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Learning Objectives

To review the concept of radiosurgery
and the technology to achieve it

To outline the features of the robotic
system

To discuss clinical experience at the
first commercial site

To itemize conclusions

Radiosurgery
Concept and Technology

Radiosurgery

What is it?

Radiosurgery

What is it?
How does it differ from
radiotherapy?




Radiosurgery

» Not invasive surgery — target is not
removed

Radiosurgery

» Not invasive surgery — target is not
removed

» Not radiotherapy — no sparing of normal
tissue in target

Radiosurgery

* A medical procedure
* in which radiation is used

Radiosurgery

* A medical procedure
* in which radiation is used
* to ablate target tissue

Radiosurgery

A medical procedure
in which radiation is used
to ablate target tissue

— Tumors — malignant or benign
— Malformations — AVM

— Disfunctional but otherwise normal tissue —
TN or Parkinsons Disease

Radiosurgery
Implications

» Treatment occurs in a single session
 Hybridization of radiosurgery and
radiotherapy

— hypofractionated regimens to spare unavoidably
irradiated/impacted critical structures
* No geographic miss: Target must be hit and
normal critical tissue must be spared
— Delivery must be accurate : sub mm
— Stereotactic technique




Stereotaxis for Radiosurgery

How is it achieved?

Stereotaxis for Radiosurgery

» Frame of reference outside the patient

» Device attached to the patient with reference
markers, scales, and beam alignment
indicators
— patient is fixed relative to the device
— frame based

 Imaging frame of reference defined relative to
a treatment delivery system frame of
reference
— patient can and will move
— robotic feedback mechanism

Stereotaxis for Radiosurgery
Technologies

* Frame based

Stereotaxis for Radiosurgery
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* Frame based
— physical fixation
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* Frame based
— physical fixation
—60Co machine

Stereotaxis for Radiosurgery
Technologies
* Frame based
— physical fixation
—60Co machine, LINAC add-on




Stereotaxis for Radiosurgery
Technologies

* Frame based
— physical fixation
—60Co machine, LINAC add-on

— Limited to sites fixed relative to bone —
intracranial and, with limited success, spine

Stereotaxis for Radiosurgery
Technologies

» Robotic stereotactic radiosurgery
—image guided
— CyberKnife®

— Anywhere in the body, even moving targets

Robotic Stereotactic

Radiosurgery

Advantages
* Image guided

— No invasive head frame
— Patient comfort, no risk of infection, no hospital stay
— Accurate fractionation when clinically desirable

— Completely non-invasive in head, spine, lung
(distinguishable targets)

» Robotic feedback system
— Track respiratory motion
— Automated treatment delivery

CyberKnife System

Description
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CyberKnife System

Description
Features

CyberKnife Essential Steps

Automatic treatment:
Robot moves to a predetermined position
Imaging system takes a picture of the patient

Calculates new position of the patient by
comparison of live images to DRR from CT

Corrects robot position accordingly
Treats 6MV x-ray beam
Moves to next position and repeats procedure

CyberKnife® Robotic
Radiosurgery System

Movie Not Available

Images at Control




Robotic Corrections

Image Guidance

« Intracranial targets: automatic skull tracking
+ Spine and lung: bone and soft tissue tracking
+ Other soft tissue targets: implanted marker
tracking
— 4-6 gold seeds or other markers implanted
— Semi-automatic identification during treatment
planning
— Automatic identification during patient setup and
treatment

Imaging System

 Alignment tool for rotations: tolerance + 1°

* Setup tool for translations + 2 mm typical

» Automatically tracks translations and
rotations

» Reports corrections numerically and
graphically

* Reports detected rotations in yaw, pitch,
roll

Results - Movement Tracking
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Synchronous Respiratory
Tracking




Synchrony® Respiratory Tracking System

* Respiratory-induced motion
of tumors causes significant Movie Not Available
targeting uncertainty

— Lung, liver, and pancreas

« Traditional radiation therapy

margins are not optimized

for high-dose radiosurgery

Synchrony® Respiratory Tracking System

« Optical markers on the surface of the patient

« Markers monitored in real time by the Synchrony camera system

Synchrony® Respiratory
Tracking System

Movie Not Available

Synchrony uses unique correlation modeling that
automatically adapts to the patient’s breathing in real-
time. With Synchrony the patient breaths normally an
the system automatically determines the tumor motion
and adapts the model to fit this motion in real-time
throughout the treatment. The CyberKnife makes no
assumptions during treatment, it constantly monitors
and adapts based on feedback from the patient to ens
accuracy.
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« Tightly contoured beams following

Synchrony® Respiratory Tracking System

Movie Not Available
tumor motion in real-time

Delivers radiation throughout the
respiratory cycle without gating or
breath-holding

Instantly adapts to variations in
breathing patterns

Maximizes healthy tissue sparing
relative to IMRT / IGRT

Proven accuracy K Tang3. by . Main v, Toe Cyborkrds
Syneheny Resprton Tacking Sysem Evaaton of
— Respiratory motion targeting accuracy it ey spacifcaton of 1.5 mm for

moving targets.

of 0.70 +/- 0.33mm" *

Synchrony® Respiratory Tracking System

« Correlation model dynamically calculated to determine exact
tumor position throughout the entire respiratory cycle

« Constantly monitored and adapted to real-time breathing
patterns

— 30 cycles per second

Worldwide Study

International randomized study to compare
CyberKnife Stereotactic Radiotherapy with
surgical resection in stage | non-small cell

lung cancer

Lung Cancer STARS (Stereotactic
Radiotherapy vs Surgery) Trial

P.I. Jack A Roth, M.D., Dept. of Thoracic &
Cardiovascular Surgery, M.D. Anderson Cancer
Center




Beam Geometry

Beam Geometry

Emanate from points arrayed around the
patient

Encompass only part of the target

Intersect the target at points distributed over
its surface

Up to 12 differently directed directions are
available at each robot position

~ 1200 beams are available for delivery

Any combination of up to 12 circular
collimator sizes (5 mm to 60 mm diameter)

Iris collimator provides even greater scope

True 3 D Intensity Modulated
Conformal Therapy

Multiple non-intersecting pencil beams

Treatment Planning

Beam Dose Control

« Individually calculated at planning

» Operator specifies permissible dose
variation in target and maximum to
critical structures

« Prioritize boundary conditions

* Linear programming determines beam
weights to satisfy planning constraints

» Exact solution method

Treatment Planning

« Permits planning of highly complex
treatment based on clinical criteria

< Simple algorithm produces clinically
acceptable plans in a few minutes

« Devised to exploit capability of
robotic system

« |deally suited to robotic system




Method of Calculation

* Dose is a linear function of monitor
units (U) D =SC; U, (C, empirical)
* Minimize the total number of monitor
units, J =S U,+w Sd,
« Satisfy boundary conditions
e D-d£D,, k=12,...,0;d®0
*D+d® D, 1=1,2,...,p;d® 0
*c0E£U, £V, i=1,2,..,n

CyberKnife System

Description
Features
Capabilities

Capabilities

 Stereotactic radiosurgery for
— Metastases in brain, spine, lung, liver
— Benign tumors

— Functional (trigeminal neuralgia)
—AVM

Capabilities

» Hypofractionated regimens for
— Primary brain cancer
— Benign tumors

Capabilities

* Stereotactic radiotherapy for

— Boost radiotherapy in sensitive regions
» Head and neck tumors

— Benign tumors engulfing optic nerves or
chiasm

* Pituitary adenomas, sellar meningiomas

Newport Diagnostic Center
Clinical Experience 1996 - 2008




Background and History

Newport Diagnostic Center
—Imaging support on-site
—1.5T and 3T MRI

— 64 slice volume CT/PET

* My role: administer, plan, treat
CyberKnife installation 1994 - 1996
* Investigational 1996 — 2001
 Current patient load: 100 patients/yr

Newport Diagnostic Center
Firsts

* March 17, 1996: World's first SRS on a
patient using a commercial image
guided robotic system

Newport Diagnostic Center
Firsts

* March 17, 1996: World's first SRS on a
patient using a commercial image guided
robotic system

» December 18, 1998: World's first
radiosurgery for trigeminal neuralgia using a
commercial image guided robotic system

+ June 27, 2001: World's first body SRS on a
patient using a commercial image guided
robotic system

Current Practice
Scope
Clinical Examples
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Scope of Practice

Primarily neurological
— Brain

* Mets, GBM, meningiomas, Schwannomas,
AVM, trigeminal neuralgia

—Head and Neck
« Orbital tumors, sinus tumors, glomus jugulare
— Spine
» Mets to bone, chordomas, meningiomas
 Paraspinal tumors

Clinical Examples

Metastatic Cancer to Brain

NSCLC
Brain Metastases - Tumor Bed

70 yr

9.7 cm3 It frontal bed
15 mm collimator
Conformal plan

14 Gy < Dtumor <16 Gy
MUmax per beam =150

12 directions / node
140 beams treated

Rx: 14 Gy to 86%
Single session

Melanoma
Multiple Metastases to Brain

39 yr

0.8 cm3 It frontal met
15 mm collimator
Converging beams
1 directions / node
90 beams treated
Rx: 24 Gy to 86%
Single session

Squamous Cell Carcinoma
Solitary Metastasis

62 yr

4.2 cm3 - It motor strip
12.5 mm collimator
Conformal plan

24 Gy < Dy < 27 Gy
MUmax per beam = 150

12 directions / node
151 beams treated

Rx: 22.5 Gy to 88%
Single session
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Primary Brain Cancer

GBM
60 yo post Sx, Tx upfront SRS + 60 Gy
XRT
TARGET

GBM

60 yo post Sx, Tx upfront SRS + 60 Gy
XRT
PLAN

GBM

60 yo post Sx, Tx upfront SRS + 60 Gy
XRT
11 mo

GBM

60 yo post Sx, Tx upfront SRS + 60 Gy
XRT
13 mo

Benign Tumors
Vestibular Schwannoma
(Acoustic Neuroma)

12



Vestibular Schwannoma
53 yo Hx headaches, non-serviceable
hearing on right
e 7.2 cms3 tumor
* 5,75,12.5mm
collimators
» Conformal plan
° 12Gy < Dtumor <
13Gy
¢ Dbrain stem < SGy (S)
* 12 Gy to 85%, 1 fx

Vestibular Schwannoma
65 yo Hx headaches, decreased
hearing on right

* Audiogram GR

grade 2

* 0.2 cm3 tumor

* 5 mm collimator
» Conformal plan
» Beams through

optic and brain
stem setto O

* 25 Gy to 92%, 5 fx

Functional
Trigeminal Neuralgia

Trigeminal Neuralgia
68 yo 10 yr hx of right sided facial pain

Tx: isocentric plan, 80 Gy to isocenter, 5mm collimator,

99 beams
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Arteriovenous Malformation

Arteriovenous Malformation
36 yo 7 yrhx headaches & double vision
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AVM Plan

Target volume 2.0 cm3

5, 7.5 mm collimators used

1.1 mm inside target surface

Conformal plan

22 Gy to 83% isodose

Probability of obliteration: 95%

Volume of tissue receiving > 12 Gy: 9.9 cm?

Risk of permanent symptomatic
complications: < 5%

Extracranial Sites
Sinus

SCC Sinus

CyberKnife stereotactic boost to spare left
optic nerve

Extracranial Sites
Metastatic Cancer to Spine
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Ca Tonsil Metastatic to L1,2
79 yo with new metastasis in previously
untreated area with active lung disease

62 cm3 tumor
5,20 mm
Conformal plan

12Gy (S)< Dtumor <
14Gy

Dconus < lOGy
Dkidney < Z-SGy

Rx: 11.7Gy to 72%
in 1 fx

Ca Esophagus Metastatic to T3,4
77 yo  with recurrent tumor in previously
treated (45Gy) region

41 cm3 tumor

7.5, 20 mm
Conformal plan
12Gy (S) < Dtumor <
14.5Gy

¢ Dspinal cord < SGy
Rx: 14Gy to 70% in
3fx

Extracranial Sites
Benign Paraspinal Tumor

NF2 T-Spine Tumor

14yo with T8-9 paraspinal mass

* 19.4 cm? tumor * 10Gy < Dymer < 12Gy
© 5,20 mm ° Dspmal cord < 5Gy (S)
» Conformal plan * Rx:10.1 Gyto 71%in 1 fx

Results

Comparison of Pre & 3 mo Post Tx
MRI

Metastasis from renal cell carcinoma

20



55 SCC skin metastatic to brain
Plan

7 wk

Comparison of Pre & 4 mo Post Tx
MRI

Intradural - extramedullary metastatic breast carcinoma

Vestibular Schwannoma

» CyberKnife 18 Gy in 3 fx or 25 Gy in 5 fx
* Minimum followup 2 yr

« Control rate 8/8 (100%)

* V nerve symptoms 0/8

* VIl nerve symptoms 0/8

« Hearing preservation 4/5 (80%)
— Stanford results: 74% for CyberKnife

— Phoenix comparison: 71% for Cyberknife vs 32% single
session GK

— Pittsburg (single session GK) results: 44%

Trigeminal Neuralgia

> 2 year follow-up (25 patients)
10 patients not reporting

11/15 (73%) patients pain free at 6
months

Patients who recur after 2 years - pain is
not as severe; retreatment possible

2 patients developed anasthesia
dolorosa

Follow-up after Repeat SRS
Pre first SRS 12/98 Post second SRS 11/00
80 Gy 12/98 + 80 Gy 8/99

PHYSICS
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Quality Assurance

Robot

» Durable? — Designed for duty cycle
several orders of magnitude greater than
proposed use

» Accurate? — Retains accuracy of 0.3 mm
over 12 years of use

» Safe? — Perfect safety record

Imaging System

» Set-up - Remote couch adjustments
— Setup tool for rotations: tolerance + 1°
— Setup tool for translations + 2 mm

* Treatment

— In treatment tracking: robot adjusts for
patient movement

Results - Movement Tracking
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Angular Misalignment
Implications

» Most targets are within 5 cm of the
geometric center of the marker set used

* 1°misalignment = 1 mm error in beam
placement if 5 cm from center

» Markers should be inserted in or close to
(< 5 cm) the target — good geometry

» Variations of 0.5°0r less are acceptable
for good geometry conditions

In vivo Testing

Patient with separate sacral and lumbar targets
8 markers inserted, 4 per target

Patient positioned and repeatedly imaged with
CyberKnife tracking system

Angles recorded relative to CT (zero)
Data for one set recorded for 2 knee positions

Data for each set compared for one position

22



Orientation relative to CT for different
patient postions and marker locations

Results

Patients do move

Lumbar-sacral orientation is leg position
dependent

Articulation of spine can cause profound
differences in measured orientations

Problem resolved by tracking spine without
markers and allowing for intravertebral
variations
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Output stability? — Open monitor
chamber requires daily calibration;
response stable to 1%

Flatness and symmetry? — User
adjustable — minor adjustments annually

Energy? — Constant to measurement
error

« Reliable? — no major downtime in 8 yrs

End —to — End Test
» Purpose: verify accuracy of dose placement in
vitro

» checks system from CT to planning, imaging,
robot pointing, and linac beam alignment

 uses radiochromic film in plastic head
phantom

* single isocenter plan treats center of film array

« film analyzed using scientific software - dose
spot location is compared to plan + 1.5 mm

Results of 103 Tests

3D SKULL TRACKING
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Conclusions
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Conclusions

CyberKnife is a safe and effective technology
for stereotactic radiosurgery

State of the art imaging — essential support
Integrated planning is optimized for the
robotic system

Planning tools make possible clinically useful
treatment plans from simple inverse approach
Experience in neurological sites paves the
way to applications in the body

Robotic radiosurgery opens the door to a

paradigm shift in the management of tumors
and conditions

Conclusions

+ Paradigm shift:
— Frames not needed for intracranial SRS

— 3 or 5 fraction regimens improve outcome —
cranial nerve sites, lung

— Thinking in terms of mm possible — nerve doses,
gradient over spinal cord

— SRS for palliation of spinal lesions possible where
no other option is available/feasible

— SRS for nerve pain opens door to innovation
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