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L Leksell, The stereotaxic method and radiosurgery of the brain, Acta Chir Scand. 
13;102(4):316-9, 1951.

“It is clear, however, that the radiation in the 200 kilovolt range used here should be 
replaced by radiation of higher energy. This would give better depth dose, especially 
with the extremely small fields used here, and also a better definition of the beam.”

21 portals, each with a skin dose of 900 R
Total dose to target area 1,650 R
6 mm aperture
74 minute Tx time
Pain began to subside after ~2 weeks
Pain free for 18 years

L Leksell, Stereotaxic radiosurgery in Trigeminal Neuralgia, Acta Chir Scand. 137:311-
314, 1971.

“A single high dose of radiation, stereotactically directed to 
an intra-cranial region of interest.  May be from X-ray, 
gamma ray, protons or heavy particles.”  - Lars Leksell, 1951

The March of Technology in SRS  

Larsson B, Leksell L, et al, The high energy proton beam as a neurosurgical tool. 
Nature 182:1222-3, 1958

Tobias CA, Lawrence JH, et al,  Pituitary irradiation with high-energy proton beams. 
A preliminary report. Cancer Res 18:121-34, 1958

Kjellberg RN et al, Proton-beam therapy in acromegaly. NEJM 278:689-95, 1968.

Better Form of 
Radiation
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Larsson, Liden & Sarby, Irradiation of small structures through the intact skull, Acta Radiol
Ther Phys Biol. 13(6):512-34, 1974.

First patient treated Oct. 25, 1967
Young boy with a craniopharyngioma

The 1st Gamma Knife
179 Co-60 sources
3 x 7 and 5 x 7 rectangular collimators

(designed for thalamotomy)

Better Form of Radiation

2nd Unit 201 Co-60 sources,
4, 8 and 14 mm circular collimators
1st treatment in 1974 at Karolinska University Hospital

3rd Unit installed in Buenos Aires in 1983 (Hernan Bunge) 
4th Unit installed in Sheffield in 1985 (David Forster)

The Next Gamma Knife
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Model B

Model U

Model 4C

The Commercial Gamma Knives

Lunsford LD, Maitz A, Lindner G, First United States 201 
source cobalt-60 gamma unit for radiosurgery, Appl
Neurophysiol. 50:253-6, 1987.

Wu et al, Physics of Gamma Knife Approach on 
Convergent Beams in Stereotactic Radiosurgery , Int J 
Radiat Onc Biol Phys. 18:941-949, 1990.

Overall deviation approximately 0.25 mm

• 8 independent sectors, each with 
24 Co-60 sources

• 4, 8, and 16 mm collimators can 
be combined within each sector

• 6600 Ci nominal activity produces 
dose rate of > 3 Gy/min

• Larger treatment field of view

Perfexion

Perfexion Gamma Knife
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Betti OO, Derechinsky VE, Hyperselective encephalic irradiation with linear 
accelerator, Acta Neurochir. 33: 385, 1984

Linear Accelerators - Better Form of Radiation, but not Accurate

Friedman WA, Bova FJ, The University of Florida radiosurgery system, Surg
Neurol. 32(5):334-42, 1989

Lutz W, et al, A system for stereotactic radiosurgery with a linear accelerator, 
IJROBP 14(2):373-81, 1988

Linear Accelerators - Better Form of Radiation, but not Accurate?

Radiation Accuracy = 0.2 ± 0.1 mm (n=40)

Radiation Accuracy = 0.5 ± 0.2 mm (n=9)

Lutz, et al Friedman and Bova
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Modern Linear Accelerators

TG 42 – Stereotactic Radiosurgery
TG 76 – Management of Motion in Radiation Oncology
TG 68 – Intracranial Stereotactic Positioning Systems
TG 101 – Stereotactic Body Radiotherapy
TG 104 – kV Localization in Therapy
TG 135 – QA for Robotic Radiosurgery
TG 142 – QA of Medical Linear Accelerators
TG 147 – QA for Non-Radiographic Radiotherapy Localization and Positioning 

Systems
TG 176 – Task Group on Dosimetric Effects of Immobilization Devices
TG 178 – Gamma Stereotactic Radiosurgery Dosimetry and QA
TG 179 – QA for Image-Guided Radiation Therapy Utilizing CT-Based Technologies
ASTRO SRS/SBRT Quality and Safety White Paper
ACR/ASTRO Standards

TG 117 – Use of MRI in Treatment Planning and Stereotactic Procedures
TG 132 – Use of Image Registration and Data Fusion Algorithms and Techniques in 

Radiotherapy Treatment Planning
TG 155 – Small Fields / Non-Equilibrium Condition Photon Beam Dosimetry

Efforts In Progress (?)

Assemble the Guidance Documents
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Assemble the 
Guidance Documents

ACR-ASTRO, 2014ACR-ASTRO, 2014

PRO, 2012AAPM TG-101, 2010 ASTRO, 2012

SRS/SBRT as a well thought out program, not an addition / 
afterthought

Team approach, plan ahead

SRS/SBRT specific training

SRS/SBRT expertise/competence, including personnel certification
Follow nationally accepted standards, clinical and physics

SRS/SBRT accreditation / credentialing

Adequate resources:
Time, equipment, personnel
Quality management system, including reporting and ongoing 

quality improvement, and peer review
Physician and physicist supervision for each procedure

Greatly increased vendor responsibility 

ASTRO SRS/SBRT White Paper
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SRS/SBRT as a well thought out program, not an addition/afterthought

CLINICAL GOALS

APPROPRIATE TECHNOLOGY

SAFETY CULTURE

PEER REVIEW, CONTINUOUS 
QUALITY IMPROVEMENT 

SRS/SBRT specific training

SRS/SBRT expertise/competence, including personnel certification

Adequate resources

Board Certification is a Minimum Qualification
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Thorough commissioning, end-to-end assessment, independent verification
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Select the appropriate equipment
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Select the appropriate equipment

How do small field PDD behave?

Typical Field Size 
Dependence

Smallest

Largest
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Institution 1
▪ Institution 2

5 mm x 5 mm20 mm x 20 mm60 mm x 60 mm100 mm x 100 mm

Compare beam data with appropriate references
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6X SRS Mode 7.5 mm Collimator
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6X SRS Mode 10 mm Collimator
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Observations of some treatment units: 15 mm collimatorCompare beam data with appropriate references
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Institution 2

Output Factors for MLC

Novalis Tx, 6X, HD-120 MLC

TrueBeam STx, 6X, HD-120 MLC

Compare beam data with appropriate references

Appropriate TPS commissioning
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Appropriate TPS commissioning

Modern Linear Accelerators

What can we do differently with 
Image guidance and MLC
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How accurate are head frames?

How accurate is image guidance?

BrainLAB ExacTrac 6D
X-ray tubes recessed in floor

Flat panels mounted to ceiling

Accuray CyberKnife
X-ray tubes mounted to ceiling

Flat panels recessed in floor
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How accurate is image guidance?

Identify target & plan Set up in treatment room

X-ray DRR

Irradiate

Evaluate

How accurate is image guidance?
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(mm) Lat Long Vert 3D 
vector

Average -0.06 -0.01 0.05 1.11

Standard 
Deviation 0.56 0.32 0.82 0.42

Results of Phantom Data

n = 50; 95% Confidence Level +/- 0.12 mm

Results of Patient Data

(mm) Lat Long Vert
3D 

vector

Average -0.09 0.13 0.23 1.02

Standard 
Deviation

0.67 0.57 0.76 0.59
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Phantom Evaluation
0.7 ± 0.3 mm (n=57)

Frame – IGRT comparison
1.0 ± 0.5 mm (n=102)

Offset range (mm)
Std. Dev. (mm)

CTV-PTV Margin (mm)

Lt-Rt
-2.1 – 1.2

0.6
1.1

Ant-Post
-1.1 – 1.1

0.4
0.7

Sup-Inf
-0.9 – 1.1

0.4
0.7
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20 GK  patients treated 
in a Leksell frame

Difference between 
frame and CBCT 
localization recorded

Single acoustic patient

5 x 5 Gy prescribed (to 46% IDL) to preserve 
acoustic and facial nerve, 23 shots

Imaging time ~1.65 min

Total treatment time including imaging ~20 min

Daily CBCT compared with thermoplastic mask 
setup:

0.94 ± 0.52 mm

-0.08 ± 0.08 mm

-1.13 ± 0.89 mm

Intrafraction movement 0.13 ± 0.04 mm

X:

Y:

Z:
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So, IGRT is as Accurate as a Head Frame. Period.

End-to-end testing
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Independent Validation!

RPC H&N Phantom: End-to-End Testing
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RPC H&N Phantom: End-to-End Testing

Independent Validation!
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Treatment Approaches with Circular Collimators

+

+ 90%

50%

60%

90%+

Multiple Isocenter (shot) 
Approach

Single Isocenter
Approach

+ +
90%

70%

Non-isocentric (robotic)
Approach

What about Multileaf Collimator?  What good is it?

Treatment Approaches with Multileaf Collimators

++

90%

Fixed Beam Dynamic Conformal Arc IMRT / VMAT

+

60%
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Treatment Approaches for Multiple Brain Metastases

Fixed Beam Dynamic Conformal Arc IMRT / VMAT

New (Multiple) Isos for each Target

Time consuming to plan and deliver

Very Inefficient!

Circular Collimators

Treatment of Multiple Brain Metastases – Is there Anything Better?

Single isocenter, multiple 
target MLC approach: 

“moving Swiss cheese”
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Why treat multiple mets with radiosurgery?

Whole Brain +/- SRS Boost: Survival Benefit

Adding SRS to WB improves survival
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Resection or SRS +/- Whole Brain

… but, adding WB to surgery or 
SRS does not improve survival

Observation
Whole Brain

RTOG 0214: locally advanced NSCLC randomized to PCI or observation;
RTOG 0212: limited-disease small cell randomized to high or standard-dose PCI

… and, WB results in neurocognitive decline
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213 patients randomized to SRS ±WBRT

Primary endpoint –
Cognitive decline @ 3 months

Secondary endpoints –
Local control
Quality of life
Overall survival
Long term cognitive status

Tumor Control @3 mo

SRS Alone: 75.3%

SRS + WBRT: 93.7%
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Median overall survival

SRS Alone: 10.4 mo

SRS + WBRT: 7.4 mo

Brown et al, 2016

Among patients with 1-3 
brain metastases, the use 
of SRS alone, compared 
with SRS + WBRT, resulted 
in less cognitive 
deterioration at 3 months.

In the absence of a 
difference in overall 
survival, these findings 
suggest that for patients 
with 1-3 brain metastases 
amenable to radiosurgery, 
SRS alone may be a 
preferred strategy



2/27/2017

29

Prospective Observational Study
1194 Patients

<4 cc: 22 Gy
4-10 cc: 20 Gy

1 Tumor (455 patients) 13.9 mo
2-4 Tumors (531 patients) 10.8 mo
5-10 Tumors (208patients) 10.8 mo

So, back to the moving Swiss cheese approach ….
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6 patients with 3-5 metastases treated with single-isocenter
dynamic conformal arcs 

5 120o arcs (±sub-arcs as needed), adjusted as necessary to 
minimize overlapping multiple targets

99% of each target volume received 100% of the prescription dose

Compared with multi-isocenter dynamic conformal arc (non-
optimized, non-modulated) and with RapidArc (VMAT)

VMAT is more conformal than single or multiple dynamic arc plans

Delivery time for SIDCA is better than MIDCA but not as fast as VMAT

VMAT is much more MU efficient

SIDCA / MIDCA have better “spillage” characteristics: Gradient Index and V10%

RTOG CI
Paddick CI

Gradient Index
Total MUs

Delivery Time (min)
V100% (cm3)
V50% (cm3)
V10% (cm3)

SIDCA
1.36 ± 0.07
0.72 ± 0.04
3.97 ± 0.50

16,113 ± 3304
29.5 ± 5.3

3.56 ± 1.98
13.58 ± 5.94

328.14 ± 209.35

MIDCA
1.32 ± 0.05
0.75 ± 0.03
3.84 ± 0.44

15,613± 3867
44.3 ± 10.8
3.63 ± 1.98

13.40 ± 5.80
260.32 ± 203.85

VMAT
1.15 ± 0.08
0.86 ± 0.05
4.34 ± 0.48
8,027 ± 738
15.3 ± 0.9

2.94 ± 1.57
12.24 ± 5.06

678.20 ± 419.94
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28 patients with multiple metastases previously treated on GK

Replanned using single isocenter, single or multi arc VMAT (RapidArc)

Scored RTOG and Paddick conformity indices, V12, V9 and V4.5, beam-
on and treatment times

Thomas et al, Neurosurgery, 79:409-418, 2014

Individual Target Conformity Overall Plan Conformity

R
T
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G
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n

d
e

x
P

a
d

d
ic

k
In

d
e

x

1.29 (0.99 – 4.31)1.94 (1.21 – 6.10)

0.75 (0.23 – 0.99)0.49 (0.16 – 0.81)

1.14 (1.04 – 1.69)1.65 (1.28 – 7.39)

0.86 (0.58 – 0.94)0.59 (0.34 – 0.77)
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Thomas et al, Neurosurgery, 79:409-418, 2014

Normal Brain Dose Volume Comparison
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Normal Brain Dose Volume Comparison
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Thomas et al, Neurosurgery, 79:409-418, 2014

Beam and Treatment Time Comparison

6 patients with 3-4 metastases planned on both GK and single 
isocenter, multi arc VMAT (RapidArc)

Scored RTOG and Paddick conformity indices, V12, and beam-on and 
treatment times

1.50 0.16 1.19 0.14 <0.001RTOG Index
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RapidArc Parameters

Gamma Knife Parameters
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8 patients with 3-7 metastases planned using the BrainLAB Multiple 
Metastases Element (MME) software and compared with a 4 arc 
RapidArc approach following the methodology of Thomas et al. 

Paddick CI

Gradient Index

V12 (cc)

Mean Brain Dose (Gy)

MU

Median (Range)

0.67 (0.22 – 0.83)

4.7 (3.5 – 5.9)

21.2 (10.6 – 33.5)

2.8 (1.3 – 3.9)

9655 ± 1533

Median (Range)

0.67 (0.22 – 0.83)

4.5 (2.6 – 6.0)

22.3 (9.0 – 33.1)

2.5 (1.3 – 3.1)

7119 ± 1076

MultiArc VMAT MME
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How to Commission / QA this!!!???

www.rt-safe.com

How to Commission / QA this!!!???

www.integratedmedicaltechnologies.us
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80 Lesions in 49 Patients
Randomized  to 1 or 3 mm margin
40 Lesions in Each Arm
All Single Fraction on Novalis

“…given the higher risk of RN with 
a 3-mm margin, a 1 mm GTV 
expansion is more appropriate.”
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Summary

 Image guidance available on all SRS delivery platforms 
will hasten the demise of the stereotactic head frame

 With image guidance universally available, practitioners 
will no longer argue about accuracy

 Multi and single isocenter linac techniques provide 
equivalent target conformity and normal brain V12

 Use of radiosurgery in the setting of multiple brain 
metastases will continue to increase

SEAAPM SYMPOSIUM & SCIENTIFIC MEETING FEB. 23-25, 2017
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Answer: Equivalent to Gamma Knife systems. 

Refs: Wu et al, Physics of Gamma Knife Approach on Convergent Beams in 
Stereotactic Radiosurgery , Int J Radiat Onc Biol Phys. 18:941-949, 1990

Lutz W, et al, A system for stereotactic radiosurgery with a linear accelerator, 
IJROBP 14(2):373-81, 1988

Friedman WA, Bova FJ, The University of Florida radiosurgery system, Surg Neurol. 
32(5):334-42, 1989

1. The Radiation Isocenter of a Modern Linac SRS 
System is:

a) Equivalent to Gamma Knife systems

b) Inferior to Gamma Knife systems

c) Superior to Gamma Knife systems

d) Depends on CT slice thickness

e) Depends on the type of head frame used
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2. The ASTRO/AAPM SRS/SBRT Guidelines ….

a) recommend that SBRT should be performed only at accredited 
centers of excellence

b) focuses primarily on preventing errors
c) require patient-specific measurements prior to treating any 

patient
d) require patient-specific QA activities prior to treating any patient 
e) recommend that SRS/SBRT only be delivered using 

specialized machines 

10

Answer: The ASTRO/AAPM SRS/SBRT Guidelines require a systematic 
patient-specific QA process prior to treatment. This does not have to include 
measurements (though that is recommended). There are many aspects to 
the QA process besides measurement.

Ref: Solberg TD et al, PRO. 2:2-9,2012

3. The accuracy of modern image guidance is:

10

a) Equivalent to stereotactic head frames

b) Inferior to stereotactic head frames

c) Superior to stereotactic head frames

d) Depends on the type of imaging – 2D kV/kV versus 
CBCT

e) Depends on the type of head frame used

Answer: Equivalent to stereotactic head frames. 

Refs: Masciunas et al, The application accuracy of stereotactic frames, Neurosurg. 35, 1994

Chang, et al, An analysis of the accuracy of the CyberKnife….., Neurosurg. 52, 2003

Solberg et al, Quality assurance of immobilization and localization systems….., IJROBP 71, 
2008

Ramakrishna et al, A clinical comparison of patient setup and infra-fraction motion…., Rad 
Oncol 95, 2010
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4. Single isocenter, multiple metastases treatments:

10

a) Require higher MUs …..

b) Have longer treatment times …..

c) Results in a higher normal brain V12 …..

d) Results in a higher mean brain dose …..

e) Produces better clinical outcomes

…..than a multiple isocenter/ multiple target approach

Answer: Results in a (slightly) higher mean brain dose. 

Refs: Thomas et al, Comparison of plan quality and delivery time…., Neurosurg. 75, 2014

Narayanasamy et al, A systematic analysis of 2 monoisocentric techniques….., TCRT, 2016

Huang et al, Radiosurgery of multiple brain metastases with single-isocenter…., Rad Oncol 
95, 2014

5. Whole brain radiation therapy:

10

Answer: Results in improved local control, but does not translate to survival. 

Refs: Andrews et al, Whole brain radiation therapy with or without…., Lancet 363, 2004

Kocher et al, Adjuvant whole brain radiation therapy….., JCO 29, 2011

Gondi et al Decline in tested and self reported cognitive functioning….. IJROBP 86, 2013

Yamamoto et al, Stereotactic radiosurgery for patients with multiple brain metastases…., 
Lancet Oncol, 2014

Brown et al, Effect of radiosurgery alone vs. radiosurgery with whole brain…., JAMA 316, 
2016

a) Is necessary when patients present with more than 2 brain 
metastases

b) Results in improved local control compared with SRS or surgery 
alone

c) Results in improved survival compared with SRS or surgery alone
d) Results in a lower mean brain dose compared with SRS or surgery 

alone
e) Has little effect on acute cognitive function
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Thank You

SEAAPM SYMPOSIUM & SCIENTIFIC MEETING FEB. 23-25, 2017


