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The demand for high-precision radiotherapy (HPRT) was first implemented in stereotactic 

radiosurgery using a rigid, invasive stereotactic head frame. Fractionated stereotactic 

radiotherapy (SRT) with a frameless device was developed along a growing interest in 

sophisticated treatment with a tight margin and high-dose gradient. This dissertation establishes 

the complete management for HPRT in the process of frameless SRT, including image-guided 

localization, immobilization, and dose evaluation. 

The most ideal and precise positioning system can allow for ease of relocation, real-time 

patient movement assessment, high accuracy, and no additional dose in daily use. A new image-

guided stereotactic positioning system (IGSPS), the Align RT3C 3D surface camera system 

(ART, VisionRT), which combines 3D surface images and uses a real-time tracking technique, 

was developed to ensure accurate positioning at the first place. The uncertainties of current 

optical tracking system, which causes patient discomfort due to additional bite plates using the 

dental impression technique and external markers, are found. The accuracy and feasibility of 

ART is validated by comparisons with the optical tracking and cone-beam computed tomography 

(CBCT) systems.  
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Additionally, an effective daily quality assurance (QA) program for the linear accelerator 

and multiple IGSPSs is the most important factor to ensure system performance in daily use. 

Currently, systematic errors from the phantom variety and long measurement time caused by 

switching phantoms were discovered. We investigated the use of a commercially available daily 

QA device to improve the efficiency and thoroughness. Reasonable action level has 

been established by considering dosimetric relevance and clinic flow.  

As for intricate treatments, the effect of dose deviation caused by setup errors remains 

uncertain on tumor coverage and toxicity on OARs. The lack of adequate dosimetric simulations 

based on the true treatment coordinates from the treatment planning system (TPS) has limited 

adaptive treatments. A reliable and accurate dosimetric simulation using TPS and in-house 

software in uncorrected errors has been developed. In SRT, the calculated dose deviation is 

compared to the original treatment dose with the dose-volume histogram to investigate the dose 

effect of rotational errors.  

In summary, this work performed a quality assessment to investigate the overall accuracy of 

current setup systems. To reach the ideal HPRT, the reliable dosimetric simulation, an effective 

daily QA program and effective, precise setup systems were developed and validated.  
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CHAPTER 1 
INTRODUCTION 

High Precision Radiation Therapy (HPRT) 

The feasibility and clinical efficacy of stereotactic radiotherapies as high-precision 

radiation therapy (HPRT)—such as stereotactic radiosurgery (SRS), fractionated stereotactic 

radiotherapy (SRT), and stereotactic body radiotherapy (SBRT)—and proton radiotherapy have 

been demonstrated. Historically, a large single dose divided into many small fractions has been 

employed in cancer treatment. This is to maximize the tumor dose and to take advantage of the 

differential radiobiological responses between tumor and normal tissues. To achieve constant 

treatment accuracy for each treatment course, various fixation methods have been developed to 

maintain reproducible positions in patient treatment. However, the treatment with high target 

localization and irradiation accuracies has been developed to achieve HPRT. Most SRS is 

performed with non-coplanar radiation treatment without invasive open surgery for intracranial 

diseases. With the use of a reference frame attached to the patient's skull, SRS allows high 

precision for both target localization and treatment. The fixation technique of SRS is invasive 

and makes it difficult to perform dose fractionation; therefore, a large, single fraction of exposure 

is currently administered in the SRS procedure. 

 With a single fraction stereotactic treatment, the prescribed dose can be delivered exactly 

to the target area. However, once the ring is removed from the patient, the relative coordinates 

disappear and then fractionation becomes impossible. The second fraction of radiation could be 

provided by repeating the same invasive localization procedure. Clinically, this is impractical. 

Therefore, SRS achieves high precision but sacrifices the radiobiological differentiation between 

tumor and normal tissues. In the treatment of a malignancy, the therapeutic ratio can be greatly 

improved by fractionation. Fractionation increases the cellular depopulation of the tumor because 
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of the re-oxygenation while reducing the damage to critical late-responding normal tissues. 

Therefore, treating malignant tumors with a single fraction will result in a suboptimal therapeutic 

gain between local tumor control and the normal tissue late effects even for small tumors. An 

improved therapeutic ratio is expected with fractionated treatments.  

To reach HPRT using the fractionated stereotactic technique, the main concern is that the 

boundaries of the targets are usually close to the organs at risk (OARs). For example, because the 

spinal cord contains sensory and motor tracts, an overdose of radiation could lead to radiation 

myelitis or myelopathy. In contrast, an under-dose to the tumor could lead to disease 

progression. Because of the proximity of the OARs to the target, a high-dose gradient is 

necessary. In addition, tumors with an irregular or concave shape surrounding the OARs are 

difficult to cover with three-dimensional (3-D) conformal plans except when practicing intensity-

modulated radiotherapy (IMRT). IMRT has improved the likelihood of delivering a highly 

conformal dose to tumors. Recently, however, several clinical groups have tried hypo-

fractionated radiotherapy using IMRT to different treatment sites with a significantly higher dose 

per fraction than in conventional radiotherapy. They concluded that extra-cranial radiosurgery 

with hypo-fractionation might have the ability to improve treatment outcome.  

Imaging-Guided Stereotactic Positioning System (IGSPS) 

Radiation therapy in cancer management is a complex process that involves many 

procedures to achieve the best treatment results.  However, during the process, inaccuracies will 

occur due to a variety of procedures, such as localization of tumor volume, treatment setups, and 

immobilization and repositioning techniques. Routine radiation therapy is usually administered 

under multi-fractionated treatments.  During the treatment process, tumor localization is the most 

error-prone factors comparing to the prescribed doses, machine output and dose calculation.  

Errors in localization can lead to reduced doses at the sites of tumors or to excessive doses to 
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normal tissues.  Incorrect placement of the radiation field relative to patient anatomy results in 

the same effects described above.  This misalignment primarily comes from patient movement 

and repositioning errors.  

The efficacy of the treatment could still be compromised by errors in the setup of the 

patient with respect to the delivered radiation. Particularly with IMRT, because of the steep dose 

gradients and tight margins around the tumor, there is enhanced risk of excessive doses to OARs 

due to setup errors and organ motion. To circumvent this is the advent of image-guided radiation 

therapy (IGRT), wherein imaging devices are used at treatment delivery to increase the 

probability that radiation is delivered as closely as possible to the original plan. In addition, the 

localization method of stereotactic techniques are potentially useful when ensuring patient 

positioning reproducibility during each treatment fraction since the reported accuracy is higher 

than that of any treatment techniques applied in the generalized routine radiation therapy. A 

number of new image-guided stereotactic positioning systems (IGSPSs) have contributed to the 

improved clinical use of frameless SRT. As defined in the American Association of Physicists in 

Medicine (AAPM) Task Group(TG) report 68,1 “intracranial stereotactic positioning systems are 

used to position patients prior to precise radiation treatment of localized lesions of the brain.” 

The drawbacks and advantages of both minimally invasive and noninvasive intracranial 

stereotactic positioning systems (ISPSs) are discussed in this report. Many frameless ISPSs 

employ those IGRT methods as IGSPSs to achieve accurate target localization in SRT.1 

Although sub-millimeter accuracy can theoretically be achieved clinically with these systems, it 

rarely is due to difficulties in patient immobilization, system limitations in image acquisition and 

registration, and organ motion.  
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The practice of using imaging treatment fields to localize tumors has been carried out for 

several decades. Methods such as 2-dimensional (2D) megavoltage (MV) electronic portal 

imaging (EPI),2,3 optical tracking,4 and video surface imaging5 have been developed, and some 

have been applied to frameless SRT. The merits and limitations of methods have been discussed 

in several scientific reports.1 MV EPI only uses bony structures to assess the setup deviations in 

2D portal images because soft tissues are difficult to visualize in the planar projection X-ray 

images.6 Nevertheless, computed tomography (CT) images are capable of identifying both bony 

structures and soft tissues and CT is the standard reference to delineate organs and target in 

treatment planning system (TPS). Additionally, it is not surprising that volumetric CT 

registration in 6 degrees of freedom (6DOF) performs more accurately than does bony structure 

registration based on 2D portal images.6 There is a growing interest in CT based imaging system 

for 3D volumetric localization. The interest in CT based imaging system for 3D volumetric 

localization is growing. Cone-beam computed tomography (CBCT) provides a higher quality 3D 

image of the patient anatomy, and daily image guidance using kV CBCT (Figure 1-1a) has been 

routinely implemented as an IGSPS.1,7,8 However, the CBCT technique is limited to perform at a 

couch angle of 0°, uses ionizing radiation, and cannot acquire images in real time. In contrast, 

optical tracking techniques (Figure 1-1b), which provide real-time tracking of reflective markers 

affixed to the patient, have been used as an ISPS over the past decade.4 The system can markedly 

improve patient-positioning precision (1.1 ± 0.3 mm9 ) by providing positioning errors in real 

time. The techniques are limited to the reproducibility of the correlation of the internal target and 

external markers: if a rigid body system is formed between targets and markers, the system is 

highly accurate. Otherwise, the system accuracy decreases. This technique does not use ionizing 

radiation, and is not able to visualize internal anatomy.  
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High Precision Setup System (HPSS) 

HPRT has become an important treatment modality in the management of a wide variety 

of lesions. Patient setup errors may significantly affect the treatment qualities. However, during 

the full fractionated treatment course, internal organ movement and deformation as well as 

patient setup errors introduce various uncertainties to the treatment. This work does not address 

problems associated with internal organ motion or deformation and only concern the high-

precision setup system (HPSS), which combines localization with immobilization systems. 

Several questions regarding the HPRT process have addressed and classified two main concerns: 

problems in current HPSSs and requirements of ideal HPSSs. 

Problems in Current HPSSs 

In clinical experiences, SRT, which combines the dosimetric advantages of stereotactic 

precision with the well-known radiobiological benefits of dose fractionation, is the most 

common example of HPRT. The optical-tracking system, frameless sonnary array (FSA), has 

been used in SRT as an ISPS for over 10 years4 and offers high patient-positioning precision for 

the HPSSs9  providing positioning errors in real time. However, factors such as the 

reproducibility of bite-plate seating, patient comfort, and obtaining dental impressions can affect 

positioning accuracy by as much as 3 mm10 and displacement of more than 1 cm compared to 

MV EPID. In the absence of image guidance, most treatment techniques may be localized daily 

by matching the patient’s skin marks associated with relatively large setup margins. To decrease 

setup margins, high-quality images of target precision provide an opportunity to adjust the 

patient’s position before treatment or monitor the accuracy of dose delivery throughout treatment 

in a process termed IGRT. CBCT, which can be used to track daily setup errors with only a small 

contribution to the daily dose, offers precise 3D image visualization coupled with 3D 

displacement information as an IGSPS.11 Moreover, user variability, region of interest (ROI) 
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selection, and the auto registration process using bony or gray-scale algorithms can lead to 

registration uncertainties and errors.7, 8,11,12 Negligible variability errors have been reported for 

automatic registration with a user-defined ROI.12 Zhang et al.13 have shown the importance of 

defining the “correct’’ ROI for automatic image fusion if the patient is not a rigid body. High-

precision image guidance based on bony anatomy cannot account for these uncertainties. The 

CBCT technique is limited to perform at a couch angle of 0° and uses ionizing radiation. It is 

essential to perform a quality assessment of FSA using CBCT to investigate the overall accuracy 

of setup systems and comprehend the limitations to achieving HPSSs.  

Requirements of Ideal HPSSs 

No localization system is perfect or guarantees accuracy in all treatment techniques and all 

systems have their own limitations. For example, due to ionization radiation, CBCT cannot 

acquire real-time images to monitor intra-fraction motion and verify target locations at non-

coplanar beams. Optical tracking is limited in the correlation among the internal target and 

external markers, reproducibility of bite-plate seating, patient comfort, and dental-impression 

techniques. It is important to develop a new IGSPS for HPRT that applies the strengths of the 

current systems while eliminating their limitations. A new IGSPS, the Align RT3C 3D surface 

camera system (ART, Figure 1-1c), which combines the 3D surface images from three camera 

pods with real-time tracking techniques, was developed to ensure accurate positioning at the first 

place. This system can: (a) be integrated in the treatment planning process; (b) perform as a fully 

automated positioning tool; (c) decrease the number of actions for positioning, such as additional 

bite frames or image panels; (d) monitor patient positioning in real time during the entire setup 

and delivery without radiation risk; and can (f) perform these tasks within an acceptable time 
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frame. For the greatest precision analysis, performance evaluation, and validation of ART by 

phantom, volunteer studies compared it to current IGSPSs.  

The ideal HPSS includes accurate target localization and reproducible immobilization. 

Combining ART’s real-time tracking and CBCT’s true 3D imaging of internal images might be 

the ideal HPSS, ensuring accuracy within 2 mm of the target during the entire treatment. It is 

essential, however, to optimize the efficiency and accuracy of applications by combining two 

systems for the setup flow and to estimate the amount of errors. 

Daily QA Programs for HPSS 

The AAPM TG-40 recommends that the output of a megavoltage radiation therapy unit be 

checked every morning before the commencement of treatment.14 The daily check of linear 

accelerator (LINAC) is one of the main components of any quality assurance (QA) program. 

Sometimes vendors provide the instructions on how to perform the measurements and the tools 

found in clinical sites that can be used for performing the measurements. The users should 

analyze these materials and decide how to proceed or set up their own measurement protocols. 

Because no standard methods exist, some variations of QA methods exist between institutions. It 

would be ideal to adopt consistent sets of measurement techniques, phantoms, and criteria. The 

AAPM has accomplished the update to TG-40, specifying new tests and tolerances and produced 

the TG-142 report.15 It includes recommendations for QA parameters as well as their 

measurement frequency and acceptable criteria. 

With IMRT in particular creating steep dose gradients and tight margins around the tumor, 

there is a greater risk of dose to surrounding OARs due to setup errors and organ motion. IGRT, 

wherein imaging devices are used at treatment delivery to increase the probability that radiation 

is delivered as closely as possible to the original plan, can help avoid these problems. 

Additionally, IGSPSs employ various methods and demonstrate accurate target localization in 
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SRT1
 and the results are summarized in the AAPM TG-681 report. The use of this new 

technology necessitates a comprehensive QA program to maintain and monitor system 

performance characteristics, which are established at the time of commissioning. QA phantoms 

and measurement methods may differ with different IGSPSs and institutions. Currently, several 

AAPM TG efforts15,16 and studies17,18 address QA issues associated with radiographic systems. It 

would be ideal that one QA program could be applied to multiple radiographic and non-

radiographic IGSPSs.  

In the standard QA procedure, the radiographic images of the phantom are obtained to 

verify the system’s ability to correctly position objects in the image.17,18 On the contrary, the 

non-radiographic systems are limited to the correlation of the camera center and radiation 

delivery center.4,5 Imaging installations in the treatment room are calibrated by vendor 

instructions to match the LINAC and room coordinate systems. For daily QA, therapists must 

routinely perform a dosimetric check of LINAC and geometry accuracy of multiple IGSPSs by 

repositioning different phantoms provided by vendors. Switching phantoms not only wastes time 

and effort, but may also cause systematic errors between phantoms. It is significant to design the 

QA procedures using dedicated tools and phantoms that are validated with specific acceptability 

criteria and tolerance levels to ensure hardware and software function safely and consistently, 

and perform as accepted. 

Dosimetric Evaluation for HPSS 

Due to tremendous improvements in radiotherapy over the last few decades, therapy plans 

can be devised to precisely target a tumor, but the efficacy of radiotherapy can still be 

compromised by errors in the treatment setup of the patient, which affects the delivered 

radiation. With IMRT in particular creating steep dose gradients and tight margins around the 

tumor, there is a greater risk of dose to surrounding OARs due to setup errors and organ motion. 
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IGRT, wherein imaging devices are used at treatment delivery to increase the probability that 

radiation is delivered as closely as possible to the original plan,19 can help avoid these problems. 

The practice of imaging treatment fields to localize the tumor has been carried out for several 

decades and has been referred to as megavoltage (MV) portal imaging. MV portal imaging has 

been performed using 2-dimensional (2-D) X-ray detectors to verify orthogonal localization 

fields. It only uses bony structures to assess the setup deviations in 2-D portal images because 

soft tissues are difficult to visualize in the planar-projection X-ray images.6 Nevertheless, CT 

images are capable of identifying both bony structures and soft tissues and CT is the standard 

reference to delineate organs and the target in TPS. Additionally, it is not surprising that 

volumetric CT registration in 6 DOF performs more accurately than bony-structure registration 

based on 2D portal images.6 There is a growing interest in CT based imaging system for 3D 

volumetric localization. 

The most common of the sophisticated image-guided approaches is the cone-beam CT 

scanner (CBCT) because of its complete set of 3D volume information with a high resolution 

and accurate image registration.6-8,20,21 Furthermore, it has been shown that the CBCT system 

sub-millimeter (sub-mm) and rotational setup errors can be correctly determined in 6DOF 

registrations, which is suitable for high-precision treatments like stereotactic radiosurgery.7,8 

Although the standard treatment table does not allow rotational corrections, 6 corrections only 

can be achieved with a robotic couch,22,23 or by adjusting the collimator and gantry angles.24, 25 

The controversial conclusions and guidance on rotational errors management were also 

discussed.26 The post or near real-time verification22,23 after corrections is essential. Additional 

verification time, dose, and setup accuracy could be compromised by each other. Therefore, 
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currently, most setup adjustments are applied to the translational direction only, and thus 

rotational positioning errors still exist throughout patient treatment. 

Mathematically, a 2° rotational deviation induces a translational deviation of about 1 mm 

at a point located 3 cm from the isocenter. For elongated targets (> 5 cm long) with rotational 

deviations greater than 2°, the translational deviation is more than 1.8 mm, which is significant 

when a tight margin is needed.20,27 Guckenberger et al.20 discovered that the maximal rotational 

errors using kV CBCT were 5° (head and neck), 8° (pelvis), and 6° (thoracic). According to daily 

MVCT from 3,800 tomotherapy treatments,21 at least 5% of brain patients had more than 3° in 

roll rotations. Those rotational positioning errors resulted in decreased target coverage and 

increased dose to the OARs. However, many factors might contribute to the dosimetric effect, 

including the simulation methods for those uncorrected errors, degree dose-gradient steepness, 

margin sizes, evaluation parameters, treatment techniques, and treatment sites. The quantitative 

correlation between the amount of rotational errors and its dosimetric consequence is not obvious 

and there is a wide range of dose effects.20,27-32 For example, during simulation, the simplest 

approach is rotating the gantry for roll and couch for yaw.27,30,32 Yue et al.24 developed a method 

to implement all 6DOF corrections, which commonly was used for rotation simulations in 3 

axes.28,29 Additionally, for online corrections, both patient repositioning and plan adjustments 

have been proposed and treatment CBCT images have been used to evaluate dose impacts on 

setup errors.20 31 At present, it is still a challenging task to accurately delineate the tumor and 

organs and calculate the dose using CBCT images.33 Thus, the quantitative dosimetric effects of 

rotational uncertainties need to be better understood. 
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Study Aims 

The key issue in HPRT deals with how to: 1) perform the quality assessments of current 

setup systems, 2) develop the new IGSPS to replace current systems, 3) evaluate in clinical 

procedures applying the new IGSPS and suitable immobilizations, 4) establish the QA program 

for LINAC and all IGSPSs and 5) simulate the dosimetric effects due to daily setups in TPS. 

This dissertation initially performed a quality assessment of FSA using CBCT to 

investigate the overall accuracy of setup systems and comprehend the limitations in SRT. It also 

reports the optimization of the accuracy of applications by combining three IGSPSs. Besides 

localization systems, modified immobilizations were considered suitable for clinical 

implementation. To avoid removing the phantom variety and to simplify the daily QA procedure, 

a simple yet comprehensive daily QA program was designed by the commercial device for 

LINAC, CBCT, FSA and ART systems. Finally, a reliable and accurate dosimetric simulation 

was developed to evaluate dosimetric consequences for those uncorrected errors,. The doses 

actually delivered to the targets and OARs were determined. Standard dose-volume-histogram ( 

DVH) was built in TPS. 

Specific aim 1: Quality assessments of current setup system (Chapter 2). The change in 

displacement reported by CBCT images will be used to evaluate the accuracy of our current 

frameless SRT setups.  

Specific aim 2: System characterization of new positioning system (Chapter 3). The 3D surface 

imaging system (ART) was developed to replace the current optical tracking system and 

validated by comparing to the FSA and kV-x-ray volume imaging(XVI) (CBCT). 

Specific aim 3: Clinical evaluation of new setup system (Chapter 4). The ideal setup system for 

HPRT was designed by a combination of ART and XVI as localization and modified mask 

system as immobilization. The clinical experiences from five SRT test patients were reported.  
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Specific aim 4: Daily QA program of LINAC and three positioning systems (Chapter 5). To 

avoid removing the phantom variety and to simplify the daily QA procedure, a simple yet 

comprehensive daily QA program was designed by the commercial device for LINAC, CBCT, 

FSA and ART systems.  

Specific aim 5: Dose evaluation of rotational errors (Chapter 6). The direct simulation in TPS for 

systematic rotational setup errors was proposed. Simulated dose distribution with rotational 

errors was evaluated by DVH.  
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 A  B  C 
 
Figure 1-1.  Three IGSPSs for HPRT. A) kV-CBCT, B) Frameless Sonarry, C) AlignRT 

 

 
 

Figure 1-2.  Flow chart of the dissertation for the high precision setup system (HPSS) 
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CHAPTER 2 
QUALITY ASSESSMENTS OF CURRENT SETUP SYSTEM 

Introduction  

Modern radiotherapy techniques, such as IMRT, SRT and SRS deliver radiation doses with 

a high degree of target conformation. Steep gradients occur at the periphery of the target and 

between the target and OAR. The higher the degree of conformation, the greater the setup 

accuracy that is required to reduce the risk of a target geographic misses with resulting high 

OAR doses. Modern TPS are able to generate plans with a high level of target conformation and 

OAR sparing. However, treatment accuracy may be compromised if the TPS setup margins do 

not adequately account for uncertainties in the patient setup.  

ISPSs employ various methods to achieve accurate target localization (SRS / SRT)1
 . Each 

has demonstrated an acceptable level of accuracy and precision and the results are summarized in 

the AAPM TG 681 report. ISPSs are divided into two categories: (1) minimally invasive systems 

and (2) noninvasive systems. Overall, the minimally invasive systems are considered to be 

optimal for SRS, with better than 1 mm achievable accuracy, due to the rigid fixation of the head 

ring to the patient’s skull. The noninvasive systems used for SRT combine the dosimetric 

advantages of stereotactic precision with the well-known radiobiological benefits of dose 

fractionation. Accurate and reproducible daily patient positioning utilizing a noninvasive ISPS is 

essential for SRT. Positioning accuracies and uncertainties for various ISPSs have been 

examined using different measurement techniques, such as 2D orthogonal films, EPIDs, 

fluoroscopic video images, repeated CT or MRI scans, optical tracking (with markers and / or 3D 

surface images), and 3D CBCT. The advantages and disadvantages of these techniques are also 

discussed in the AAPM TG 68 report.1 
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Immobilization devices used with ISPSs to reduce inter and intra-fractional motions 

include thermoplastic (TP) head masks, scotch-cast masks, and bite-blocks. The accuracy and 

precision of patient positioning for stereotactic radiotherapy has been discussed in detail.4,7,8,34,35 

Wide ranges of repositioning accuracies (0.5 mm to 4.0 mm) for combinations of various 

immobilization and localization schemes have been reported.9,11,36-38 Solberg et al.39 reviewed 

many frameless technologies and emphasized the importance of user quality assessments in the 

development of high-precision, hypo-fractionated treatment regimens to study system limitations 

and to quantify setup error. 

The FSA system has been used in the treatment of SRS and SRT patients in our clinic for 

over 10 years.4 The system can markedly improve patient positioning precision (1.1± 0.3 mm9) 

by providing positioning errors in real time. However, factors such as the reproducibility of bite 

plate seating, patient comfort, and dental impression technique can affect positioning accuracy 

by as much as 3mm.10 We have seen displacements of more than 1 cm using conventional 2D 

MV orthogonal portal verification images after FSA-guided setup on the first day of treatment. 

CBCT, which can be used to track daily setup errors with only a small contribution to the daily 

dose (~0.1cGy40 ), offers the obvious advantage over 2D orthogonal portal imaging of precise 3D 

image visualization coupled with 3D displacement information.7,11,12,18 Integration of CBCT into 

the clinical practice of SRT will greatly benefit setup accuracy as well as increase the therapists’ 

confidence level due to the visual verification of internal anatomy. 

We have used CBCT to perform a quality assessment for SRT patient treatments. Phantom 

tests were also performed to investigate the system differences between CBCT and FSA. 
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Methods and Materials 

System Descriptions 

The FSA is a two 2D CCD infrared camera system (Bova et al., 19974 ). The patient’s head 

is immobilized using a mask attached to an adjustable head holder.  A custom bite plate with two 

non-reflective and four passive reflective spherical markers is affixed to the patient’s maxillary 

dentition to form a rigid system. The non-reflective markers are used for the isocenter 

registration. The patient’s position is determined through registration of the reflective markers’ 

positions with respect to isocenter, tracked in real time. The software calculates the mean 

registration error with respect to the planning CT isocenter. The results are displayed and 

recorded as three translational and three rotational values.  

The quality assessment was performed using two CBCT systems: the XVI of the Elekta 

Synergy (Elekta Oncology Systems, Norcross, GA); and the On-Board Imager (OBI) of the 

Varian Trilogy (Varian Medical Systems, Palo Alto, CA). The scanning parameters used for both 

CBCT systems have been previously reported.18,40,41 Each system consists of an amorphous 

silicon (aSi) detector and a kV x-ray source that produces diagnostic quality x-rays (70-150 kVp 

for OBI and 40-125 kVp for XVI). The active area of the aSi detector at the nominal detector-to-

focal spot distance is 41 × 41cm2 (at 155 cm) for XVI and 39.7 × 29.8 cm2 (at 150 cm) for OBI.  

For system calibration, the FSA calibration jig is aligned with the LINAC isocenter using 

the room lasers, whereas XVI determines the isocenter using eight 10 x 10 cm2 MV portal 

images for a combination of four gantry and two collimator angles. Field edge detection is 

applied and the center points for the eight fields are averaged to determine the XVI origin / 

isocenter. The manufacturer specification of kV CBCT and MV isocenter coincidence is ≤ 1mm. 

A similar procedure was used for the OBI isocenter calibration. 
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Planning CT images were acquired with a 2 mm slice thickness. The XVI scans were 

acquired using a 27.6 x 27.6 x 20 cm3 field of view (FOV) and a gantry rotation of 205º over 

approximately 70 seconds. The XVI registration ROIs, shown in Figure 2-1(a), included the 

entire skull and excluded the neck area. The software’s bony matching algorithm was used to 

perform the registration. For OBI, the bow-tie filter and full-fan data acquisition geometry were 

used to reconstruct a 24 x 24 x 15 cm3 FOV for a 360° gantry rotation over approximately 60 

seconds. As mentioned above, only soft tissue fusion without registration ROI selection is 

allowed for the OBI scans. The translational and rotational displacements for each system were 

obtained after registration. 

After CBCT imaging, registration with the planning CT is performed. The XVI software 

(v4.0) supports both bony and soft-tissue fusion and allows for a user-defined ROI fusion 

volume for the registration. The OBI software (v2.0) offers only soft-tissue fusion with no 

registration ROI selection. Figure 2-1 displays the image registration screens. We represent the 

directions of the CBCT registration displacements along patients' left-right, superior-inferior and 

anterior-posterior directions as ∆LAT, ∆LONG and ∆VERT, respectively. The XVI software 

displays these displacement values to tenths of a millimeter, whereas the OBI software provides 

only integer millimeter displacements. 

QA Phantom Study 

A QA phantom was used to assess the precision, accuracy and system differences for FSA 

and CBCT. The reproducibility of geometric calibration and registration algorithms have been 

assessed.4,18,41 The QA phantom was utilized daily, monthly and bi-annually to evaluate the 

accuracy of each ISPS with respect to the Linac radiation isocenter. The phantom, shown in 

Figure 2-2, is a custom polystyrene cubic phantom attached to a rigid frame. It was used to 
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evaluate the FSA determined isocenter position using CBCT as well as to determine the 

variances in isocenter corrections.  To simulate a typical patient setup, planning CT scans of the 

phantom were transferred to the FSA and CBCT. The phantom was then positioned using FSA to 

≤ 0.1 mm and ≤ 0.1° along all axes. CBCT images were then acquired and registered with the 

planning CT. This was done ten times to obtain the radiation isocenter displacement values for 

FSA relative to CBCT (XVI and OBI). The mean value was  used as the offset for patient 

localization analysis. 

Patient Setup Procedures and Image Acquisitions 

The quality assessment was performed for two groups of patients. For the first group, a bite 

plate and half-face TP mask were used as immobilization devices and FSA was used in real-time 

tracking mode for localization. We termed this group the bite plate FSA (abbreviated bFSA) 

group. For the second group, a full-face TP mask was utilized for immobilization and room laser 

alignment was used for localization. We termed this group the mask-laser (abbreviated mLAS) 

group. Patients who could not tolerate the bite plate comprised the latter group. The setups for 

the two groups are shown in Figure 2-3. 

Two studies were done. The first utilized FSA and both CBCT systems for 15 bFSA 

patients (8 XVI and 7 OBI) to determine differences in isocenter corrections between the FSA 

and CBCTs. For FSA, it is assumed that the bite plate and skull form a rigid-body system 

through the palate and upper teeth. In some cases, a poor dental impression causes bite plate 

position inconsistencies during the CT simulation and the treatments. We have seen greater than 

1.5 cm positioning differences between the CT simulation and the treatment. We have addressed 

this issue by reseating the bite plate ten times before the planning CT images are obtained. We 

ensure that the reproducibility is within 2 mm. 
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In the second study, we used only XVI for 18 patients, 8 bFSA and 10 mLAS, to assess the 

positioning accuracy differences between the two patient groups. For the bFSA group, FSA was 

used for daily localization, and we acquired CBCT images for the first three fractions of bFSA 

patient positioning to verify that the isocenter correction was less 2 mm / 2°. The ROI volumes 

were verified in the XVI software by the physician before the first CBCT acquisition. Weekly 

CBCT imaging was done for the remainder of the treatment course. The assumption is that if the 

differences between FSA and CBCT remain stable for the first three fractions, then weekly 

CBCT verification should be sufficient for the remainder of the treatments. Our standard 

protocols for SRT CBCT acquisition are listed in Table 2-1. Automatic registrations were used to 

eliminate user variability. 

Each patient’s position was adjusted until the FSA registration error tolerances were met, 

after which CBCT was performed and the patient was treated. In our clinic, registration error 

tolerances of ≤ 0.3 mm translation and ≤ 0.3 ° rotation4,35 along any axis must be met before 

treatment can be delivered.  Note that CBCT images for these patients were acquired only for 

verification and quality assessment purposes. Also note that the residual errors in the patient 

position accruing during CBCT acquisition and/or treatment delivery were monitored for by the 

FSA to ensure that the changes in the translational and rotational displacements about any axis 

remained less than 1 mm and 1°, respectively.  

For the mLAS patients, CBCT alone was used. After registration, the displacement values 

for all three axes were recorded.  
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Results   

QA Phantom Tests 

The isocenter displacement results for the FSA system, with respect to the two CBCT 

systems are shown in Table 2-2. The mean differences between the XVI and FSA systems were 

1.0 mm (∆ LAT), 0.7 mm (∆ LONG), and 0.5 mm (∆ VERT). Similar results between the OBI 

and FSA systems were observed. The maximum difference between the CBCT and FSA systems 

along any axis was 1.0 ± 0.3 mm.  The maximum rotational difference about any axis was less 

than 1°. The system differences are mainly due to the uncertainty in the calibration procedures 

and reference methods (mechanical for FSA vs. radiation for CBCT). Previously estimated 

standard deviations for the FSA and CBCT calibrations were on the order of 0.6 mm in each 

direction.4,18,35, 41 The slightly larger values found in this study reflect the inherent uncertainty 

introduced by using the combined systems. The system differences shown in Table 2-2 were  

subtracted for the patient setup evaluation described below.  

The Patient Positioning Differences between FSA and CBCTs 

Figure 2-4 shows a histogram of the distribution of the CBCT isocenter corrections for 15 

SRT patients. A total of 65 XVI sessions and 53 OBI sessions were analyzed. The horizontal axis 

is the difference between FSA and CBCT, and the vertical axis is the distribution of differences 

as a percentage of total CBCT sessions. The Gaussian distribution is shown for both CBCT sets 

with respect to FSA. Approximately 5% of the disagreements were lager than 3 mm. The 

variances in isocenter corrections are summarized in Table 2-3. The mean and standard deviation 

of displacements between FSA and CBCT were approximately 1.2 ± 0.7 mm, and were 

independent of the CBCT system used.  A Student t-test showed that there was no difference 

between the distributions for XVI and OBI (p=0.208). The maximum displacement between FSA 
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and XVI  was 4.4 mm, and the maximum variance between FSA and OBI was 3.2 mm. The 90th 

percentile of the rotational differences between FSA and CBCT along the three axes was 

approximately 1º. The maximum rotational difference was approximately 2° for both XVI and 

OBI. For XVI, the maximum differences between the bony and soft-tissue registration results 

were under 0.5 mm translation and 0.5° rotation for all axes. 

Comparisons of bFSA and mLAS Isocenter Corrections Using XVI 

A summary of isocenter corrections using XVI for 18 bFSA and mLAS patients is shown 

in Table 2-4 and the histogram distribution is shown in Figure 2-5. The displacements for 8 

bFSA patients (65 CBCTs) were 0.5 ± 0.4 mm (∆LAT), 0.8 ± 0.6 mm (∆LONG), and 0.5 ± 0.4 

mm (∆VERT), giving a vector value of 1.2 ± 0.7 mm. The 90th percentile was 1.8 mm. For the 

10 mLAS patients (70 CBCTs), the displacements were 2.0 ± 1.6 mm (∆ LAT), 1.4 ± 1.2 mm (∆ 

LONG), 1.3 ± 1.0 mm (∆ VERT), for a vector value of 3.2 ± 1.5 mm. The 90th percentile was 5 

mm. The mean of the errors were statistically significant (p< 0.005). The median and 90th 

percentile differences for the two groups were also statistically significant (p~0.001) and the 

maximum difference in displacement between these two groups was approximately 4 mm (4.4 

mm vs. 8.1 mm). The rotational errors were larger for the mLAS group (p~0.001). The 90th 

percentile of the rotational errors for all distributions was approximately 1° for the bFSA group 

and approximately 3° for the mLAS group. The maximum rotational error was 5.7 °. 

Discussions 

We previously performed clinical SRT patient localizations using daily FSA guidance and 

weekly orthogonal MV portal images. Visual comparisons of the portal images, which suffer 

from relatively poor contrast, with digitally reconstructed radiographs (DRRs) were used to 

determine the accuracy of isocenter corrections. Using this procedure, the uncertainty can easily 
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be as high as 5 mm and 50 with large user variability. Much more accurate quantitative 

localization can be achieved with newer CT-based technologies such as CT on-rails, and cone 

beam CT. These technologies allow for image registration using 3D anatomical information. 

They also possess high quality visual verification tools and give translational and rotational 

isocenter corrections.  

We use TP masks for patients who are not suitable candidates for bFSA. Baumert  et al.42 

showed that the repositioning accuracy of SRT is not ideal, with a maximum deviation of up to 7 

mm in one direction using sequential CT scanning. We detected approximately the same 

maximum deviation (up to 8mm and 5°) for mLAS patients. 

We have developed a positioning technique for SRT that combines FSA, to provide 

detection of intra-fractional patient motion, with CBCT, which provides internal anatomical 

information. The system differences have been determined using a QA phantom. The differences 

include calibration methods and image registration uncertainties.  

The registration error for the FSA system was 0.3 mm4,9,35 and the system isocenter 

variation, verified daily with the calibration jig, was 0.6 ± 0.2 mm. The uncertainty of the kV and 

MV isocenter coincidence has been found to be within 0.3 ± 0.2 mm18, 41 and this was verified 

with our routine QA over a three month period. This defines the relationship of the radiation 

isocenter of the LINAC with respect to the imaging-isocenter of the CBCT. The system 

differences between FSA and CBCT are very reproducible and therefore these differences are 

used as displacements between the two systems. 

Figure 2-6 shows the trend of isocenter corrections from CBCT sessions for one SRT 

patient from the first study over the entire treatment period of four weeks. The first three 

corrections correspond to the first three fractions and the last three corrections are for the weekly 
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CBCT acquisition. The corrections increase from approximately 1 mm for the first three 

fractions to 4.4 mm for the last weekly CBCT acquisition.  

These results indicate that the FSA system alone cannot guarantee the repositioning 

accuracy over the whole course of treatment, and that conjunction of FSA with CBCT is needed. 

However, CBCT usage will add an additional 2 to 4 minutes to the treatment time as well as 

additional radiation dose to the normal tissues. Also, the patient setup position can be verified 

only for a 0° couch angle.   

The two CBCT systems utilized for our study are widely used, and many studies have 

reported reproducibility of the calibration and registration algorithms7,18, 41 of up to ± 0.2 mm 

with phantom tests. Similar results were found in this study. Moreover, user variability, ROI 

selection, and the auto registration process using bony or gray-scale algorithms can lead to 

registration uncertainties and errors.7,8,11,12 Negligible variability errors have been reported for 

automatic registration with a user defined ROI.12 Zhang et al.13 have shown the importance of 

defining the “correct’’ ROI for automatic image fusion if the patient is not a rigid body. 

Guckenberger et al.12 reported a highly significant correlation (r≥ 0.88) between automatic bony 

matching and grey scale registration for brain patients whose planning and treatment tumor sizes 

were not significantly different. However, a decrease in the tumor size from 20 mm to 14 mm 

altered the position of the tumor center by 2.8 mm12 in two patients. High-precision image 

guidance based on bony anatomy cannot account for these uncertainties, and the discussion of 

this effect is not in the scope of this work.  

We selected the whole skull as the ROI when using XVI bony registration since, in theory, 

the bite block forms a rigid body with the skull through the upper jaw. XVI bony and gray scale 

registrations with pre-defined ROIs were processed for each SRT, and the maximum difference 
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between the two registrations was less 0.5 mm. Table 2-3 shows that similar corrections (~1mm) 

were found for both OBI and XVI for both the phantom and patients even though the OBI 

utilizes only gray scale registration without a predefined ROI selection. Additionally, the display 

of sub-mm isocenter corrections, which is available only with the XVI software, is essential to 

high precision radiotherapy. 

The reproducibility of patient positioning using FSA was previously reported to be within 

0.4 to 2.3 mm.4,35,38, 43 The mean corrections obtained in our study is within this range, 1.2 ± 0.7 

mm (XVI / OBI). Many studies have been published that evaluate the positional accuracy for 

different frameless procedures.3,8,11,12,36,37,39, 42 However, even if the same verification method is 

employed, results can vary greatly, mainly because there are many influencing factors (e.g., 

different numbers of patients / image sets, mask type, mask making proficiency, patient 

compliance etc.). Table 2-4 shows the results for the two setup techniques. Considerably smaller 

setup errors were obtained for the bFSA patients (1.1 ± 0.5 mm) than for the mLAS patients (3.5 

± 1.5 mm), with statistical significance (p<0.0001). Masi et al.8 reported setup errors for SRT 

patients using CBCT and found slightly smaller values (2.9 mm vs. 3.2 mm) for bite-block and 

mask than for mask only without statistical significance. Nevertheless, for the mLAS setups, our 

errors (3.5 mm) are identical to those obtained by Masi et al.8 and slightly smaller than those of 

Boda-Heggemann et al.11 (4.7 mm) and Guckenberger et al.12 (4.6 mm), who all used XVI to 

evaluate the setup accuracy of frameless SRT. This reflects the institutional dependence of 

patient setup. 

Rotational displacement can be a significant source of error. In general, patient discomfort 

leads to more rotational error. We’ve estimated that a 2° rotational deviation will induce a 

translational deviation of about 1 mm at a point located 3 cm away from isocenter. However, for 
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large targets (> 5cm length) with rotational deviations greater than 2°, the translational deviation 

is more than 1.8 mm, which is significant when a small setup error margin is needed. In our 

study, the mean rotational deviation in any direction was less than 1° for the bFSA patients, 

which matches Baumert’s et al.42 results for patients with bite block using sequential CT 

scanning. By contrast, for the mLAS patients, the mean rotational deviation was approximately 

1.4°, which is slightly larger than the results reported by Jin et al.3 (~0.6°) obtained using 

orthogonal portal images with 6D fusion methods. Registration with CBCT is more sensitive in 

detecting rotational error than 2D / 3D registrations using orthogonal images. However, the 90th 

percentile of the distribution for the mLAS patients was approximately 3° and the maximum 

rotational error for the mLAS patients was 5.7°. This would cause positional displacements of 

more than 5 mm if the maximum tumor length was greater than 5 cm. The rotational deviation 

was significant for the mLAS patients receiving SRT with non-coplanar beams. 

Conclusions 

A quality assessment of frameless SRT using CBCT was performed. The inherent 

uncertainties between FSA and CBCT include calibration procedure, reflector tracking versus 

image acquisition, registration algorithm and dental impression technique. Overall, the system 

difference between FSA and CBCT using a QA phantom was approximately 1.3 mm, which is 

due to the different calibration methods. The mean and the maximum differences in patient setup 

error between FSA and CBCT were 1.2 mm and 4.4 mm, respectively. The mean displacements 

using CBCT were 1.2 mm and 3.2 mm for the bFSA and mLAS groups, respectively. Note that 

for the bFSA group, the systematic differences of Table 2-2 were subtracted for the mean 

displacement analysis. No significant difference in corrections was observed between XVI and 
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OBI. Using the FSA system alone will not guarantee the accuracy of the SRT program even 

when our criteria of acceptable reproducibility for the first three fractions are met.   
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Table 2-1.  List of relevant scanning parameters for the XVI and OBI used as SRT protocols. 

 

 
Table 2-2.  Coordinate conversions between FSA and CBCT units obtained with phantom tests. 

 

 

 

 

 

 

 

 

 

  

 
XVI 

  

OBI 
Trans(mm) Rot(º) Trans(mm) Rot(º) 

∆ LAT 1.0 ± 0.3  0.5 ± 0.1 1.0  ± 0.3 0.9 ± 0.3 
∆ LONG 0.7 ± 0.2  0.5 ± 0.1  0.8  ± 0.4  0.1 ± 0.1  
∆ VERT 0.5 ± 0.2 0.1 ± 0.1 0.8 ± 0.4  0.2 ± 0.2 
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Table 2-3.  Comparisons of the bFSA patient isocenter corrections obtained with CBCT.  

 

Table 2-4.  Comparisons of the isocenter corrections for 8 bFSA and 10 mLAS patients. 

 
 
  

  

Translations(mm) 
XVI 

 

OBI 

Mean ± S.D.  Median  90th %  Max Mean ± S.D.  Median  90th %  Max 
∆ LAT 0.5 ± 0.4  0.4  1.0  2.6 0.6 ± 0.6  0.6  1.0  2.7 
∆ LONG 0.8 ± 0.6  0.6  1.5  2.8 0.8 ± 0.7  0.6  2.0  3.0 
∆ VERT 0.5 ± 0.4  0.3  1.0  2.2 0.4 ± 0.3  0.4  0.8  0.9 

Displacement 1.2 ± 0.7  0.9  1.8  4.4 1.3 ± 0.8  1.1  2.4  3.2 

 

Rotations (°) 

XVI 

 

OBI 

Mean ± S.D.  Median  90th %  Max Mean ± S.D.  Median  90th %  Max 

∆ LAT 0.4 ± 0.5  0.3  0.8  2.3 0.6 ± 0.4  0.6  0.9  2.0 

∆ LONG 0.3 ± 0.3  0.3  0.7  1.4 0.3 ± 0.5  0.1  0.7  1.9 

∆ VERT 0.5 ± 0.5   0.4   1.2   2.3 0.3 ± 0.4   0.2   1.0   1.4 

 

Translations (mm) 
bFSA 

 

mLAS 

Mean ± S.D.  Median  90th %  Max Mean ± S.D.  Median  90th %  Max 
∆ LAT 0.5 ± 0.4  0.4  1.0  2.6 2.0 ± 1.6  1.7  4.4  5.8 
∆ LONG 0.8 ± 0.6  0.6  1.5  2.8 1.4 ± 1.2  1.0  3.3  5.5 
∆ VERT 0.5 ± 0.4  0.3  1.0  2.2 1.3 ± 1.0  1.2  2.1  6.8 

Displacement 1.2 ± 0.7  0.9  1.8  4.4 3.2 ± 1.5  3  5  8.1 

Displacement 
Masi et al.6  2.9 ± 1.3  N/A  4.5  7  3.2 ± 1.5  N/A  5  6.2 

 

Rotations (°) 
b-FSA 

 

m-LAS 

Mean ± S.D.  Median  90th %  Max Mean ± S.D.  Median  90th %  Max 

∆ LAT 0.4 ± 0.5  0.3  0.8  2.3 1.1 ± 1.2  0.7  2.9  5.7 

∆ LONG 0.3 ± 0.3  0.3  0.7  1.4 0.9 ± 0.8  0.6  2.1  3.3 

∆ VERT 0.5 ± 0.5  0.4  1.2  2.3 1.5 ± 1.1  1.4  2.8  4.9 
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 A B 
 
Figure 2-1.  Examples of registration process: A) Elekta XVI. B) Varian OBI  

 

 

 

Figure 2-2.  Bite frame attached to QA phantom 
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A B 
 
Figure 2-3.  Two setup for frameless SRT: A) bFSA. B) mLAS 

 

 

Figure 2-4.  Histogram of isocenter corrections for SRT patients after FSA guidance 
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Figure 2-5.  Histogram of isocenter corrections from XVI for the bFSA and mLAS 

 

 

 

Figure 2-6.  Trend of isocenter corrections for 4 weeks for one SRT patient 
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CHAPTER 3 
SYSTEM CHARACTERIZATION OF NEW POSITIOING SYSTEM 

Introduction 

SRS is a single-fraction intracranial treatment technique that uses a rigidly attached frame 

for stereotactic target localization and patient immobilization. Issues with the technique such as 

normal tissue dose tolerance led to the development of fractionated SRT, which is a conformal 

treatment technique that is used for a variety of both intracranial and extra cranial lesions. For 

intracranial SRT, the frame-based technology is impractical, and over the last decade image-

guided (IG) techniques have been developed to improve the accuracy and efficiency of target 

localization to allow for the elimination of the frame entirely.7,8 

Over the past decade, IG techniques have been developed to increase the precision of 

target localization. These include standard MV EPI,2,3 optical tracking,4,35 video surface 

imaging,44,45 and CBCT7,8,17,46 Some of these techniques have been applied to frameless SRT as 

IGSPSs. The merits and limitations of these methods have been discussed in several reports.1 

For MV EPI, translational and rotational displacements are obtained from bi-planar x-ray 

images.2 However, this technique suffers from significant ambiguities due to poor image quality. 

CBCT provides a higher quality 3-D image of the patient anatomy, and daily image guidance 

using kV CBCT as an IGSPS has been routinely implemented.1,7,8 However, the CBCT 

technique is limited to a treatment couch angle of zero degree, uses ionizing radiation, and 

cannot acquire images in real time. 

Optical tracking techniques, which provide real-time tracking of reflective markers affixed 

to the patient, have been used in many clinics over the past decade.4,35 The techniques are limited 

by the reproducibility of the correlation of the internal target with the external markers; if a rigid 
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body system is formed between targets and markers, the system is highly accurate. Otherwise, 

the system accuracy suffers.  

This is the first report to discuss the use of the AlignRT3C (ART) system (Vision RT Ltd, 

London, UK) utilizing three ceiling mounted 3-D camera pods and real-time tracking mode. The 

purpose of the study was to validate the ART as a new IGSPS by comparing it to both a kV 

CBCT system and an optical tracking system. The CBCT system used for the study was the XVI 

system (Elekta Oncology Systems, Norcross, GA) and the optical tracking system utilized was 

the FSA (Zmed/Varian, Inc., Ashland, MA). All three systems, ART, FSA, and XVI (shown in 

Figure 3-1), are installed in the same treatment room with an Elekta LINAC (Elekta Oncology 

System, Norcross, GA). Our experiments were done to study: (1) the accuracy of the system 

calibration (2) the accuracy of the registration algorithm; and (3) uncertainties of surface 

reconstruction caused by inter and intra-fractional motion, skin tone, room light variances, 

camera thermal effects, and ROI selection. 

Methods and Materials 

System Descriptions 

The original Align RT system was introduced by Bert et al.5 The system utilized two side 

camera pods and was designed to acquire 3-D surface images with a 00 couch angle. Partial 

image loss occurred with the system at some gantry angles due to gantry blockage of the 

cameras. Because the camera blockage could compromise system accuracy, the system was 

redesigned to include a central camera pod (Align RT3C), as shown in Figure 3-1, to ensure 

complete image acquisition over the full gantry and couch range. Several stereoscopically 

arranged charge-coupled-device (CCD) cameras were housed for different purposes, such as 

computing the 3-D surface image and providing gray-level and dynamic images. Camera 

calibration is performed using the light field and room lasers. The reproducibility of the 
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calibration is within 0.8 mm.5 Daily calibration verification is recommended by the 

manufacturer. All acquired images from the 3 camera pods are reconstructed as a 3-D surface 

with approximately 1 to 3 mm spacing and 10,000 points.  Either static or continuous real-time 

surface image displays are supported. Our study was done in the real-time mode, for which the 

surface image capture frame rate is 0.1 to 0.3 frames per second, depending on the size of the 

ROI selected for the registration. Additionally, the software (version 4.2) supports two types of 

surface image references; skin contours reconstructed from planning CT images (CT_S) and 

optical surface images previously recorded by the ART (ART_S). These are shown in Figure 3-2.  

The FSA system is a two CCD infra-red camera system.4 A custom bite plate with 2 non-

reflective and 4 passive-reflective spherical markers is affixed to the patient’s maxillary dentition 

to form a rigid system. The non-reflective markers are only used for the isocenter registration. 

The patient’s position, which is determined through registration of the reflective marker 

positions with respect to the isocenter, is tracked by the system in real time. Calibration of the 

system is performed using a vendor-supplied calibration apparatus. The spatial accuracy of the 

system is within 0.8 mm4,38 and the mean registration error is approximately 0.3 mm.4,35 

The XVI system46 consists of an aSi detector and a kV x-ray source installed on two 

retractable arms. The kV x-ray beam is orthogonal to the LINAC treatment beam. The unit 

produces diagnostic-quality x-rays from 70 to 150 kVp. The active area of the aSi detector is 41 

× 41 cm2 at the nominal detector-to-focal spot distance of 155 cm. The scanning parameters and 

calibration technique used for the XVI have been previously reported.17, 46 The manufacturer 

specification for calibration accuracy is a kV / MV isocenter coincidence of ≤ 1.0 mm. We 

routinely verify the coincidence to within 0.3 mm. In this study, the XVI scans were acquired 

using a 27.6 x 27.6 x 20 cm3 FOV and a gantry rotation range of 205º over approximately 70 
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seconds. The XVI software (version 4.0) allows an ROI fusion volume to be defined on the 

planning CT image for the registration. After the CBCT images are acquired, registration with 

the planning CT is performed using a bony registration method.  

All three of the systems’ image registrations yield six degree-of-freedom correction 

parameters and the translational results are displayed to sub-millimeter precision.  

Align RT3C Evaluation 

A modified Rando head-and-neck phantom (RHNP), shown in Figure 3-3 (a), was used to 

assess the accuracy of ART with respect to XVI and FSA. The phantom was modified by 

affixing a bite plate with attached reflective markers and position adjustment knobs. The 

adjustment knobs allowed for rotational movement of the phantom, and the FSA system was 

used to monitor the movement of the phantom via the reflective markers. To simulate a typical 

patient setup, the planning CT images of the phantom were transferred to both FSA and XVI, 

and the skin contours (CT_S) from the planning CT images were transferred to the ART. The 

treatment plan isocenter was chosen to coincide with the intersection of orthogonal lines that 

pass through three radiopaque BBs on a single transverse cut of the phantom image. 

Accuracy of system calibration  

The calibration accuracy of all three systems was assessed. Vendor-provided calibration 

devices were used for the system calibrations, which were done according to vendor guidelines. 

To determine the inherent variances of the isocenter position for each system calibration, the 

RHNP was placed on the couch at the treatment position, and the FSA system was used to 

position the isocenter to ≤ 0.1 mm and ≤ 0.1 ° along all three axes. The CBCT images and the 

ART surface images were acquired and registered with the planning CT and CT_S references, 

respectively. This was done ten times to obtain the statistics of the isocenter corrections. The 

mean differences between these values were used as the offset for the phantom localization study 
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 Accuracy of registration algorithm  

The accuracy of the ART registration algorithm was evaluated by using the system to 

determine rotational and translational displacements of the isocenter using the RHNP, and 

comparing the results to those obtained with the FSA and XVI systems. To simulate pretreatment 

setup (gantry = 0°and couch = 0°), the phantom was positioned on the table at the treatment 

position as determined by the FSA system. The ART_S reference was captured after the 

phantom was localized using XVI (to within 0.3 mm and 0.3 °of isocenter) to eliminate the 

inherent variances between XVI and Align RT3C. The phantom was then randomly positioned at 

over 70 different locations lying within a range of ± 20 mm and/or ± 5° of the isocenter. The 

displacement at each position was determined with the ART using both the CT_S and ART_S 

references. A CBCT image was also acquired at each position and the corresponding 

displacements were calculated using bony registration. The displacements were determined with 

the FSA system as well.  

To simulate non-coplanar delivery, thirty additional data sets were acquired over the full 

range of couch angles (±90°) and/or full range of gantry angles (360°).  The displacements were 

determined using only the FSA and ART systems since the XVI system can only operate with 

the couch at 00.  

Uncertainties of surface reconstruction 

The ART surface reconstruction may be influenced by inter and intra-fractional motion, 

skin tone, camera thermal effects, room light variation, and ROI selection.  

Five healthy volunteers differing in age, sex, weight, and skin tone were used to validate 

the accuracy of inter and intra-fractional motion. Only the ART and FSA were used for the 

volunteers, the XVI could not be utilized because of the hazard of radiation exposure. The 
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standard localization/immobilization devices were used for each volunteer, such as a bite plate 

and a custom disposable head support (MoldCare® Pillow, Bionix Inc, Toledo, OH). To acquire 

an adequate surface image, we applied a thermoplastic chin stretch attached to an adjustable head 

holder instead of a full face mask, as shown in Figure 3-3 (b). Each volunteer was repositioned 

10 times (standing up and lying down each time) to within 0.3 mm and 0.3° of the setup position. 

Intra-fractional motion was analyzed for 2 minutes each time. The displacements were recorded 

to illustrate the variances of inter and intra- fractional motion between FSA and ART. 

In the ART software, three skin-tone protocols are available (fair, mid, dark) which use 

different camera exposure settings to compensate for the brightness of room light and / or skin 

tone. To simulate treatment conditions, the phantom and five volunteers with different skin tones 

were repositioned under different room lighting levels. At each position, we randomly adjusted 

the room light and tracked the phantom / volunteer’s position while alternating between the three 

skin-tone protocols. The displacements obtained using the protocols were calculated.  

If the cameras are left on for long periods of time, the resulting thermal effect could 

compromise the long-term stability of the camera performance. The phantom was continuously 

imaged for over 10 minutes to simulate a typical setup. The phantom was reimaged for 10 

minutes every 30 minutes for up to 10 hours to simulate a typical treatment day. All factors were 

examined using both CT_S and ART_S references. 

We analyzed the effect of eight different user-defined ROIs. These regions consisted of no 

ROI, the whole face, the central face, the default, the default ROI excluding the nose, the frontal 

face, the left face and the right face (Figure 3-4). The user can assign any ROI as the default 

ROI. The central and frontal-face ROIs were combined and selected as the default ROI for our 
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study. The ROIs were applied to the reference images for both the RHNP (CT_S, ART_S) and 

the volunteers (ART_S). For each defined ROI, the displacements were calculated. 

Results and Discussions 

 Accuracy of System Calibration  

The system calibration of the ART agrees with the calibrations of the other two systems to 

within 1.3 mm and 0.8°, as shown in Table 3-1. The directional differences along the phantom’s 

left-right, superior-inferior, and anterior-posterior axes are ∆LAT, ∆LONG, and ∆VERT, 

respectively, as shown in Figure 3-3(a). In a previous XVI study a systematic difference between 

the kV and MV defined radiation isocenter of 0.3 ± 0.2 mm was observed10. Chang et al.7 

reported good agreement between the results obtained with CBCT with those of the Brown-

Roberts-Wells (BRW) frame. We therefore selected the XVI as our reference. The mean 

differences between the ART and XVI systems were -0.2 mm (∆ LAT), -0.4 mm (∆ LONG), and 

1.2 mm (∆ VERT), and there was a difference between the Align RT3C and FSA of 0.6 mm 

along each axis. The maximum rotational difference about any axis was less than 1°. By contrast, 

the isocenters of the ART and FSA were located closer to one another and were spaced more 

uniformly (0.6 mm along each axis), than when either was compared with the XVI. This is due to 

the similar manufacture-defined calibration methods of FSA and ART, which are both calibrated 

with respect to the mechanical isocenter of the LINAC. Many studies5,9,11 have reported that the 

registration errors for the XVI, FSA, and ART are all within 0.5 mm of one another. The 

maximum standard deviation of the registration error for our study was 0.3 mm for all three 

systems (Table 3-1). Due to the variances in the calibration methods, the software of ART (or 

FSA) supports the conversion matrix found using the radiation isocenter in order to correct for 

isocenter displacements.  
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Accuracy of Registration Algorithm 

The means and standard deviations of the differences between the ART  isocenter 

displacements with those of the other two systems for the 0° gantry and couch setups are shown 

in Table 3-2. Note that the systematic calibration differences between the systems were 

subtracted before doing the comparison. For the mean values, the ART results obtained using 

ART_S show better agreement with the FSA (0.3 mm / 0.2°) than with the XVI (0.9 mm / 0.4°). 

Additionally, the XVI presented larger standard deviations than the FSA when compared to the 

Align RT3C (0.5 mm vs. 0.1 mm). The maximum discrepancy between the ART and the XVI was 

3 mm, and was 0.4 mm between the ART and FSA when the phantom was located more than 

±10 mm / ±3° from the isocenter. For small displacements (< ± 3 mm / ± 3°), the differences 

between ART and either XVI or FSA were < 0.5 mm / 0.5°. Different registration algorithms 

could cause registration uncertainties. The above results could indicate that the XVI is less 

accurate in image registration with the combination of larger translation and rotational errors. A 

study by Masi et al.8 similarly concluded that with SRT a second CBCT should be performed if a 

rotational error of > 2° is obtained with the first CBCT. The accuracy of rotation for the three 

systems was approximately 1°, even for a phantom offset of more than ± 30 mm / ± 5°. 

The means and standard deviations of the differences of the ART isocenter displacements 

with those of the FSA system for couch angles of up to ± 90° are listed in Table 3-3. For the 

mean values, the ART results were within 1.2 mm of the FSA values using the ART_S 

references. The rotational differences were all less than 1°. The maximum differences were 2.3 

mm / 1.2°  for couch angles of ± 90°. Because of the locations of the two side cameras, only 

partial images can be acquired for non-zero couch angles. The amount of image cutoff increases 

with increasing couch angle. At a couch angle of ± 90°, only approximately half of the image is 
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acquired, with respect to the image acquired with the couch at 0°. Since this may affect the 

accuracy of registration, a third, centrally-located camera is important for non-coplanar 

treatments.  

Gantry blockage effects are illustrated in Figure 3-5, which shows the trend of 

displacements for the ART system for a gantry angle range of 360°. The displacement variance is 

0.4 mm for the ART_S references. For the CT_S references, the displacement variance lies 

between 2 mm and 3 mm for gantry angles between 30° and 60°, and between 300° and 330°. No 

significant variances in rotational displacement differences (Max: 0.7°(CT_S) and 0.3° 

(ART_S)) were found. ART  is feasible for localizing and monitoring non-coplanar SRT 

treatments for full gantry and couch rotations using ART_S references. However, gantry 

blockage of the camera pods during gantry rotation may contribute to registration errors. This 

effect means that a blocked camera is not available for use in the registration. The use of CT_S 

references might accentuate this effect; however, CT_S is used only for the initial patient setup. 

Tables 3-2 and 3-3 show the registration uncertainty of the ART is slightly larger (Max, 

1.3 mm) for CT_S than for ART_S. Average registration variances for isocenter displacements 

of 0.3 ± 0.2 mm for ART_S and 1.2 ± 0.8 mm for CT_S were obtained, with rotational 

differences lying within ± 1° for both reference types. With no gantry or couch rotation, the 

mean differences between the two references were 0.4 mm and 0.2° (compared to XVI) and 0.6 

mm and 0.6° (compared to FSA). With couch rotation, the mean differences between the two 

reference types were 1.3 mm / 1.0°. The values of the standard deviation show that CT_S may 

have slightly greater uncertainty than ART_S, especially for larger displacements. Some possible 

factors contributing to this uncertainty include CT_S construction based on the chosen CT 
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density threshold, and the similar projected spectral pattern between ART_S and the real-time 

captured image during the treatment. 

 Uncertainties of Surface Reconstruction 

The mean differences between the ART and FSA displacements obtained for the volunteer 

study are shown in Table 3-4. For inter-fractional motion, the mean and maximum displacements 

of ART, when compared to FSA, were 0.5 mm and 1.0 mm without couch rotation, but the 

numbers increased to 1.3 mm and 1.5 mm for couch angles of ± 90°. These values are close to 

those obtained for the phantom tests. The maximum differences for intra-fractional motion were 

within 0.9° and 1.2 mm for all of the couch angles. No skin-tone effect was observed for the 

volunteers (< 0.5 mm and 0.5°) and the effect on registration uncertainty for different levels of 

room lighting was < 0.2 mm and 0.2°. 

For the camera thermal effect stability tests, all displacements were less than 0.3 mm and 

0.3° for a period of 10 hours. A previous study8 reported the long-term stability in static mode to 

be within 0.5 mm and 0.01°. 

Figure 3-6 shows the deviations measured using ART_S and CT_S for the 7 ROI settings, 

with respect to the default ROI. Average registration variances for isocenter displacements of 0.3 

± 0.2 mm for ART_S and 1.2 ± 0.8 mm for CT_S among the ROIs were obtained, with rotational 

differences lying within ± 1° for both reference types. Using CT_S, the results showed that the 

central and frontal face area (the default ROI) was the optimal region to use as the reference 

since it provided the minimum registration uncertainty. The default ROI was applied to the 

phantom for the system calibration accuracy and registration algorithm tests. 



 

56 

Conclusions 

This study evaluated the ART as an IGSPS using real-time mode for high-precision 

treatments. A systematic isocenter displacement was observed between the ART, FSA, and XVI, 

but a conversion matrix could be applied with the ART. Positioning and tracking performance 

using a phantom was comparable to that of the CBCT and optical tracking techniques.  Inter and 

intra-fractional motion tests performed using the volunteers demonstrates the equivalency of the 

system with the FSA.  

The system characteristics of all three IGSPSs (ART, XVI and FSA)  including imaging 

modality, tracking references, tracking mode, geometry calibration, detection capability, 

additional dose, attached localization devices, and registration uncertainties are listed in Table V. 

The combination of CBCT and ART can be applied to frameless SRT for non-coplanar setups, 

but with the additional advantages of internal anatomy visualization and the elimination of the 

uncertainties inherent in the use of patient-attached external devices for positioning and tracking. 
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Table 3-1.  Coordinate system displacements between 3 systems explored with phantom tests. 
 

 

 

 

 

 

 

Table 3-2.  Comparisons of the positioning variances within ± 20 mm and/or ± 5°. 

 

 

 

Table 3-3.  Differences between the 3D phantom displacements for full couch rotation.  

  

  

AlignRT3C  v.s. XVI 

  

FSA v.s. XVI 

  

AlignRT3C  v.s. FSA 

Trans(mm) Rot (°) Trans(mm) Rot (°) Trans(mm) Rot (°) 

∆ LAT -0.2 ± 0.3   0.2 ± 0.2  -0.9 ± 0.3  -0.6 ± 0.2  0.6 ± 0.2   0.8 ± 0.1 

∆ LONG -0.4 ± 0.1   0.4 ± 0.4  0.4 ± 0.1   0.5 ± 0.2  0.6 ± 0.1   0.1 ± 0.3 

∆ VERT  1.2 ± 0.2   0.7 ± 0.3  0.7 ± 0.1   0.0 ± 0.2  0.6 ± 0.1   0.7 ± 0.2 

displacements  1.3 ± 0.1    1.2 ± 0.2    1.1 ± 0.1   

  

AlignRT3C  v.s. XVI   AlignRT3C  v.s. FSA 

ART_S 

 

CT_S 

 

ART_S 

  

CT_S 

Trans(mm) Rot (°) Trans(mm) Rot (°) Trans(mm) Rot (°) Trans(mm) Rot (°) 

∆ LAT 
 0.5 ± 0.4   

( 2.1 ) 
  0.2 ± 0.1 

( 0.4 ) 
 0.6 ± 0.3    

( 0.7 ) 
  0.3 ± 0.2 

( 0.4 ) 
 0.2 ± 0.1   

( 0.3 ) 
  0.2 ± 0.2 

( 0.4 ) 
 0.3 ± 0.1   

( 0.3 ) 
  0.4 ± 0.3 

( 0.7 ) 

∆ LONG 
 0.7 ± 0.6   

( 2.1 ) 
  0.4 ± 0.2 

( 0.6 ) 
 0.8 ± 0.8    

( 2.6 ) 
  0.6 ± 0.5 

( 1.3 ) 
 0.1 ± 0.1   

( 0.2 ) 
  0.1 ± 0.1 

( 0.2 ) 
 0.8 ± 0.8   

( 1.8 ) 
  0.4 ± 0.3 

( 0.8 ) 

∆ VERT 
 0.4 ± 0.7   

( 2.1 ) 
  0.3 ± 0.2 

( 0.5 ) 
 0.9 ± 0.7    

( 1.9 ) 
  0.5 ± 0.5 

( 1.2 ) 
 0.2 ± 0.1   

( 0.3 ) 
  0.1 ± 0.1 

( 0.2 ) 
 0.2 ± 0.1   

( 0.2 ) 
  0.7 ± 0.4 

( 0.9 ) 

displacements 
 0.9 ± 0.5   

( 3.0 )   
 1.3 ± 0.2    

( 3.5 )   
 0.3 ± 0.1   

( 0.4 )   
 0.9 ± 0.7   

( 1.8 )   

  
ART_S 

  

CT_S 
Trans(mm) Rot (°) Trans(mm) Rot (°) 

∆ LAT  0.3 ± 0.2 ( 0.7 )   0.7 ± 0.4 ( 1.2 )  1.3 ± 0.7 ( 2.1 )   1.7 ± 0.6 ( 2.7 ) 
∆ LONG  1.0 ± 0.7 ( 2.1 )   0.3 ± 0.2 ( 0.7 )  1.5 ± 0.8 ( 2.8 )   0.7 ± 0.6 ( 1.8 ) 
∆ VERT  0.7 ± 0.2 ( 1.1 )   0.3 ± 0.2 ( 0.6 )  1.5 ± 0.4 ( 2.2 )   0.5 ± 0.3 ( 1.0 ) 

displacements  1.2 ± 0.7 ( 2.3 )    2.5 ± 0.2 ( 3.2 )   
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Table 3-4.  Differences between inter and intra- fractional motion over 2 min. for five volunteers  

 

Table 3-5.  System characteristics of three IGSPSs 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

  

Couch 00 

  

Couch ±900 

Inter-fractions 

  

Intra-fractions Inter-fractions 

  

Intra-fractions 

Trans(mm) Rot (°) Trans(mm) Rot (°) Trans(mm) Rot (°) Trans(mm) Rot (°) 

∆ LAT 
 0.2 ± 0.2   

( 0.6 ) 
  0.2 ± 0.1 

( 0.4 ) 
 0.4 ± 0.3   

( 0.8 ) 
  0.4 ± 0.1 

( 0.5 ) 
 0.3 ± 0.1   

( 0.6 ) 
  0.5 ± 0.4 

( 0.8 ) 
 0.4 ± 0.2   

( 0.7 ) 
  0.5 ± 0.1 

( 0.8 ) 

∆ LONG 
 0.3 ± 0.3   

( 0.9 ) 
  0.3 ± 0.2 

( 0.6 ) 
 0.5 ± 0.2   

( 0.9 ) 
  0.4 ± 0.2 

( 0.9 ) 
 1.0 ± 0.7   

( 1.2 ) 
  0.3 ± 0.2 

( 0.6 ) 
 0.5 ± 0.2 

(1.1) 
  0.4 ± 0.2 

( 0.8 ) 

∆ VERT 
 0.3 ± 0.2   

( 0.7 ) 
  0.3 ± 0.2 

( 0.8 ) 
 0.3 ± 0.2   

( 0.6 ) 
  0.4 ± 0.3 

( 0.9 ) 
 0.8 ± 0.3   

( 0.5 ) 
  0.3 ± 0.2 

( 0.8 ) 
 0.3 ± 0.2   

( 0.6 ) 
  0.4 ± 0.3 

( 0.7 ) 

displacements 
 0.5 ± 0.2   

( 1.0 )   
 0.7 ± 0.2   

( 0.9 )   
 1.3 ± 0.7   

( 1.5 )   
 0.7 ± 0.2   

( 1.2 )   
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Figure 3-1.  Schematic of the hardware setup for 3 IGSPSs in the treatment room 

 

A B 
 

Figure 3-2.  Two surface references. A) CT_S. B) ART_S 
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A B 
 
Figure 3-3.  Two setups. A) phantom. B) volunteers 

 

 

Figure 3-4.  Definition of 8 ROI settings   
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Figure 3-5.  Registration variances of the AlignRT3C during the full gantry rotation 

 

 

Figure 3-6.  Registration variances for isocenter displacements for 7 ROI settings measured 
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CHAPTER 4 
CLINICAL EVALUATION OF NEW SETUP SYSTEM 

Introduction 

Frame-based SRS, with a rigid ring fixed to the skull providing a frame of reference for 

targeting and rigid immobilization for treatment, has been used for >50 years in the treatment of 

intracranial lesions. Issues with dose tolerance of normal tissue lead to the development of 

fractionated SRT. In recent years, linear accelerators that have integrated MV and kV imaging 

systems have provided the capability to deliver image-guided alignment to eliminate entirely the 

frame-based technology for SRT. With these advances, interest has increased in using image 

alignment with non-rigid immobilization as frameless SRS/SRT. 

A number of new IGSPSs have contributed to the improved clinical use of frameless SRT. 

The drawbacks and advantages of IGSPSs are discussed in the AAPM TG-68.1 The potential 

sources of errors in image-guided targeting include the calibration of the imaging system and 

errors in the reconstructed radiograph registration caused by limits of system geometry, pixel 

size and slice thickness. Although sub-mm accuracy can theoretically be achieved in phantom, it 

rarely is due to difficulties in the patient immobilization, system limitations, and organ motion.  

Using X-ray imaging, targeting of the intracranial tumor is then adjusted to the internal 

anatomy at treatment, thus removing the potential error associated with targeting that is 

determined using external landmarks. Besides X-ray imaging, optical tracking techniques, which 

provide real-time tracking of external markers affixed to the patient, have been used in many 

clinics over the past decade.4 The techniques are limited by the reproducibility of the correlation 

of the internal target with the external markers. Therefore, a few reports describing the clinical 

outcomes for several commercial frameless IGSPSs such as Sonarray (optical imaging),4 CBCT 



 

63 

(x-ray imaging),7 Novalis51 and CyberKnife22 (the combination of x-ray and optical imaging) 

systems have been published. 

Without the need of external markers and additional radiation exposure, the complete 3D 

surface models using video cameras for the patient setup were developed52 and applied in many 

clinical applications53,54 as a commercial surface imaging system, ART (Vision RT Ltd, London, 

UK).The original system was introduced by Bert et al.5 and utilized two side camera pods to 

acquire static 3-D surface images at 0° couch angle. The system was redesigned to include a 

central camera pod and provide the real-time tracking, as ART, to ensure high precision guidance 

and monitor intra-fraction motion with non-coplanar beams. 

At our institution, all three commercial IGSPSs, ART, FSA (Zmed/Varian, Inc., Ashland, 

MA), and kV XVI (Elekta Oncology Systems, Norcross, GA) (shown in Figure 4-1), are 

installed in the same treatment room with the same LINAC (Elekta Oncology System, Norcross, 

GA). In preclinical investigations to quantify the accuracy of target localization using ART, we 

confirmed its accuracy in phantom and healthy volunteers was comparable to that of other two 

systems.55 We now report on the clinical experiences of patients who underwent SRT treatment 

with those IGSPSs. For this work, we analyzed 5 patients to quantify setup accuracy and focused 

on (1) the comparison of three systems in pre-treatment target alignment at zero gantry and 

couch angle, (2) the quantification of inter-fractional motion using ART and FSA in real-time 

tracking at each non-coplanar field, and (3) the analysis of intra-fractional motion using ART 

during radiation delivery and CBCT acquisitions. 

Methods and Materials 

Patients, Immobilization and Treatment characteristics 

We selected 5 patients treated with IMRT for intracranial cancer whose targets were 

located at different areas with different ages, skin tones, tumor sizes and beam arrangements to 
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be able to study the setup errors in these situations. Table 4-1 lists the characteristics of the 

patients, the tumors, the prescribed and delivery treatments. All plans were designed with 6 MV 

as a minimum of 95% of the planning target volume (PTV) received 100% or more of the 

prescribed dose on a Philips Pinacle3 treatment planning system (Philips Medical Systems, 

Madison, WI) (V 8.1) when optimizing the IMRT treatment. Five to 8 non-coplanar beams 

yielded a result that was optimal, combined with a realistic treatment time (approximately 10 

minutes). The range of dose prescription was 45-60 Gy with conventional 1.2-2.0-Gy fractions 

delivered daily 5 days a week for 5 to 7 weeks.  

The standard localization/immobilization devices were applied to each patient, such as a 

bite plate and a custom disposable head support (MoldCare® Pillow, Bionix Inc, Toledo, OH). A 

custom bite plate with two non-reflective and four passive reflective spherical markers is affixed 

to the patient’s maxillary dentition to form a rigid system. The non-reflective markers are used 

for the isocenter registration. To acquire an adequate surface image, we modified the bite plate 

by reversing marker arrangements and applied a thermoplastic chin stretch attached to an 

adjustable head holder instead of a full face mask, as shown in Figure 4-2. A planning CT scan 

was made with a 2-mm slice width using a Philips Brilliance 16-slice scanner (Philips Healthcare, 

Andover, MA) from the bottom of the bite plate through the whole head. ). The patient’s position 

is determined through registration of the reflective markers’ positions with respect to isocenter, 

tracked by FSA in real time.  

Imaging, Setup flow and Analysis protocols 

The complete protocol is shown in Figure 4-3, and the system description, setup flow and 

evaluation analysis used for patient setup are described in the following sections. 
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System descriptions 

The AlignRT3Csystem utilized 3 camera pods to ensure complete 3D surface image 

acquisition over the full gantry and couch range. Several stereoscopically arranged CCD were 

housed inside each pod. Camera calibration is performed using the light field and room lasers. 

The reproducibility of the calibration is within 0.8 mm5 on the daily basis. All acquired images 

are reconstructed as a 3-D surface by triangular tiles with approximately 1 to 3 mm spacing 

between intersections and 10,000 points. Two types of surface image references; skin contours 

reconstructed from planning CT images (CT_S) and optical surface images previously recorded 

by the ART (ART_S) are shown in Figure 4-4 (a-b). Texture is achieved with the appropriate 

part of a bitmap image as Figure 4-4 (c). Our study was done in the real-time mode, for which 

the surface image capture frame rate is 1 to 2.0 frames per second, depending on the size of the 

region of interest (ROI) selected for the registration. The registration screen is shown in Figure 

4-5 which displayed the displacements in 6 DOF, the ROI and the couch angles. 

The FSA system is a CCD infra-red camera system and can markedly improve patient 

positioning precision by providing positioning errors in real time.4 The patient’s head is 

immobilized attached to an adjustable head holder. The patient’s position, which is determined 

through registration of the reflective marker positions with respect to the isocenter. However, 

factors such as the reproducibility of bite plate seating, patient comfort, and dental impression 

technique can affect positioning accuracy by as much as 4 mm.48 

The XVI system consists of an aSi detector and a kV x-ray source installed on two 

retractable arms. The unit produces diagnostic-quality x-rays from 70 to 150 kVp. In this study, 

the XVI scans were acquired using a 27.6 x 27.6 x 20 cm3 FOV and a gantry rotation range of 

205º over approximately 70 seconds. The XVI software (version 4.0) allows an ROI fusion 
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volume to be defined on the planning CT image for the registration. After the CBCT images are 

acquired, registration with the planning CT is performed using a bony registration method.  

All three of the systems’ image registrations yield six DOF correction parameters and the 

results are displayed to sub-mm and sub-degree precision.  

Setup flow 

The accuracy of the ART to determine rotational and translational displacements of the 

isocenter by comparing the results to those obtained with the FSA and XVI systems was 

evaluated. Patient setup at each field was first done using FSA for daily localization. After the 

initial FSA setup, The ART images was acquired prior to treatment at each treatment beam for 

daily and the CBCT images for the first three fractions and weekly thereafter. Figure 4-3 shows 

the setup flow schematically. 

To evaluate pre-treatment setup (gantry and couch = 0°), the patient was positioned on the 

table at the treatment position as determined by the FSA system to ≤ 0.3 mm / 0.3 °.4 along all 

three axes as the setup tolerances. After the FSA guidance, simultaneously, the ART_S reference 

in the first fraction and the setup surface images were captured (SFSA_ISO). The CBCT images 

were also acquired and registered with the planning CT. The ROI volumes were verified in the 

XVI software by the physician before the first CBCT acquisition. Note that CBCT images for 

these patients were acquired only for verification and quality assessment purposes. Also note that 

the residual errors in the patient position accruing during CBCT acquisition and/or treatment 

delivery were monitored for by the FSA to ensure that the changes in the translational and 

rotational displacements about any axis remained less than 1 mm and 1°, respectively. Therefore, 

after the CBCT acquisition, another setup surface images were captured (SXVI_ISO) to eliminate 

the residual errors and intra-fractional motion before the comparisons. 
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To evaluate inter-fractional motion at each non-coplanar beam, each patient’s position was 

re-adjusted until the FSA setup tolerances were met. The surface references were rotated to 

treatment couch angles by selecting treatment couch angles in the software, shown in Figure 4-6. 

The reference and setup surfaces were shown with pink and green colors, respectively. 

Additionally, to evaluate the infra-fractional motion, during the beam delivery, the displacements 

were monitored in real-time by FSA to ≤ 1 mm / 1 °. Note that maximum tracking time is 2 mins 

for each non-coplanar beam (case #1,3,and 4) because therapists  repositioned at each couch 

angle but 14 mins for coplanar beams (case # 2,and5) while the gantry is rotated. The setup 

surface images were acquired (SFSA_Inter and SFSA_Intra) and displacements with ART  were 

recorded to illustrate the variances of inter-fractional and intra-fractional motion between FSA 

and ART. 

In our study, according to the study of system characteristics,55 we selected the ROI 

covering the central and frontal head in the ART software, shown in Figure 4-4 and 4-6 as the 

default ROI. All setup surface images were registered both references with the default ROI. We 

randomly adjusted the room light and tracked the patients’ position while alternating between the 

three skin-tone protocols (fair, mid, dark). Note that the ROI and skin-tone settings can be 

adjusted by the user. 

Following the described positioning procedure, we were able to analyze the translational 

and rotational errors along the tree major axes. We represent the directions of the registration 

displacements along patients' left-right, superior-inferior and anterior-posterior directions as 

∆LAT, ∆LONG and ∆VERT, respectively. The mean, standard deviation, 90th percentile (%), 

and maximum values were calculated along three axes and for the module of the vector, 

considering the totality of the data obtained for all patients and all fractions.  
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Results 

Evaluation 1: The Isocenter Positioning Differences between Three IGSPSs at Couch and 
Gantry 0° 

Table 4-2 shows the isocenter positioning differences of pre-treatment verification between 

3 ISPSs at couch and gantry 0°. A total of 39 SXVI_ISO, SFSA_ISO and CBCTs, (range, 7-11 

scans/patient, mean, 7.8) in first 3 fractions and on weekly basis for 5 patients were analyzed. 

For the mean and standard deviations (SD) values, the ART results obtained using ART_S show 

better agreement with the XVI (0.2 ± 0.3 mm) than with the FSA (0.5 ± 1.1 mm). We also 

analyzed whether the positioning differences were affected by bite-tray with teeth impression 

and reflector balls. The mean ± SD vector difference between FSA and XVI were approximately 

1.3 ± 1.2 mm. The 90th % differences between the ART and XVI systems were < 1.0 mm in all 

directions. Comparing the positioning between the ART and FSA, those values were 

approximately 1.0 mm in the lateral and longitudinal directions and 2.4 mm in the vertical 

direction. The maximum rotational difference between ART and XVI (FSA) was 1.3° (1.1°) 

about any axis and 2.4° between FSA and XVI.  

Table 4-3 shows the isocenter positioning differences between the ART (SXVI_ISO) and XVI 

at couch and gantry 0° using two surface references. Note that the systematic differences 

between systems found using CT_S in the first fraction were subtracted before doing the 

comparison. The results show the mean registration uncertainty of the ART at couch and gantry 

0° using ART_S (0.2 mm/0.2°) is similar to CT_S (0.3 mm/0.1°). Maximum translational and 

rotational differences for both reference types were within 2.1 mm and 1.4°, respectively. 
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Evaluation 2: The Isocetner Positioning Differences between AlignRT3C and FSA at Each 
Non-coplanar Field 

The isocenter positioning differences of the ART with those of the FSA system for all 

treatment fields are shown in Table 4-4 and Figure 4-7. A total of 635 SFSA_Inter (range, 5-8 

beams/ patient, 25-50 fractions/patient) on daily basis for 5 patients were analyzed. For the mean 

± SD values, the ART results using both references were within 0.8 ± 1.5 mm of the FSA values. 

Overall, using ART_S, 71 % and 89 % of the cases had displacement differences < 1 mm/1° and 

< 2 mm/1°, respectively, in any direction. In contrast, using CT_S, 90%, 67% and 37 % of cases 

had displacement differences < 3 mm, < 2 mm and <1mm, respectively, and 95% and 72 % of 

cases were < 2° and < 1°, respectively. The maximum differences using ART_S (CT_S) of 3.9 

mm / 2.6°  (6.9 mm/3.4°) were found at couch angles of ± 90°. 

Evaluation 3: Intra-fractional Motion with AlignRT3C 

The Intra-fraction motion is illustrated in Figure 4-8, which shows the trend of 

displacements for the ART system during one CBCT acquisition (a) and treatment delivery with 

different treatment beams (couch 0°,couch 20° and gantry 90° (c20g90) and c270 g300 shown in 

Figure 4-8 (b)-(d)).Note that during the intra-fractional time period, treatment tolerance for FSA 

is 1 mm/1° and the data represent with ART only since the FSA can't record position values. 

Also note for coplanar beam, due to longer treatment time (~10 mins), therapists need to walk in 

to re-positioned when the displacement is larger than 1 mm/1°. Overall, the displacement 

variance of intra-fraction motion with SFSA_Intra (N=635 sessions) is approximately ± 0.5mm/0.5°, 

< ±1mm/0.5°, and ±1.5 mm/1.5° at couch 0°, ≤ ±55° and ± 90°. These values are close to those 

obtained for the volunteer tests.10. Figure 4-8 (b) show the intra-fraction motion was tracked for 

6 co-planar beams (couch 0° and gantry 120°, 90°, 45°, 315°, 270°, and 240°) over 14 mins 
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without any interruption.  The range of intra-fraction motion is within ± 0.4mm/0.4° and 

approximately ± 1 mm/1° during the gantry rotations. In addition, the displacement variance lies 

between 2 mm and 3 mm for gantry angles between 20° and 50° during the CBCT acquisitions 

(range, 255°-110° in clockwise direction) with extendable panel and the X-ray tube blockage. 

Discussions 

The goal of IGSPS is to ensure the high precision guidance for the efficacy of SRT 

treatment when frameless setup is applied. Three IGSPSs were discussed. For FSA, a poor dental 

impression and reflector balls mainly causes bite plate position inconsistencies during the CT 

simulation and the treatments. Currently, we performed clinical frameless SRT patient 

localizations using FSA guidance and kV CBCT images as the quality assessment and reported 

our clinical experience.48 The FSA system alone cannot guarantee the repositioning accuracy 

over the whole course of treatment and the conjunction of FSA with CBCT is needed. 

Additionally, the bite-plate with dental impression is not suitable for all patients. ART is 

developed to replace FSA system without any external frame/markers attached to patients and 

validated as the feasible IGSPS. 

The inherent uncertainties between three systems include calibration procedure, surface 

localization versus reflector tracking versus image acquisition, and registration algorithm. 

Overall, according to the phantom study, the system calibration of the ART agrees with the 

calibrations of the other two systems to within 1.3 mm and 0.8°, which is due to the different 

calibration methods and the registration error.55 The system differences between systems are 

very reproducible and therefore the software of ART (or FSA) supports the coordinate 

transformation matrix found to correct for isocenter displacements.  
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For the pre-treatment verification for the 0°gantry and couch, SXVI_ISO has better agreement 

with XVI (0.2 ± 0.3 mm) than SFSA_ISO with FSA (0.5 ± 1.1 mm) although SXVI_ISO included the 

residual errors and intra-fractional motion during the CBCT acquisition. We suggested that the 

main source of uncertainties for SFSA_ISO was from the inconsistency of bite-tray. Figure 4-9 

shows the trend of isocenter corrections from 8 CBCT sessions for case #2 over the entire 

treatment period of 5 weeks. The first 4 corrections correspond to the first 4 fractions and the last 

4 corrections are for the weekly CBCT acquisition. The corrections increase from approximately 

2 mm for the first 4 fractions to 4.6 mm for the last weekly CBCT acquisition. Therefore, in table 

4-2, the displacement between FSA and XVI was 1.3 mm for those 5 patients in our study which 

can match our previously study (1.2 mm) for 15 SRT patients using two CBCT systems to 

demonstrate the uncertainties of FSA.48 

The results in patient study demonstrated larger differences at non-coplanar treatment 

fields between FSA and ART using the ART_S references than in the phantom study.55 The data 

presents the mean displacement was 0.6 ± 1.0 mm but still 11 % and 8 % of the cases had 

displacement differences > 2 mm and >1°, respectively. In contrast to, in phantom study,55 the 

mean difference is within 1.2 mm for the full test region (for ± 20 mm and/or ± 5° of the 

isocenter for couch angles of up to ± 90°). The maximum differences were 2.3 mm / 1.2°  for 

couch angles of ± 90° with larger translations (>1cm) and rotations (>3°). Note that the, for those 

patients, we used ART_S reference after the FSA guidance to 0.3mm/0.3° not CBCT.  Therefore, 

the inconsistency of bite tray in FSA may contribute the same amount uncertainties to the non-

coplanar treatment beams as well 0° gantry and couch in patients not phantom. Additionally, the 

systematic coordinate differences between ART and FSA could be considered at large couch 

angles (± 90°). Because of the gantry (couch) blockage effects, partial surface images (Figure 4-6 
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(c), (e)-(f)) mainly were acquired by one central camera and one side camera at non-zero gantry 

and couch angles. The amount of image cutoff increases with increasing couch angle. Since this 

may affect the accuracy of registration, a third, centrally-located camera is important for non-

coplanar treatments. Furthermore, the extendable panel and X-ray tube can block the camera 

during the CBCT acquisitions when gantry rotated between 20° and 50° and the registration 

errors were increased up to approximately 3-4mm (Figure 4-8 (a)). Note that the range of gantry 

blockage and register errors can change with different panel positions.  

Two types of surface references were applied for all setup surface images. At the 0° gantry 

and couch angle, the displacement differences between ART and XVI using ART_S are similar 

(<1mm/1°) to CT_S. At the non-zero gantry and couch angles, results show the registration 

uncertainty of the ART is slightly larger (range: 1-3 mm, 1°-2°) for CT_S than for ART_S. Some 

possible factors contributing to this uncertainty include CT_S construction based on the chosen 

CT density threshold, and the similar projected spectral pattern between ART_S and the real-

time captured image during the treatment. The use of CT_S references might accentuate this 

effect, especially for gantry blockage effect at couch angles; therefore, CT_S is suggested to use 

only for the initial patient setup in the first fraction. 

A critical concern with clinical adoption of IGSPSs which rely on mask-based 

immobilization is that of intra-fraction motion. For the studied treatments a minimum of 5 no-

coplanar beams is sued, the table is rotated at least 3 times and the treatment duration is not short 

(approximately 15 min); intra-fractional positional changes could be serious and real-time 

tracking could be essential. In our clinical experience,29 ,for CNS and head and neck IMRT 

patients using half TP facemask and real-time optical tracking (ExacTrac, BrainLab), patient 

displacement less than 1.5 mm for 95% of treatment time. In other studies,8,56 the residual errors 
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and intra-fractional motion both at the beginning and end of treatment using full TP facemask 

and CBCT and combination of kV X-ray imaging with optical tracking were approximately 1.5 

mm and 1.0 ± 0.5 mm, respectively. Therefore, the displacement of ± 1.0mm/1.0° is set as our 

tolerances for intra-fractional motion and tracked in real-time in present study. Figure 4-8 (a)-(d) 

demonstrated the intra-fraction motion with ART were ± 1.0 mm/1.0° and simultaneously 

monitored by FSA Due to the limitation of frame rate (1-1.7 frame/sec) in ART and auto 

recording in FSA, we can’t correlate to displacements difference between two systems. 

However, the ideal patient immobilization not only can allow relatively fast and reproducible 

setup, but also help to maintain patient position during radiation. Engelsman et al.37 report on the 

95 % probability that the displacement differences between immobilization devices for intra-

fractional accuracy is approximately 5 mm (range,2-7 mm).In present study, we applied TP chin 

stretch only but alternative devices will be designed to acquire enough surface images in the 

further study. 

At our institution, the first focus to data has been on use of 3D surface imaging for clinical 

evaluation to replace the current frameless system. However, for high precision radiotherapy, the 

system accuracy is essential to be validated in the wide variety of treatment conditions such as 

ROI selections, patient skin-tone and skin deformation, treatment room-light. In the present 

study, the external ROI in ART we applied demonstrated the reliable regions to correlate the 

internal ROI of in XVI. However, the hair, nose, ear, and muscle regions might the source of 

system uncertainties. Additionally, no skin-tone and deformation (<1 mm/1°) was found. The 

skin deformation can happen on patients who lose/gain weight or take certain medicines. 

Currently, we suggested CT_S uses for first set up only because of larger uncertainties. CT_S 

might be the ideal references to daily detect the skin deformation in the future studies. Typically, 
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we rely on lasers as initial setup so we turn off the room light in most cases. We randomly tested 

the room light in the present study with current skin-tone protocols settings. However, the 

settings would be changed by users for the clinical setup flow.  

Conclusions 

We evaluated the accuracy of three frameless methods for SRT and validated ART as an 

IGSPS using real-time mode for high-precision treatments. Using ART_S, sub-mm and sub-

degree accuracy for pre-treatment setup at zero gantry and couch angle was observed between 

three systems. Because of the uncertainties of bite-tray, < 2mm/1° and 1mm/1° accuracy for 

inter- and intra-fractional motion delivering by non-coplanar beams, respectively, with Align 

RT3C was reached. CT_S is suggested to use as the initial setup in the first fraction. The 

combination of CBCT and ART is feasible for frameless SRT in the future studies, but with the 

additional advantages of internal anatomy visualization and the elimination of the external skin 

uncertainties.   
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 Table 4-1.  Summary of characteristics of 5 SRT patients. 

 
Table  4-2.  Comparisons of the isocenter variances at couch and gantry 0° (N=39)  

  

Translation(mm) 
ART3C v.s. XVI ART3C v.s. FSA FSA v.s. XVI 

Mean ± SD 90th % (Max.) Mean ± SD 90th % (Max.) Mean ± SD 90th % (Max.) 
∆LAT 0.0 ± 0.4 0.6  (1.2) 0.0 ± 0.9 1.3  (2.7) 0.5 ± 1.2 1.8  (4.6) 
∆LONG 0.0 ± 0.7 1.0  (2.1) 0.1 ± 0.9 1.0  (2.5) 0.2 ± 1.3 1.8  (3.5) 
∆VERT 0.2 ± 0.3 0.6  (0.9) 0.5 ± 1.2 2.4  (2.9) 1.2 ± 1.2 2.8  (3.5) 

VECTOR 0.2 ± 0.3   0.5 ± 1.1   1.3 ± 1.2   

 

Rotation(°) 
ART3C v.s. XVI ART3C v.s. FSA FSA v.s. XVI 

Mean ± SD 90th % (Max.) Mean ± SD 90th % (Max.) Mean ± SD 90th % (Max.) 
∆LAT  0.2 ± 0.6 1.2  (1.3)  0.1 ± 0.4 0.6  (1.1) -0.5 ± 0.8  0.2  (2.3) 
∆LONG -0.1 ± 0.5 0.6  (1.1) -0.2 ± 0.4 0.3  (0.9) -1.0 ± 0.6 -0.2  (2.4) 
∆VERT -0.1 ± 0.5 0.6  (1.1)  0.0 ± 0.3 0.4  (1.1)  0.0 ± 0.4  0.4  (1.0) 

  

Pt. 
no. Gender Age Diagnosis Site 

PTV 
volume 
(cm3) 

Prescribed dose 
/fraction dose Beam arrangements 

1 M 17 Oligodendroglioma R. Frontal 111 60 /1.2 Gy  
c20g90,c55g120,c340g270,
c305g240,c270g300  

2 M 58 Glioblastoma 
L. Parieto-
occipital    269 60 /2.0 Gy 

c20g90,c55g120,c340g270,
c305g240,c270g300 

3 M 58 Brain Metastasis Whole brain 1777 45 /1.8 Gy 
g120,g80,g40,g320,g280, 
g240,c270g345,c270g300  

4 M 25 Astrocytoma 
Midbrain-
brainstem 175 55.2 /1.2 Gy 

c20g90,c55g120,c340g270,
c305g240,c270g280  

5 F 44 Brain Metastasis Whole brain 1380 45 /1.8 Gy 
g120,g90,g45,g315,g270,g
240,c270g320,c270g280 

Abbreviations:  Pt. no:  patient number;  PTV: Planning target volume; c: couch; g: gantry; c20g90: 
couch 20°gantry90° 
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Table 4-3.  Differences of the isocenter variances using two surface references at couch/gantry0° 

  
Translation(mm) 

ART_S CT_S 
Mean ± SD 90th % (Max.) Mean ± SD 90th % (Max.) 

∆LAT 0.0 ± 0.4 0.6  (1.2)  0.0 ± 0.7 0.5  (2.1) 
∆LONG 0.0 ± 0.7 1.0  (2.1) -0.1 ± 0.9 1.0  (1.8) 
∆VERT 0.2 ± 0.3 0.6  (0.9)  0.2 ± 0.5 0.9  (1.4) 

VECTOR 0.2 ± 0.3    0.3 ± 0.6   

 

Rotation(°) 
ART_S CT_S 

Mean ± SD 90th % (Max.) Mean ± SD 90th % (Max.) 
∆LAT  0.2 ± 0.6 1.2  (1.3) -0.1 ± 0.6 0.7  (1.4) 
∆LONG -0.1 ± 0.5 0.6  (1.1)  0.0 ± 0.6 0.7  (1.4) 
∆VERT -0.1 ± 0.5 0.6  (1.1)  0.0 ± 0.5 0.7  (1.0) 

 

Table 4-4.  Differences of the isocenter variances at all non-coplanar treatment beams (N=635). 

  

Translation(mm) 

ART_S CT_S 
Mean ± SD 90th % (Max.) Mean ± SD 90th % (Max.) 

∆LAT  0.4 ± 1.0 1.7  (3.9)  0.4 ± 2.0 2.7  (6.9) 
∆LONG -0.2 ± 1.1 1.1  (3.7) -0.1 ± 1.4 1.6  (4.6) 
∆VERT -0.4 ± 0.9 0.7  (3.3) -0.7 ± 1.3 1.0  (4.5) 

VECTOR 0.6 ± 1.0   0.8 ± 1.5   

 

Rotation(°) 
ART_S CT_S 

Mean ± SD 90th % (Max.) Mean ± SD 90th % (Max.) 
∆LAT  0.0 ± 0.6 0.8  (1.7) -0.2 ± 0.8 -0.3  (2.8) 
∆LONG -0.3 ± 0.5 0.3  (2.2) -0.2 ± 0.9 -0.2  (3.4) 
∆VERT -0.2 ± 0.6 0.5  (2.6) -0.2 ± 0.7 -0.2  (2.6) 
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Figure 4-1.  Schematic of the hardware setup for 3 IGSPSs in the treatment room 

 

 
 
Figure 4-2.  The example of patient setup procedures for frameless SRT.  
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Figure 4-3.  Schematic outline of the imaging, setup flow and analysis protocol.  

 

A C B    BB 
 
Figure 4-4.  The examples of reference surface images. A) ART_S and B) CT_S   
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Figure 4-5.  Examples of registration process for AlignRT3C in real-time modulate 

 

 
 

Figure 4-6.  Color display of surfaces at couch angles: reference (pink),and setup (green)   
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Figure 4-7.  Histogram isocenter corrections using two references at each treatment field   
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Figure 4-8.  Example of the intra-fractional motion of the AlignRT3C during CBCT 

 

 
 

Figure 4-9.  Example of the intra-fractional motion of the AlignRT3C for 6 coplanar beams  
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Figure 4-10.  Example of the intra-fractional motion of the AlignRT3C at couch 55° 

 

 
 
Figure 4-11.  Example of the intra-fractional motion of the AlignRT3C at couch 270°  
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Figure 4-12.  Trend of isocenter corrections using XVI during the entire treatment course  
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CHAPTER 5 
DAILY QA PROGRAM OF LINAC AND THREE POSITIONING SYSTEMS 

Introduction 

The AAPM TG-4014 recommends that a megavoltage radiation therapy unit’s output be 

monitored every morning before commencing of treatment.60 A daily check of the linac is one of 

the main components of any QA program. The QA procedures involve periodic measurements of 

specified parameters using dedicated tools and phantoms that are validated with specific 

acceptability criteria and tolerance levels to ensure that hardware and software function safely 

and reliably and perform as expected. Vendors may provide instructions concerning how to 

perform the measurements and use the tools in clinical sites. Users analyze these materials and 

decide how to proceed or set up their own measurement protocols; therefore, some variations of 

QA methods may exist between institutions. A more ideal method is to adopt consistent sets of 

measurement techniques, phantoms, and criteria. To this end, the AAPM has updated the TG-40, 

which specifies new tests and tolerances, and produced the TG-142 report.61 It includes 

recommendations for QA parameters as well as their measurement frequency and acceptable 

criteria. 

With IMRT creating steep dose gradients and tight margins around tumors, the potential for 

set-up errors and organ motion leads to a greater chance of dose to surrounding OARs. IGRT, 

wherein imaging devices are used at treatment delivery to increase the probability that radiation 

is delivered as closely as possible to the original plan, can help avoid these problems. 

Additionally, IGSPSs employ various methods and demonstrate accurate target localization in 

SRT,1 the results are summarized in the AAPM TG-681 report. The use of this new technology 

necessitates a comprehensive QA program to maintain and monitor system performance 

characteristics, which were established at the time of commission. Currently, QA phantoms and 
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measurement methods may differ with different IGSPSs and institutions; however, several recent 

AAPM TG efforts61,62 and studies42,48 address these QA issues associated with radiographic 

systems. Ideally, one QA program could be applied to multiple radiographic and non-

radiographic IGSPSs. 

In the standard QA procedure, radiographic images of the phantom are obtained to verify the 

system’s ability to correctly position objects in the image.42,48 However, non-radiographic 

systems are limited to the correlation of the camera center and radiation delivery center.9,12 

Currently, 3 IGSPSs, the AlignRT 3-D system with three camera pods as ART (Vision RT 

Limited, London, UK); the FSA (Zmed/Varian, Inc, Ashland, MA); and the kV CBCT system 

(Elekta Oncology Systems, Norcross, GA), were installed in the same treatment room with an 

Elekta LINAC (Elekta Oncology System, Norcross, GA) (Figure 5-1). The imaging installations 

in the treatment room were calibrated by vendor instructions to match the LINAC and room 

coordinate systems. For daily QA, therapists routinely performed dosimetric checks of the 

LINAC and geometric accuracy tests of the 3 IGSPSs by repositioning different phantoms 

provided by the vendors. Switching phantoms not only wastes time and effort but may also cause 

systematic errors. To avoid removing the variety of phantom and to simplify and improve the 

daily QA procedure, we designed a simple yet comprehensive daily QA program using the 

commercial DailyQA3TM (DQA3) (Sun Nuclear Inc, Melbourne, FL) phantom for LINAC and 

the 3 IGSPSs. The QA program encompasses 3 components: dosimetry, mechanical (couch and 

laser), and imaging geometry. In this paper we describe the procedures of test items included in 

the QA program and present the results of measurements over extended periods. 
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Methods and Materials 

Description of the DailyQA3TM Device 

With the increasing number of complex treatments there is a pressing need for QA tools 

that can help improve QA efficiency and comprehensiveness. The commercially available DQA3 

can perform dosimetry characteristics of LINAC for daily QA procedures using multi-

detectors.47 It consists of 25 detectors in a 20x20 cm2 detection area shown in Figure 5-2: one 

cylindrical chamber at the central axis (CAX) and 4 rectangular ion chamber at 8 cm from CAX 

for the flatness, symmetry, and output check, 4 curved ionization chambers located along the 

corners of 16 cm square for photon energy check; 4 circular chambers with inherent attenuators 

for electron energy verification; 4 sets of three diodes with 5 mm spacing in the central for light-

radiation coincidence check. This device supports automatic temperature and pressure correction 

and real-time measurements without additional buildup. 

In order to remove differences among the readings of individual detectors, array calibration 

should be performed under the same conditions as the measurements that will be made. The 

array was calibrated using a 20×20 cm2 field size with a 100 cm source skin distance (SSD) to 

determine a relative sensitivity of the detectors, stored as individual correction factors to be 

applied to the raw measurements. In order to perform absolute dose measurements, a dose 

calibration has to be applied to the raw data. The calibration was performed with a 

10×10 cm2 field size, positioning the device at the calibrated depth and relating the reading of 

the central axis detector for 100 monitor units (MU) with the dose of 100 cGy. The absolute dose 

calibration factor is then applied to each array's detector, in addition to the sensitivity correction 

factors obtained during the array calibration. 
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Description of the Three IGSPSs 

The Align RT3C system was designed to acquire 3-D surface images utilizing two side and 

one central camera pods. Several stereoscopically arranged CCD cameras were housed for 

computing the surface image and providing gray-level and dynamic images. All acquired images 

from the 3 camera pods are reconstructed as a 3-D surface with approximately 1 to 3 mm spacing 

and 10,000 points.  Either static or continuous real-time surface image displays are supported. All 

measurement in our study was done in the real-time mode, for which the surface image capture 

frame rate is approximately 1.5 frames per second. Additionally, the software (version 4.2) 

supports two types of surface image references; skin contours reconstructed from planning CT 

images and optical surface images previously recorded. Camera calibration is performed with the 

light field and room lasers on the daily and monthly basic recommended by the manufacturer. 

The reproducibility of the calibration is within 0.8 mm.12 

The FSA system is a two CCD infra-red camera system.48 A custom bite plate with 2 non-

reflective and 4 passive-reflective spherical markers is affixed to the patient’s maxillary dentition 

to form a rigid system. The non-reflective markers are only used for the isocenter registration. 

The patient’s position, which is determined through registration of the reflective marker 

positions with respect to the isocenter, is tracked by the system in real time. Calibration of the 

system is performed using a vendor-supplied calibration apparatus. The spatial accuracy of the 

system is within 0.8 mm9 and the mean registration error is approximately 0.3 mm.9 

The kV CBCT system consists of an aSi detector and a kV x-ray source installed on two 

retractable arms. The kV x-ray beam is orthogonal to the LINAC treatment beam. The unit 

produces diagnostic-quality x-rays from 70 to 150 kVp. The active area of the aSi detector is 41 

× 41 cm2 at the nominal detector-to-focal spot distance of 155 cm. The scanning parameters and 
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calibration technique used for the CBCT have been previously reported.64 The manufacturer 

specification for calibration accuracy is a kV / MV isocenter coincidence of ≤ 1.0 mm. 15-17 We 

routinely verify the coincidence to within 0.3 mm. In this study, the CBCT scans were acquired 

using a 27.6 x 27.6 x 20 cm3 FOV and a gantry rotation range of 205º over approximately 70 

seconds.  

Description of QA Procedures 

Mechanical and imaging 

Many QA procedures of mechanical and imaging items were recommended by the TG 4060 

,TG14261 and TG 10462 reports. For examples, on daily basis, the laser localization, optical 

distance indicator (ODI) at isocetner, imaging and treatment coordinate coincidence and 

positioning/repositioning were suggested. The indicators of couch position (shifts and angles) 

were verified in monthly frequency. Because three IGSPSs’ image registrations yield six degree-

of-freedom parameters and the results are displayed to sub-mm and sub-degree precision, 

accuracy of those mechanical and imaging QA items can be cross-verified. 

The modified DQA3, shown in Figure 5-2, was used to assess the accuracy of LINAC and 

three IGSPSs. The device was modified by affixing a bite plate with attached reflective markers. 

The adjustment knobs under the bottom of device were allowed for rotational movement of the 

device and the bubble level is embedded in the device. The reference planning CT images of the 

device were transferred to both FSA and CBCT. The treatment plan isocenter was chosen to 

coincide with the intersection of orthogonal lines that pass through three radiopaque markers on 

a single transverse cut of the device image. 

The coincidence of imaging and treatment coordinates between systems was assessed. 

Vendor-provided calibration devices were used for the installations. To determine the inherent 

variances of the isocenter position, the DQA3 was placed on the couch at the treatment position, 
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and the FSA system was used to position the isocenter to ≤ 0.1 mm and ≤ 0.1 ° along all three 

axes in real-time. The reference surface images was captured after the phantom was localized 

using CBCT (to within 0.3 mm and 0.3 °of isocenter) to eliminate the inherent variances between 

CBCT and ART. The CBCT images and the ART surface images were acquired and registered 

with the planning CT and reference surfaces, respectively. The CBCT software (v4.0) supports 

both bony and soft-tissue fusion and allows for a user-defined ROI fusion volume for the 

registration. The ART software (v4.3) offers 3D surface image fusion in real-time with a user-

defined ROI selection. Figure 5-3 displays the image registration screens in two systems. This 

was done ten times to obtain the statistics of the isocenter position (LINAC, CBCT, FSA and 

ART), laser localization, ODI. The mean differences between these values presented the 

coordinate differences between systems were also used as the offset for the repositioning study. 

The accuracy of the repositioning in couch or any IGSPS was evaluated to determine 

rotational and translational displacements of the isocenter using the DQA3, and comparing the 

results to those obtained between systems. The phantom was then randomly positioned at over 2 

different locations lying within a range of ± 30 mm of the isocenter. The displacement at each 

position initially was determined by the ART. A CBCT image was acquired at each position and 

the corresponding displacements were calculated using grey-scale registration. The 

displacements were determined with the FSA system and couch digits number as well. To verify 

the couch angles, additional 4 data sets were acquired at four couch angles (± 45° and ± 90°).  

The displacements were determined by couch digits and the FSA and ART systems only because 

the CBCT system can only operate with the couch at 00. This was repeated ten times on ten 

different days within the span of one month. 
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Dosimetry 

According to the recommendations from TG 4060 and TG142,61 the daily QA procedures is 

often operated by a therapist with time constraints. The main items of daily QA procedures are x-

ray and electron output constancy. In addition to checking the output constancy, the use of the 

DQA3 can help in determining other static beam factors which recommended the monthly QA 

procedures, such as field size indicators, light/radiation coincidences, beam profile and depth 

dose variations. Measurements were done setting the incident beam normal to the device surface 

at a SSD of 100 cm and irradiating with 100 MU. In this orientation, the cylindrical chamber 

located at CAX for output check. The rectangular ion chambers were for the flatness and 

symmetry check. The curved and circular ionization chambers were for photon and electron 

energy verification, respectively. From May 2009 until January 2010, the DQA3 device was used 

for daily QA procedures in our clinical practices. 

Results and Discussions 

Table I shows the isocenter displacement of LINAC and three IGSPSs with the total of 10 

measurements. The directional differences along the device’s left-right, superior-inferior, and 

anterior-posterior axes are ∆LAT, ∆LONG, and ∆VERT, respectively, as shown in Figure 5-1. In 

a previous CBCT study a systematic difference between the kV and MV defined radiation 

isocenter of 0.3 ± 0.2 mm was observed.16, 17 We therefore selected the XVI as our reference. In 

TG142 report, the tolerances of imaging and treatment coordinate  were suggested ≤ 2mm for 

IMRT and ≤ 1 mm for SRS, respectively.61 The isocetner displacement of the CBCT presently 

agrees with those of the other three systems (LINAC, ART and FSA) to within 0.7 mm and 0.6° 

which demonstrate the coincidences of isocenters between radiation, LINAC and imaging 

systems. Because it is not a 6D couch, the displacement of couch displays in translations only. In 
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addition to, due to the similar calibration methods, we found that the isocenters were located 

uniformly between ART and FSA than CBCT. At the each isocenter location guiding with those 

imaging systems, we inspected the laser alignment which perfectly localized at the central 

radiopaque markers and slightly below (approximately 0.5 mm) the two side markers within 

suggested tolerances (1mm for SRS15). The ODI were shown 990 ± 0.5 mm which passed the 

tolerances (2 mm). Many studies4,5,16 have reported that the registration errors for the CBCT, 

FSA, and ART are all within 0.5 mm of one another. The maximum standard deviation of the 

registration error for our study was 0.4 mm. 

The means and standard deviations of the repositioning accuracy respect to isocenter 

between systems with the total of 20 measurements (2 random positions/each measurement) for 

the 0° gantry and couch setups are shown in Table II. Note that the systematic isocenter 

differences between the systems were subtracted before doing the comparison. For the mean 

values, the results show similar results between systems within 0.4 mm which are within the 

suggested tolerances in ≤ 1mm in TG -14261 for repositioning accuracy. Because of the small 

rotations (< ±1°), the rotational differences between systems were 0.1° ± 0.3°. 

The means and standard deviations of the accuracy of the couch angles at four couch 

angles (45°, 90°,135° and 270° ) are listed in Table III. The rotations in the vertical directions 

which present the couch angels were within -0.3° ± 0.1° for ART and 0.0°± 0.1° for FSA. The 

values are within the TG-142 recommendation of 1° for the table angle in IMRT treatment.15 The 

rotational variances in longitudinal and lateral direction were all less than 0.5° in both systems 

which could be caused by the mechanical isocener of couch.  

The dosimetry results following the recommended daily QA procedures of LINAC are 

tabulated in Table IV including output, energy, symmetry and flatness of dose profiles, field size 
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and light-radiation coincidences. The software of this device supports to record automatically 

each measurement and to view the long term stability of dosimetry in LINAC as shown in Figure 

5-4. Users have the option to choose which data parameters to view, and over what period to 

view them. A single measurement instance can be examined by clicking on a data point which 

corresponds to a particular day. For over 8 months, we can verify that the output is within 2%, 

photon and electron energy are within 2% and the symmetry and flatness are within 1%. The QA 

device is able to detect 1 mm field size error on a daily basis. The data showed that field size is 

within 1mm with approximately 1mm standard deviation and light-radiation coincidence is 

within 1 mm. In summary, the readings are within the AAPM recommendations.14,15 

In our clinical practices, the total measurement time to finish the daily QA tasks is within 

20 minutes including setting up device (< 3 minutes) to isocetner, verification of isocenter 

coordinates between LINAC and three ISPSs (< 5 minutes), couch repositioning (two random in 

translation and two angles) (< 10 minutes) and dosimetry of LINAC (photon and two electron 

energy) (< 2 minutes).We design the template which lists above QA items for therapists. 

Conclusions 

The DQA3 can be used reliably not only for daily output and energy constancy, as well as 

profile , field size indicator, light-radiation coincidences of LINAC but  for mechanical couch 

and imaging geometry (coordinates, positioning and repositioning). Applied this device, the daily 

QA procedure can become efficient, simple and extensive. 
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Table 5-1.  Isocenter displacements between systems respect to CBCT explored with DQA3  
 

 
 
 
 
 
 

 
 

 
 
Table 5-2.  Comparisons of positioning variances between systems at couch 0° within ± 30 mm  

 
 
 
 
 
 
 
 

 
 
 
 
Table 5-3.  Comparisons of the accuracy of couch angles between systems at 4 couch angles. 

 

 
 
 
 
 
 
 
 
 
 
 
 

  

  

AlignRT3C  v.s. XVI 

  

FSA v.s. XVI 

  

LINAC v.s. XVI 

Trans(mm) Rot (°) Trans(mm) Rot (°) Trans(mm) Rot (°) 

∆ LAT   0.2 ± 0.4   -0.6 ± 0.1  0.1 ± 0.2  -0.6 ± 0.1  -0.1 ± 0.3     

∆ LONG -0.2 ± 0.2   -0.5 ± 0.1  0.0 ± 0.4   -0.6 ± 0.2    0.4 ± 0.2     

∆ VERT -0.5 ± 0.4   -0.2 ± 0.1  0.5 ± 0.2     0.3 ± 0.2    0.6 ± 0.3     

Vectors  0.6 ± 0.3     0.5 ± 0.2       0.7 ± 0.3   

  

AlignRT3C  v.s. XVI 

  

FSA v.s. XVI 

  

Couch v.s. XVI 

Trans(mm) Rot (°) Trans(mm) Rot (°) Trans(mm) Rot (°) 

∆ LAT -0.3 ± 0.5  -0.1 ± 0.2    0.0 ± 0.2    0.0 ± 0.2   0.0 ± 0.5     

∆ LONG -0.2 ± 0.4    0.0 ± 0.1  -0.1 ± 0.4    0.0 ± 0.2   0.1 ± 0.5     

∆ VERT 0.2 ± 0.5    0.1 ± 0.3  -0.2 ± 0.5   -0.1 ± 0.3  -0.3 ± 0.7     

Vectors 0.4 ± 0.5     0.2 ± 0.4      0.3 ± 0.7   

  

Couch 450 

  

Couch 1350 

AlignRT3C 
 

FSA 
 

Couch AlignRT3C 
 

FSA 
 

Couch 
∆ LAT   0.0 ± 0.1  

 

  0.5 ± 0.1  

 
0.0 

  -0.2 ± 0.2  
 

  -0.3 ± 0.1  
 

0.0 
∆ LONG   0.3 ± 0.2    0.5 ± 0.4     0.0 ± 0.1  

 
   0.3 ± 0.1  

 ∆ VERT  -0.3 ± 0.1    0.0 ± 0.0     0.0 ± 0.2  
 

   0.0 ± 0.0  
 

  

Couch 900 

  

Couch 2700 

AlignRT3C 
 

FSA 
 

Couch AlignRT3C 
 

FSA 
 

Couch 
∆ LAT   0.0 ± 0.2  

 
  0.5 ± 0.1  

 

0.0 

  -0.2 ± 0.2  
 

  -0.1 ± 0.2  
 

0.0 
∆ LONG   0.3 ± 0.1  

 
  0.5 ± 0.4  

 
   0.2 ± 0.1  

 
  0.1 ± 0.2  

 ∆ VERT  -0.2 ± 0.1      0.0 ± 0.1       0.0 ± 0.1      0.0 ± 0.1   
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Table 5-4.  Dosimetry results for daily QA procedures of the LINAC over 8 months  
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Figure 5-1.  Schematic of the hardware setup for 3 IGSPSs in the treatment room 

 

 

 

Figure 5-2.  Bite frame attached to DailyQA3TM device QA phantom   
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A B C 

 

Figure 5-3.  Examples of registration process. A) CBCT, B) FSA, and C) AlignRT3C 

 

 

 

Figure 5-4.  Daily QA3 software  provides a graphical presentation of data for each template.  
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CHAPTER 6 
DOSE EVALUTION OF ROTATIONAL ERRORS 

Introduction 

Due to tremendous improvements in radiotherapy over the last few decades, therapy plans 

can be devised to precisely target a tumor, but the efficacy of radiotherapy can still be 

compromised by errors in the treatment set-up of the patient which affect the delivered radiation. 

With IMRT in particular creating steep dose gradients and tight margins around the tumor, there 

is a greater risk of dose to surrounding OARs due to set-up errors and organ motion. IGRT, 

wherein imaging devices are used at treatment delivery to increase the probability that radiation 

is delivered as closely as possible to the original plan,19 can help avoid these problems. The 

practice of imaging treatment fields to localize the tumor has been carried out for several decades 

and has been referred to as MV portal imaging. MV portal imagine has been performed using 2D 

X-ray detectors to verify orthogonal localization fields. It only uses bony structures to assess the 

setup deviations in 2D portal images because soft tissues are difficult to visualize in the planar-

projection X-ray images.6 Nevertheless, computed tomography (CT) images are capable of 

identifying both bony structures and soft tissues and CT is the standard reference to delineate 

organs and the target in TPSs. Additionally, it is not surprising that volumetric CT registration in 

six DOF performs more accurately than bony-structure registration based on 2D portal images.6 

There is a growing interest in CT based imaging system for 3D volumetric localization. 

 The most common of the sophisticated image-guided approaches is the CBCT scanner 

because of its complete set of 3D volume information with a high resolution and accurate image 

registration.6-8,12,21 Furthermore, it has been shown that the CBCT system sub-mm and rotational 

setup errors can be correctly determined in six DOF registrations, which is suitable for high-

precision treatments like stereotactic radiosurgery.7,8 Although the standard treatment table does 
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not allow rotational corrections, 6 corrections only can be achieved with a robotic couch,22,23 or 

by adjusting the collimator and gantry angles.25,26 The controversial conclusions and guidance on 

rotational errors management were also discussed .28 The post or near real-time verification 22, 23 

after corrections is essential. Additional verification time, dose, and setup accuracy could be 

compromised by each other. Therefore, currently, most setup adjustments are applied to the 

translational direction only, and thus rotational positioning errors still exist throughout the 

patient's treatment. 

Mathematically, a 2° rotational deviation induces a translational deviation of about 1 mm 

at a point located 3 cm from the isocenter. For elongated targets (> 5 cm long), with rotational 

deviations greater than 2°, the translational deviation is more than 1.8 mm, which might be 

significant when a tight margin is needed.12, 27 Guckenberger et al.12 discovered that the maximal 

rotational errors using kV CBCT were 5° (head and neck), 8° (pelvis), and 6° (thoracic). 

According to daily MVCT from 3,800 tomotherapy treatments21, at least 5% of brain patients 

had more than 3° in roll rotations. Those rotational positioning errors resulted in decreased target 

coverage and increased dose to the OARs. However, many factors might contribute to the 

dosimetric effect, including the simulation methods for those uncorrected errors, degree dose-

gradient steepness, margin sizes, evaluation parameters, treatment techniques, and treatment 

sites. The quantitative correlation between the amount of rotational errors and its dosimetric 

consequence is not obvious and there is a wide range of dose effects.12,27-32 For example, during 

simulation, the simplest approach is rotating the gantry for roll and couch for yaw.27,30,32 Yue et 

al.24 developed a method to implement all 6 DOF corrections, which commonly was used for 

rotation simulations in 3 axes.28,29Additionally, for online corrections, both patient repositioning 

and plan adjustments have been proposed and treatment CBCT images were used to evaluate 
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dose impacts on setup errors.12,31 At present, it is still a challenging task to accurately delineate 

the tumor and organs and calculate the dose using CBCT images.33 

The purpose of this study was to propose direct simulation in a TPS to evaluate the dose 

consequences for systematic rotational setup errors as the standard dose evaluations in 

fractionated SRT with IMRT. The simple and direct simulation method was achieved by directly 

rotating the original CT image set and contours of targets and OARs with the same coordinates. 

We examined the accuracy of this method by registering the image sets and calculating the 

volume differences from the contours. Therefore, all dose distributions were done in the TPS by 

using those rotated image sets and contours. For a group of SRT patients, the simulated dose 

distributions with rotational errors were retrospectively calculated and compared with the 

original plans using DVH parameters to investigate the dosimetric effects. 

Methods and Materials 

Patient Selection 

Ten SRT patients with intracranial tumors who had undergone IMRT between August 

2008 and April 2009 were selected for the present study. We selected patients whose targets 

were located at different areas with different sizes, shapes, and diameters to be able to study the 

dosimetric impacts of rotational setup errors in these situations. Table I shows the characteristics 

of the patients, the tumors, and the prescribed treatments. Since we wanted to focus on larger 

targets, we selected patients with a glioblastoma, oligoendroglioma, astrocytoma, and 

meningioma as well as a gross target volume (GTV) larger than 15 cm3. Histologies and staging 

were determined by clinical evaluation. CT or magnetic resonance imaging (MRI) of the brain 

was obtained as clinically indicated. Figure 6-1 displays the cropped CT images of the tumors 

and adjacent OARs for each patient. As shown in Figure 6-1, the shape and size of the targets 

varied dramatically from patient to patient. To study the effect of the planning target volume 
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(PTV) shape on the criteria for plan inter-comparison, we classified the target shapes into 3 

categories: sphere, ellipse, and irregular. All glioblastmoas were shaped regularly or elliptically. 

The base-of-skull meningiomas were all irregularly shaped, mostly because of extensions in the 

cavernous sinus and through foramina, therefore the targets were irregular. The mean PTV 

volume and diameter were 237 cm3 (range, 90 cm3 - 377cm3) and 9.3 cm (range, 7.2cm - 

12.2cm), respectively, to study the effect of the target size and shape.  

Simulation and Target Delineation 

Each patient was scanned by CT and laid with a custom disposable head support 

(MoldCare® Pillow, Bionix Inc, Toledo, OH). Two immobilization devices were used for SRT 

scanning protocols; one was a bite block using teeth impression combined with a half-face 

thermal plastic (TP) mask and the other was a full-face TP mask only for patients who could not 

tolerate the bite block. A planning CT scan for each patient was made with a 2-mm slice 

thickness using a Philips Brilliance 16-slice scanner (Philips Healthcare, Andover, MA). All 

patients also had an MRI scan (voxel size 1.1 mm3 x 1.1 mm3 x 1.3 mm3; T1-weighted with 

intravenous gadolinium and T2-weighted) of the brain. The CT isocenter was marked on all 

patients with 3 tattoos outside of the mask system.  

Co-registration of CT and MRI images and all contouring were done on Syntegra software 

in the Philips Pinacle3 TPS (Philips Medical Systems, Madison, WI). In glioblastoma patients, 

the clinical target volume (CTV) was formed by expanding the GTV by xx mm, except in 

regions where natural boundaries precluded microscopic tumor spread. In meningioma or 

oligoendroglioma patients, we did not use any GTV-to-CTV margin, assuming no microscopic 

spread beyond the visible tumor. Once the CTV was created, areas of overlap with bone or 

uninvolved OARs were excluded from the volume. Uninvolved lymph nodes were not included 

in the CTV. The CTV was then uniformly expanded 1 cm to create the PTV. For patients in 
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whom the CTV was in close contact with OARs, the PTV margin was adapted manually to avoid 

overlapping of the PTV and these OARs. However, in our situation, the positioning accuracy of 

SRT setup was assessed by CBCT to allow the use of 3-mm setup margins between the CTV and 

PTV.48 To impartially evaluate the dose effects using the same margin for each patient, CTV was 

defined in this study by the uniform subtraction of a 3-mm margin from the PTV. OARs 

included brain stem, chiasm, optical nerves, retina, cochlea, and lens.  

After contouring the tumor volumes and OARs, an IMRT plan was designed on a Pinacle3 

(V 8.1) TPS. Manually optimized beam directions for the IMRT plans were used only when it 

was not possible to keep the volume of brain stem receiving 50 Gy to < 0.1cm3 using a 3D-

conformal radiotherapy plan. Four to 9 non-coplanar beams yielded a result that was optimal, 

combined with a realistic treatment time. The dose prescription in all cases was 61.2 Gy with 

conventional 1.8-Gy fractions delivered daily 5 days a week for 6 to 7 weeks. Because of the 

high conformity of the IMRT plans, an evaluation using the prescription dose only was 

inappropriate; therefore, the 3 tumor-volume (CTV and PTV) coverage at all prescription dose 

levels (volume receiving ≥ 100% [V 100Rx], 93% [V93Rx]. and 110% [V110Rx] prescription dose 

levels, respectively) were evaluated. The PTV coverages aimed for were V100 ≥ 95%, V93 ≥ 99%, 

and V110 ≤ 20%. For OARs, the following dose parameters were evaluated and limited to 0.1 

cm3: V55Gy (volume receiving ≥ 55Gy) for the brain stem, chiasm, and optical nerve; V 45Gy for 

the retina and cochlea; and V12Gy for the lens. Calculations of the DVHs were done with a grid 

size of 2 mm.  

Simulation of Patient Rotation with Respect to Isocenters 

The dosimetric effect of systematic rotational setup errors on each patient’s treatment plan 

was evaluated by simulating multiple rotational setup errors and re-computing the dose 

distributions in the TPS. Dose consequences were analyzed with a conservative assumption that 



 

102 

systematic errors existed continuously throughout the treatment. Systematic anatomy rotations 

and residual translations were simulated using a software program developed in MATLAB 

language. The patient’s anatomy was represented by a collection of points in a coordinate frame. 

The group of anatomical points in the original CT image set and contours by the coordinate 

matrix were designated as [O]. The software supported the commercial TPS (ADAC Pinacle3) 

format without coordinate conversions. The coordinates of the same set of anatomical points in 

the rotated image set and contours (designated as [OR]) were created after software simulation. 

For the rigid body, one assumes that the [O] is congruent with the [OR]. Ignoring anatomical 

deformation in the intracranial treatment site, the difference between the [O] and [OR] can be 

completely represented by a 3 x 3 rotation matrix [R] and a translation vector T, as shown Eqs.1 

through 3, to simulate patient treatments in which a certain extent of positioning error existed. 

[R] shows the combination of rotations in pitch, roll and yaw. 

[𝑂𝑂𝑅𝑅] = [𝑂𝑂][𝑅𝑅] + 𝑇𝑇… … … … … … … … (1) 

[𝑅𝑅] = �𝑅𝑅𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ℎ �[𝑅𝑅𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ]�𝑅𝑅𝑦𝑦𝑦𝑦𝑦𝑦 �… … … … … … … … (2) 

𝑅𝑅𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ℎ = �
1 0 0
0 𝑝𝑝𝑟𝑟𝑐𝑐θ −𝑐𝑐𝑝𝑝𝑠𝑠θ
0 𝑐𝑐𝑝𝑝𝑠𝑠θ 𝑝𝑝𝑟𝑟𝑐𝑐θ

� ,𝑅𝑅𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = �
𝑝𝑝𝑟𝑟𝑐𝑐θ 0 𝑐𝑐𝑝𝑝𝑠𝑠θ

0 1 0
−𝑐𝑐𝑝𝑝𝑠𝑠θ 0 𝑝𝑝𝑟𝑟𝑐𝑐θ

� ,𝑅𝑅𝑦𝑦𝑦𝑦𝑦𝑦 = �
𝑝𝑝𝑟𝑟𝑐𝑐θ −𝑐𝑐𝑝𝑝𝑠𝑠θ 0
𝑐𝑐𝑝𝑝𝑠𝑠θ 𝑝𝑝𝑟𝑟𝑐𝑐θ 0

0 0 1
�… (3) 

All simulated rotations were about the beam central axis and the isocenter, shown in Figure 

6-2. In patient treatments, the maximum rotational errors (range, 5°-8°) reported.50 [O] were 

simulated in 3 axes by combining rotations (±1°, ±3°, ±5°, and ±7°) and translations (1 mm), 

which were used to present residual errors after CBCT corrections. After simulating the process 

in the software, [OR] were re-imported into TPS to replace [O]. For each patient chosen for this 

study, the original plan was regenerated 8 times using the [OR] and the same fluence, sequences, 

and isocenters of each IMRT field as the ‘‘rotated plan.’’ The dose distributions calculated on 
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each rotated plan using the same total monitor unit represent the distributions with the rotational 

setup errors. 

Dosimetry Study 

A total of 90 plans were analyzed for the 10 patients (1 original and 8 rotated plans for 

each patient). Before calculating the dose, to validate the [OR], rotated images were registered 

with the original images using Syntegra in the TPS and volume differences between rotated and 

original contours were calculated. In each plan, the dose distribution was calculated using a 

collapsed-cone convolution algorithm on a 2-mm grid. The DVHs of the rotated plans for the 

target volumes (CTV and PTV) and 6 OARs were evaluated with respect to the planning 

objectives outlined above. These data were compared with those obtained from the original plan. 

Results 

Validation of Simulated Images and Contours 

The accuracy of simulating rotational setup errors was validated by all [OR]. For the 

rotated image sets, Table II shows the isocenter transformation of each image set after registering 

with the original image set using Syntegra registration software in the TPS. The mean simulation 

errors were 0.3 ± 0.4 mm and 0.1°± 0.2° in any axis and the maximum errors were 0.8 mm/0.4° 

for all 80 image sets (8 rotated image sets per patient). For rotated contours, the volume 

differences by comparing to the original contours were used to validate the accuracy of the 

simulation method. Table III shows the details of the volume differences in absolute and 

percentage values for all targets and OARs. Eight rotated contours were examined per 

target/OAR. The overall volume of contours and the maximum error in the absolute differences 

was 2.2 cm3, which happens in targets with larger volumes than OARs. By comparison, the 

percent volume differences were approximately 0.5% for all 3 targets, and < 2% for OARs with 

volume size > 1 cm3. The maximum percentage errors were < 5% when the volume was < 1 cm3.  
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Target Dose Assessments and Comparisons 

All 10 patients were treated to 61.2 Gy in 34 fractions of a 180 cGy fraction dose to the 

PTV coverage > 95% and analyzed for dose variation. Table IV lists the absolute coverage and 

coverage changes (relative) from V100Rx and V93Rx for the 3 targets in the original (0°) and rotated 

(±1°~±7°) plans. V100Rx showed greater discrepancies than V93Rx because of the high dose-

gradient steepness. Therefore, rotational errors caused insignificant coverage variations in V93Rx 

for all cases (within 3%, except for the PTV with ±7° errors). For patient 1 with an irregular 

shape of target, significant losses would have resulted in the V100Rx and V93Rx (up to 19% and 

5%, respectively) for the CTV if the rotations were not corrected. Figure 6-3(a) illustrates how 

the V100Rx changed for 3 tumors with rotations. The amount of mean coverage decreased, but SD 

increased with increasing rotational angle. The rotations adversely affect the coverage of PTV. 

The mean coverage (V100Rx) to the PTV in the original and rotated plans were 96.9±1.1% 

(original), 94.6±2.6% (±1°), 90.3±5.3% (±3°), 82.4±9.4% (±5°), and 71.1±15.5% (±7°), 

respectively. The coverage of CTV was less than 95% when rotational errors were more than 

±3°. The coverage of PTV in V100Rx was much less than the CTV with 3-mm setup margins if 

rotational errors went uncorrected (up to 71% for the PTV versus 81% for the CTV). The mean 

coverage change in the CTV for those rotated plans were 0.8% (±1°), 3.5% (±3°), 9.3% (±5°), 

and 17.8% (±7°), respectively. Figure 6-3(b) shows the coverage loss (V100Rx) of CTV for each 

patient. Within ± 3° rotations, the insignificant impact (within 5%) on coverage loss of the CTV 

was found in most cases. However, a substantial amount of coverage change in the CTV was 

observed in patients 2, 3, and 4 (up to 9% with ± 3°, 21% with ± 5°, and 38% with ± 7°). The 

data in Figure 6-3(b) reveals that the unlikely results consequences in tumor coverage happen 

between clockwise and counter-clockwise rotations. For example, for Patient 4, the decreased 
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coverage of CTV only happens in the clockwise direction (25% [+7°] versus 0.3% [-7°]), but the 

decreased occurred in the counter-clockwise direction for Patient 8 (0.4% [+7°] verse 5% [-7°]). 

OAR Dose Assessments and Comparisons 

Table V and Figure 6-4(a) illustrates the changes in volume receiving more than the 

tolerance dose for the OARs in the rotated plans. In general, all OARs had no change (< 0.1 cm3) 

in most cases except for the brain stem. The SD of the volume changes was > 0.1 cm3 only when 

patients had more than 7° rotations. The brain stem had the most dramatic mean change (range, 

0.2±0.3 cm3 [±1°] - 0.4±1.3cm3 [±7°]). The original plan mean volume of organs receiving the 

tolerance was less than 0.1 cm3. Figure 6-4(b) shows the V55Gy changes for the brain stem for 

each patient. Within ± 3° rotations, the insignificant impact (within 0.1 cm3) was discovered in 

most cases. Furthermore, the wide range of changes between those 10 patients was up to 

approximately 4 cm3. Two patients (Patients 6 and 7) experienced a significant increase in the 

V55Gy with all rotation angles (up to 0.9 cm3 with ± 1°, 2.0 cm3 with ± 3°, 2.8 cm3 with ± 5°, and 

3.7 cm3 with ± 7°). Additionally, the positive V55Gy values (3.7 cm3 [+7°] versus -1.4 cm3 [-7°]) 

were found for Patient 6 when patients’ rotations were clockwise, but for Patient 7 when they 

were in the counter-clockwise directions (-1.4 cm3 [+7°] verse 3.0 cm3 [-7°]).  

Discussions 

For intracranial-cancer patients treated with IMRT, the above results have demonstrated 

that dosimetric deviations increase with increases in rotational setup errors. For systematic 

rotational setup errors up to ±3◦, the probabili ty of coverage loss to the CTV > 5% and of 

increased volumes receiving the tolerance dose to most OARs > 0.1 cm3 is small. While the 

results showed that the rotational setup error indeed degraded the dosimetric coverage in SRT, 

the degradation caused by a 3° setup error was not significant for IMRT and 3-mm margin sizes. 
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It is generally accepted that systematic rotations less than 3° do not lead to clinically significant 

dose consequences. Therefore, our institution’s practice applied ±3°as the setup action level for 

rotational corrections.  

Overall, our data illustrated the influence of rotational setup errors alone for SRT and the 

greater dosimetric effects from clockwise (+) versus counter-clockwise (-) rotational 

displacements. The effect appeared to be associated with the relative location of the tumor and 

OARs, the shape and size of the tumor and OARs, and the relative location of the isocenter in the 

tumor-OAR geometry. Larger targets and those with irregular shapes might be more susceptible 

to rotational setup errors.54 The more significant dosimetric effect of patients’ rotations was 

expected in 5 of 10 patients, because of the irregular and/or ellipse tumor shapes (case 1-3) 

which were located in parietal area of the brain. Furthermore, for case 3, the combination of 

larger tumor size, elliptical shape, tumor in the parietal area, and isocenter away from the center 

of the PTV contributed to the most consequential dosimetric impacts on rotational errors 

regardless of directions and angles (V100Rx for CTV decreases by approximately 5% with ±1° 

rotations). It is best to control the smallest systematic rotations in clinical patients who have 

those characteristics.  

Our definition of the CTV included the GTV and a few margins (or no margin) which 

covered the malignant tissue, depending on the histologies. Institutional definitions of CTV 

could vary and, in our study, case 2 didn’t even have a CTV. Since the range of PTV is added to 

setup margins from the CTV depending on localization and immobilization, the CTV can be a 

more critical concern than the PTV. In our clinical practice, we performed quality assessments 

using CBCT and the mean setup errors were within 3.2 mm for the SRT patients.48 Therefore, to 

have an objective dose evaluation, we studied the CTV excluding 3-mm uniform margins from 
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the PTV rather than the CTV. In addition, we also found that the volume ratio of PTV to CTV 

was 2.1 for case 5 and 13.3 for case 8. The results of 2.2 and 10.4, for case 5 and 8, respectively, 

were shown in the similar V100Rx ratio of PTV to CTV when they had 7° rotations. However, the 

volume and V100Rx ratio for PTV to CTV became equal (approximately 1.4-1.6) in those 2 

patients. We choose CTV to evaluate the dose effects. Because of 3-mm setup margins, the setup 

rotational errors could have a different effect on the dose to the target and OARs than what was 

seen in our study. 

For all 6 OARs analyzed, the deviations in the volume receiving the tolerance dose were 

within 0.1 cm3 for all rotated plans. The only exception was the brain stem because of its large 

volume. Between 10 patients in Figure 6-4(b), the V55Gy values of the brain stem were changed 

dramatically with increasing rotational errors in cases 6 and 7. In addition, D0.1 (the dose to 

0.1cm3) was observed in the original plan for more than 60 Gy when the PTV was adjacent to 

structures for those 2 patients. Both patients also had elongated tumors, so a part of the OAR 

could have been easily pushed into a higher dose region. Figure 6-4(c) displays fewer influences 

in the brain stem for cases 5 and 10 because D0.1 was approximately 54.7 Gy and the tumor was 

spherical. Therefore, D0.1 for the brain stem could be the effective check point to setup the higher 

action level for rotational corrections when patients experience systematic rotational errors. 

The direct simulation we presently proposed was derived with the assumption that patients 

were rigid bodies. We had validated [OR] using image registration and the volume size of the 

contours in the TPS. For rotated images, Table II shows greater SDs in translations (0.5 mm) 

than rotations (0.2°). Because we simulated only a 1-mm translation but up to ±7° in rotations, 

the pixel size of the CT images was approximately 0.8 mm, which contributes more to the 

registration errors in 1-mm translations than rotations. In contrast, the voxel size of the contours 
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was approximately 0.6 mm in the TPS. The maximum percentage differences in the cochlea were 

approximately 4.9% because the contour volume was less than 0.1 cm3, although those 

differences were <2% in other OARs. The pixel (voxel) size was the factor that contributed to 

the uncertainties during the simulation process. While the inherent simulation uncertainties were 

negligible, this rigid body assumption was a first-order approximation to the problem; therefore, 

the results may deviate from the reality since patient bodies are deformable. 

In our study, we performed the simulation by rotating CT images and contours for the 

systematic rotational setup errors, which provided the most accurate dose results and true 

treatment geometries between the tumors and OARs. Rotating the gantry for the roll and the 

couch for the yaw is the simplest method, but no pitch direction is the limitation for yaw.27,30,32 

Therefore, this method cannot simultaneously perform 3 rotations; further, the inherent 

coordinate differences between the treatment machines and patient anatomies could be the main 

uncertainties in the dose evaluations. To eliminate the limitation, most studies used the method 

developed by Yue et al.24 with the rigid body assumption to simulate any patient setup error. 

This method involved 3 matrix transformations and the isocetner shift, and the gantry, couch, 

and collimator were adjusted to implement the full 6 DOF corrections. However, it is an indirect 

method by applying transform matrices for the coordination conversion. The beam 

reestablishment error from the matrices, machine operation limits, and collision constraints were 

reported.24 It is essential that the phantom study with a set of fiducial markers was used to verify 

for the accuracy of beam reestablishment. In contrast, this direct simulation method in our study 

provides the simple verification and spatial visualization for the patient and tumor-OARs 

geometry. The dose impacts on rotational setup errors using this direct simulation in a TPS could 

be the most reliable method and become the gold standard. There is only one limitation: once the 
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significant dose influences caused by rotational errors were found in patients, those errors only 

could be corrected using a robotic couch,13,49 not Yue’s methods.24 

The situation might vary for different treatment sites and techniques. For head-and-neck 

sites, the body contour may change considerably from one point to another, and the targets are 

large and irregular, which might make the patient more susceptible to rotational setup errors. 

Recent studies found that rotational errors contribute to treatment uncertainties for head-and-

neck IMRT patients.13,50 Kim et al.27 studied the dose impacts of head roll setup errors during 

head-and-neck IMRT treatments to the spinal cord and found dose change were 3.1% and 6.4% 

for 3° and 5°, respectively. Furthermore, even in prostate treatments when tumors were spherical, 

the impact of rotational setup errors may be dissimilar if the treatment technique, margins, and 

simulation methods are different. Sejpal et al.32 evaluated the dose changes in prostate cancer 

patients treated with proton therapy by rotating the gantry and couch to simulate the roll and yaw 

directions. They found no significant dose changes to targets and OARs when patient rotational 

movements were less than ±5°. Fu et al.28 studied the same topics using Yue’s method24 for 

patients receiving 3-phase sequential boost IMRT treatments. They reported that, for systematic 

rotational setup errors up to 3◦, the probability of dosimetric deviation in prostates larger than 

2% is small and less than 30%. For seminal vesicles, slightly larger influences were observed. In 

our study, future studies will focus on different treatment sties and techniques using the direct 

simulation.  

Conclusions 

The primary goal of this work was to identify rotational tolerances for SRT patients treated 

with IMRT. The direct simulation method in a TPS was applied to these patients and we found 

excellent agreements with the original images and contours for the isocenter transform and 



 

110 

volume sizes, respectively. The results show that rotations are problematic for cases with 

irregular, elliptical targets, and a tolerance of ±3.0° should be set for patients with 3-mm setup 

margins. This study reveals that rotational tolerances are suggested and that the dosimetric 

implications using direct simulation in a TPS are of clinical importance. 

  



 

111 

Table 6-1.  Summary of characteristics of the patients, tumors, OARs and prescribed treatments  

 

 

Table 6-2.  Isocenter transforms of rotated CT image set after registration process  

Abbreviations: Trans.=Translations, Rots.= Rotations.  
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Table 6-3.  Absolute and percentage differences in volume between rotated and original OARs  

Abbreviations: Mean V.=Mean volume of original OARs 

 

Table 6-4.  Effect of rotational setup errors on target coverage in IMRT for SRT 

Abbreviations: Abs.=absolute coverage. Rel.=relative coverage respect to original plans.V100Rx, 
V93Rx=minimal volume received by 100 %, 93% of prescribed dose, respectively. 

 

Table 6-5.  Relative volume differences between rotated and original plans on sparing of OARs 

 
V55Gy 

 

V45Gy 

 

V12Gy 

Brain Stem Chiasm Opt.N Retina Cochlea Lens 

Mean V. 27.6±3.4 0.6±0.4 1.0±0.5 5.5±0.9 0.08±0.03 0.3±0.2 

1° 0.2 ± 0.3 0.0 ± 0.1 0.0 ± 0.1 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

3° 0.2 ± 0.6 0.0 ± 0.1 0.0 ± 0.1 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 

5° 0.3 ± 0.9 0.0 ± 0.1 0.0 ± 0.1 0.0 ± 0.1 0.0 ± 0.0 0.0 ± 0.1 
7° 0.4± 1.3 0.0 ± 0.1 0.0 ± 0.1 0.1 ± 0.3 0.0 ± 0.0 0.1 ± 0.2 

Abbreviations: V55Gy, V45Gy,  V12Gy =volume received by 55Gy, 45Gy and 12Gy, respectively. 
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Figure 6-1.  Tumor sites and shapes for the 10 cases. Green: CTV, blue: PTV (= CTV+3 mm) 

 

 

 
 
Figure 6-2.  Comparison of the original (upper row) and rotated (lower  row) images for case 8   



 

114 

A 

B 

Figure 6-3.  Changes of tumor coverage in the V100Rx , A) all cases, B) each case  

94.1
96.3

98.1 98.7 99.3 98.4

95.8

90.0

81.4

88.1

91.3

94.4
95.9

96.9
94.6

90.3

82.4

71.7

50

55

60

65

70

75

80

85

90

95

100

-7 -5 -3 -1 0 1 3 5 7
V

10
0R

x(
%

)

Rotational angle (°)

CTV (V = 162.6 ± 85.4 cm3)

PTV (V=232.5 ± 103.8 cm3)

-40

-35

-30

-25

-20

-15

-10

-5

0

-7 -5 -3 -1 0 1 3 5 7

∆
V

10
0R

x

Rotational angel (°)

case#1

case#2

case#3

case#4

case#5

case#6

case#7

case#8

case#9

case#10



 

115 

 

A 

B 

Figure 6-4.  Changes in volume receiving the tolerance dose. A) all OARs. B) brain stem only  
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CHAPTER 7 
SUMMARY AND CONCLUSIONS 

The five key issue in HPRT deals with how to: 1) perform the quality assessments of 

current setup systems, 2) develop the new IGSPS to replace current systems, 3) evaluate in 

clinical procedures applying the new IGSPS and suitable immobilizations, 4) establish the QA 

program for LINAC and all IGSPSs and 5) simulate the dosimetric effects due to daily setups in 

TPS. 

A quality assessment of the FSA system for intracranial SRT was performed using CBCT. 

FSA setup errors for two groups of patients were analyzed :(1) FSA-positioned patients 

immobilized with a bite plate and TP mask (the bFSA group);(2)Room-laser-positioned patients 

immobilized using a TP mask (the mLAS group). A QA phantom was used to study the system 

differences between FSA and CBCT. The quality assessment was performed using the Elekta 

XVI and the Varian OBI for 25 patients. For the first 3 fractions, and weekly thereafter, the FSA 

system was used for patient positioning, after which CBCT was performed to obtain setup errors. 

1) Phantom Tests: The mean difference in the isocenter displacements for the two systems was 

1.2 ± 0.7 mm. No significant variances were seen between XVI and OBI (p~0.208); 2)Patient 

Tests: (a)The mean of the displacements between FSA and CBCT were independent of the 

CBCT system used; (b)Mean setup errors for the bFSA group were smaller (1.2 mm) than those 

of the mLAS group (3.2 mm)(p<0.005). For the mLAS patients, the 90th percentile and the 

maximum rotational displacements were 3° and 5°, respectively. A 4 mm drift in setup accuracy 

occurred over the treatment course for 1 bFSA patient. System differences of >1 mm between 

CBCT and FSA were seen. Error regression was observed for the bFSA patients using CBCT (up 

to 4mm) during the treatment course.  For the mLAS group, daily CBCT imaging was needed to 

obtain acceptable setup accuracies.  
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The ART system is an IGSPS that provides real-time target localization. The study 

involves the first use of this system with three camera pods. Its localization accuracy and 

tracking ability has been evaluated using a CBCT system and an optical tracking system. A 

modified Rando head and neck phantom and five volunteers were used to evaluate the 

calibration, registration, and position-tracking accuracies of the ART system and to study surface 

reconstruction uncertainties, including the effects due to inter and intra-fractional motion, skin 

tone, room light level, camera temperature, and ROI selection. Results for two different 

reference image sets; CT_S and ART_S are reported. System accuracy was validated through 

comparison with the XVI and the FSA. The system origin displacements for the ART and XVI 

systems agreed to within 1.3 mm and 0.7°. Similar results were seen for ART versus FSA. For 

the phantom displacements having couch angles of 0°, those that utilized ART_S references 

resulted in a mean difference of 0.9 mm / 0.4° with respect to XVI, and 0.3 mm / 0.20 with 

respect to FSA. For phantom displacements of more than ±10 mm and ±3°, the maximum 

discrepancies between ART and the XVI and FSA systems were 3.0 mm and 0.4 mm, 

respectively. For couch angles up to  ± 90° , the mean (Max.) difference between the ART and 

FSA was 1.2 (2.3) mm / 0.7° (1.2°).   For all tests, the mean registration errors obtained using the 

CT_S references were approximately 1.3 mm / 1.0°  larger than those obtained using the ART_S 

references. The mean inter and intra-fractional registration differences between ART and FSA 

were within 1.3 mm / 0.5°. ART can be used as a non-ionizing IGSPS with accuracy comparable 

to current image/marker-based systems. ART and CBCT can be combined for high-precision 

positioning without the need for patient-attached localization devices.  

To evaluate ART in the clinical study as a feasible IGSPS for frameless SRT with non-

coplanar fields, it provides accurate daily target localization in real-time without additional dose 
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and compares results with a CBCT system and an optical tracking system. Five intracranial 

cancer patients undergoing intensity-modulated radiotherapy were studied. The system accuracy 

was performed using the ART, XVI and FSA. For each session, the patient was positioned using 

thermoplastic chin stretch for immobilization and FSA in real-time tracking for target 

localization with setup tolerances (0.3mm/0.3°). CBCT images were acquired for the first 3 

fractions and weekly thereafter. Setup surface imaging data sets for evaluation of pre-treatment, 

inter-fractional and intra-fractional motion were obtained daily to compare XVI and FSA. The 

positioning differences variations in the translational and rotational directions among three 

systems were analyzed. Results for two different reference image sets (CT_S, and ART_S are 

reported. The mean differences in the pre-treatment displacements for the ART and XVI systems 

was 0.3 mm/0.2° but 1.3 mm/1° for the FSA and XVI systems. For the displacements of the 

inter-fractional motion having non-coplanar beams with respect to FSA, those that utilized 

ART_S references resulted in a 90th percentiles of difference within 2.1 mm / 0.8° using ART_S  

and 3.3 mm/0.3° using CT_S. For the displacements of the intra-fractional motion over 

maximum 14 mins tracking time, the accuracy is within 1mm/1°. Bite-tray uncertainties over the 

treatment course for one patient up to 3 mm/2° were occurred. The combination of gantry, panel 

and tube blockage effects during the CBCT acquisition caused approximately 3 mm registration 

errors. No skin-tone and deformation effects were found. ART can be used as a non-ionizing 

IGSPS with accuracy comparable to current image/marker-based systems. ART and CBCT can 

be combined for high-precision positioning without the need for patient-attached localization 

devices. 

To develop a simple yet comprehensive effective daily QA program for LINAC and 3 

IGSPSs and to summarize the results of these QA tests over extended periods. The daily output 
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check on a linac unit is commonly performed utilizing a chamber embedded in the phantom. 

Currently, 3 IGSPSs, the ART surface system; the FSA and the Elekta kV CBCT were installed 

in the same treatment room with an Elekta LINAC. For daily QA, therapists routinely performed 

dosimetric checks of the linac and geometric accuracy tests of the 3 IGSPSs by repositioning 

different phantoms provided by the vendors. We investigated the use of a commercially available 

DQA3 phantom to perform this task. The QA program encompasses 3 components: dosimetry, 

mechanical (couch and laser), and imaging geometry. The coincidence of the linac coordinate 

system for three ISPSs was within 0.7 mm/0.6° of that of the CBCT system due to different 

calibration methods. Guiding with those imaging systems, we inspected the laser alignment, 

which perfectly localized within 0.5 mm. The ODI were 999 ± 0.5 mm. For gantry and table 

angles of 0°, the mean displacement vectors were within 0.4 mm and 0.1° in an axis between 

systems. The differences of the couch angles using ART and FSA was within 0.3°. For over 8 

months, we were able to verify that the output was within 2%, the photon and electron energy 

was within 2%, and the symmetry and flatness were within 1%. The data showed that the field 

size and light-radiation coincidence are within 1mm ± 1mm. The total measurement time of all 

tasks in one section takes less than 20 minutes. The use of DQA3 simplifies the task of daily 

dosimetric consistency checks, shortens the set-up time, and eliminates the systematic errors by 

switching phantoms. Clinical use of this multi-detector device has improved the efficiency and 

thoroughness of daily QA programs for linacs and IGSPSs. By considering dosimetric relevance 

and clinical flow, we have established a reasonable action level. 

To determine dose-delivery errors resulting from systematic rotational setup errors for 

fractionated SRT using direct simulation in a TPS. Ten patients who received IMRT of brain 

tumors were studied. Simulation of systematic rotation was done by applying a 3x3 rotation 
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matrix to the original images and contours. Combined rotational errors of ±1°, ±3°, ±5° and ±7° 

and residual translation errors of 1 mm along each axis were simulated. The rotated images were 

re-imported into the TPS and the dose effects were evaluated by re-computing the dose 

distributions. Target V100Rx, V93Rx, and V110Rx of the prescription dose level and the volumes of 

the 6 OARs  receiving more than the tolerance dose levels were evaluated. The accuracy of the 

image rotation algorithm was validated using the image registration package within the TPS and 

was found to be within 0.5 mm/0.2° in translation/rotation transformation, respectively, and the 

volumes of the rotated contours are within 2% of the original contours. A systematic reduction in 

CTV coverage was observed, with the mean V100Rx of the CTV to be 99.3±0.5% (original), 

98.4±1.2% (±1°), 95.8±3.0% (±3°), 90.0±7.3% (±5°), and 81.4±13.1% (±7°). In most cases, 

OAR doses fell within the tolerance levels. However, for two cases where D0.1cc of the brain 

stem received close to the dose limit in the original plan, even a ±1° rotations had made D0.1cc > 

55Gy, which exceeded our dose limit. We conclude that for rotations less than ±3°, no action 

level is required; however, cases presenting extreme rotations and high doses in the brain stem 

should be investigated as routine practice. This procedure allows easy evaluation of dosimetric 

consequences when systematic rotational errors are present in patient setup. 

In summary, as shown in Figure 7-1, this dissertation initially performed a quality 

assessment of FSA using CBCT to investigate the overall accuracy of setup systems and 

comprehend the limitations in SRT. It also reports the optimization of the accuracy of 

applications by combining three IGSPSs. Besides localization systems, modified 

immobilizations were considered suitable for clinical implementation. To avoid removing the 

phantom variety and to simplify the daily QA procedure, a simple yet comprehensive daily QA 

program was designed by the commercial device for LINAC, CBCT, FSA and Align RT3C 
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systems. Finally, a reliable and accurate dosimetric simulation was developed to evaluate 

dosimetric consequences for those uncorrected errors,. The doses actually delivered to the targets 

and OARs were determined. Standard DVH was built in TPS.  

 

 

Figure 7-1.  Flow chart of the conclusions for this dissertation 
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