plus 2mm= PTV

Positioning
error

3.1mm=*2.1

3.2mm=*=1.5

3.0mm=*=1.7

3.7mm=*1.5

Imaging
modality

CT

CBCT

CBCT

CBCT




Radiosurgery of Brain Metastases
Margin Dose and Local Tumor control

Table 1. SUMMARY OF BRAIN METASTASIS PATIENTS TREATED WITH RADIOSURGERY

Number Number Response oca Median
RS of of Rate Control’ Survival
First Author Type Year Patients Lesions Dose (Gy) (%) (%) (months)
S L 1991 39 54 MPBTS0 86 S~ 6.5
Mehta L 1992 40 58 e MPD 18.0 71 82 6.5
Engenhart L 1993 69 102 MCD 21.5 55 95 6.0
Kihlstrom G 1993 160 235 MPD 29.0 NA 94 NA
Voges L 1994 46 66 MPD 20.0 53 85 6.0
Flickinger G 1994 116 116 MPD 17.5 NA 85 11.0
Jokura G 1994 25 77 MPD 26.1 NA 99 8.5
Alexander L 1995 248 421 MPD 15.0 NA 85 9.4
Valentino L 1995 139 139 MCD 50.0 86 NA 1 =0
Kida G 1995 20 55 MPD 18.9 53 97 6.4
Whang G 1995 28 60 MPD 30.0 88 NA 15.0
Bindal L 1996 31 >31 MPD 18.7 NA A0 80
Fukuoka G 1996 130 =215 ®rD 14.0-30.0 NA 93 8.0
Gerosa G 1996 225 343 MPD 21.1 NA 88 9.3
Joseph L 1996 120 189 ° MPD 26.6 NA 96 8.0
Chamberlain L 1996 50 >50 Med 20.0 NA NA 6.5
Alleyne L 1997 40 41 MPD 14.9 33 ‘1 9.0
Breneman L 1997 84 145 MPD 16.0 NA 25 11.0
Shirato L 1997 39 39 ® MCD 25.0 92 84 8.7
Shiau G 1997 100 219 MPD 18.5 47 77 12.0
Weltman L 1998 34 69 ® Med 18.0 NA NA 6.4

GammakKnife: Local control 85%-99% ; Dose 14Gy-30 Gy ;
Single fraction



Radiosurgery of Brain Metastases
Margin Dose and Local Tumor control

Table 1. SUMMARY OF BRAIN METASTASIS PATIENTS TREATED WITH RADIOSURGERY

Number Number Response Local Median
RS of of Rate Control’ Survival
First Author Type Year Patients Lesions Dose (Gy (%) (%) (months)
Sturm L 1991 39 54 ® MPD 18.0 86 93 6.5
Mehta L 1992 40 58 ® MPD 18.0 71 82 6.5
Engenhart L 1993 69 102 MCD 21.5 55 95 6.0
Kihlstrom G 1993 160 235 MPD 29.0 NA 94 NA
Voges L 1994 46 66 MPD 20.0 53 85 6.0
Flickinger G 1994 116 116 MPD 17.5 NA 85 11.0
Jokura G 1994 25 77 MPD 26.1 NA 99 8.5
Alexander L 1995 248 421 MPD 15.0 NA 85 94
Valentino L 1995 139 139 MCD 50.0 86 NA 13.5
Kida G 1995 20 55 MPD 18.9 53 97 6.4
Whang G 1995 28 60 MPD 30.0 88 NA 15.0
Bindal L 1996 31 >31 e MPD 18.7 NA 60 8.0
Fukuoka G 1996 130 >215 PD 14.0-30.0 NA 93 8.0
Gerosa G 1996 295 343 MPD 21.1 NA 88 913
Joseph L 1996 120 189 ® MPD 26.6 NA 96 8.0
Chamberlain L 1996 50 >50 Med 20.0 NA NA 6.5
Alleyne L 1997 40 41 MPD 14.9 33 71 9.0
Breneman T, 1997 84 145 e MPD 16.0 NA 25 11.0
Shirato L 1997 39 39 MCD 25.0 92 84 8.7
Shiau @ 1997 100 219 e MPD 185 47 77 120

Linac: Local Control 25-95%; MPD 16-26.6 Gy.
BED of > 80Gy are necessary for local control




Frames for fractionated extracranial
/SBRT with a spine frame

Fractionated stereotactic RT of the Vertebras was possible

Hamilton et al. Neurosurgery 36 (2): 311-19, 1995
Hamilton et al. Stereotactic Funct NS, 1995



Extracranial Stereotactic Radiotherapy
by Lax and Blomgreen in the early 90ies

e Localization of the target with respect to a coordinate system in space
— ‘Head localizer box’ in conventional SRT
— Bodyframe for extra-cranial SRT - CT and MR indicators
— Belly press for reduction of organ motion

— Dual vacuum technology




measurey in mm

FIX 95 mm -

Y+ 7x100 mm in
cranial direction

'INDICATORS'

ISOCENTER POSITION
X =300 = X [ mm ]
Y=y+(counts) x 100 [mm ]

Z= % 2z+95 [ mm ]




Preliminaries for SBRT

* highly reproducible non invasive patient positioning system
 highly reproducible target position

e reduction of organ motion

e Fixation system compatible with CT, MRI, PET/CT



EXTRACRANIAL STEREOTACTIC RADIATION THERAPY: SET-UP
ACCURACY OF PATIENTS TREATED FOR LIVER METASTASES

K. K. HERFARTH ef ai.

Body set-up Target set-up
Table 1A. Body set-up deviations between treatment planning  Table 1B. Target set-up deviations between treatment planning
and treatment in 26 consecutive stereotactic single dose and treatment m 26 consecutive stereotactic single dose
radiation treatments of liver metastases radiation treatments of liver metastases
STD- STD-
Median Minimum Maxinmm Mean  DEV Median Minimum Maximum Mean — Dev
[mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm] [mm]
Latero-
Latero-
lateral 18 03 5.0 2.0 12 lateral 1.6 02 w022 1T
Anterior- R 23 00 63 22 18
posterior 2.0 08 38 19 06 Pt T | | | |
Vectorial caudal 44 00 100 40 25
(transversal Vectorial
plane) 31 1.0 54 3.1 12 (3D) 5.7 25 104 57 21

Body set-up deviations and target set-up deviations for liver
metastases can be variable, especially in the c-c direction.

PTV= CTV +individual organ motion
Int. J. Radiation Oncology Biol. Phys., Vol. 46, No. 2, pp. 329-335, 2000




Local liver metastases Control after SBRT

Local control after hypofractionated SBRT 75%

Author/ Study design Number of Fractionation Median Local control (%) Survival (%)
Year of Patients Follow-up 1,2 years 1,2 years
publication (m)
Hoyer Phase I/l 44 3x 185Gy 516 ?,78* 67**, 38™
2006 (isocenter)
Mendez Phase I/l 17 3x 10-12.5Gy 12.9 100, 86 85,62
Romero
2006
Rusthoven Phase /Il 47 3 x 12-20Gy 16 95,92 77,30
2009
Lee Phase | 68 6 X 4.6-10Gy 10.8 71,7 60, 39
2009
Goodman Phase | 19 1x18-30Gy 17.3 77,75 62,49
2010 (primary/ metastases)
Rule Phase | 27 3x 10Gy 20 56, 56 90, 50
2010 5x 10Gy 100, 89 78,67
5x 12Gy 100, 100 75,56
Scorsetti Phase Il 61 3 x 25Gy 12 94,91 83, 38
2013

to 100%

after 2 years according to dose



Local lung metastases Contro

after SBRT

Author/ Study design Number of Fractionation Median Local control (%) Survival (%)
Year of Patients Follow-up 1, 2 years 1,2 years
publication (m)
Wulf Dose 41 3x10-12.5Gy 9 80, 80 85, 33
2004 escalation 1 x 26Gy
Hof Phase I/l 61 1x 12-30Gy 14 226Gy and =10cc: 78,65
2007 (isocenter) 100, 83
Rest: 86, 71
Rusthoven Phase I/l 38 3 x 16-20Gy 15.4 100, 96 65, 39
2009
Ricardi Retrospective 61 1x 26Gy 204 95, 89 79, 67
2012 3x 15Gy
4 x 9Gy
Singh Retrospective 34 5x 10Gy 16.7 93, 88 62, 44
2013
Niibe Retrospective 34 4x12-12.5Gy 90,79 85, 66*
2015 7-10x 5-8Gy
Nuyttens Phase Il 30 3x20Gy 36 79, NRP NRP, 63
2015 1x30Gy
7x8Gy/5x12Gy

Local control after hypofractionated SBRT 79% to 89%

after 2 years according to dose




New developments of the new machines
opened the doors for high precision

frame-less RT:
Implementation of IGRT systems for localization at the LINACs




Image guided frame-less Stereotactic
Radiotherapy

Replacement of the stereotactic systems with external
coordinates for patient positioning by direct imaging
before the treatment and online correction

Boda-Heggemann 2006

Use of internal anatomy rather than external landmarks
to avoid geographic miss




 Challenges for Liver and Lung

— Small margins vs. respiration
‘ Intra-fractional changes of the tumor position

e Target verification prior each fraction S
»get the patient from

» Pre-CBCT aera: Logistic issues on the CT to the linac”
CT and Linac

» Transport prolongs “overall time for treatment”

IGRT technology contributed to simplify logistics for SBRT




Non invasive frame-based Stereotactic RT
Work-Flow: Interval between planning in performance

1. Non Invasive . Target delineation

mask/body frame Isocenter (s) positioning

Control CT

. RT-Treatment a few days
fusion) after the planning CT/MRI

2. Localisation system

N o v s

3. Imaging (CT/MRI image



Indications increased for SBRT

e Lung tumors/ Lung metastases

e Liver tumors/ Liver metastases

e Spinal cord

 Bone metastases (oligometastases)
e Paravertebral lesions

e Pancreatic tumors/ metastases
 Adrenal glands

e Lymph nodes

* Re-irradiations



A Survey of Stereotactic Body Radiotherapy
Use in the United States userrar

60% - — .
| |

50%

In
[=]
F3

Pancreas

(]
=]
=

Percent of Physicians

b
a
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Adrenal |
—

Prostate

Retroperitoneum

Head and neck F

2000 2002 2004 2006 2008 2010 O% 10% Z0% 30% 40% 50% GO% 0% B0% 90% 100%
Year Percent of SBRT Users

=
=3
#
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Figure 4. Cumulative adoption of stereotactic body radio-  Figure 5. Disease sites treated by stereotactic body radio-
therapy is shown for the 3 most common disease sites therapy (SBRT) users who responded to the survey are
treated: lung, spine, and liver. shown.

Reasons for adopting SBRT are:
* The delivery of higher than conventional radiation dose

° The retreatment Cancer  October 1, 2011



Conclusion
Why is the step to frame-less Image

Guided Stereotactic RT successful?
e SRS/SBRT
High patient comfort; no pain
Image fusion based on the tumor not on
external marker === High accuracy

e fSBRT

Comfortable for the patients

Image fusion based on the tumor not on external marker
High accuracy in relocability

Bigger tumor volumes can be treated

Proper immobilization during treatment in combination with
X-ray based positioning, can replace the use of traditional frame



Conclusion

e SRS/SBRT

Image fusion based on the tumor not on external marker
==) High accuracy

High patient comfort; no pain

e fSBRT
Bigger tumor volumes can be treated
High accuracy in relocability

Proper immobilization during treatment in combination with
X-ray based positioning, can replace the use of traditional
frame



Example |:
SBRT for NSCLC stage |

Morten Hgyer Professor, PhD

Danish Canter for Particle therapy
Aatrhus University Hospital
Denmark
hoyer@aarhus.rm.dk


mailto:hoyer@aarhus.rm.dk

Case |: NSCLC stage |

66 years old male
TINOMO
Adenocarcinoma, ALK-neg
Comorbidities:

Cerebral apoplexy

Moderate hemiparesis
Alcoholism

PS (WHO): 2-3

FEV1: 1.58 (51%)

FVC: 1.61 (42%)







4D-CT skanning
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CTV, PTV and OARs

OARs:

* Lungs

e Trachea & bronchi (L+R)
 Esophagus

e Spinal cord

e Heart

e Ribs & subcutaneous tissue



3BRT Lung L - TreatmentApproved - Transversal - CTO31114_my (20) [E]||SBRT Lung L - TreatmentAppr - Model View - CTO31114_mw (2

T: 1l em
3BRT Lung L - TreatmentApproved - Frontal - CTO31114_mwv (20)




Gantry Rin

Group Field ID Technigue Machine/Energy MLC Field Weight Scale [deg]
v Setup CBCT STATICAH A2 AUH - BX 0.000 IECB1217 0.0
v 2.0 STATICH A2 AUH - BX Static 0.800 IECB1217 175.0
v 3.0 STATICAH A2 AUH - BX Static 0.800 IECB1217 150.0
v 4.0 STATICAH A2 AUH - BX Static 1.000 IECB1217 125.0
v 50 STATICAH A2 AUH - BX Static 1.000 IECB1217 100.0
v 6.0 STATICAH A2 AUH - BX Static 1.200 IECB1217 35.0
v 7.0 STATICH A2 AUH - BX Static 1.300 IECB1217 10.0
v 1.0 STATICH A2 AUH - BX Static 0.700 IECB1217 200.0




Dose; 90%- and 67% isodose

Fields | Dose Prescription | [] Field Alignments | L1 Plan Objectives | [l Qptimization Objectives = Dose Statistics | Calculation Models| Plan Sum|

Fractionation Dose / Fraction ; Total Dose Target Primary Reference Total Dose at
d Gy] Number of Fractions Gyl Volume Point [Volume] Primary [Gy]

2 22.500 3 67.500 | GTV 67.5/3 GTV 67.5/3 [GTV 67.5/3] 67.500




SBRT Lung L - TreatmentApproved - Transversal - CTO31114_mv (20} Eﬂ SBRT Lung L - TreatmentAp - Model View- CTD31114_mv (20) =)

SBRT Lung L - TreatmentApproved - Frontal - CT031114_mw (20)




SBRT Lung L - TreatmentAp - CTO31114_nmw (20 !__E_! SBRT Lung L - TreatmentApproved - Model View - CT031114_mv (20} 'f

wed - Transversal

SERT Lung L - Treatment Approved - Frontal - CT021114_mv (20) (=l]|[SBRT Lung L - TreatmentApproved - Sagittal - CTO31114_mv (20)
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DP-vejledning: SBRT lunge

<< Vejledninger i dosisplanlzgning | << SBRT

SBRT-lunge

Den kliniske protokol ZLung SERT indeholder en 7-felts konventionel plan (SERT Lung LR)til SBRT-behandling af lunge-tumorer. 7 felter er minimum, efter enske fra Morten Hoyer, grundet kraftige hudreaktioner hos nogle patienter. Forseq: at
anvede den nye kliniske protokol DE_SBRT Lung der anvender de ny o Fit srukturer beskrevet herunder.

= Note: Det har i en periode veeret udgangspunkiet at lave en Rl-plan, men det nu eendret tilbage til konventionel plan. Tidsbesparelsen ved Rl har sig vist begraenset i forhold til de udfordringer det har givet med den dosimetriske kvalitetssikring.

Generelt

= Der er foretaget 40-CT-scanning med kontrast og maximum-inspiration breath-hold scanning, som er registreret til mid-vent fasen af 4D-CT'en.
= Indtegning er foretaget pa mid-vent-fasen - altsa ikke pa MIP som for almindelig lunge.

= Fraktionering normalt 67 .5Gy/3fx, men 45/3 og andet kan forekomme.

= Plan Target er GTV, som normaliseres til Target Mean=100%.

= Weer opmeerksom pa at centralt beliggende tumorer kan veere omfatiet af HILUS-protokollen. | sa fald er der ordineret 56 Gy pa 8 fraktioner.

Generering af hjalpestrukturer

= Tjek at Body outline folger standard for fixaticnen, typisk SBRT Fixture. Der findes et AutolT-script il generering af afledte strukturer undtagen Skin 10mm idet denne kraever bruger-interaktion til ROI-
definering

Struktur Generering

Check respirationsamplituden (peak-to-peak-beveegelse (p-t-p) af center of mass af GTV) i tasknioten eller pé 4D-fasemne
Hvis 1/3"p-t-p < 5mm AP/LR og 10mm CC benyties 5Smm AP+LR og 10mm CC som margen til GTV

PTV Hvis 1/3"p-t-p = 5mm AP/LR og 10mm CC benyttes 1/3°p-t-p i den pagssldende retning]}
Ex1: AP-amplitude = 18mm — 1/3*18mm = 6mm , altsd 6mm PTV [ AP retning.
Ex2: CC-amplitude = 15mm — 1/3*15mm = 5mm — under standard 10mm CC, dvs. behold standard 10mm margen Body outline ved SBRT pa Thorax- &

board

Spinal Cord + 10 mm isotropt
PRV Spinalcord10 PRV kan indskraenkes fil min. 5 mm hvis targetdaekning kompromitteres.
Match-constraint 10 eller 5 mm noteres pa checkark og behandlingskort, samt i Plan Comment.

Esophagus + 10 mm isotropt

Lt Escphoguas Hwvis PRV Spinalcord indskraenkes til 5 mm, indskreenkes PRV Esophagus tilsvarende. Ellers ilde
Bronchi Bronchus R + Bronchus L, hvis de er opdelt

Lung total Lung R+ Lung L

o lung sub GTV Lung total sub GTV 67.5/3, ingen margen

For tumarer nzer thorax-veeggen eller med behov for overlappende eller nser-opponerende feltretninger, hvor 30Gy isodosen nasrmer sig thoraxvaeggen og huden:
Saet en ROI omkring fumoren og udvid den til at indeholde det omrade af huden der risikerer at fa over 30Gy. Indskreenk cranio-caudalt.

Lav symmetrisk "Inner margin” 1.0cm ud fra RC surface

Skin 10mm Dernzsst Skin 10mm = Boclean:

"RC surface” sub "Skin 10mm”

hvilket giver en 10mm brazmme indenfor Body, som benyttes som "Hud”

"Skin 10mm" skal ikke vaere huden pa hele Body, af hensyn til evt. IMRT-optimering.

Skin 15mm endnu ikke | template | Som Skin 10mm, blot med 15mm margen.

o Lung or GTV Lung total or GTV 67.5/3, Post processing: Fill all cavities

o FitSmall GTV 67.5/3 + 2mm isotrop

o FitLarge GTV 67.5/3 + 6mm 6mm,12mm

o Fit ("o FitLarge™ AND "o Lung or GTV") OR "o FitSmall"

RC-strukturer Se RadCalc/Qorettelse af RC strukturer i Eclinse N

#100% -



Conclusions — SBRT of oligometastases
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Bronchi
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SBRT In

synchronous
metastatic NSCLC

Matthias Guckenberger

Uni ityHospital
\7 Z::;:irsny ospita ‘ ESTRO




Patient presentation

e 65 year old female
 Performance status 90%

 Comorbidities:
* No relevant until
diagnosis of cancer

e Paraneoplastic syndroms:
 Anemia

« Depression after diagnosis
of cancer

P g:'i‘rcirsityHospital . ESTRO
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Initial staging & histopathology

Primary

Hilar LN

Adrenal

08/2015

» NSCLC cT2 cN1 cM1 (adrenal), Adeno Carcinoma
» Synchronous oligo-metastatic stage IV NSCLC
» EGFR, BRAF, KRAS, ERBB2, ALK, ROS1 negative

@ UniversityHospital . ESTRO
L/ Zurich ESTRO SBRT COURSE 2016 - Matthias Guckenberger / 13.06.2016 3
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Initial staging & histopathology

BR\"
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Treatment strategy

Multidisciplinary tumor board

» Curative approch because of oligometastatic state
of disease

e Induction chemotherapy
« followed by curative intent surgery for primary
 and SBRT for adrenal metastasis

» 10 / 2015 induction chemotherapy with 2 cycles of
Cisplatin / Pemetrexed

M UniversityHospital ' ESTRO
L/ Zurich = 7 LJIITINGS ESTRO SBRT COURSE 2016 - Matthias Guckenberger / 13.06.2016



Initial staging & histopathology

Paraneoplastic and / or chemotherapy complications:

e 09/2015: Renal vein thrombosis

e 11/2015: Hypertensive left venticular
decompensation

e 12/2015: Insult cerebellum with severe ataxia and
vertigo

» Cancer therapy stopped until 12 / 2015
» Restaging — no systemic progression of disease

» Curative intent radiotherapy instead of surgery

M UniversityHospital ' ESTRO
L/ Zurich ESTRO SBRT COURSE 2016 - Matthias Guckenberger / 13.06.2016



Restaging prior to radiotherapy

08/2015

‘> Partial response

UniversityHospital
W zorich ® ESTRO |
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Radiotherapy planning - primary

A,

glrllri;irsityHospital ‘ ESTRO

Involved-field target volume concept
4D CT

ITV motion compensation

10mm ITV to PTV margins




» RapidArc planning
» Fractionation: 24 x 2.75Gy

lillrllri;irsityl-fospital ‘ ESTRO




Radiotherapy planning - adrenal

» Respiration correlated 4D-CT
» More deformation than motion

@ UniversityHospital . ESTRO
L/ Zurich ESTRO SBRT COURSE 2016 - Matthias Guckenberger / 13.06.2016 10





Radiotherapy planning - adrenal

» Tumor broadly abutting stomach and left kidney
» ITV concept with 5mm ITV-to-PTV margin




Radiotherapy planning - adrenal

.
4
y
9

‘> Broad overlap between PTV, stomach and kidney

UniversityHospital
W zorich ® ESTRO |
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Radiotherapy planning - adrenal

» VMAT (RaidArc) planning
» 3 arcs

M UniversityHospital . ESTRO
L/ Zurich = 7 LJIITINGS ESTRO SBRT COURSE 2016 - Matthias Guckenberger / 13 .06.2016



Radiotherapy planning - adrenal




Radiotherapy planning - adrenal

» Median GTV dose 43Gy In 5 fractions
» Stomach: maximum dose 28Gy

;Jlrllri;iirsityHospital ‘ ESTRO




Follow-up 3 months after Tx

» Metabolic complete response
» No systemic progression

M UniversityHospital . ESTRO
L/ Zurich ESTRO SBRT COURSE 2016 - Matthias Guckenberger / 13.06.2016 16




SBRT In the context of
current developments
In oncology

Matthias Guckenberger
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SBRT for stage | NSCLC

A
O 1{].|:|—--[ . 5 T TR -|
| |
o e L
N _ 80—
= £
'_'; —

(&) = —
< s | 3-year overall survival (95% Cl):
@) = 40
— o SABR 95% (85-100); surgery 79% (64-97)
3 S HR (95% C1): 0-14 (0-017-1-190)
% 20+ SABR
— log-rank p=0-037 Surgery
g) D | | | | | 1 | | 1 |
f__5 Mumber at risk
O SABR 31 31 29 27 22 18 17 15 7 1 ©

Surgery 27 24 22 18 13 13 10 5 4 3 1

»SBRT equivalent to surgery
»Change of the perception of radiotherapy

UniversityHospital
P
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Question

If all patients with inoperable stage | NSCLC would
be referred to your department

What is the proportion of the overall patient load?

1) About 5 %
2) About 2.5 %
3) Aboutl %
4) About 0.25%

g::;arcirsityHospital ' ESTRO



SBRT for stage | NSCLC

100%
13%
10.4%
2.1%
0.23%

AREReRS

All cancer

as%) LUNQ cancer

80%) NSCLC

o) EQrly stage NSCLC

ww) Inoperable stage | NSCLC

»Stage | NSCLC = RARE DISEASE
»Majority of our patient will NOT benefit from SBRT
»Proof of principle

g::;arcirsityHospital ' ESTRO
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,Mega“ trends & challenges In
Oncology

e Aging population / increased comorbidities

e Precision medicine / cancer as a chronic
disease

 Tighter financial resources

e Competition from minimal invasive Tx

| >How does SBRT fit into this picture ?
zoien o @ ESTRO e o Guckenbargr ,




,Mega“ trends & challenges In
Oncology

e Aging population / increased comorbidities

UniversityHospital
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Life expectancy

At birth
Men + 81
Woman + 85

Switzerland - Bundesamt fur Statistik

‘ » Definition of elderly > 65 years not true anymore
g:li‘;:?\rs“yHospital . ESTR'O ESTRO SBRT COURSE 2016 - Matthias Guckenberger / 7




Development of cancer incidence rates

2,500{ Al
-i== Age > 65 years
- Age < 65 years
8 2,000 H Male
< == Female
X 1,500 H
7]
&
@ 1,000
o

500 %

0 I 1 1 1 I 1 1
2000 2005 2010 2015 2020 2025 2030

Year

» Strong increase of new cancer cases
» Almost exclusively in patients > 65 years old

UniversityHospital
P
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Recent randomized studies In
Radation Oncology

Study characteristic published in 2015 Median age at diagnosis
: : . . EER
Tumor entity | Study question Median age Maximum age (S )
Breast RT of mammaria interna | 54 years /5 years 61 years
Breast RT of mammariainterna | 54 years 84 years 61 years
Dose escalation
NSCLC .
Cetuximab 64 years 83 years 70 years
Adjuvant CT after
Rectal .
ecta neoadjuvent RCHT 62 years 68 years 68 years
Prostate Duration AHT 72 years 85 years 66 years
Hypofractionation of
Prostate R3T/p /1 years /5 years 66 years

‘> Lack of evidence covering elderly patients

UniversityHospital
Zurich

® ESTRO
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Treatment given to patients with curable
stage | NSCLC

Overall population SEER > 65 years Netherlands >75a
11% 13% 29%
E Surgery E Surgery ® Surgery
mRT mRT ERT
uBSC uBSC uBSC
Raz Chest 2007 Shirvani JROBP 2012 Haasbeek Ann Oncol 2012

‘> 1/3 of all patients >75 old remain untreated
g:li‘;ehrSitYHospital . ESTRO ESTRO SBRT COURSE 2016 - Matthias Guckenberger / 10




Safety & efficacy in elderly patients

Takeda 2013 109 83
Sandhu 2013 24 85
Haasebeek 2010 193 79

* Low mortality and morbidity despite very old age
» Excellent safety profile

g:'i‘;irsityHospital E S T I:\) @K
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SBRT in the context of an aging and comorbid
patient population

Ao T8 »Few fractions

:-./, ") _ A ) [?
( > I(‘ f ( = .
]K #Q » Qutpatient procedure
(‘\- (1‘ _F'—( i . . = =
) .5 7 2e~ »Non-invasive not requiring

anaesthesia

»Low toxicity in small tumor distant to
serial critical OARs

UniversityHospital
P
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,Mega“ trends & challenges In
Oncology

e Precision medicine / cancer as a chronic
disease

UniversityHospital
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Overall survival in cancer patients

For most cancers, suvival is improving
Changea in suwwaL 1971- ?2“ 2010-11
ox 100%
A
" h;restri —
s E— :
b ———— » Early detection of cancer
Breast EE——
Uterus EE—
MHL —-
Cenvix E— . .
e — » More effective radical Tx
Hidrey [y
Leukaemia | ——
Stomach = . .
N » More effective systemic Tx
Pan l-rez '
.ndunm-_.:m net survival, England & Wales. NHL=Non-Hodgkin bymghoma
. 1?“’ CANCER
IEﬁ_t. Egr%at cancer sooner . EIE{SEARCH
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Precision medicine
becoming reality

UniversityHospital
p
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Oncology - Radiotherapy

------
.......

»High — speed train -> Oncology
»Lady missing the train -> Radiotherapy

UniversityHospital
z
#ESTRO e B




Approved targeted drugs

Medical Oncology

Cetuximab

Radio-Oncology

Cetuximab

Head & Neck

Colorectal
Panatimumab
Breast
Erlotinib
Trastuzumab Pancreas
Lapatinib NSCLC

Bevacizumab

Glioblastoma

Axatinib
Sorafenib Kidney
Sunitinib GIST
Pazopanib
Thyroid
Ipilimumab
Vandetanib Head & Neck

UniversityHospital
Zurich

® ESTRO
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Progression under targeted
systemic

Gefitinib Crizotinib Nivolumab
In mutant EGFR in ALK positive In unselected patients

A Progression-free—Survival Population A Progression-free Survival B Progression-free Survival
100 100+ Hazard ratio for progression or death T 100 ) . , .
] in the :rizutin‘\Fk; gfoup 0 Median Progressionfree Survival  1.¥r Progressionfree Survival
90 & 0.49 (95% Cl, 0.37-0 é4) mo (95%Cl) % of patients {95% C)
= 10 § 80 P 0 ool e . ‘5“ 80 Nivolumab [N=135) 35 (21-49) 21 (14-28)
E 8 _ <> e Docetasel (N=137) 28 [21-35) 6(-12
% 70+ g,,& 60 = o
w
3 60 a2 Crizotinib 504 Hazard ratio for disease progression or death, 0.52 (0.47-0.51,
%5 40 ¥ P0,001
IE 50 =0 40 L
; = € 304 '
J 3
§ 40 _§ 209 Chemotherapy a0 1‘\*1
il 4 = Nivolumab
B 30 Gefitinib a 104 e
e 204 Standard (N=114) 0 T T T T 1 S—— » Docetacel
[ chemotherapy 0 5 10 15 20 25 b - . . . : .
104 P<0.001 (N=110) Months 0 3 £ 9 12 15 18 2 M
Months
1] T T T T T T T T 1 No. at Risk N
o 3 6 9 1215 18 2 24 27| crigotinib 173 9 38 1 2 0 No.t Risk
L Nivolumab 135 B 4 n il 15 B 2 o
Months since Randomization Chemotherapy 174 49 15 4 1 0 Docetael 131 & % 9 3 2 1 0 0
Maemondo NEJM 2010 Shaw NEJM 2013 Brahmer NEJM 2015

» Substantial and clinically relevant improvement
» Still: 60 — 80% develop progressive disease after 12 months

UniversityHospital
P
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Acquisition of resistance

Targeted , Oligo*“
TX Resistance

, Systemic”
Resistance

Il

Wy

» Development of acquired resistance unlikely a systemically
parallel process but a cascade of sequential events

UniversityHospital
P
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Acquisition of resistance:
A potential role for targeted radiotherapy

Restore
Sensitivity

, Oligo*“
Resistance

» Local eradication of the oligo-resistant tumor site(s) to keep
the patient in a sensitive state

UniversityHospital
P
Zurich . ESTR-O ESTRO SBRT COURSE 2016 - Matthias Guckenberger / 20




Evidence of combining SBRT & targeted

Agent Patients
Antibodies

Bevacizumab 202
Cetuximab 251
Trastuzumab 7
Ipilimumab 121
Nivolumab 27
TKls

Sorafenib 142
Sunitinib 15
Gefitinib 47
Erlotinib 24
Crizitonib 39
Vemurafenib 75
Dabrafenib 56
Trametinib 6

Studies

11

N 0O P O

P RAO N PFPWDN W

drugs

Primary Tumor SRT Location
Glioma, NSCLC, CRC Brain
SCCHNC Head-and-neck
Mamma Brain
Melanoma, Adenocarcinoma N
Brain, Liver
Lung
Melanoma Brain
RCC, HCC, CRC Brain, Spine, Abdomen
RCC, Lung, Breast, Melanoma, Brain, Abdomen
NSCLC, Glioma Brain, Lung
NSCLC Abdomen, Lung, Bone
NSCLC Brain, Lung, Abdomen, Bone
Melanoma Brain, Spine
Melanoma Brain
Melanoma Brain

« Very little data available: 1042 patients in 50 studies

g::;arcirsityHospital ' ESTRO
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Brain metastases

Low tech High tech
Whole brain irradiation Radiosurgery

Survival in patients with single
metastasis

— WBRT+SRS MST 6:5 months
m """ WBRT alone MST 4-9 months

H
o
S

o
s 2
1

p=0-0393

)
2

Proportion alive (%)
o
2

2

Andrews Lancet 2004

* High tech in palliative setting in good prognosis patients
» Aim: prolongation of OS

g::;zcirsityHospital . ESTRO
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Brain metastases

NCCTG NO574 (Alliance): A phase Ill randomized trial of whole brain radiation
therapy (WBRT) in addition to radiosurgery (SRS) in patients with 1 to 3 brain
metastases Brown ASCO 2015

Cognitive function SRS + WBI
deterioration

@ 3 months

Immediate recall 8% 31%
delayed recall 20% 51%
verbal fluency 2% 19%

» Adverse effect of WBI on neurocognitive fraction already
after 3 months

UniversityHospital
7 .
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Painful bone / vertebral metastases

_ A Prince 1 x 8Gy 73%
. 1986 10 x 3Gy 64%
Gaze 1 x 10Gy 84%

1997 5 x 4.5Gy 89%
Steenland 1 x 8Gy 72%

1999 6 x 4Gy 69%

Roos 1 x 8Gy 61%

2005 5 x 4Gy 53%

59% @ 3 mo
50% @ 3 mo

Median 3.5 mo
Median 3.5 mo

Median 5 mo
Median 6 mo

Median 3.5mo
Median 5.5 mo

« Conventional radiotherapy = Short term palliation

» Patients with better OS will develop pain recurrence

UniversityHospital
P
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Goals of high-tech RT
In the metastatic setting

Prevention
of toxicity

Long term
symptom
control

Symptom
prevention

UniversityHospital
P
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,Mega“ trends & challenges In
Oncology

 Tighter financial resources

UniversityHospital
z
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Health care spending on cancer care

1004 ¢ :
[ CPI-U adjusted direct medical spending

M Nominal direct medical spending

80

60 N N =
40 B =l IR 1 0

QG.HI

0. ml BN BN

1990 1995 2000 2001 2002 2003 2004 2005 2006 2007 2008 20
Year

Elkin JAMA 2010
Direct Medical Spending, US $ in Billions
|
]

» Continuous and above-inflation increase of cancer
care costs

UniversityHospital
P
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Health care spending on cancer care

STIFF MEDICINE

The cost of treating cancer is surging,
with immunotherapies at the fore.

e Individual drugs m

- Median monthly price
(per 5-year period) oo

w
o

i
e
%
En
w ©
o]
:'O
25 o ® g
L w20
=
s
=4
£ 0
——
(e o=
o
=

0 '
1960 1970 1980 1990 2000 2010

The High Cost of Cancer Care: Your Money or Your

P03
Life: Year of FDA approval
*2010 figures adjusted for inflation.

‘> Excessive prices for modern cancer drugs
@ g::;fcirsityHospital . ESTRO

ESTRO SBRT COURSE 2016 - Matthias Guckenberger / 28



Increase Iin costs caused by discipline

#Internal medicine

10+
# Cardiology

—
%]
|

Ophthalmology

] Diagnostic radiology

Percent Share of 2002 Total Expenditure
[+
1

6 I Family practice
|
]
General |  Orthopedic surgery
4+ surgery .
* 1
Anesthgsiollcvgy # Dermatology Emergency
= medicine iati
2 #Psychiatry : . @ Neurology ’Radlatlon
I
#Thoracic surgery | Pathology ’Vascular surgery
0 | 1 | : | # Geriatric e
-200 -200 -100 0 100 200 300

Cumulative (over the period 2003-2009) Excess Expenditure
as a Percentage of 2002 Expenditure

» Radiation Oncology as #1 cost driver in US
medicine

UniversityHospital
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The IMRT and prostate story ...

B 3D-CRT vs.
90 - .
beim Prostata Ca
80 =>
Q
70 %
= 60 - S
8 504 g
@ ~
a 404 a
30 - o
20 - B
~
U | | | |

2002 2003 2004 2005
Year of Diagnosis

IMRT: Additional costs of 282.000.000 $ in 2005
Still limited comparative effectiveness research”

Uni ityHospital
Z::;fcirsrty ospita ‘ ESTRO
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- Big Bets on Proton Therapy Face Uncertain Future

Insurers balk at expensive radiation treatment; can smaller machines turn the tide?
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Potential application of SBRT

Brain metastases
Primary brain tumors
Recurrent head & neck
Breast Cancer

Primary lung cancer
SBRT for locally advanced NSCLC
Lung metastases

Spine SBRT

Primary liver cancer
Liver metastases
Pancreatic cancer
Lymph node metastases
Prostate cancer
Cervical cancer

UniversityHospital
7 .
M Zurich 4 ESTRO ESTRO SBRT COURSE 2016 - Matthias Guckenberger / 32




Costs (not reimbursement) of SBRT

A 12,000 -

° T|me_drlven 10,000 -
activity-based 5000 -
costing model

10 Belgian
radiotherapy

Centers 3D-CRT IMRT 3D-CRT IMRT Free Gating

Cost (€)

hypofractionation el iy ; - SBRT

Lievens JTO 2015

® Overhead (left: scenario 1; right: scenario

technology and staff resources
» Potential of being a highly-cost effective technology

» Considerable variation In cost mostly depending on

g::;fcirsityHospital . ESTRO
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SBRT in the context of decreasing resources

« Costs for radiotherapy / new
technologies have increased
substantially

Costs of SBRT are highly dependent
on

o Technology

o Staffing

» Potential to achieve LOWER costs
than conventional radiotherapy

g::;arcirsityHospital ' ESTRO



,Mega“ trends & challenges In
Oncology

o Competition from minimal invasive Tx

UniversityHospital
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Minimally invasive, ablative technologies

» NoO question, there is (huge) competition

» Substantial differences: biology, ablation zone, local efficacy,
Invasiveness, logistical efforts, costs

» Consider them as a “toolkit”

UniversityHospital
P
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CONCLUSIONS

e Substantial changes and progress In
current oncology

 Pressure on Radiation Oncology to
participate and adapt

e Multiple opportunities especially for
SBRT

Iz g::;a'cirsityHospital . ESTRO
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Erasmus MC Cancer Institute

UniversitairMedisch Centrum Rotterdam

SBRT in the Context of Future (Technology) Developments
in Oncology

Mischa Hoogeman



Outline

= Describe upcoming technologies and discuss the impact on SBRT
= Proton therapy
= Technology for improved image-guidance and correction

= Automated SBRT workflows

Erasmus MC Cancer Institute



Which technology do you consider to have the greatest impact
on SBRT in clinical practice in the coming 5-10 years?

A. Proton therapy

B. MRIintegrated treatment
units

C. On-board CBCT with
diagnostic image-quality

D. Ultrasound-guidance for cost-
effective radiation therapy

E. Dynamic Multi-Leaf
Collimator

F. Fully automated workflows o
(single push button
treatments, one stop shops)




PROTON THERAPY



How to Improve Precision?

A

Dose

i

Bragg peak

Depth in patient

Erasmus MC Cancer Institute



Proton Therapy

™ ota & &% (‘ Erasmus MC Cancer Institute
TUDelft ;
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Protons Stop, But Where?

= Dose calculation
uncertainties (stopping
power)

= Patient setup variation
that induce range errors

" Internal organ motion

(interplay effects)

= Anatomical changes

Erasmus MC Cancer Institute



S ¢ S ¢
o ‘a0 g | Tumor doset
3 g ........ 3 ._g Lung dose
Qo O o | Esophagus OK
< <

Planning Fraction1 fre=sssssssnnnnns Fraction 3

' Advanced in-room imaging to I Online treatment adaptation to I 4D Optimized delivery and real- l
update 4D digital patient match present 4D digital patient time image-guided protection of
model model and updated treatment healthy tissues
objectives

— - "“-. _/
— .~ ,.

~— __/QT
A -8__— ‘-.___/'

Robot

4D PGI Safety

Real-time dose

— reconstruction

M. Hoogeman Time = 30 seconds




Typical Spot Sizes

1t Spot size in air and water, no pre-absorber
£
(@)
©
S
(@)
D
A\
()
N
D
o
F 02

0 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! |
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34
(residual) Range (cm)

Courtesy by M. Engelsman



Multiple Coulomb Scattering: Effect on Depth Dose

100 @D oo
80
@ 8 mm
v 60
a @6 mm
40
@4 mm
20
@2 mm
Depth

Courtesy by M. Engelsman Erasmus MC Cancer Institute



Photons: Target-Size Effect on Dose in Healthy Tissues

Erasmus MC Cancer Institute
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Photon vs. Proton Radiation Tx

107.8, -705.8) mm || WL 50 / N Value: -1008
Slice: 244 of 512 § WW: 350 Dose: 0.0 Gy

8 C 1380, 164%,219.0) mm
g 0140, 291, 90) pixels
130

M van de Sande, C Creutzberg, M Hoogeman et al. Erasmus MC Cancer Institute



Protons vs. X-rays

Protons_

Moteabbed M, Yock TI, Paganetti H. The risk of radiation-induced second cancers in the high to Erasmus MC Cancer Institute
medium dose region: a comparison between passive and scanned proton therapy, IMRT and VMAT
for pediatric patients with brain tumors. Phys Med Biol. 2014 Jun 21;59(12):2883-99.



Benefits of Proton Therapy in SRT or SBRT setting

= Large tumors in the liver

= HCC type liver tumors

= Larger early stage tumor in the lung

= QOligo-metastatic disease when integral dose is limiting
= Benign meningioma

= Low grade glioma

= Base of skull tumors

= Qcular melanoma

Erasmus MC Cancer Institute



EVIDENCE AND JUSTIFICATION



How to Prove the Benefit of Protons or Other Technology?

= Randomized Controlled Trials (RCTs) are the golden standard to proof benefit
of competitive treatments

1. Technology evolves fast and when the outcomes are published the
technique has already been outdated

2. Events are rare or delayed (secondary tumors, cardiac morbidity)

3. Equipoise is missing if the “experimental” technique is only meant to

reduce side effects or the induction of secondary tumors (ALARA: less
is better)

Erasmus MC Cancer Institute



Equipoise

= What about the principle of equipoise?

= (Clinical equipoise means that there is genuine uncertainty in the expert

medical community over whether a treatment will be beneficial. This applies

also for off-label treatments performed before or during their required

clinical trials.
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van der Voort S, van de Water S, Perké Z, Heijmen B, Lathouwers D, Hoogeman M.
Robustness Recipes for Minimax Robust Optimization in Intensity Modulated Proton
Therapy for Oropharyngeal Cancer Patients. JROBP 2016 May 1;95(1):163-70.

Robustness
recipe vs.
margin recipe
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Equipoise Is Not Missing If ...

1. There is a risk of reduced outcome in terms of tumor or
regional control

2. If the costs of the new technology outweigh the costs of the
standard technology such that it has a societal impact

3. In case the tumor dose is escalated

Erasmus MC Cancer Institute



ANTCP Based Patient Selection

-

100%

90%

80%

Use prediction models as
biomarker and to enrich
the study population

~N

70%

60%

Complication risk

50% +——

40% +——

30% +—

20%

10%

framane

0%

Widder J, van der Schaaf A, Lambin P, et al. The Quest for Evidence for Proton
Therapy: Model-Based Approach and Precision Medicine. Int J Radiat Oncol Biol Phys.

2016 May 1;95(1):30-6.
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IMPROVED IMAGE-GUIDANCE AND
CORRECTION FOR PHOTON RT



MRI-Integrated Radiotherapy Systems

_ Elekta-Philips Utrecht

Nature Reviews Clinical Oncology 9, 688-699 (December 2012) | Erasmus MC Cancer Institute
doi:10.1038/nrclinonc.2012.194



Soft-Tissue Contrast: CT on Rails

Erasmus MC Cancer Institute Erasmus MC Cancer Institute
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Dynamic Multileaf Collimator Tracking by Paul Keall (2007)

- _.._=-

’ MILI"I[ “ "ll"‘ Al

https://www.youtube.com/watch?v=LOETSm HiIU ~  Erasmus

H



https://www.youtube.com/watch?v=LOETSm_HliU

How Much Technology Do We Need for SBRT?

Challenges Offline Adaptive RT | Online Adaptive RT

Change in daily target position

Systematic target shape change No Yes

Systematic OAR shape change No Yes

Daily target shape change No No Yes
Daily OAR shape change No No Yes

Sparing of organs at risk by online adaptation
* Important for dose-limited treatments

Adapted from Lei Dong Erasmus MC Cancer Institute



Ease of Use: Frameless Lung SBRT and SRS

= AAPM TG 179: “Perhaps, the

most important application of

CBCT has been the
simplification of
hypofractionated SBRT”

From: Sonke JJ, Lebesque J, van Herk M. Variability of four-dimensional computed Erasmus MC Cancer Institute
tomography patient models. Int J Radiat Oncol Biol Phys. 2008 Feb 1;70(2):590-8.



AUTOMATION



Radiotherapy Workflow
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Automation, Why Not?
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Knowledge-based Automation, Big-data Analytics
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