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1 | INTRODUCTION

1.1 | Charges
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Abstract

AAPM Task Group Report 135.B covers new technology components that have
been added to an established radiosurgery platform and updates the compo-
nents that were not well covered in the previous report. Considering the current
state of the platform, this task group (TG) is a combination of a foundational task
group to establish the basis for new processes/technology and an educational
task group updating guidelines on the established components of the platform.
Because the technology discussed in this document has a relatively small user
base compared to C-arm isocentric linacs, the authors chose to emphasize the
educational components to assist medical physicists who are new to the tech-
nology and have not had the opportunity to receive in-depth vendor training at
the time of reading this report. The TG has developed codes of practice, intro-
duced QA, and developed guidelines which are generally expected to become
enduring practice. This report makes prescriptive recommendations as there
has not been enough longitudinal experience with some of the new technical
components to develop a data-based risk analysis.

KEYWORDS
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regards to the real-time respiratory motion tracking
software.

3. To make recommendations on issues which require
further research and development.

TG 135.B serves as an addendum to the original TG
135,! therefore we carry on the charges of the original
TG 135"

1. To make recommendations on a code of practice for
Robotic Radiosurgery Quality Assurance (QA).

2. To make recommendations on quality assurance
and dosimetric verification techniques, especially in

1.2 | Type of task group

AAPM TG 135.B covers new technology components
that have been added to an established radiosurgery
platform and updates the components that were not
well covered in the previous report. Considering the
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current state of the platform, this task group (TG) is a
combination of a foundational task group to establish
the basis for new processes/technology and an educa-
tional task group updating guidelines on the established
components of the platform. Because the technology
discussed in this document has a relatively small user
base compared to C-arm isocentric linacs, the authors
chose to emphasize the educational components to
assist medical physicists who are new to the technology
and have not had the opportunity to receive in-depth
vendor training at the time of reading this report. The TG
has developed codes of practice, introduced QA, and
developed guidelines which are generally expected to
become enduring practice. This report makes prescrip-
tive recommendations as there has not been enough
longitudinal experience with some of the new technical
components to develop a data-based risk analysis.

1.3 | Changes in technology since the
original AAPM TG 135 report

The original TG 135 Report,' published in 2011, covered
the basic CyberKnife QA components extensively. This
included: radiation shielding, security, beam QA, imaging
components, targeting accuracy, etc. as well as providing
daily, monthly, and annual QA recommendations. Since
then, several new technologies were introduced which
required significant changes to the QA approach. With
respect to hardware, the Iris collimator? was introduced
in early 2008 and was followed in 2014 by a multi-leaf
collimator (MLC).2* Neither of these were included in
the previous report. For image-guidance, a new lung
tracking algorithm was introduced which enabled var-
ious tracking modules dependent on the location and
visibility of the tumors on the stereoscopic x-ray images.
The Monte-Carlo (MC) algorithm was discussed briefly
in the previous report but lacked detailed guidance in
commissioning and QA. The Synchrony motion tracking
system also had significant improvements, necessitat-
ing an update to QA recommendations and algorithm
description. Table 1 shows a summary of the three
representative CyberKnife models.”

14 | Scope of TG 135.B

This task group will focus on (1) the newly introduced
Iris (Section 2) and MLC (Section 3) collimation systems
and their quality assurance; (2) Quality Control (QC)
and QA of motion management with Synchrony (Sec-
tion 4) and lung optimized treatment (LOT) workflow
(Sections 4 and 5); (3) commissioning and QA recom-
mendations of the MC calculation (Section 6). TG 135.B
does not intend to replace the original TG 135 Report'
since the basics of the CyberKnife system have not
changed. The basic system description and QA rec-

ommendations that are included in TG 135 will not be
duplicated in this report nor will the task group cover the
software advances that have no direct impact on the QA
practice, such as the integrated patient database sys-
tem (IDMS) and the updates of the treatment planning
system (The Multiplan treatment planning system was
replaced by the Precision treatment planning system in
2017). For treament planning system QA, we refer to TG
53 (Quality assurance for clinical radiotherapy treatment
planning)® and MPPG 5.a/MPPG 5.b (Commissioning
and QA of Treatment Planning Dose Calculations—
Megavoltage Photon and Electron Beams).”® A detailed
discussion of commissioning procedures and beam
data measurements for small radiation fields will not
be provided as this has been extensively covered in
IAEA Report 483° TG 155,' and the manufacturer pro-
vided PEG."" However, QA recommendations related to
commissioning and beam QA will be provided. Finally,
updated QA recommendations will be combined with
those from the previous TG 135 report and a summary
of recommendations will be given in Section 7.

1.5 | Definitions

Most of the following definitions have been introduced
in the previous TG 135 Report.! For the convenience of
the readers, we list all the definitions that appear in this
document.

AQA : “Auto QA, a Robot targeting test: The cen-
tering of a radiographic shadow of a 2 cm
diameter tungsten ball hidden in a cubic
phantom is measured on a pair of orthog-
onal films. A detailed discussion can be
found in the original TG 135.

CAX: Central axis representing the centerline of
the radiation beam.

DQA: Delivery Quality Assurance: The DQA plan
is an overlay of a patient plan on a phan-
tom. The plan is delivered and the mea-
sured dose in the phantom can be com-
pared with the calculated dose for quality
assurance, typically by using a gamma-
index pass/fail criteria. The DQA assesses
both spatial and dosimetric accuracy of
delivery, and is the most comprehensive,
overall assessment of the system.

E2E: End-to-End test: A phantom containing
a hidden target and orthogonal films is
taken from simulation through treatment
delivery. Targeting accuracy is quantified
as the difference between the center of
the dose distribution (70% isodose line
is often used) measured on the film and
the geometrical center of the target. The
E2E test is performed using an isocentric
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TABLE 1 Technical specifications of three representative CyberKnife® models.
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CyberKnife circa 1997-1999

CyberKnife VSI 2009

CyberKnife M6/S7 2012/2020

Robotic manipulator
type and precision

Beam collimation

Image registration and
tracking methods

Real time respiratory
motion tracking

Overall targeting
accuracy (static target)

Overall targeting
accuracy (target
undergoing respiratory
motion)

Dose rate

Image detectors

Dose calculation
algorithm(s)

Patient positioning
system

Clinical applications

FANUC robot 0.5 mm precision

Fixed circular collimators

Skull skeletal tracking with 3D
translation corrections

Mean: 1.6 mm. Range:
0.6—2.5 mm?* E2E in phantom

n/a

300 MU/min

Gadolinium oxysulfide
fluoroscopes with pixel size
1.25 x 1.25 mm?

Ray Tracing

Manually operated treatment
couch

Intracranial and upper spine
radiosurgery (under FDA

Investigational Device Exemption)

KUKA KR 240 robot
0.12 mm precision

Fixed circular collimators
Iris variable aperture
collimator

Skull skeletal tracking with
6D translation and rotation
corrections

Spine skeletal tracking with
6D corrections

Fiducial marker tracking with
6D corrections

Lung tumor tracking based
on tumor: lung radiographic
contrast with 3D corrections

Synchrony with fiducial and
lung tumor tracking

Spec: <0.95 mm
E2E in phantom

Spec: <1.5 mm (v9.6 and
before) <0.95 mm (v10.0
and after)

E2E in phantom

600-1000 MU/min

Amorphous silicon flat panel
detectors with pixel size
0.4 x 0.4 mm?

Monte-Carlo
Ray Tracing

Fully integrated 5-DOF
standard treatment couch
with manual yaw adjustment
Fully integrated 6-DOF
robotic couch Patient
Positioning System (option)
Fully integrated 7-DOF
robotic couch with seated
load (option). The 7th DOF is
knee up position option.

Anywhere in the body where
radiosurgery is clinically
indicated (with FDA 510(k)
regulatory clearance).

KUKA KR 300 R2500 ultra robot
0.12 mm precision

Fixed circular collimators
Iris variable aperture collimator
InCise Multileaf Collimator (2014)

Skull skeletal tracking with 6D
translation and rotation corrections
Spine skeletal tracking with 6D
corrections

Fiducial marker tracking with 6D
corrections

Lung tumor tracking based on tumor:
lung radiographic contrast with 3D
corrections

Synchrony with fiducial, lung and
spine prone tracking.

Spec: <0.95 mm
E2E in phantom

Spec: <1.5 mm (v9.6 and before)
<0.95 mm (v10.0 and after)
E2E in phantom

1000 MU/min or 800 MU/min

Amorphous silicon flat panel
detectors with pixel size
0.4 x 0.4 mm?

Monte-Carlo
Ray Tracing
FSPB

Fully integrated 5-DOF standard
treatment couch with manual yaw
adjustment

Fully integrated 6-DOF robotic
couch Patient Positioning System
(option)

Anywhere in the body where
radiosurgery is clinically indicated
(with FDA 510(k) regulatory
clearance).

The targeting accuracy for the 1997—1999 model is reported by Murphy et al.in 1996. All other targeting accuracy information is from manufacturer’s specification.

treatment plan. Its purpose is to be a
sophisticated Winston-Lutz test, check-
ing spatial delivery accuracy together with
tracking modality accuracy. Unlike the DQA
test, the E2E does not have a patient-
specific dosimetry component. A detailed
discussion can be found in the original TG

135.

EMO: Emergency Motion Off.
EPO: Emergency Power Off.

FC/FCA: Fixed collimator/Fixed collimator assembly.

FWHM: Full width at half maximum.
Iris: A variable aperture collimation system
designed to simulate the 12 fixed circular

cones.
IQA: Iris QA.

LOT: Lung Optimized Treatment.
MC: Monte Carlo.

MU: Monitor Unit.

MLC: Multi leaf collimator.

858017 SUOWWIOD A1) 8|qeo![dde 8y A peuienob ae sapiie YO ‘8sn JOSa|n. 10} Aiq1T8UIUO 48] 1M UO (SUORIPUOD-PUR-SLLIBY/LI0O A3 1M AeIq 1 U1 |UO//SdNY) SUORIPUOD Pue S8 1 8y} 885 *[20Z/TT/90] U0 AriqIT8ulUO A8]IM ‘Sined - eIuojIRD JO AVseAlun AQ 822 T dW/Z00T 0T/I0p/W0D" A8 | Afe.d 1 jpuljuo"wdee/:sdny woiy pepeojumod ‘0 ‘602rELrZ



WANG ET AL.

* | MEDICAL PHYSICS

OCR: Off-center ratio.
OF: Output Factor.
PDD: Percentage Depth Dose.
PEG: Physics Essentials Guide, Accuray Inc.,
Sunnyvale, CA
QA: Quality assurance.
QC: Quality control.
SRS: Stereotactic  radiosurgery
stereotactic radiotherapy, SRT).
SBRT: Stereotactic body radiosurgery
SAD: Source-to-axis distance.
TPR: Tissue-Phantom Ratio.
TG: Task Group.
Xsight
Spine
tracking:

(including

A fiducial less tracking mode that directly
tracks using spine bony anatomy.
Xsight
Lung
tracking: A fiducial less tracking mode that directly
tracks on tumor.

2 | CYBERKNIFE IRIS COLLIMATION
SUBSYSTEM

21 | Introduction

In 2008, Accuray, Inc. introduced the lIris variable col-
limation system? for the CyberKnife (Accuray, Inc.,
Sunnyvale, CA, USA), together with an automated col-
limator exchange system (Xchange). The underlying
motivation for the Iris and Xchange products is to relieve
the therapists from manually exchanging the heavy
tungsten fixed cones and to support flexible use of mul-
tiple field sizes. As a consequence, dose distributions of
irregular shape could potentially be produced in a more
time-efficient manner. The Iris collimator is clinically
available for CyberKnife versions G4, VSI, M6, and S7.
There are currently three generations of the Iris collima-
tion system. The original version was introduced in 2008,
with updates in 2011 (v2), and 2013 (v3). The following
description and recommendations are applicable to all
versions of Iris and Xchange, unless stated otherwise.

2.2 | Collimation assembly physical
description

To accommodate the existing fixed cones and the newer
variable collimation system, a significant re-engineering
of the CyberKnife accelerator beam delivery struc-
ture was required. Separate collimation subassemblies
were created: one for the existing fixed collimators
(FCA—fixed collimator assembly), one containing the
Iris variable collimation system, and one for the MLC
collimation system (discussed later).

Because the collimation subassemblies are too heavy
to be manually exchanged, this function is performed
by the robot manipulator using an automated exchange
function. An exchange table contains receptacle storage
positions for the fixed and variable collimation sub-
assemblies. Different versions of this table are in use
today (Figure 1). Earlier tables (Figure 1a) include stor-
age positions for FCA, Iris, and all twelve fixed cones
on top of the table, allowing for exchange of the sub-
assemblies and automated pick-up of individual fixed
cones. The most recent table for the CyberKnife M6
and S7 generation was designed to include a third
subassembly containing an MLC, but requires the man-
ual exchange of individual fixed cones due to spatial
limitations (Figure 1b).

During CyberKnife installation, the exact location of
all the exchangeable collimation components is estab-
lished using an automated calibration process that
utilizes the accelerator treatment beam central axis
(CAX) centerline laser.

The ongoing stability and validity of the exchange
table position calibration is monitored by several opti-
cal sensors. Depending on the table version, these
can be located on the front of the exchange table,
at the mechanical center of each storage position
of the collimator subassemblies, or at the storage
positions for all 12 fixed collimator cones. When an
exchange process is initiated, the robot points the
centerline laser at the table position optical sensor.
If, for whatever reason, this sensor does not pro-
duce a signal of sufficient amplitude, the exchange
process is interrupted and the CyberKnife system is
interlocked.

The integrity of the optical exchange position verifi-
cation process can be compromised by uncertainties
in the position of the exchange table, the position and
output of the centerline laser, the mechanical condi-
tion of the accelerator head, and foreign objects (e.g.,
dust) in the optical path. As such, the exchange pro-
cess also serves as an indirect QA check of geometric
consistency of the robot position, linac head, and laser.
The failure of a component exchange will require an
evaluation by a service engineer to identify the root
cause.

2.3 | Collimation subassembly
mechanical alignment

Geometric calibration of the CyberKnife system is
achieved by using a beam centerline laser as a sur-
rogate for the radiation beam centerline.! Therefore,
one of the key elements for geometric integrity is the
alignment of the centerline laser beam with the radia-
tion beam CAX. On the CyberKnife, the electron target,
primary collimator, centerline laser assembly, and the
“tool changer”assembly are all mechanically fixed to the
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()

FIGURE 1

(b)

Different configurations of the CK Xchange table: G4/VSI (a) with receptacle storage positions for the FCA, Iris, and M6/S7 (b)

with receptacles for MLC, FCA, and Iris (from left to right). The M6/S7 Xchange table holds the 12 fixed cones on the side of the table and must

be changed manually during treatment.

linear accelerator structure. Barring a catastrophic colli-
sion these elements should never change their relative
positions with respect to each other. The only adjustment
that can be made is in the position and direction of the
laser beam emitted from the centerline laser assembly,
which is designed such that the effective source position
and angle of the centerline laser can be tuned. Because
the laser is used for robot path calibration, any offset
between the laser and the FCA, Iris and MLC centers will
cause a consequent blurring of the high dose gradient
regions, which is not compensated for by other cali-
bration measures.! Therefore, it is most important that
the actual position of the centerline laser with respect
to the center of the radiation field be independently
verified for all installed collimator assemblies before
commissioning and robot path calibration (see original
TG 135"). The original task group report recommended
that the radial offset should not exceed 0.5 mm at 80 cm
from the radiation source.! At that time, CyberKnife had
only one fixed collimator system. The incorporation of
multiple collimator subassembilies introduced additional
small uncertainties in the laser to radiation alignment,
which makes the 0.5 mm tolerance at 80 cm more
difficult to achieve for all the collimators. Due to the fact
that the laser alignment directly impacts the accuracy
of the path calibration/verification, we strongly encour-
age the CAX alignment to be 0.5 mm at 80 cm and
1.0 mm at 160 cm for all collimators. If this tolerance
is not achievable in some systems, we recommend the
laser be best aligned with FCA (<0.5 mm at 80 cm)
considering that the fixed collimators are usually used
for the smallest targets where path calibration accuracy
could cause the most significant impact on penumbra,
and <1.0 mm at 80 cm for Iris and MLC which is the
manufacturer’s specification. The laser/radiation CAX
coincidences should be checked before commissioning,

path calibration, and quarterly. As with the FCA, expo-
sure of radiochromic film with marked laser position
can be used for the Iris and MLC collimators as well.

In clinical operation, the centerline laser is pointed at
a fixed optical sensor (located either on the exchange
table or the robot base, depending on the specific sys-
tem configuration) at the start of each treatment. The
intensity reading of the sensor is expected to exceed a
predefined threshold. This pretreatment “laser alignment
check” is an automated QA procedure intended to ver-
ify the geometric integrity of the robotic subsystem and
inherently assumes stability of the laser position.

CyberKnife path calibrations and delta-man
corrections’ are performed independently for each
collimator subassembly to account for the impact from
different collimator assembly weights. Independent
AQA and E2E tests with all collimators should be per-
formed to maintain geometric integrity. The concept of
AQA and E2E using Iris or MLC is identical to that for
fixed cones, which is described in detail in the previous
TG 135 Report." Iris AQA tests should be performed
in daily rotation with fixed cones and the MLC. E2E
tests using Iris should be performed for all available
tracking modes as part of commissioning, and selec-
tively in monthly alternation with fixed cones and MLC
depending on their clinical usage (see Section 7.2 for
recommendation on alternation strategy).

2.4 | Iris technical description

2.4.1 | Variable collimation subassembly

Echner et al2 published a detailed description of the
physical design of the Iris collimation system. This Task
Group is providing a general descriptive overview of the
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FIGURE 2

(©)

(a) Iris Collimator Segments—side view cross-section showing segment geometry and collimated beam boundary. (b) Iris Lower

Collimating Segment Bank—arrows show the direction of movement of each of the triangular cross-section collimating segments. (c) Upper
and Lower Iris Collimating segments as projected from the position of the radiation source. The inner dodecagon shape with variable line widths
schematically represents the alternating beam penumbra widths produced at the treatment distance.

Iris system with emphasis on those characteristics that
will have impact on, and/or require special attention in a
QA program.

The variable aperture of the Iris collimation system
is formed by two stacked banks (upper and lower) of
six triangular collimator segments shown in Figure 2a.
Each bank is configured to produce a hexagonal open-
ing as shown schematically in Figure 2b. Each Tungsten
alloy collimator segment is mounted on a linear bearing
that moves in the direction shown. Individual segments
cannot move independently because of mechanical
interference with both neighbors.

Both banks of collimator segments are indexed to a
single cam plate located between the collimator seg-
ment banks. The cam plate contains slots that engage
a dedicated guide pin and bearing attached to each col-
limator segment carriage. A single drive motor rotates
the cam plate that in turn positions all segments as a
unit. This, in combination with the segment interference
described above, provides a measure of confidence that
segments cannot be individually out of place unless
there has been a catastrophic mechanical failure. The
two six-segment non-diverging collimator banks are
positioned one above the other as shown in Figure 2a.
The two banks are rotated 30° with respect to each
other such that collimator segments of the opposite
bank cover the inter-segment space of the other bank
(Figure 2c).

2.4.2 | lris collimator sizing

To monitor and control field size, the positions of
two lower-bank collimator segments are continuously
measured by two independent, temperature stabilized

linear position sensors (differential variable reluctance
transducers—DVRTs). The stack up of mechanical and
sensor tolerances support a repeatability of 0.1 mm at
the device, or 0.2 mm at the nominal treatment distance
of 80 cm.2"" As of this writing, the available nominal field
sizes are limited to those of the fixed collimators to allow
for the use of the same treatment planning algorithm.

2.4.3 | lris calibrations and initializations
Power is made available to the Iris components when
the robot manipulator picks up the Iris collimator sub-
assembly. A temperature control and heating system
then maintains a tightly controlled temperature of 30°C
for the DVRTs to ensure accurate and stable readings.
The software enforces a warm-up period of 2-3 min
before allowing initialization or field size changes. Iris
is calibrated by the manufacturer by recording DVRT
readings versus microswitch activation (two endpoint
switches for Iris v1 and an additional switch in the middle
for Iris v2/v3). This reference table is used by the DVRTs
to determine the Iris field sizes.

Before delivery of an Iris treatment plan or before
sizing the aperture in physics mode, initialization of
the device is forced by the software. In this process,
all microswitches are again sampled several times. For
Iris v1, results are simply compared to the calibration
reference, issuing an interlock in case of deviations. For
Iris v2 and v3, this process is utilized to create a new
set of up-to-date DVRT reference values for all field
sizes which will be employed until the next initialization,
where they are again overwritten. The purpose of this
procedure is to fine-tune field sizes on a daily basis.
For safety reasons, these short-term reference values
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are compared to long-term baseline values established
during lIris calibration, triggering a system interlock,
and failing initialization in case of inconsistencies. In
this manner, initialization is allowed to introduce small
corrections to the Iris field sizes, but prohibits violating
the integrity of calibration.

2.5 | Iris independent field size
verification

The manufacturer's performance specification for
reproducing aperture size to an accuracy of 0.2 mm
at 80 cm SAD is dependent on the hardware that tells
the calibration system when the collimator has reached
the full open and full closed positions. Causes for failed
Iris initialization may include segment position sensor
component failure, temperature instability, end point
dimension changes, mechanical interference among
moving components, motor failure, component wear, etc.
In some cases, it may be possible to recalibrate the Iris
system. An independent verification of the Iris field sizes
must be undertaken to demonstrate that the field sizes
produced after a new Iris calibration are the same as
those measured at the time of Iris beam commissioning.
As there is no absolute field size specification from the
manufacturer, each Iris can have different radiation field
sizes compared to the nominal field sizes. The gold
standard for this test is the same measurement method
that produced the beam profile data at the time of com-
missioning, i.e., scanning a subset of beams in a water
tank. As this is very time-consuming other methods have
been developed by users as outlined in Section 2.5.2.

2.5.1 | lris field sizing tolerances

The establishment of the magnitude of field sizing tol-
erances depends on two physical factors for the Iris
collimator. A change in actual field size alters the radial
distance from the CAX to the penumbra (OCR), and the
OF, which is most pronounced for the smallest fields.
Figure 3 shows sample output factors for Iris v2 and v3
as measured on two different CyberKnife systems. Error
bars indicate the estimated range of measured values
due to a change in field diameter by +0.2 mm.

The impact of lIris field size variation needs to be
viewed with some perspective. Firstly, the dodecagon
shape of the Iris field (Figure 2c) has a maximum to
minimum field size ratio within the shape of a single
field of 1.035 (e.g., distances of 20.47 mm point-to-point
vs. 19.77 mm face-to-face for a nominal field size of
20 mm). This individual field edge position uncertainty is
averaged over all the beam entry directions to form the
average edge position. Secondly, field size reproduc-
tion after recalibration or in a single QA measurement
cannot be expected to be better than the specified
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FIGURE 3 Sample Output Factors for Iris v2 and v3 as
measured on two different CyberKnife systems. Error bars indicate
the estimated range of measured values due to a change in field
diameter by +0.2 mm.

Iris field size repeatability of 0.2 mm. The 0.2 mm
uncertainty translates into an output difference of up
to 10%, 3%, and 1.4% between individual Iris beams of
5 mm, 7.5 and 10 mm diameter respectively (Figure 3).
To reduce the clinical impact, the manufacturer has
implemented restrictions for using the 5 mm lIris aper-
ture: Solo delivery of 5 mm beams is prohibited and
the MU contribution of 5 mm beams within a plan is
limited to allow for a maximum expected error of 2% to
the prescription dose. This MU tolerance is hard coded
within the planning software based on the assumption
of 15% output variation in 5 mm Iris beams.

This variation in output factors supports the recom-
mendation that the Iris field size be verified after field
size calibrations and during monthly QA to a size within
0.2 mm of the field sizes found at the time of the original
Iris beam commissioning. It is important to understand
that accepting a larger than 0.2 mm difference in field
size translates into covering a volume with the pre-
scription isodose that may be smaller or larger by the
same amount, and that absolute dose for the smallest
fields may deviate by several percent (e.g., +3% for the
7.5 mm field) due to changes in the output factor. This
degree of uncertainty can be clinically unacceptable,
arguing for the use of QA methods capable of detecting
field size changes as small as 0.2 mm, or to deliber-
ately limit the use of small Iris field sizes beyond the
restrictions put in place by the manufacturer.

2.5.2 | Methods for Iris field size verification
Since the Iris was introduced, several methods for field
size verification have been and are still being devel-
oped. A selection of established methods is described
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FIGURE 4 Birdcage with film holder for IQA (a), an example radiochromic film image of a 40 mm Iris field (b) and its optical density
contours (c). The alternating two penumbra sizes can be seen around the field periphery.

below, emphasizing time expenditure and accuracy of
the procedure.

Gafchromic film (EBT2, EBT3) measurements

This is the standard method supported by Accuray as
part of the complement of QA tools provided with the
purchase of a CyberKnife system (“Iris QA—IQA”). It
consists of Acrylonitrile Butadiene Styrene (ABS) blocks
that attach to the distal end of the “bird-cage” assem-
bly (Figure 4), providing a fixed radiation buildup and
backscatter layer for the exposure of radiochromic films
and a software tool for film analysis. Baseline data from
films exposed to Iris fields at the time of commissioning
are used as the comparison standard.

Advantages are that a sampling of field sizes can
be quickly measured and the actual radiation field is
the source of sizing information. Disadvantages are
that establishing a baseline measurement set with
multiple measurements is time consuming and that the
accuracy of the IQA method is very dependent on a
careful, reproducible management of the film exposure
and scanning process. Absolute accuracy and repro-
ducibility of the IQA method smaller than 0.5 mm has
been demonstrated,'? but is difficult to reliably achieve.
Due to the lack of published data on this technique,
this TG concludes that the overall accuracy is 0.5 mm.
Reproducibility of IQA results can be expected to be
better for newer Iris versions due to improved field size
repeatability, but there is no published data yet.

Direct image-based measurement

This method images the Iris segments directly using
a video or digital camera with fixed optics in a rigid,
reproducible geometry. Images of the segment positions
are captured and analyzed manually or by automated
software, which allows for very quick field size mea-

TABLE 2 Overview of Iris field size verification methods and
characteristics.

Time (h) (12 Accuracy
Method field sizes) (mm)
Film (IQA) 2.00 +0.5
Direct image 0.50 +0.2
Dose area product 0.50 +0.2
Radiation imaging devices 0.25 +0.2

surements. A disadvantage is that radiation is not used.
Collimating segment position is measured directly and
can be compared to a baseline but differs from the
radiation beam size produced in a medium.

Accuracy is claimed by the manufacturer to be in
the 0.1-0.15 mm range, which is in agreement with
a report on performance of a prototype'® and the
statistical errors (indicating reproducibility of measure-
ments <0.2 mm) shown in Table 2. The dimension
measured is the actual segment aperture size which
is approximately half the field size at the reference
distance of 80 cm. There is no commercially available
product for this method currently.

Dose area product/Bragg peak parallel plate
ionization chamber measurements

This method uses a parallel plate ionization chamber
large enough to encompass the full radiation field cross
section of the largest Iris field size at the distance the
chamber is mounted. Comparisons are made for all Iris
field size settings and one, or preferably more, stan-
dard fixed field collimators. The parallel plate ionization
chamber produces a partial volume ionization current
reading where the magnitude is proportional to the prod-
uct of the fraction of the covered chamber volume and
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Iris QA for CyberKnife M6 -- Field width deviations from baseline (mm)
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FIGURE 5 Iris QA results (Stanford University) from a StereoChecker (Standard Imaging Inc.). The results are compared with one set of

baseline measurements taken in April 2017. Standard deviations on the QA data for all 11 collimators are between 0.03 and 0.04 mm.

the OF The ratio of Iris partial volume ionization read-
ings to the fixed collimator readings is the measurement
parameter. The advantages are a good discrimination of
small changes in field size especially for the smallest
field sizes, the method uses the actual radiation beam,
and that measurements for all field sizes can be made
quickly using a single, simple instrument setup. The dis-
advantages are that this method is a secondary compar-
ison, not an actual field size measurement, which does
not allow for visual inspection of the field shape, and
changes in the primary beam can impact results, which
can be overcome to some extent by using multiple fixed
cones as reference. Temperature and pressure should
be monitored over the course of measurement as well.
By deliberately introducing small changes in the Iris field
size, it can be demonstrated that deviations of 0.2 mm
can be reliably differentiated for the largest cones, with
smaller deviations differentiated for smaller fields.'*°

Iris QA using radiation imaging devices

A commercially available portable electronic portal
imaging device (EPID), StereoChecker (Standard Imag-
ing Inc.), is currently available for Iris QA. This device
includes embedded fiducials to facilitate alignment of
the detector using the stereoscopic kV system. In this
method the imaging device is exposed to one anterior
beam at all available Iris apertures, and the field sizes
are measured and compared to baseline data acquired
at the time of Iris commissioning.

The advantages are that field sizes can be mea-
sured very quickly, and the actual radiation field is the
source of sizing information. The disadvantages are
the weight and cost of the device. Accuracy is claimed
to be 0.1 mm by the manufacturer. Considering the
repeatability specification of the Iris aperture, it can be
expected that deviations of <0.2 mm can be identified
with one set of measurements, which is in agree-
ment with reported maximum deviations of <0.2 mm
in measurements over 8 months (Figure 5).'° Iris QA
using a radioluminescence-based imaging phantom has

recently been reported. This could be an in-expensive
alternative.”

Summary of Iris field size QA
Published long-term data on stability of the Iris subsys-
tem is sparse. Three groups consistently reported stable
Iris field sizes over the course of 2 years in monthly QA
measurements.'> 1415 One of the groups reported that
field size consistency of +0.2 mm can be maintained
for a current Iris v3, when appropriate QA methods are
employed.'®

On this basis, this task group recommends a monthly
frequency for Iris field size QA, but acknowledges that
additional long-term data would be valuable. A tolerance
level of +0.2 mm for field size changes is preferred.
Minimal acceptable tolerance level is +0.5 mm for field
sizes (FS) 10 mm and above which is in agreement
with MPPG 9a recommendation. In the latter situation
we recommend deliberately limiting the use of small Iris
field sizes beyond the restrictions put in place by the
manufacturer.

2.6 | Iris commissioning and QA
recommendations

In analogy to fixed cones, OCRs, TPRs, and OFs have to
be measured during commissioning. The commission-
ing procedure and measurement setup are explained in
detail in the manuals provided by the vendor."! To incor-
porate the dodecagon shape of the Iris in OCRs, four
sets of profiles (short: 0°,90°; long: 15°, 105°) are mea-
sured and averaged. Accurate alignment of the water
tank motion axes is critical to correctly record short and
long profiles. To minimize the impact of Iris field size
repeatability which is particularly important for the two
smallest field sizes (5 mm and 7.5 mm), OFs should
be determined by averaging multiple measurements,
with Iris being resized between repeated acquisitions.
AQA and E2E should be performed and baselines
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TABLE 3 Summary of QA recommendations for the Iris collimator.

Parameter Frequency

Tolerance

Method

Iris beam CAX / Laser coincidence
Calibration

Beam QA (OCR, TPR/PDD, OF and
FWHM) (Section 7.3)

Field size consistency

Commissioning, annual

Monthly/Recalibration

End to end targeting

AQA targeting Daily

DQA (Section 3.5.4 and 7.2) Commissioning/Monthly

Quarterly / Commissioning / Path

Commissioning/Annual/Monthly

Preferred: <0.5 mm
Acceptable: <1.0 mm

Consistent with
commissioning (Table 10)

Preferred: £0.2 mm from
baseline

Acceptable: +0.5 for

FS > 10 mm

Static E2E: <0.95 mm
Synchrony E2E: <0.95 mm
preferred, <1.5 mm
acceptable

<0.95 mm from baseline

2%/2 mm (>90%) for static
and 3%/3 mm (>90%) for

Film, water tank

Water tank

Film, camera, dose area
product, EPID

Film

Film

Depends on equipment
availability

motion tracking

established for daily, monthly, and annual QA. DQA
should be performed before the system is ready for clin-
ical use and periodically after as recommended in the
original TG 135 Report." More discussion on DQA is
given in Sections 3.5.4 and 7.2. A subset of the commis-
sioning data should be checked annually.! A summary of
annual QA and tolerances are given in Section 7.3. The
QA recommendations for Iris are summarized in Table 3.

3 | InCise MLC
3.1 | Introduction

The CyberKnife MLC was introduced as an optional
collimator system available on the CyberKnife model
M6 and S7 with the intent for more efficient dose deliv-
ery. The first model, InCise, was released in 20142
followed by an updated model, InCise 2, in 2015* The
two MLC versions are different in MLC leaf width and
maximum open field size but have similar mechanical
design and physical characteristics. The description
in this chapter is focused on the second version, but
the recommendations are applicable to both versions,
unless stated otherwise.

The MLC can produce a 10 x 10 cm? field that could
be employed for reference dosimetry. However, the man-
ufacturer has designed the software such that the 6 cm
fixed cone remains the only CK reference field because
the MLC is optional hardware for the CyberKnife M6/S7
and is not available on all previous models. Plans using
MLC were reported to have significant reductions in MU
and treatment time with a better dose drop off in the
low dose regions.'®2 The MLC allows one continuous
opening in one segment. Any segment opening must be
at least two leaf widths wide. The individual leaf open-
ing must be larger than 5 mm, and with a minimum open

area of 57.75 mmZ. Considering a relative inferior beam
penumbra and minimum opening limitation, very small
targets (size <7.5 mm) may not be candidates for MLC
based planning.'®

3.2 | Mechanical description

The InCise collimator system is composed of two banks
(X1 and X2) of Tungsten MLC leaves weighing approx-
imately 50 kg in total (Figure 6a). The initial version,
InCise MLC, was designed to achieve a maximum open
field of 120 x 102.5 mm? using 41 leaf pairs of width
2.5 mm each at 80 cm SAD. The second version, InCise
2 MLC, was designed with a maximum open field of
115 x 100.1 mm? using 26 leaf pairs of width 3.85 mm
at 80 cm SAD. The leaves are 90 mm high and the
leaf ends are defined by three surfaces focused on
fully retracted, mid-travel and fully over-traveled posi-
tions (Figure 6b) at 80 cm SAD. The lower end of the
leaf is 40 cm away from the source, the same as the
fixed cone and Iris collimators, which ensures similar
clearance during delivery. The leaves are tapered to
focus on the radiation source in the direction perpen-
dicular to leaf travel. Unlike other MLCs with tongue and
groove design to reduce inter leaf leakage, the InCise
MLC has flat side surfaces which allow full interdigita-
tion (The leaves from two banks can cross each other.)
and full leaf over-travel (The leaves from one side can
fully travel to the other side to close the field). To min-
imize the interleaf leakage, the whole leaf set is tilted
0.5° about the IEC X axis (i.e., the leaf travel direction).
The manufacturer’s specification on maximum interleaf
leakage is <0.5%."" Similar to fixed cone and Iris colli-
mators, the MLC assembly is mechanically aligned with
the beam central axis through the tool plate attachment
(Figure 6a). Coincidence checks between the field laser,

858017 SUOWWIOD A1) 8|qeo![dde 8y A peuienob ae sapiie YO ‘8sn JOSa|n. 10} Aiq1T8UIUO 48] 1M UO (SUORIPUOD-PUR-SLLIBY/LI0O A3 1M AeIq 1 U1 |UO//SdNY) SUORIPUOD Pue S8 1 8y} 885 *[20Z/TT/90] U0 AriqIT8ulUO A8]IM ‘Sined - eIuojIRD JO AVseAlun AQ 822 T dW/Z00T 0T/I0p/W0D" A8 | Afe.d 1 jpuljuo"wdee/:sdny woiy pepeojumod ‘0 ‘602rELrZ



WANG ET AL. 1
MEDICAL PHYSICS
_~Patient Plane Shield
Tool Plate —
_~——Camera
Guide —~__ _—lllumination

Motor —

Side Protection Plate

(b)

(d)

FIGURE 6 This figure displays the mechanical design of the second version, InCise 2, MLC: (a) illustration of the mechanical structure of
the InCise 2 MLC, (b) three-edged leaf end design, (c) an original video image from the secondary feedback camera, (d) the corrected
secondary feedback image displayed with planned MLC and plan target overlaid.

center of the MLC field, and the center of the other col-
limators should all be within 1.0 mm at 80 cm SAD.
Collimator exchange is automated with robotic opera-
tion as described in the previous section for the Iris
collimator.

3.3 | MLC calibration and leaf end
correction

The MLC leaves can move independently to each other
with each leaf driven by a brushed DC motor with a max-
imum leaf speed of 25 mm/s (at 80 cm SAD). Each
motor has an encoder used to track the incremental
motion of the leaf at a resolution of +50 ym (at 80 cm

SAD). Since the motor encoders only track relative
movement, a positioning calibration needs to be estab-
lished during the installation or after adjustments during
field service. The leaf position calibration is achieved
with four mechanically stable optical beams positioned
at the rear and front of the leaves perpendicular to the
leaf travel, two for each leaf bank. Each optical beam
impinges on a photo diode detector. The optical beams
serve as mechanical stable reference positions for the
MLC. The calibration process sets the zero positions of
the motor encoders and establishes the baselines for
the initialization process. More detailed information on
leaf calibration can be found in the published literature*
As described above, the leaf banks are calibrated sep-
arately, thus are prone to residual offset between the
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banks possibly causing the actual field sizes to devi-
ate from nominal. These residual errors are removed by
applying a global correction offset on each bank. The
correction offsets are detected on multiple garden fence
tests (see Section 3.5.3) during installation.

The initialization process is initiated by the delivery
software before each fraction of treatment as a security
check” This process repeats the calibration process.
An interlock turns on when the detected encoder values
exceed the baselines (above +0.2 mm). The initializa-
tion process protects against optical beam shifts and
other mechanical anomalies or changes from the time
of system calibration.

Because of the non-focused three-edged leaf end
design, the radiation partial transmission introduces
offsets between the radiation edges and the leaf
mechanical edges. The offsets are directly related to
the leaf end design and photon beam energy and
are not uniform throughout the leaf travel. They are
minimized at the wide open, central axis (CAX), and
fully over-traveled positions; and are maximized at the
positions halfway from the CAX. Correction offsets are
applied in addition to the calibration within the delivery
system to remove the leaf end effects on the field
sizes.* The correction offsets are obtained by modeling
the leaf tip transmission as a function of leaf position
using a simple ray-trace attenuation calculation, ignor-
ing the scattered radiation. No extra measurements of
the radiation leaf end offsets are required during MLC
installation and commissioning.

3.4 | Secondary MLC position
verification system

The camera based secondary MLC position verification
system is only implemented with the second version of
the MLC (the InCise 2 MLC). This system provides a sec-
ondary mechanism of detecting MLC leaf positions with
accuracy of better than +1.0 mm* The camera (Com-
putar Optics Group, Cary, NC, USA) is located obliquely
above the MLC leaf banks (Figure 6a). The oblique
image is first corrected, and then used for position
detection via the leaf end features, such as the notch
near the leaf tip (Figure 6b). The system is capable of
tracking individual leaf positions with approximately a
4 Hz update rate. The position verification is performed
immediately before and after the delivery of every
MLC aperture, but not during the beam on time. Upon
failure of verification (difference >1 mm according to
manufacturer’s specification), a system interlock occurs.
Figure 6¢ shows the original detected image. The sys-
tem only displays the processed image with optional
graphic overlays of leaf positions as specified in the
treatment plan and as measured by the primary and
secondary feedback systems (Figure 6d). This feedback
system is independent of the MLC primary control sys-

tem; therefore, the video stream can be used as a visual
examination and is an extra security check of the treat-
ment. Currently no QA method is provided by the vendor
for this secondary MLC position verification system.

3.5 | MLC physical characteristics and
QA

3.5.1 | Path calibration and targeting
accuracy

CyberKnife dose delivery with MLC employs a step and
shoot delivery method. Multiple segments generated
from inverse planning are delivered at the predesigned
node positions to achieve an intensity modulated radia-
tion distribution. The MLC body and head paths, which
are composed of the set of the predefined delivery
nodes in body and head treatments, are independent
from those of the circular collimators. To accommodate
the slightly bigger MLC housing, the MLC body and head
paths contain a slightly lower number of nodes (102 and
171 nodes in the MLC body and head paths respec-
tively) than those in the circular collimator body and
head paths (117 and 179 nodes in fixed/Iris body and
head paths respectively). A separate path calibration
(explained in the previous TG 135") followed by a sepa-
rate Deltaman correction (a software based systematic
error correction’'") is required during commissioning.
The geometric path calibration accuracy relies heavily
on the coincidence between the MLC field center and
the field laser. QA on the MLC field center and field
laser coincidence, as well as the robot targeting QA fol-
lows the same recommendations as for fixed and Iris
collimators."'" The field center and laser coincidence
should be checked quarterly and agree to within 1.0 mm
at a distance of 80 cm from the radiation source.! For
the robot targeting check, independent E2E tests using
the MLC should be performed for all the available track-
ing modes during the commissioning and be selectively
tested monthly in alternation with fixed cones and Iris. An
MLC based AQA baseline should also be established
during the commissioning and be performed in daily
rotation with fixed cones and Iris. Concepts of AQA and
E2E tests using MLC are similar to that for fixed cones,
which are well described in the PEG.""

3.5.2 | Leaf transmission and penumbra

The InCise MLC is designed to have a maximum leaf
transmission <0.5%. This is accomplished by tilting the
whole MLC assembly by 0.5° away from the source to
minimize the interleaf leakage. The average leaf trans-
mission is reported to range from 0.22% to 0.25%,*
which is higher than that of the CyberKnife fixed cone
(<0.12%) and lIris collimators (0.05%)2* To eliminate
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interleaf end leakage the MLC leaf ends are always
positioned under the primary collimator when they are
not used for the segment opening. The leaf transmis-
sion measurement is usually conducted with film; the
detailed measurement procedure is described in the
PEG."" This task group recommends leakage measure-
ments should be performed for both leaf banks with film
during commissioning and annually. The maximum leaf
transmission should be <0.5%.

The direct impact of the tilting of the MLC assembly is
the non-symmetric penumbra in the direction perpendic-
ular to leaf travel (IEC Y axis). The Y2 penumbra is found
to be 0.5 mm larger than the Y1 penumbra on average*
Due to the three-edged leaf end design, field penumbra
is expected to be slightly larger than that of the fixed
cone which has a double focused design. The treatment
planning system uses the finite size pencil beam algo-
rithm (FSPB) and Monte Carlo algorithm for MLC dose
calculation. The penumbra difference in the Y direction
is ignored in the FSPB calculation and is included in
the Monte Carlo calculation. Based on the committee’s
experience so far, ignoring the penumbra difference in
the FSPB calculation does not introduce a significant
impact on dosimetry.

3.5.3 | Leaf position QA

Leaf position accuracy is a crucial component in step
and shoot delivery. Leaf position QA is done using
the vendor recommended garden fence tests,!’ devel-
oped by Bayouth et al?! This test is performed using
a manufacturer designed special phantom as shown
in Figure 7a,b. The phantom is designed to be tightly
attached under the MLC and mechanically aligned with
the radiation field. There are two Tungsten pins mechan-
ically secured to coincide with the center of the field and
with the Y axis. The buildup piece is 1.5-cm-thick solid
water, and the film to target distance is 433.5 mm. The
garden fence test delivers strips of open fields over the
maximum range of the open field size. Figure 7c shows
a five-strip test (10 mm wide strips with 15 mm gap)
aligned using the two markers with the MLC template
overlaid. The detected leaf edges were compared to
the planned leaf positions for position accuracy. The
advantages of this design are easy alignment and flex-
ibility in delivery angles. The task group recommends
that the tests be performed at head vertical position
(leaf travel horizontal) and head horizontal position
(leaf travel vertical with maximum gravity impact, X1
on top or X2 on top). The manufacturer’s recommenda-
tions should be followed for leaf accuracy: more than
90% of the tested positions agree <0.5 mm, all tested
positions agree <0.95 mm, and the average deviations
are <0.2 mm. For evaluation, the detected deviations
at 433.5 mm should be converted to their values at
800 mm distance by multiplying by 1.85.

MEDICAL PHYSICS——2

The MLC performance has been verified by mul-
tiple groups to be within the vendor’s specification.
Asmerom et al* investigated the impact of MLC posi-
tion reproducibility on the output factors of the smallest
deliverable field (7.6 mm x 7.7 mm). Ten output mea-
surements with repositioned MLC leaves agreed within
0.1%.* The gravity impact on leaf position was reported
to be 0.1 mm for the InCise 2 MLC,* and 0.2 mm for
the first version MLC.2 Long-term failure mode analysis
is not currently available for the CyberKnife MLC. Two
years of monthly QA measurements of mean position
deviations (corrected to 80 cm SAD) are presented
in Figure 8. The error bar represents one standard
deviation. Two measurements at MLC vertical position
and MLC horizontal position were performed each
month. The results are all within manufacturer recom-
mended tolerances. No significant gravity impact on
leaf positions was observed. The measurements were
conducted with EBT3 films. A typical test result is shown
in Figure 7d. The tolerance was set to +0.27 mm to
account for the 433.5 mm source to film distance.

The above film-based garden fence test is time con-
suming. For daily QA, a standard picket fence test, 10
strip fields abutting each other, is recommended for
visual examination.?223 This film based daily QA pro-
cedure is well described in the manufacturer's PEG.""

3.5.4 | DQA and patient QA
The previous TG 135' recommended non-isocentric
patient QA (DQA) for CyberKnife be done for the first
several patients for every tracking modality after com-
missioning, and quarterly afterwards. This decision was
based on the fact that all 12 fields for fixed and Iris
collimators were fully characterized and validated dur-
ing commissioning.! This justification does not apply
to plans generated using the MLC, which are simi-
lar to plans generated by MLC systems mounted on
C-arm linacs. Therefore, patient specific QA recom-
mendations for MLC-based CyberKnife delivery should
follow published reports on SBRT2527

While current recommendations require
measurement-based IMRT QA for every patient,
there are ongoing efforts questioning the need for
it. Recent data analysis on the effectiveness of QA
tests2®-3" provided evidence that traditional DQA is not
sensitive to minor planning errors, but effective in iden-
tifying rare catastrophic failures. Tools such as EPID
in-vivo dosimetry,?® which has been shown to be highly
effective in detecting errors on C-arm linacs, are not
available on the CyberKnife. A recent study also showed
that independent recalculation outperformed traditional
measurement-based IMRT QA methods in detecting
unacceptable plans3! We understand that this study
is based on C-arm linac IMRT delivery, but the result
should be applicable to CyberKnife under the condition
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(a) The MLC QA phantom is directly attached under the MLC. (b) The QA phantom with two Tungsten pins defining the center of

the field and the Y axis. (c) The dose pattern of the garden fence film with the Tungsten markers identified and MLC template overlaid. (d)

Analyzed results with tolerance of +0.27 mm at 433.5 mm SAD.

that the QA on targeting accuracy is strictly performed
on a daily basis and a 3D 2" check calculation system
with comparable accuracy is available 32

For safety reason, the CyberKnife MLC performs a
thorough accuracy test of each MLC leaf through initial-
ization every time before a plan delivery (Section 3.3).
Additionally, the CyberKnife InCise 2 MLC is equipped
with an independent camera-based monitoring sys-
tem which is capable of monitoring the MLC position
in <1 mm resolution, as stated by the vendor. The current
MLC camera is only monitoring between leaf segments
and QA methods for the device do not exist at this time.
One proposed method to reduce the patient-specific QA
measurement for CyberKnife MLC cases is to utilize
a camera-based MLC monitoring system in combina-
tion with an independent 3D dose calculation verification

system3? Monte Carlo based independent 3D dose
calculations are now available in multiple commercial
software systems. The recent published TG 218 report>3
on tolerances and methodologies for gantry based IMRT
QA provides useful information for patient QA mea-
surements, however it may not be fully applicable to
CyberKnife, which involves additional degrees of free-
dom due to its non-isocentric delivery format, and lack
of an on-board detector system such as EPID. A simi-
lar publication on CyberKnife patient-specific QA is not
currently available.

Due to the image guided delivery and the involve-
ment of numerous non-coplanar, non-isocentric small
beams, CyberKnife patient-specific QA is time con-
suming and technically challenging. Traditional meth-
ods have mostly relied on ion chambers and film3*
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FIGURE 8 Two years of monthly QA for an InCise 2 MLC using the film garden fence test (Stanford University) is shown. Mean deviations
for the two leaf banks are displayed. Two tests were performed each month, one at head vertical position and one at head horizontal position

with MLC travel vertical, either X1 on top or X2 on top.

Patient-specific QA using commercially available 2D
detector arrays have become available>>~38 2D detec-
tor arrays are convenient to use, providing nearly
instant results. Spatial resolution has been significantly
improved on most recently reported solid state detec-
tor arrays,>’~3° making them suitable for very small
targets. Angular or dose rate related corrections may
need to be considered if they are not included in the
vendor provided data analysis software 33-36-39 Although
QA time with detector arrays is significantly reduced
compared to film-based QA, it can still be very long
(15-30 min just for plan delivery) due to the robot
transit times between many delivery nodes. Perpen-
dicular field-by-field and composite delivery is less
time-consuming, however it does not reflect the char-
acteristics of a non-isocentric, non-coplanar treatment
machine.

Considering that the MLC system is still relatively
new and should be carefully vetted in diverse clini-
cal situations, this task group recommends performing
patient-specific QA until further data on plan robustness
and failure modes becomes available. Minimally we also
think monthly DQA is acceptable provided the institution
is well experienced; a good systematic routine QA is
established; and an independent secondary 3D dose
calculation is implemented as a complement verifica-
tion method.3? Dosimetric verification techniques should
include measuring two-dimensional dose distributions.
Measuring a point dose only, while providing valuable
information, is not considered sufficient to constitute
a full delivery quality assurance. TG 135 tolerances
on DQA', 2%/2 mm (>90%) for static and 3%/3 mm
(>90%) for measurements with motion tracking, should

be adhered to for MLC based patient QA to maintain a
consistent standard.

The above TG 135 tolerances provide a general guid-
ance on CyberKnife patient QA. However, we acknowl-
edge that the tolerances could be dependent on the QA
methods and treatment sites (target sizes). We agree
with TG 2183 recommendations that each institution
should analyze their QA statistic data and develop their
own tolerances based on their own QA equipment and
clinical setting.

3.6 | MLC commissioning and summary
of QA recommendations

Beam data (OCRs, TPRs, and OFs) is required to be
measured at various field sizes and depths in a water
tank system for MLC commissioning. The commission-
ing procedure and measurement setup are explained in
detail in the manuals provided by the vendor.!" Robot
targeting QA (AQA and E2E) should be performed and
baselines set up for daily, monthly, and annual QA.""!
DQA should be performed before the system is ready
for clinical use.! DQA and patient QA are discussed
in Section 3.5.4. A subset of the commissioning data
should be checked annually as recommended in the
previous TG 135." Beam QA tolerances are updated in
Section 7.3 (Table 10).

The QA recommendations for the CyberKnife MLC
are summarized in Table 4 For additional general MLC
QA information, the AAPM TG 135.B recommends refer-
ring to AAPM TG 50722 AAPM TG 14223 and AAPM
MPPG 8.a/MPPG 8.b4041
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TABLE 4 Summary of QA recommendations for the MLC collimator.

Parameter Frequency

Tolerance

Method

MLC beam CAX / Laser
coincidence

Beam QA (OCR, TPR/PDD
and OF) (Section 7.3)

MLC position quantitative test

Quarterly/Commissioning /
Path Calibration

Commissioning /Annual

Commissioning/Recalibration/

Monthly
MLC position visual Daily
examination
MLC leakage Commissioning/Annual
End to End targeting Commissioning/Annual/
Monthly
AQA targeting Daily

DQA/Patient-specific QA Commissioning/Preferred:
Per plan Acceptable:

monthly

Preferred: <0.5 mm
Acceptable: <1.0 mm

Consistent with commissioning
(Table 10)

>90% deviations <0.5 mm, mean
deviation <0.2 mm, all <0.95 mm

NA

Max transmission <0.5%

Static E2E: <0.95 mm Synchrony
E2E: <0.95 mm
preferred, <1.5 mm acceptable

<0.95 mm

2% /2 mm (>90%) for static and
3% /3 mm (>90%) for motion

Film, water tank

Water tank

Garden fence test with film

Picket fence with film

Film

Film

Film

To be decided by user
based on availability

tracking

4 | MOTION TRACKING QA

41 | Introduction
For treatment of moving targets, CyberKnife uses the
Synchrony motion tracking system that tracks the tumor
actively. A major component of the Synchrony system
is a flashpoint camera mounted on an adjustable arm
attached to the ceiling near the foot end of the patient
couch. This camera monitors three tracking marker
LEDs attached to the patient chest for external skin
motion and an algorithm correlates the external skin
movement to the internal tumor positions detected by
the orthogonal kV x-ray imagers. A correlation model
is first established between the external skin move-
ment and internal tumor positions at eight breathing
phases before treatment and is used to predict the tumor
position during the treatment (Figure 9a,b). The basic
technical concepts of Synchrony tracking have been
described in several publications*>5

While the basic Synchrony concepts remain the
same, substantial changes were introduced to Syn-
chrony motion management since the publication of the
previous TG 135 report.! The newer version extended
Synchrony treatment to Xsight Spine tracking (only
Fiducial and Xsight Lung tracking were available in
earlier versions) with the patient in the prone position
(Xsight Spine prone). Xsight Spine prone mode was
designed to allow posterior beams for spine treatment,
however the benefit was reported to be insignificant
if an extra margin is required to compensate for tar-
get motion*® The newer versions also introduced Lung
Optimized Treatment (LOT) allowing 1-view or 0-view
fiducial-less tracking for lung treatment (Section 5). In
addition, various improvements in model generation
and visualization were implemented. For brevity of this

report, this section focuses on aspects of the Synchrony
model-based real-time tracking which has direct impact
on QA or clinical code of practice.

4.2 | Placement of the optical markers
The skin motion is monitored by the Synchrony camera
at a frequency of 30 Hz through three tracking marker
LEDs attached to the patient's chest. For better sig-
nal to noise ratio on skin traces, the LED skin markers
should be placed near the position of maximum body
motion due to respiration, which should be identified dur-
ing patient treatment setup. However, for Xsight Spine
prone patients, the tracking markers are recommended
to be placed as close as possible near the target loca-
tion while maintaining an acceptable signal to noise
ratio. Since the skin near the target location should bet-
ter correlate with the target, this placement potentially
minimizes errors introduced by an imperfect correlation
model. The position of the Synchrony camera should be
directly in line with the LED tracking markers.

4.3 | Generating and updating the
correlation model

A correlation model maps the tumor position (X, Y,
Z) in the patient coordinate system (detected by the
in-room x-ray system) with the markers’ movement
R. The maximum movement direction in the camera
coordinates (Xc, Yc, Zc) is used as R (Figure 9a). Since
the chest movement is mostly in the anterior-posterior
direction, the Yc signal will likely be chosen as R. During
Synchrony tracking, the CyberKnife system uses the
correlation model to predict the tumor position (X, Y,
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FIGURE 9 Anillustration of Synchrony treatment: (a) the skin movement R detected by the Synchrony camera in camera coordinates is
used to predict the tumor position (X, Y, Z) in the patient. (b) A correlation model (linear model displayed) is established between the tumor

location (X, Y, Z) and marker movement R.

Z) 115 ms in the future for robot correction. One hun-
dred fifteen millisecond is the systematic time delay
in relaying the present tumor position and adjusting
the robot coordinates to dynamically deliver the dose.
Three model types, linear, curved and dual poly, are
available’" and the model type that fits the best for
treatment (minimize standard deviation on 15 fitting
points) is automatically employed by the system. With
the correlation model, the system is able to continuously
track the tumor, while delivering the dose with 100% duty
cycle.

Model generation, with the automated modeling
option and fast imaging (burst imaging mode), is signifi-
cantly improved from previous versions of the software.
During model generation, one point is added to the syn-
chrony correlation model each time a live x-ray image
is acquired. To obtain an accurate model, the model
points should be distributed evenly and cover the whole
range of respiratory motion. The synchrony system cat-
egorizes the correlation model as optimal if at least
seven of the eight phases (the whole breathing cycle

is split into eight phases) of the respiratory cycle are
included in the model, including points for full inspiration
(“peak”) and full expiration (“valley”)."" The Synchrony
system actively controls the timing of image acquisitions
to cover all phases of the breathing cycle.

While a valid synchrony model could be built with a
minimum of three model points in earlier versions or
four (peak, valley, in-/expiration midpoints) model points
in the newer version, additional model points are recom-
mended for better model accuracy. During treatment, up
to 15 model points are stored and are updated using the
“First-in First-out approach.*’ Any unexpected move-
ment (with default tolerance of 5 mm) of the Synchrony
camera, LEDs, and/or the patient will invalidate the Syn-
chrony model and require a model re-generation before
resuming the treatment.

In the newer software version, a “burst mode”is imple-
mented which allows for rapid acquisitions of multiple
images at 1 s intervals. During model generation, a burst
is employed to quickly fill the model with 15 points. Dur-
ing delivery, the model is updated in bursts of three
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images (replacing the three oldest model points) instead
of one image at a time. While this feature speeds up
treatment and enables faster model generation and
updates, imaging intervals during treatment automation
must be extended to avoid excessive x-ray exposure. At
each burst, the user is required to visually verify lock-on
results of three image pairs at a time, which can be chal-
lenging for LOT (discussed in Section 5). For cases with
inconsistent lock-on, the burst mode should be disabled.

4.4 | Rotational correction

The robotic delivery is capable of 6D corrections (three
translational and three rotational). However, in some
cases, it is not possible to correct for target rotations.
This happens for LOT tracking and when insufficient
fiducials are identified at the delivery console. In addi-
tion, when fiducials are used for tracking, the rotation
detected from the fiducials may be significantly different
from the rotation based on the patient’'s bony anatomy
due to the tumor rotation within a respiratory cycle
or tumor deformation. In that situation, assessment
through visual examination or kV imaging on spine
alignment is recommended and rotational corrections
may be turned off.

If rotations cannot be determined with the treatment
plan or be turned off at the linac (in situations discussed
above), patient rotation should be determined using a
spine setup plan under the clinical judgment that the
PTV margin supports the additional uncertainty of the
rotational accuracy. It therefore may be prudent to gen-
erate a spine setup plan (with a low prescribed dose for
safety) for all fiducial based treatments.

4.5 | Correlation error

The correlation error is defined as the difference
between the actual target position obtained by acquir-
ing the live x-ray images and the position determined by
the Synchrony model at that model point. The correla-
tion errors are good indicators of the model accuracy
and are displayed live during treatment (Figure 9b). The
quantitative value of the error at each model point and
the root mean square average over all the tracking mark-
ers of the Synchrony model are also available to the
user. An excess of 5 mm in correlation error interrupts
the treatment and enables the user to update or recre-
ate the model. In clinical practice, it is recommended
that the user closely monitor the correlation errors dur-
ing the treatment and keep them as low as reasonably
achievable. Based on previous publications, maintaining
an average correlation model error of <3 mmiis clinically
achievable*®

4.6 | Uncertainty in synchrony delivery
The correlation error is the major source of error, but
not the only one in Synchrony tracking. The overall
Synchrony delivery accuracy depends on: (1) having
an accurate model for the distribution of the target and
marker positions, (2) accurately predicting future posi-
tions (~115 ms in the future), and (3) accurate system
targeting (<1 mm). However, system targeting accu-
racy is usually not a significant source of uncertainty.
Reported previously, the mechanical robot targeting
inaccuracy is 0.1 mm and the maximum position uncer-
tainty is 0.3 mm for fiducial tracking.*® The correlation
modeling and predicting accuracy have been studied by
multiple investigators*8:50:5" Hoogeman et al*8 studied
44 lung patients with a total of 158 fractions treated.
Their study showed that the residual error with Syn-
chrony real-time respiration tracking was small (mean
correlation errors are <0.3 mm). For a range of respira-
tory motion amplitudes up to 2 cm the intrafraction error
(standard deviation of the correlation errors) was less
than 2.5 mm.*® They found that larger correlation errors
were highly correlated with larger tumor motion. Pepin
et al®! quantified the overall prediction uncertainties in
the synchrony respiratory tracking system and found
that margins of 1.2 mm in the lateral direction, 1.7 mm
in the anterior-posterior direction, and 3.5 mm for the
superior-inferior direction would provide 95% model
point coverage for 95% of the population®' Simula-
tion study and phantom measurement®?:52:53 showed
that irregular breathing and hysteresis (phase shift)
degraded the tracking accuracy. More frequent imaging
and model updating was recommended for patients
with irregular breathing, and dual poly modeling was
found to be helpful in reducing correlation errors when
hysteresis existed.>®

The above uncertainty did not include the impact
of tumor deformation and possible fiducial migration.
Based on a retrospective treatment planning study on a
small set of patients, Lu et al.>* reported that if tracking
is perfect, a 3 mm margin is needed to compensate for
organ deformation to ensure 95% isodose coverage.®
For soft tumor tracking with fiducials, the tracking accu-
racy also relies on proper fiducial positioning.°® Fiducial
placement principles and guidelines*’ should be fol-
lowed, and education provided to the interventional med-
ical staff who perform fiducial implant procedures.?6:57
Fiducials may migrate prior to or after CT simulation.>®
If the fiducials migrate after CT simulation, there is a
risk of a large treatment delivery inaccuracy or tracking
may not be possible at all. Therefore, it is recom-
mended to perform simulations for soft-tissue targets
where fiducials are used for tracking 1 week after fiducial
placement to allow fibrosing tissue to fix the fiducials in
place’
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(d)

Manufacturer provided Synchrony motion platform (a) and the motion phantom (b) for QA with fiducial tracking. A commercial

lung phantom (c) with a rod attached to an actuator is used for Synchrony QA with Xsight Lung tracking. The rod holds the cube with a hidden

target and orthogonal radiochromic films (d).

Overall, Synchrony tracking accuracy is patient spe-
cific. A patient pre-planning study on breathing pattern,
tumor motion, or a dry run of the correlation modeling
may be helpful to make a decision on tumor margin.>°
Common reported margins ranged from 3 to 5 mm 2961
An appropriate margin should be employed to expand
the clinical target volume (CTV) to planning target vol-
ume (PTV) to compensate for all possible uncertainties.
The amount of margin should be determined by the
physicists and the physicians based on their institutional
practice.

4.7 | Synchrony QA

4.7.1 | Synchrony E2E test

While other commercial phantoms and motion plat-
forms are also available, the manufacturer provides a
Synchrony QA tool, which consists of a 12 cm diam-
eter dome phantom that fits over the ball cube with
embedded fiducials for tracking (Figure 10b)."" This
phantom assembly is placed on the motion platform
(Figure 10a) that simulates the breathing cycle with
motion in the superior inferior direction. An anthropo-
morphic phantom, known as the Xsight Lung (XLT)

phantom (Figure 10c,d), manufactured by CIRS (Com-
puterized Imaging Reference Systems, Inc.) is available
for the QA of Synchrony with Xsight Lung tracking. This
phantom is equipped with a radiographically equivalent
lung, chest wall, spine, and ribs. A rod inserted into the
lung can be moved in the S/I direction by an actuator
to simulate respiratory motion. Inside the rod is a film
cube with a hidden target accommodating an axial
and a sagittal radiochromic film. The manufacturer’s
PEG"" provides an in-depth procedure of correct
setup, delivery, and analysis of the synchrony E2E
tests.

Based on the collective experience of the TG mem-
bers’ expert consensus, the Synchrony E2E tests should
be performed quarterly to ensure that the system is
functional, and the tracking accuracy is within toler-
ance. The manufacturer's recommended tolerance for
Synchrony E2E (in PEG)'" was changed from 1.5 to
0.95 mm for the delivery software above V9.6. However,
no supporting publication is available for this change.
Due to the various software versions still being used
clinically and that customized breathing patterns may be
used in measurement, we recommend the Synchrony
E2E tolerance of <0.95 mm preferred and <1.5 mm
acceptable (<1.5 mm is recommended in the original
TG 135).
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TABLE 5 Summary of QA recommendations for synchrony.
Parameter Frequency Tolerance Method
E2E Quarterly or before Preferred: <0.95 mm Film in Phantom
clinical use Acceptable: <1.5 mm
4.8 | Summary recommendations for allows, it is preferred to extract the expiration CT and the

synchrony QC and QA

1. To create an accurate synchrony model, the LED
markers should be placed near the position of maxi-
mum respiratory skin motion. For prone patients, the
markers should be placed as close to the target
position as the camera signal to noise ratio allows.

2. For cases with inconsistent target lock-on, burst
mode should be disabled.

3. For better accuracy, an optimal synchrony model
(at least eight model points) should be built before
treatment starts.

4. If rotations cannot be determined (or are turned
off) with the treatment plan at the linac, patient
rotation should be determined using a spine setup
plan according to the clinical judgment that the PTV
margin supports the additional uncertainty of the
rotational accuracy.

5. The average correlation error should be kept <3 mm
if possible. Delivery uncertainty should be considered
in the margin of PTV.

6. The Synchrony E2E test should be performed quar-
terly. At minimum, tolerance should be kept <1.5 mm.

A summary of recommendations for Synchrony QA is
presented in Table 5.

5 | LUNG OPTIMIZED TREATMENT

5.1 | Introduction

Traditionally, CyberKnife treatment of lung tumors
required the invasive placement of surrogate markers
(fiducials) for tracking. Lung Optimized Treatment (LOT)
is a suite of tracking solutions (called 2-view, 1-view,
and 0-view tracking) for fiducial-free lung treatment that
tracks the tumor directly if visible on x-rays, or indirectly
using the spine if the tumor is not visible.

5.2 | Simulation CT and LOT simulation

High-resolution planning CTs (1.5-mm slice thickness
or smaller is recommended) are usually acquired with
patient breath hold in the supine position. LOT allows
the generation of a simulation treatment plan based
on a pair of normal expiration-hold CT and normal
inspiration-hold CT images. However, if the image quality

inspiration CT from the 4D CT to generate the internal
target volume (ITV), which is defined as the composite
target volume expanded to include the internal tumor
movement. When breath-hold CTs are to be used, it is
critical to instruct the patient not to intentionally exagger-
ate breath-hold during the simulation to minimize both
over-estimation and under-estimation of the ITV. A sim-
ulation plan is made available at the delivery workstation
to check the visibility of the tumor on x-rays and to deter-
mine which tracking mode is optimal for the patient. If
the 0-view or 1-view tracking mode has been identified,
the pair of CT images and the delineated clinical target
volumes (CTVs) are used to automatically generate the
full ITV (for 0-view tracking) or the partial ITV (for 1-view
tracking) in the treatment planning system. For 2-view
tracking, the CTV delineated in the chosen CT (typical
expiration phase/hold CT) instead of an ITV will be used
for planning purposes.

5.3 | 2-view tracking

2-view tracking, also known as Xsight Lung tracking, is
used when the tumor density difference from the sur-
rounding lung tissue allows it to be identifiable in both
orthogonal x-ray views. The manufacturer recommends
2-view tracking for treatment of solid tumors 1.5 cm in
diameter or larger. The thickness of the chest wall may
reduce tumor visibility. The tumor should not be signifi-
cantly blocked by major normal structures such as the
heart, vertebral bodies, and the diaphragm throughout
all phases of respiration. Figure 11a,b shows a sample
case.

5.4 | 1-view tracking

1-view tracking is used to track tumors that are visible
in only one of the two orthogonal x-ray images. An
example is shown in Figure 11c,d. The 2D information
in the imaging plane (i.e., the plane orthogonal to the
x-ray source-detector axis) can be extracted. Because
the stereoscopic x-ray imaging system shares the supe-
rior/inferior (S/l) axis between the two imagers, the S/I
component of the tumor motion can always be tracked
with a single imager, which is the principal component
of motion for most lung tumors®? The 1D information
parallel to the x-ray source-detector axis cannot be iden-
tified with a single imager. This is compensated for with a
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(d)

FIGURE 11 A lung tumor planned with Monte Carlo and 2-view tracking (a), and the tumor as identified in the x-ray images by the 2-view
tracking LOT (b). A lung tumor planned with Monte Carlo and 1-view tracking (c), and the tumor as identified in one of the x-ray images and
tracked with 1-view LOT (d).

Motion Tracking Plane V

X This motion is tracked.

This motion is not tracked. An
/ ITV is used to compensate.

o
ITV

FIGURE 12 lllustration of the 1-view tracking concept. As the tumor moves through its motion trajectory (solid blue lines), the motion can
be tracked from one camera view but not the other. The software generates an pITV for the untracked motion components (blue shaded areas).

partial ITV (pITV). The pITV is not a simple combination 5.5 | 0-view tracking

of inhale CTV and exhale CTV;rather itis an ITV deter-

mined using only the component of target motioninthe  0-view tracking uses nearby spinal skeletal structures as
untracked direction. Figure 12 illustrates the concept. landmarks to treat the lung tumor. During the treatment,
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rotational and translational corrections are applied to
compensate for gross patient motion. The tumor motion
itself is accounted for by a full ITV. The dosimetric
consequences of treating an ITV for a target moving
with respiration have been extensively discussed in the
literature, for example, AAPM TG 76°° and references
therein. Multiple cone beam CT-based studies have
found larger treatment uncertainties when the bony
anatomy is used as a landmark for alignment5* In addi-
tion, when the tracking center is far away from the tumor,
extra uncertainty is introduced due to residual angular
errors 5°

This task group does not encourage 0-view track-
ing treatment unless other options are not available. If
used, we recommend the 0-view tracking only apply
to targets with less than 1 cm respiratory motion and
located less than 5 cm away from the edge of the spinal
column. An appropriate margin should be used to com-
pensate for tumor motion, estimated anatomy difference
between simulation and treatment time, and additional
uncertainties from angular tracking errors 5°:66

5.6 | Tracking QA

As with other treatment modes, visual examination is
essential in LOT delivery. The target outlined for tracking
during the planning should be locking on the tumor in
the live images. When high density objects such as
bony anatomy or organs obscure the tumor in 1-view
and 2-view tracking, it can be challenging for clinicians
or therapists to visually check the tracking accuracy.
Consequently, a quality control (QC) procedure is rec-
ommended to assist the operator in verifying tracking
at every treatment. While implementation may vary
between institutions, a general QC procedure is given
below:

1. Appropriate education should be given to the patient
not to exaggerate breathing during simulation and
treatment.

2. Estimate the tumor respiratory excursion during sim-
ulation and treatment planning: The tumor respiratory
shift should be determined from breath hold CTs or
the 4D CT.

3. Validate the tumor expiratory position in treatment:
After the patient spinal alignment, the couch shifts
to the tumor region and x-ray images are acquired
during expiration to allow the system to identify and
“lock on” the tumor in the x-ray images. A minimal dif-
ference between the tumor location after the couch
shift and where imaging locates the tumor validates
that the tracking is consistent with what was planned
on the primary planning (expiration) CT. A pass/fail
number on this difference is beyond the scope of this
report as an acceptable value would depend on the
PTV margin, the surrounding structures and distance

of the couch shift. It is therefore left for the user to
evaluate the clinical situation and determine what is
an acceptable value. It should be noted that the larger
the shift between the spinal alignment and lung tar-
get, the larger the possible error that may occur due
to small errors in the determination of the rotations
from the spine tracking.

4. Validate the tumor excursion during treatment: Esti-
mate the live tumor excursion from the images taken
at peak (inspiration) and valley (expiration) or from
the Synchrony respiratory model. The consistency
between live tumor excursion and the estimated
excursion during simulation and treatment planning
validates the patient breathing reproducibility. We
defer to each institute to develop their own threshold
as the threshold (excursion inconsistency tolerance)
is patient specific. It is not only proportional to the
excursion of the tumor due to respiratory motion,
but also could be affected by the change of the
patient’s breathing pattern and needs onsite clinical
judgment.

Due to the complicated concepts of multiple track-
ing options, it is advised that the physicist be actively
involved in all steps of the LOT procedures, including:
patient evaluation, simulation, planning, and treatment
supervision. The physicist should educate the clinical
team (physician, dosimetrist, and therapist) on the con-
cept of LOT and how to implement the QC procedure
appropriately.

5.7 | QA for LOT
Physicists may use the anthropomorphic XLT phantom
(Figure 10c) for 2-view, 1-view, and 0-view tracking QA
by performing a phantom treatment with one of these
tracking modes selected. Considering the frequency of
E2E testing on Synchrony tracking and spine tracking
and the fact that 2-view and 1-view shares a similar
tracking algorithm, the 2-view E2E tests should be
performed quarterly. The 1-view and 0-view E2E should
be tested prior to clinical usage and annually thereafter.
This task group recommends setting the pass crite-
ria for the 2-view tracking E2E test to be <0.95 mm
preferred, <1.5 mm acceptable.

A summary of recommendations for LOT QA is
presented in Table 6.

6 | MONTE CARLO DOSE
CALCULATION ALGORITHM
6.1 | Introduction

The first dose calculation available for CyberKnife plans
was based on a “Ray-Tracing” algorithm, which simply
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TABLE 6 Summary of QA recommendations for LOT.

LOT tracking Frequency Tolerance Method

2-view E2E Quarterly Preferred: <0.95 mm Film in Phantom
Acceptable: <1.5 mm

1-view E2E Prior to clinical usage and annually thereafter Functional Film in Phantom

0-view E2E Prior to clinical usage and annually thereafter Functional Film in Phantom

employs an equivalent path length correction to account
for tissue heterogeneity. While Ray-Tracing algorithms
provide adequate dose calculation accuracy in water-
equivalent tissue, they fail significantly in the presence
of tissue heterogeneities and in low density tissue where
particle disequilibrium may occur.

To improve accuracy of dose calculation, partic-
ularly in lung, Accuray Inc., with external academic
collaborators %758 developed a Monte Carlo (MC) algo-
rithm which became available for fixed and Iris collima-
tors in 2009,5°-7" and for MLC in 2017."" The accuracy
of the MC dose calculation algorithm has been validated
by different groups with measurements performed in
heterogeneous slab phantoms’?~’# and comparison to
independent MC dose calculations.”® The use of an
accurate dose calculation algorithm is essential in order
to properly prescribe a therapeutic dose of radiation
and to predict clinical outcomes.’® It is therefore recom-
mended that MC calculations be used for treatments of
targets within or adjacent to heterogenous tissue, includ-
ing air/tissue and bone tissue interfaces.”” For NRG
Oncology clinical trials (https://www.nrgoncology.org/),
MC is the only approved CyberKnife treatment planning
algorithm for the calculation of dose within a medium
with heterogeneities. IROC (Imaging and Radiation
Oncology Core) maintains a list of approved algorithms
for lung treatments for all NCI sponsored clinical trials
(https://irochouston.mdanderson.org/). A summary of
relevant literature highlighting the need to use MC
dose calculation in specific anatomical sites is reported
below:

1. Lung and intrathoracic lesions: the Ray-Tracing algo-
rithm considerably overestimates the dose delivered
to the target with differences up to 33%,”® and should
not be used in these scenarios.’9%2

2. Lesions in soft tissue and bone located in the pelvis
and spine: dose calculation differences between
Ray-Tracing and MC are small (within 3%) and
either algorithm would produce adequate treatment
plans.”®

3. Lesions located next to large air-cavities (sinuses and
nasal cavity) and spinal lesions in the thorax: Ray-
Tracing might overestimate the dose to the target and
MC is the preferred choice 283

4. Intracranial tumors adjacent to the skull: Ray-Tracing
overestimated the target coverage with differences
up to 23.5%, and MC is the preferred choice 3-8

In conclusion, the task group strongly recommends
that MC calculations be used for lesions in the tho-
rax (lung and thoracic spine), near air/tissue interfaces
(nasal cavity), and intracranial lesions near the skull.

6.2 | Description of the MC treatment
planning algorithm

To make MC practical for routine clinical dose cal-
culation, a fast superposition MC algorithm has been
implemented for CyberKnife.8>8% A detailed description
of the MC algorithm is reported in Chapter 5 (15-55)
of the PEG.!" In the following, we focus on the relevant
measurements needed for each model and on clinical
implications.

6.2.1 | Source model

The Monte Carlo source model is used to generate the
required initial properties (position, direction, energy)
of a photon incident on the patient. The source model
randomly generates photons with modeled probability
distribution, with each collimator having its own inde-
pendent source model. All the models contain three
independent components: energy spectrum, target
distribution, and fluence distribution. For Iris and fixed
cone, the origin (or target) and direction distributions are
radially symmetric, and the energy distribution is spa-
tially invariant. The algorithm derives the source energy
distribution from the measured beam data of Per-
centage Depth Dose (PDD) for the largest collimator
diameter of 60 mm, and the fluence distribution from
one open profile (fixed collimator housing attached,
and secondary collimator removed) in water (at a
typical SAD = 80 cm or SSD = 80 cm and depth
of 25 mm). The target distribution is derived from
relative in-air output factors (OF) (all collimators) or
calculated using a Gaussian distribution with a FWHM
defined by the physicist. The collimation effect is
included during photon sampling. Collimator sizes
are not editable by the user. To account for collima-
tor specific variations, correction factors (Collimator
Correction Factors and Energy Correction Factors,
which are user defined during commissioning) are
introduced by the algorithm as a fine tune to the photon
sampling.
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For the MLC, the direction distributions are not
radially symmetric. The MLC fluence distribution is cal-
culated from the open field profiles (two orthogonal
and two diagonal profiles) measured without any col-
limator housing attached (at a typical SAD = 80 cm
or SSD = 80 cm and depth of 20 mm). The target
distribution can only be calculated using a Gaussian
distribution with a FWHM defined by the physicist. Dif-
ferent from the circular cones, the energy distribution
for the MLC source model is hand-picked from a set
of 11 available spectra ranging from 6.0 to 7.0 MeV.
There are two sets of 11 spectra that can be tog-
gled by selecting or unselecting the beam hardening
option in the commissioning workspace. The beam
hardening option should be selected to be “on” for
machines with a Pb filter. M6 machines produced before
April of 2017 were installed with a lead filter while
the later models have the filter removed. The physi-
cist should check with their field engineer about the
filter status in order to select the right set of spectra to
use.

For MLC collimation, photons are first sampled uni-
formly in the open field with the MLC removed, and then
their weights (or probability) are modified by the flu-
ence distribution and the MLC leaf attenuation before
transporting to the patient model. The photons are
attenuated by the MLC based on the location of inter-
action with the MLC (full leaf, leaf end, leaf end edge,
leaf side edge, or not attenuated). The effect of the
MLC tilt in the Y-direction is included in this calcula-
tion. The leaf transmission factors are pre-calculated
and it is recommended not to change them during
commissioning.

6.2.2 | Patient model

The patient model provides the physical material infor-
mation needed for the MC transport calculations at each
position within the patient, together with an external
patient contour. This model is generated from the simu-
lation CT scan, and a density model conversion table is
used to convert HU numbers to mass density (1.0 g/cm?
is water density). Note that this is different than the Ray
Tracing algorithm which uses electron density. The mass
density of each calculation voxel is calculated from the
average CT number within the voxel. Furthermore, each
voxel is assigned a material type: air, soft tissue, or bone
according to the mass density in the voxel and ranges
embedded in the software which cannot be edited by
the user. The material type is used to define a pho-
ton Mean Free Path (MFP) at a reference density, as
a function of photon energy. In the Precision system,
the electron density model used for Ray-Tracing has
a cut-off at =801 HU, that is, voxels corresponding to
HU numbers lower than or equal to —801 are assigned
an electron density equal to zero. However, there is no

cut-off value for the mass density table. Voxels cor-
responding to HU numbers lower than —801 should
be assigned linearly decreasing mass density down to
0.001 g/cm?® (corresponding to —1000 HU). The maxi-
mum HU allowed in the table is 31 743, the maximum
relative electron density value is 10 and the maximum
mass density value is 22.6 g/cm?. A detailed description
of the CT density model is reported in Chapter 2 of the
PEG."

If possible, beams entering through metallic implants
are to be avoided so that the dose calculated in the
neighborhood of the target is unaffected by the implant.

6.2.3 | Beam transport and dose
calculation

For the purpose of the electron transport calculations,
the algorithm considers various materials as being
equivalent to variable mass density water. Therefore,
this algorithm calculates absorbed dose to variable-
density water, which for all biological tissues, including
lung and bone, is essentially equivalent to the con-
ventional MC absorbed dose to medium as described
in AAPM TG 1057 However, in high atomic num-
ber materials such as metallic implants, the difference
between the absorbed dose to variable density water
and the absorbed dose to medium calculations will be
greater.

MC calculations are stochastic which means the end-
result comes with a level of uncertainty at each voxel.
The uncertainty is reduced by simulating more photon
histories per voxel; however, this is associated with
longer calculation time. The user can select the desired
uncertainty at the maximum dose point to be achieved.
The dose calculation uncertainty therefore increases as
isodose line levels decrease, reaching 10% uncertainty
or higher at the lowest isodose levels. This occurs
because the number of interactions in low dose regions
is lower than where the 1% uncertainty is defined.
By default, the MC dose calculation treatment plan is
normalized to the maximum voxel dose in the smoothed
dose distribution, and the dose is calculated on the
whole CT volume. The resolution of the dose calculation
grid can be set to low, medium, or high. At low and
medium dose grid resolution, the CT image matrix size
is downscaled resulting in a faster calculation time. At
high dose grid resolution, the dose is calculated in each
of the CT voxels up to 512 x 512 x S, where 512 x 512
is the CT image matrix, and S is the number of CT
slices.

Typically, the final Monte Carlo simulation results
are obtained with the high-resolution setting and 1%
relative standard error of the mean at the maximum
dose point. Calculations at lower resolution might not
accurately represent the final high-resolution calcula-
tions, especially near interfaces.
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6.3 | MC commissioning

6.3.1 | Commissioning procedure

During commissioning, the model refinement is through
an iterative adjustment of the model parameters, by
comparing calculated and measured TPR and OCR
for all field sizes and depths. Due to simplification in
the collimator geometry and in the dose calculated
per incident history, the MC model implemented in the
treatment planning system does not predict OF directly.
Instead, based on the measured OF the model gen-
erates an absolute dose normalization constant, to
convert the deposited energy to the absolute dose.
Therefore, it is essential to perform accurate measure-
ments of the OF, which is particularly challenging for
small fields. For guidance on small field dose measure-
ment and corrections, this task group recommends the
recently published IAEA report 483° (Dosimetry of smalll
static fields used in external beam radiotherapy) and
TG 155.10 As the last step of MC commissioning, the
user reviews the agreement between measured and
calculated OFs and approves the MC model.

6.3.2 | Model and data agreement

During commissioning, it is recommended to set the
calculation uncertainty to 0.5% for TPR and OCR,
and to 0.2% for OF to reduce statistical uncertainties
(PEG—Monte Carlo Commissioning Workflow)."" The
task group recommends that the agreement between
measured and calculated TPR should be within 1% for
all field sizes at depths of >15 mm. The agreement
between measured and calculated OCR should be <2%
in the field,and 1 mm in FWHM field size. The OF should
agree with measured values within 0.5%.

While the above recommendations are achievable
for most of the clinically relevant field sizes and
depths, deviations larger than 2% have been observed
on the shoulder and the tail regions for large field
size OCRs (60 mm circular fields and larger than
60 mm MLC fields), with the discrepancy increasing
with depth (=200 mm)."" These deviations are believed
to be caused by the simplification of the MC source
model (single source model) and the measurement
uncertainties.

6.3.3 | Model verification

For the MC algorithm, measurements need to be per-
formed to validate the accuracy of the model on both
homogeneous and heterogeneous phantoms. Single
beam QA can be done on a slab phantom contain-
ing bone and lung equivalent materials similar to the
one shown in Wilcox and Daskalov.”® The phantom is

MEDICAL PHYSICS——2

scanned, CT data transferred into the treatment plan-
ning system and a plan is calculated using a single
beam. The phantom is then irradiated and the measured
PDD and dose profiles are compared. The agreement
between the MC calculated dose distributions and mea-
sured dose should be better than 2% on average for the
entire range of collimator sizes.

6.4 |
sites

Delivery QA for diverse treatment

Recent reports on safety and QA for Stereotactic Radio-
surgery (SRS) and Stereotactic Body Radiation Therapy
(SBRT) strongly recommend a DQA process®>2¢ simi-
lar to IMRT patient specific dose QA on C-arm linacs. At
commissioning, it is recommended to perform an inde-
pendent validation of the MC dose calculation accuracy
by performing an end-to-end test through an indepen-
dent review, such as the Anthropomorphic Phantoms
from MD Anderson Phantom Laboratory. After MC com-
missioning, DQA tests for thoracic patients should be
performed on a lung phantom using the MC calcu-
lation. The QA phantom used for DQA needs to be
constructed such that ion chambers for point measure-
ments and film (or other planar detectors capable of
high resolution 2D dosimetry) for planar dose mea-
surements can be inserted. Planar film can be inserted
into the BallCube phantom that is designed for the
CyberKnife or one of several phantom models avail-
able commercially. The DQA test using MC calculations
on a lung phantom should be performed at commis-
sioning (see Table 7). After commissioning, annual QA
on the MC as part of the treatment planning system
should follow AAPM TG 53° and MPPG 5.a/5.b " as
applicable.

6.5 | Independent MU checks for MC

An independent dose calculation algorithm is often used
to check the dose calculated at a reference point in a
plan®” The independent dose calculation algorithm is
usually fairly simple and based on a Clarkson integration
in water-equivalent media. Therefore, the differences
to MC calculations can be quite large, particularly if
the area of calculation contains large distances as
well as scatter volumes in non-unity density materials.
The differences between typical Clarkson-based (and
similar) independent calculations and the Ray-Tracing
algorithm (for cones) or FSPB (for MLC) will be small
because Ray-Tracing/FSPB also does not consider
the scatter component of the dose and is therefore
more similar to the independent calculation algorithm.
To use an independent MU check algorithm based on
Clarkson integration, the user has to recalculate the
plan with Ray-Tracing/FSPB before exporting the beam
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TABLE 7 Summary of QA recommendations for MC.
Frequency Parameter Tolerance Method
Commissioning TPR <1% MC calculation vs. measured dose
OCR <2% in field MC calculation vs. measured dose
<1 mm FWHM width
OF <0.5% MC calculation vs. measured dose
Single beam PDD and profile <2% Film and ion chamber in heterogeneous
slab phantoms
DQA <5% (MPPG 5a or IROC Phantoms from MD Anderson Phantom
recommendation) Laboratory or similar phantom
Annual Annual QA as part of the treatment planning system. Follow AAPM TG 53% and MPPG 5.a/5.b”: as applicable.
TABLE 8 Daily QA summary.
Report/Section Item Tolerance
TG 135/11.LA.2 Safety Interlocks (Door, Console EMO, Key) Functional
CCTV cameras and monitors Functional
Audio monitor Functional
Collimator assembly collision detector Functional
TG 135/11.B.1 Accelerator warm-up: 6000 MU for open chambers, N/A
3000 MU for sealed chambers
Accelerator output >2% adjust calibration
Detection of incorrect and missing secondary (fixed) Functional
collimator
TG 135/111.B.2 Visual check of beam laser and a standard floor mark <1 mm
TG 135.B/3.5.3 MLC Leaf position test (Picket fence test) Visual examination
TG 135/111.C.1 AQA test (alternate through existing collimator <0.95 mm from baseline

TG 135.B/2.6, 3.6 systems.)

list. However, the above strategy only checks system
consistency, such as beam data change and system
corruption. It is not a complete independent MU check
on the Monte Carlo calculation algorithm. For a com-
plete independent MU check, a calculation algorithm
with similar calculation accuracy in handling tissue het-
erogeneities is recommended. Recently,an independent
3D dose calculation that uses a Monte Carlo algorithm
and displays 3D gamma and DVH analyses on patient
CT data has been developed®? and commercial soft-
ware has become available (Section 3.5.4). Agreement
on the independent check is expected to be better than
5% for beams directly contributing to dose deposition at
the calculation point (i.e., with off axis position smaller
than the beam radius), and better than 3% on total dose
at the calculation point.88

6.6 |
QA

Summary recommendations for MC

A summary of recommendations for MC QA is pre-
sented in Table 7.

7 | SUMMARY AND QA CHECKLISTS

Technological changes in robotic radiosurgery com-
bined with maturing clinical experience and a greater
record of peer-reviewed publications evaluating the
technology has required an update to clinical physics
QA practice. To facilitate practice change, the authors
of this task group have combined the QA recommen-
dations from the original AAPM TG 135" with new
recommendations from this task group in the tables
below. As the technology develops further, we recom-
mend clinical physicists review the recommendations
regularly based on current literature to update and adapt
these QA tests to state-of-the art clinical practice. All
the commissioning and ongoing QA program should be
overseen by a qualified medical physicist. Information on
qualifications and responsibilities of medical physicists
can be found in MPPG 9.a2’

7.1 | Daily QA

Daily QA is summarized in Table 8. Basic daily QA on
safety, laser, machine warmup, and output check remain
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TABLE 9 Monthly QA summary.
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Report/Section Item Tolerance
TG 135/ 11.A.2 Safety Interlocks Functional
TG 135/ 11.B.2 Energy constancy <2%
TG 135.B/7.2 Beam symmetry <3% (largest field size)
Beam profile constancy: <2%
Output <2%
TG 135/ 11.C.1 Imager Alignment 1 mm or center pixel + 2 pixels
TG 135/ 11.C.3 Contrast, noise, and spatial resolution of amorphous To be decided by user based on
silicon detector available literature
Homogeneity/bad pixel map
TG 135/ 11.D Custom CT model: CT QA (spatial accuracy, electron See AAPM TG 6659
density)
TG 135/ 111.B.1 Verify relative location of beam laser vs. CAX, Preferred: <0.5 mm

TG135.B/2.3,3.5

TG 135/ 111.B.2

TG 135.B/2.5.1,2.5.2

TG 135.B/3.5.3

TG 135/ 111.C.2
TG 135.B/4.7,5.7

TG 135/ 111.D.

TG 135/ 111.C.3

alternate through available collimators, quarterly per
collimator.

Visually check isocentric plan to verify beam laser
illuminates isocrystal; rotate through path sets each
month

Iris Field size consistency

MLC Leaf position test (Garden fence test)

Cover all the collimators in clinical use, schedule
tracking modes on a rotational basis.
Schedule LOT and Synchrony quarterly

Observe Synchrony treatment or simulation; listen for
unusual noise and visually check for vibration

Non-isocentric patient QA or DQA

Acceptable: <1.0 mm

Laser on isocrystal for each node

Preferred: +£0.2 mm from baseline,
Acceptable: +0.5 mm for FS > 10 mm

>90% deviations < 0.5 mm, mean
deviation < 0.2 mm, all < 0.95 mm

Static E2E: < 0.95 mm Synchrony
E2E: < 0.95 mm preferred, <1.5 mm
acceptable

No significant change from baseline

Gamma 2% /2 mm for static (>90%)

TG 135.B/3.5.4 Iris/Fixed: Monthly

MLC: preferred per plan, acceptable monthly

Gamma 3% /3 mm for motion
tracking (>90%)

the same as in TG 135." Additional QA includes MLC
daily QA with film-based picket fence test and AQA test
with Iris and MLC. Both testing procedures are described
in detail in the PEG."" The film-based picket fence test
is a qualitative test visually comparing the results to a
baseline film."" AQA, a test similar to a traditional Win-
ston Luz test, only contains an anterior and lateral beam
not part of the clinical treatment paths and, therefore, is
purely a system consistency check.!"'" The task group
recommends one AQA test daily (tolerance: <0.95 mm)
alternating through the collimators in a week.

7.2 | Monthly QA

Monthly QA is summarized in Table 9. QA and toler-
ances on output and beam constancy remain the same
as in TG 135" except that this task group recommends
that beam symmetry be checked using the maximum
field size available on the system. For systems with Iris
and MLC collimators, Iris field size and MLC positioning
QA are added (discussed in Sections 2 and 3). Monthly
laser versus beam CAX check is recommended to alter-
nate through all the collimators available or quarterly

per collimator. The tolerance is <0.5 mm at 80 cm SAD
preferred (as in the original TG 135"), and <1.0 mm
at 80 cm SAD acceptable following the manufacturer’s
recommendation (discussed in Section 2.3).

E2E tests with Iris and MLC are included. The tests
performed each month should cover all collimators in
clinical use and rotate through tracking modes. We rec-
ommend using the full path for all the E2E tests. If the
machine is equipped with all three collimator types, three
E2E tests should be performed. An example combina-
tion is listed as: skull tracking using fixed cone, spine
tracking using Iris, and fiducial tracking using MLC. This
combination can be altered in the next month.

Non-isocentric DQA was recommended as periodic
QA, but not clearly recommended as monthly QA in the
previous TG 135." In Table 9, this task group clarifies
that non-isocentric DQA should be performed monthly.
The selected monthly DQA cases should include Iris
and fixed cones. For treatment using MLC, we recom-
mend patient DQA for every case as a precaution at this
moment and minimum monthly DQA as an acceptable
alternative (Section 3.5.4). Gamma tolerance for DQA
and patient DQA, as well as all other QA remains the
same as in TG 135/
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TABLE 10 Annual QA summary.

Report/Section Item Tolerance

TG 135/ 11LA.2 EPO button Functional

TG 135/ 11.B.3 TG-51 or IAEA TRS-398, including secondary independent check Adjust calibration if >1% difference is found
TG 135.B/7.3

TG 135.B/3.5.2

Beam data checks on at least three field sizes per collimator assembly,
including largest and smallest clinically relevant field size, and
compared to commissioning data.

TPR or PDD constancy
Profile constancy

Iris field size (FWHM)

Relative OF

Dose output linearity to the lowest MU used and highest clinical MU
MLC leakage

TG 135/ 11.C.2 Imager kVp accuracy, mA station exposure linearity, exposure
reproducibility, focal spot size

TG 135/ 11.C.3 Signal to noise ratio, contrast to noise ratio, relative modulation transfer
function, imager sensitivity stability, bad pixel count and pattern,
uniformity corrected images, detector centering, and imager gain
statistics

TG 135/ 11.D AAPM TG 53 and MPPG 5.a/5.b as applicable

TG 135.8/7.3 CT QA (in addition to monthly tests)
Data security and verification

TG 135/ 111.B.2 2" Order Path Verification (including paths for all available collimators);
currently only possible with the help of a service engineer. Beam laser
vs. CAX must be checked to be unchanged before path verification

TG 135/ 1Il.D Check noise level of optical markers

TG 135/ IV.C Run Synchrony E2E test with at least 20° phase shift; analyze
penumbra spread

TG 135/ IV.C Monthly QA

TG 135/IV.B Daily QA

TG 135.B Review all Policies & Procedures related to robotic radiosurgery

<2% for FS <20 mm, <1% for FS > 20 mm
< 2%

Preferred: £0.2 mm
Acceptable: +0.5 mm

Preferred: <1% for FS > 10 mm, <2% for
FS <10 mm (< 5% for Iris and when

FS <5 mm)

Acceptable: <2% for FS >10 mm, <3% for
FS < 10 mm (< 5% for Iris and when

FS <5 mm)

<1%
Max transmission < 0.5%
See Table 1 in AAPM TG 135 for references

Compare to baseline

AAPM TG 53%, MPPG 5.a/5.b7:8
AAPM TG 66 89
Functional

Preferred: Each node < 0.5 mm,
RMS < 0.3 mm
Acceptable: RMS < 0.5 mm

<0.2 mm

Compare to baseline

In addition to tolerances listed above,
update all parameters and checklists

Update parameters

Update to current clinical practice; all team
members read and sign

E2E tests with LOT/Synchrony should be scheduled
quarterly as discussed in chapters 4 and 5. Quarterly
laser versus field center coincidence check with Iris and
MLC (<1.0 mm) is included in monthly QA summary in
Table 9.

7.3 | Annual QA
Annual QA is summarized in Table 10.

The beam constancy tolerances were not provided
in the previous TG 135" and are now provided in
Table 10. The recommendations are made based on
the clinical experiences of the authors of this task

group (we surveyed five machines within our group), as
well as the available publications?”#941.23 Small field
measurement is tricky and the uncertainty is highly
dependent on the equipment used. Therefore, we
introduced double level tolerances in some of the
checks. The purpose is to encourage the best accu-
racy and high standard. At the same time, when the
preferred recommendations are not met, instead of
rushing to make hasty patches every time, the accept-
able alternative can enable trending, troubleshooting,
and thoughtfully planned detailed calibrations to
achieve the preferred recommendations over time,
to provide the best possible accuracy for every
patient.

858017 SUOWWIOD A1) 8|qeo![dde 8y A peuienob ae sapiie YO ‘8sn JOSa|n. 10} Aiq1T8UIUO 48] 1M UO (SUORIPUOD-PUR-SLLIBY/LI0O A3 1M AeIq 1 U1 |UO//SdNY) SUORIPUOD Pue S8 1 8y} 885 *[20Z/TT/90] U0 AriqIT8ulUO A8]IM ‘Sined - eIuojIRD JO AVseAlun AQ 822 T dW/Z00T 0T/I0p/W0D" A8 | Afe.d 1 jpuljuo"wdee/:sdny woiy pepeojumod ‘0 ‘602rELrZ



RaLaR MEDICAL PHYSICS——=
TABLE 11 Special QA after upgrades and repairs.
Report/Section Occasion Item Tolerance
TG 135/ 11.LA.1,11.D Software upgrade Patient exclusion zone boundaries Functional
Beam data security Functional

HIPAA compliance procedures

TG 135/ 11.C.1 Imager Exchange

Up-to-date with regulatory and
institutional policies

Imager alignment, bad pixels, spatial

resolution, contrast, noise, E2E

TG 135.B/2.5.2 Iris recalibration

TG 135.B/3.5.3 MLC recalibration

Field size consistency

Leaf position test (Garden fence test)

Preferred: +0.2 mm from baseline
Acceptable: +0.5 mm for field
sizes > 10 mm

>90% deviations <0.5 mm, mean
deviation <0.2 mm, all <0.95 mm

TG 135.B/6.3,6.5 MC Commissioning TPR <1%
OCR <2% in field
<1 mm FWHM
OF <0.5%
Single beam PDD and profile <2%
MC DQA in heterogeneous phantom <5%

The recommended tolerances are compared to the
commissioning data. In Table 10, TPR/PDD constancy
should be <1% for field size >20 mm and <2% for
field size <20 mm; profile constancy should be <2%;
output factor constancy is preferred with <1% for
field sizes >10 mm and <2% for field sizes <10 mm
(<5% for Iris 5 mm and 7.5 mm fields, and when
field sizes <5 mm), and acceptable with <2% for field
sizes >10 mm and <3% for field sizes <10 mm (<5%
for Iris 5 mm and 7.5 mm fields, and when field
sizes <5 mm); Iris FWHM is preferred within £0.2 mm
and acceptable within +0.5 mm; and output linearity
should be <1% within lowest MU to highest MU used
clinically. FWHM for Iris should be determined from the
average of the four profiles as suggested in PEG.!" Our
acceptable recommendation on energy and profile con-
stancy mostly agree with TG 14223 and the MPPG 8.a
IMPPG 8.b%%4! recommendations on linear accelera-
tor performance tests. Tolerances for the relative output
are tighter than the MPPG 9.a and 8.b guidelines?’4'
While output factor constancy within 3% can be mostly
achieved, occasional violations may occur for the 5 mm
cone, especially at the distance of 65 cm where the
actual field size is ~4 mm, and for Iris 5 and 7.5 mm
fields. Therefore, we suggest 5% tolerances for those
circumstances following MPPG?74! guidelines. Beam
data constancy is highly dependent on equipment and
setup consistency. For beam data measurement setup
and procedures, we refer to the vendor published PEG.""

We also added the MLC leakage test (Section 3.5.2)
to the annual checklist. Relevant checks (such as path
verification and the monthly and daily QA parameters)
should be automatically expanded to all the avail-
able collimators. The laser to radiation coincidence

check is added as part of the annual checklist (should
be performed before path calibration/verification and
after laser replacement). While the PEG recommends
1 mm tolerance at 80 cm, this group prefers 0.5 mm
at 80 cm especially for the fixed collimator due to
the laser being used as a substitute for the radiation
beam targeting (discussed in Section 2.3). PEG rec-
ommendations are adopted as minimum requirement.
In addition, this task group recommends that clinical
and QA policies and procedures should be reviewed
annually. Treatment planning QA is not in the scope
of this document. We refer to TG 53° (Quality assur-
ance for clinical radiotherapy treatment planning) and
MPPG 5.a/5.b.-(Commissioning and QA of Treatment
Planning Dose Calculations—Megavoltage Photon and
Electron Beams). All other recommendations remain the
same as TG 135"

7.4 | Special considerations after
upgrades and repairs

Special QA recommended after upgrades and repairs
is summarized in Table 11. QA recommendations are
also added for Iris and MLC recalibration and MC
commissioning (Sections 2, 3, and 6). QA after software
upgr1ade and imager exchange remain the same as TG
135.

7.5 | QA checklists

QA checklists for daily, monthly, annual as well as the
special QA after upgrades and repairs are presented in
Tables 8—11.
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