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4. CHAPTERS 

4.1. Chapter 1 - Introduction  

With the advent of frameless stereotactic radiosurgery (SRS) and 

stereotactic body radiation therapy (SBRT), the patient now as the freedom of not 

being restrained in a system such as the CyberKnife M6 system produced by 

Accuray, compared to that of a framed system such as Gamma Knife. This is a 

fantastic achievement in patient experience, something the oncology community 

is constantly striving to provide through continuous improvement. Naturally, a 

new set of safety precautions and redundancy checks proceeded with the advent 

of frameless SRS/SBRT. Now that the patient has transformed from a essentially 

rigid body attached to fixed coordinate system to a free floating body, proper 

training and the addition of ancillary systems had to be incorporated to 

essentially ensure a rigid body result in a free floating environment. The greatest 

tool to assure this has been incorporating image guidance into the radiation 

therapy treatment room. In combination with the ability to track respiratory 

motion, patient safety and freedom can simultaneously be provided. 

  With these imaging and tracking tools of course comes appropriate quality 

assurance procedures (QA), including a daily automatic quality assurance (AQA), 

as prescribed by TG-135 i, test to verify that where the robot thinks it is accurate 

within <1 mm, as guaranteed by the manufacturer. The objective of this project 

has been to determine and critically analyze the sources of error within the daily 

Automatic Quality Assurance (AQA) test used on the CyberKnife M6 system. 

Like any experiment, system, machinery, computational device there are errors; 
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systematic and random ones. Just how much error there is versus what is 

acceptable is what one must concern themselves with.  

 

4.2. Chapter 2 - CyberKnife Robotic Radiosurgery & AQA 

With the advent of robotic radiosurgery, of course came additional 

procedures, specifically quality assurance procedures are what have been the 

focus of this research project. Figure 4.2.1 below shows a typical treatment room 

setup for the CyberKnife M6 system, this figure shows the standard treatment 

couch and not the RoboCouch.  

 

Figure 4.2.1 Typical treatment room setup for CyberKnife M6 Installation 
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 Since one aspect of the project sought to compare fixed collimation cones 

(fixed circular field size) and the IRIS attachmentii, Figure 4.2.2 provides a 

transparent schematic view of this product provided by the manufacturer. It uses 

a stepper motor, driven by a cam system to mimic a circle by producing a 12-

sided polygon.  

 

 

Figure 4.2.2 Close Up Transparent view of IRIS Attachment 
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 The imaging system is of utmost importance in frameless SRS/SBRT 

treatments, localization accuracy depends on this system and a section view of 

the setup can be found in Figure 4.2.3 below.  

 

 

 

Figure 4.2.3 Section View of kV Imaging System Setup 
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 The daily AQA process relies upon the use of GAFchromic film, 

specifically EBT3 or EBT3+. The material makeup and specifications can be 

found in Figure 4.2.4 below. This film offers fantastic spatial resolution and a 

wide range of radiation dose usability, from 1cGy to 40Gy.  

 

 

 

Figure 4.2.4 EBT3 GAFchromic Film Material Makeup 
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 The aforementioned GAFchromic film resides within the dedicated AQA 

phantom, seen in Figure 4.2.5 below. The AQA test has a dedicated QA plan, 

generated in the Accuray Multiplan software. Prerequisite to this is of course 

scanning the AQA phantom in the radiation oncology department’s Computed 

Tomography (CT) simulation scanner. This data is then imported into the 

Multiplan software and the appropriate AQA plan may be developed and sent to 

the machine for daily use.  

 

 

Figure 4.2.5 AQA Phantom Disassembled – Modified Winston Lutz Test 
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 A proprietary algorithm provided by Accuray is then used to analyze beam 

shadow, eccentricity and pixel intensity based upon the principles and theory of 

the modified Winston Lutz testiii, seen in Figure 4.2.6. The algorithm looks at a 

radial vectors to see the resulting “halo”. These results are then equated to 

patient plane coordinates in order to provide offsets in superior-inferior, right-left, 

and posterior-anterior planes; thus providing a overall radial (3D) error scalar 

value.   

 

 

Figure 4.2.6 Accuray AQA Algorithm Results Example – Radial Error 
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 The anthropomorphic skull phantom, Figure 4.2.7, provided useful and 

efficient date comparisons for kV imaging tracking algorithms such as 6D skull, 

Fiducial, and Xsight spine, all without ever having to break experimental setup 

and thus very practical for holding experimental variables constant.  

  

 

Figure 4.2.7 Skull Phantom 
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 Though not explicitly needed for this research project, the synchrony QA 

device, Figure 4.2.8, is an important one to mention given its critical use for 

optical tracking of thoracic movement during treatments. It is also considered 

another tracking algorithm, though it uses both the kV imaging system and an 

optical system attached to the patient via a retaining vest.  

 

 

 

Figure 4.2.8 Synchrony QA Device 
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 A disassembled view of the E2E Ballcube phantom, Figure 4.2.9, again 

shows orthogonal films used for quantifying total system accuracy; from 

treatment planning all the way to treatment. This test gives the clinician and 

physicist a overall system accuracy and confidence in the various components 

that may be sources of error or inaccuracy in order to track system accuracy over 

time. 

 

 

Figure 4.2.9 E2E Ballcube Disassembled 
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 The results of the E2E test may be witnessed in Figure 4.2.10, providing a 

total targeting error for the system. TG-135 prescribes this test be done at least 

once a month.  

 

 

 

Figure 4.2.10 Accuray E2E Algorithm Results Example – Total Targeting Error 
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 The following three figures, Figure 4.2.11, Figure 4.2.12, and Figure 

4.2.13, can be found to itemize the daily, monthly and annual tasks respectively 

within TG-135. Thus providing safety, quality, and accuracy on system and 

component level.  

 

 

 

 

Figure 4.2.11 TG-135 Daily QA 
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Figure 4.2.12 TG-135 Monthly QA 

 

 

 

Figure 4.2.13 TG-135 Annual QA 
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4.3. Chapter 3 - Methods & Materials 

 

A systematic analysis of the inherent uncertainties involved in the 

CyberKnife M6 AQA test was conducted to quantify the uncertainty in each of the 

components making up the AQA process.  

The identified components included the robot positional uncertainty, film 

scanning precision, film response and the kV imaging system, charted in Figure 

4.3.1. A range of 10-20 repeat measurements were carried out for each of these 

identified components. A modified Winston-Lutz test with orthogonal images was 

carried out using GAFchromic EBT3 film. The exposure was by a dedicated AQA 

plan within Accuray’s Multiplan Software. The images were scanned on an 

Epson 10000XL film scanner. The SRS profiler QA device was used to determine 

the robot positional accuracy and repeatability. 

 

 

Figure 4.3.1 AQA Error Sources – Break Down Chart 
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 It is helpful to identify the axes of interest when the coarse corrections are 

provided on the Multiplan software interface, represented in Figure 4.3.2. Recall, 

the patient data and QA phantom data are imported into the software via the 

DICOM information within the CT simulation data. The coarse and fine 

corrections are based upon the Digital Reconstructed Radiograph (DRR) 

information of that CT simulation data and then compared to that of the live x-ray 

image taken on the day of treatment or respective QA. The in room lasers can be 

found for course alignment and then a couch shift (correction) can be done to 

minimize the CT simulation and live image offsets (deviations). A further read on 

rigid body transformation algorithms may be of interest for the physicist and 

interested useriv. 

 

 

Figure 4.3.2 Corresponding 6axes of Correction from Multiplan 
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 The method and process of daily AQA test can be found outlined in Figure 

4.3.3. The AQA phantom has the two EBT GAFchromic films inserted 

orthogonally, along the Anterior-Superior and Left-Superior planes. The phantom 

is then placed on the couch, using the acrylic head fixture and in room lasers for 

course alignment and repeatability.  

The Multiplan software can then be used to select the “AQA Plan” and the 

couch may be corrected to minimal offsets. Leaving twenty minutes after the 

AQA plan finishes to allow the active layer to finish setting up, one may place the 

film in the Epson 10000XL scanner. The scanner does not need any color 

correction features enabled, just simple RGB scanningv. The scanned images 

than may be imported into the Accuray AQA algorithm to process the films and 

provide the radial error for that AQA test.  

 

 

Figure 4.3.3 AQA Plan Process 



Jordan, Kevin     ROC7999 P23 of 45 

 

 It is helpful to have a close up of the film itself, Figure 4.3.4, and also how 

it is placed in the scanner. An acrylic fixture is provided for the film to lay one 

during scanning. Without the fixture, a phenomenon called Newton Rings will 

occur, a result of two transparent surfaces interacting due to monochromatic light 

constructive and destructive interference when using EBT2 film vi. However EBT3 

has overcome this issue by incorporation of a equally thick matte finish layer on 

each side of the film, as seen in Figure 4.2.4. The use of the acrylic fixture is 

continued with EBT3 film, but for the sake of repeatability only.  

 

 

Figure 4.3.4 Scanner & Film Close up 
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 It should be noted the various devices that be used with different tracking 

algorithms, as witnessed in Figure 4.3.5 below. The AQA phantom on top has 

Fiducial implanted within the cube, registered during CT simulation and during 

live QA procedures. The screenshot on the right shows the Fiducial being 

registered in the Multiplan software; a “drag and drop” method can be use for 

initial coarse corrections with that of the closest DRR and that of the live image. 

Green versus white shading is provided to show the differences between the two. 

The anthropomorphic head phantom can be used for Fiducial, 6D skull and 

XSight spine tracking algorithms.  

 

 

Figure 4.3.5 Fiducial & 6D Skull Algorithm Options 
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 It should be noted that under the hood of CyberKnife is a KUKA industrial 

robot, a German manufacturer of various robotic suites, as seen in Figure 4.3.6. 

The difference between that of the typical industrial KUKA robot and the 

CyberKnife medical KUKA robot is the inclusion of the imaging system for 

increased localization precision and accuracy and of course the mounting of the 

physics treatment apparatus on the robotic manipulator, a linear accelerator 

(LINAC).  

 

 

 

 

Figure 4.3.6 Under The Hood Robotic Provider – KUKA Robotics 
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 Figure 4.3.7 provides a hardware screenshot, left, and software 

screenshot, right, of the Sun Nuclear Corp.’s SRS Profiler. Compared to having 

setup a 3D scanning water tank, this device was preferred for use given its ease 

of setup provided. First, the precision and accuracy needed to be comfortably 

quantified before using for data collection. Knowing the diode spacing is 

manufactured at 4mmvii, it was hoped that the resolution of the device would be 

more accurate than this due to the steep dose gradient nature of the CyberKnife 

treatment delivery. The results were nominal, and will be discussed in the 

following section.  

 

 

Figure 4.3.7 SRS Profiler Hardware & Software Setups 
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4.4. Chapter 4 - Results & Discussion 

 

This chapter will be found to highlight the graphical and tabulated data 

results of the aforementioned four sources of error, and thus four unique 

experiments conducted to quantify the overall error tolerance of the daily 

Automatic Quality Assurance test. Equation 4.4-1 below is helpful one to 

immediately be familiar with, as the radial error is the item at hand that the 

AQA test comes to be about.  

 

Equation 4.4-1 

𝐸𝑟𝑟𝑜𝑟!"#$"% =    𝑂𝑓𝑓𝑠𝑒𝑡!"#$%&'%
!"#$%&'%! + 𝑂𝑓𝑓𝑠𝑒𝑡!"#$

!"#!!! + 𝑂𝑓𝑓𝑠𝑒𝑡!"#$%&'"&!"#$%&'% ! 

  

 

 

Visually, Figure 4.4.1 is a useful one to complement that of Equation 

4.4-1, as it represents a point in space away from the nominal origin, analogous 

to the radial error. Recall, the AQA targeting reproducibility test is a film test that 

checks the robot mastering of the robotic manipulator (treatment delivery) by 

check checking reproducibility of targeting two beams (vertical & horizontal) by 

means of a Winston-Lutz test for stereotactic treatmentviii. 
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Figure 4.4.1 3D Vector Space – Angular & Translational 

 

 

 Table 4.4.1 can be found to represent the repeat scans of the same film, 

using IRIS, and never touching that film placement during those repeat scans. A 

series of ten repeat measurements were taken to get the standard deviation.  

 

Table 4.4.1 Scanner Error - IRIS Patient Plane Values Repeat Film Scans 
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This experiment was repeated on four different days to acquire respective 

standard deviations to ultimately compile a composite standard deviation of the 

scanner, as seen in Figure 4.4.2 

 

Figure 4.4.2 AQA IRIS Radial Error and Standard Deviation (±1SD) 

 

Again, Table 4.4.2, represent the repeat scans of the same film, but using 

FIXED cone, and never touching that film placement during those repeat scans. 

A series of ten repeat measurements were taken to get the standard deviation. 

Table 4.4.2 Scanner Error - FIXED Patient Plane Values Repeat Film Scans 
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This experiment was repeated on three different days to acquire 

respective standard deviations to ultimately compile a composite standard 

deviation of the scanner, as shown in Figure 4.4.3. 

 

Figure 4.4.3 AQA FIXED Radial Error and Standard Deviation (±1SD) 

 

Figure 4.4.4 and Figure 4.4.5 can be found to represent the repeat scans 

of the same film, using IRIS and FIXED respectively, and always going through 

the act of placing that same film on the acrylic fixture before each repeat scan, 

thus quantifying the error within the placement of the film on the scanner. A 

series of ten repeat measurements were taken to get the standard deviation. The 

scanner error must be subtracted out from the final composite standard deviation 

value.  
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Figure 4.4.4 AQA IRIS Radial Error and Standard Deviation (±1SD) 

 

 

Figure 4.4.5 AQA FIXED Radial Error and Standard Deviation (±1SD) 

 

 

 

0.22708 

0.01605 

0.26256 

0.00479 

0.29443 

0.00682 

0.29732 

0.00698 
0.00000 
0.05000 
0.10000 
0.15000 
0.20000 
0.25000 
0.30000 
0.35000 

Placement Error Std. Dev 

R
ad

ia
l E

rr
or

 (m
m

) 

Film Date (Chronological) 

AQA IRIS 35mm: Radial Error (mm) vs. 
Film Date (Chronological)  

0.24842 

0.00497 

0.51878 

0.00537 

0.41881 

0.00345 
0.00000 
0.10000 
0.20000 
0.30000 
0.40000 
0.50000 
0.60000 

Placement Error Std. Dev R
ad

ia
l E

rr
or

 (m
m

) 

Film 

AQA Fixed 35mm: Radial Error (mm) 
vs. Film Date (Chronological)  



Jordan, Kevin ROC7999 P32 of 45 

Figure 4.4.6 and Figure 4.4.7 represent the offsets and standard 

deviations (error bars) of 6D Skull and Fiducial tracking algorithms respectively. 

Before coarse corrections are applied, the offsets and deviations were naturally 

higher, but even with an initial couch correction applied it was evidenced that 

there are still deviations between x-rays.  

 

 

 

Figure 4.4.6 6D Skull Tracking - Imaging Repeatability 
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Each set involved a series of 20 x-rays for the given tracking algorithm, 

and recording the respective translational (three axes) and rotational offsets 

(three axes) for the six total axes. 

 

 

 

Figure 4.4.7 Fiducial Tracking – Imaging Repeatability 
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Table 4.4.3 represents the composite deviations of the six different data 

sets taken for the Fiducial tracking algorithm.  

 

Table 4.4.3 Composite Fiducial Deviations 

 

 

Table 4.4.4 represents the composite deviations of the three different data 

sets taken for the 6D Skull tracking algorithm. 

 

Table 4.4.4 Composite 6D Skull Deviations 

 

 

 

 

 

 

 



Jordan, Kevin     ROC7999 P35 of 45 

 

 Table 4.4.5 represents the proof that the SRS profiler is a suitable device 

for approximately 0.1mm resolution. By programming a world coordinate position 

using the KUKA pendant based on the center of the SRS profiler and then doing 

0.1mm incremental moves, the SRS profiler was able to resolve these fine 

movements of the robotic manipulator. Thus the 3D water tank was not a 

necessity to guarantee the accuracy and robustness of the data.  

 

 

Table 4.4.5 SRS 0.1mm Resolution Proving Grounds 
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 Table 4.4.6 shows the repeat SRS profiler measurements while the robotic 

manipulator was positioned over the center diode. By using the beam center 

feature in the SRS profiler software, one can normalize, if needed, the X, Y, and 

diagonal values. This table shows a perfectly stable data set.  

 

Table 4.4.6 SRS Reading Averaging & Stabilization 
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Table 4.4.7 represents the act of moving the robotic manipulator from the 

perch position to the pre-programmed SRS profiler center position, delivering 

100MU (monitor units) and then recording the beam center values accordingly. 

This data sets a perfect string of ten repeat movements and MU delivery to the 

center of SRS profiler, however the resolution of the SRS profiler in one plane 

was proven to be as good as 0.1mm, so that is the resolution of the robotic 

manipulator.  

 

Table 4.4.7 Robot Localization Repeatability 
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The total film AQA uncertainty using IRIS and FIXED cone was found to 

be 0.349 and 0.339 millimeters (±3SD) respectively. The Epson 10000XL flatbed 

scanner was used to scan RGB pixel intensity. The scanner uncertainty was very 

small; repeat measurements of the same film suggested a scanner precision of 

0.015-0.025 millimeters (±3SD). The act of repositioning a film contributed a 

small uncertainty of 0.0008-0.0014 millimeters (±3SD). The largest uncertainty 

was due to the imaging system. The kV imaging system fiducial tracking 

algorithm uncertainty was 0.150 millimeters (±3SD), while the 6D skull algorithm 

was 0.300 millimeters (±3SD). The SRS Profiler suggested a robot precision 

uncertainty of 0.1 mm or less along one plane, and thus 0.173 radially (3D). 

 

Table 4.4.8 Composite Maximum Uncertainties (IRIS & FiXED, ± 3SD) 
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4.5. Chapter 5 - Conclusions 

The total AQA uncertainty appears to be largely due to the kV imaging 

system. These results suggest an uncertainty of less than 0.1 mm for the film, 

film scanner, and robot components of the AQA test. The kV imaging system 

uncertainty could reach 0.3 mm and is the main source of uncertainty. 

This information explains greatest weakness in daily CyberKnife QA and may be 

useful in establishing realistic expectations of daily AQA results. 

 Table 4.5.1 and Figure 4.5.1 represent the application the minimum and 

maximum error discussed at the end of Chapter 4 to the four sets of raw radial 

error taken for IRIS.  

 

Table 4.5.1 IRIS Tolerance Stack Up - Maximum & Minimum Radial Error 
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The tabulated and graphical tolerance data shows just how high the true 

radial error may be for IRIS. For example, a radial error of 0.2271mm ± 

0.3493mm = -0.1222mm (minimum radial error) and 0.5764mm (maximum radial 

error).  

 

 

Figure 4.5.1 IRIS Tolerance Stack Up - Maximum & Minimum Radial Error 
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Table 4.5.2 and Figure 4.5.2 represent the application the minimum and 

maximum error discussed at the end of Chapter 4 to the three sets of raw radial 

error taken for FIXED cone.  

Table 4.5.2 FIXED Tolerance Stack Up - Maximum & Minimum Radial Error 

 

The tabulated and graphical tolerance data shows just how high the true 

radial error may be for FIXED. For example, a radial error of 0.5188mm ± 

0.3387mm = 0.1801mm (minimum radial error) and 0.8574mm (maximum radial 

error).  

 

Figure 4.5.2 FIXED Tolerance Stack Up - Maximum & Minimum Radial Error 
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 Figure 4.5.3 provides a nice summary of what the clinician should do, if 

one were to encounter a raw radial error value of the daily AQA test of greater 

than 0.6 mm. It should also be noted that this value should not be cause for 

immediate alarm, as the value could be much lower than that raw value for the 

day. The tolerance has a minimum and maximum and the most important aspect 

of this project is to understand the potential areas of weakness, and thus the 

itemized errors and awareness for the realistic expectations of this daily test.  

 

 

 

Figure 4.5.3 Procedures for Raw Radial Error >0.6mm 
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5. ABSTRACT 

 

A SYSTEMATIC ANALYSIS OF THE ERROR SOURCES WITHIN THE 

CYBERKNIFE M6 DAILY AQA TEST 

 
by 
 

KEVIN TODD JORDAN 
 

JUNE 2015 
 
 

Advisor: Tewfik Bichay, PhD 

Major:  Radiological Physics 

Degree: Master of Science 

 

Objectives: To determine and critically analyze the sources of error within the 

daily Automatic Quality Assurance (AQA) test used on the CyberKnife M6 

system.  

Methods: A systematic analysis of the inherent uncertainties involved in the 

CyberKnife M6 AQA test was conducted to quantify the uncertainty in each of the 

components making up the AQA process. The identified components included 

the robot positional uncertainty, film scanning precision, film response and the kV 

imaging system. A range of 10-20 repeat measurements were carried out for 

each of these identified components. A modified Winston-Lutz test with 

orthogonal images was carried out using GAFchromic EBT3 film. The exposure 
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was by a dedicated AQA plan within Accuray’s Multiplan Software. The images 

were scanned on an Epson 10000XL film scanner. The SRS profiler QA device 

was used to determine the robot positional accuracy and repeatability.  

Results: The total film AQA uncertainty using IRIS and FIXED cone was found to 

be 0.349 and 0.339 millimeters (±3SD) respectively. The Epson 10000XL flatbed 

scanner was used to scan RGB pixel intensity. The scanner uncertainty was very 

small; repeat measurements of the same film suggested a scanner precision of 

0.015-0.025 millimeters (±3SD). The act of repositioning a film contributed a 

small uncertainty of 0.0008-0.0014 millimeters (±3SD). The largest uncertainty 

was due to the imaging system. The kV imaging system Fiducial tracking 

algorithm uncertainty was 0.150 millimeters (±3SD), while the 6D skull algorithm 

was 0.300 millimeters (±3SD). The SRS Profiler suggested a robot precision 

uncertainty of 0.1 mm or less.  

Conclusion: The total AQA uncertainty appears to be largely due to the kV 

imaging system. These results suggest an uncertainty of less than 0.1 mm for the 

film, film scanner, and robot components of the AQA test. The kV imaging 

system uncertainty could reach 0.3 mm and is the main source of uncertainty. 

This information explains greatest weakness in daily CyberKnife QA and may be 

useful in establishing realistic expectations of daily AQA results.  
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