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quantitatively evaluate the quality of a complex process and hence radiation therapy treatments. 
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exporting Dose Volume Histograms from treatment plans to create complication free tumor control 
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treatment), a relative comparison can be performed to assess how variations in the tasks that 

contribute to the treatment plan affect the complication free tumor control probability. By creating 

a systematic method to outline how and when all tasks are performed, variations in complication 

free tumor control over the entire course of treatment can be established and analyzed as to their 

impact on the quality of treatment.  
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1. INTRODUCTION AND THEORY 

The 20th century saw medicine evolve into a sophisticated complex system1 and as such its 

quality, safety and procedural management strategies evolved. Over time, healthcare and radiation 

therapy continue to reconsider their approaches to quality, safety and procedural management as 

new information is learned and new tools are developed1–22. While striving to improve 

radiotherapy practices, many deficiencies can still be found as well as new problems created with 

emerging techniques and technologies in its processess2,5,13,23–25. Strategies have been adapted 

from other industries and professions, protocols and standards were developed from expert 

consensus, requirements increased to operate a radiotherapy clinic and continuing career education 

implemented to help achieve these improvements. Despite these efforts, the field still lacks a tool 

that can track quality quantitatively throughout an entire course of treatment to aid in decision 

making and to ensure the best treatments are provided. Reviewing a brief history of radiation 

therapy provides an understanding of how todays standard treatments developed and what is 

considered an acceptable quality treatment. 

Radiation use in medicine began quickly following its discovery26–28. The first applications 

were simple and have since expanded as knowledge increased for its effects on living cells over 

the past 125 years. In an ideal world only diseased cells would receive dose while all other cells 

receive none27,29. Practically speaking, however, this is impossible and all steps in the radiation 

therapy process work towards achieving this ideal. The first administered exposures demonstrated 

what came to be the major limiting factor while delivering therapeutic radiation: damage to normal 

tissues. Procedures began to evolve in attempts to limit the doses that normal tissues received while 

still administering a high enough dose to eradicate diseased cells. These methods included 

collimating the radiation field, increasing the number fields used to deliver radiation, fractionation 

or increasing the number of exposures while decreasing the dose per exposure, better identifying 

diseased tissue locations and pinpointing the deposition of energy as radiation traverses matter 

(inorganic and organic)26,27,30,31. Hence more techniques, equipment, and individuals were needed 

to fulfill these goals to improve the efforts of therapeutic radiation by minimizing patient health 

complications from over dosing healthy cells or under dosing diseased cells. 
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1.1 Treatment Courses 

Understanding the progression of techniques and equipment used in radiation therapy 

provides valuable insight into evaluating its quality. As it evolved, the advancements in radiation 

medicine replicate the steps of modern-day radiotherapy procedures. First, diseases that can be 

treated with radiation were identified32. Appropriate doses to eliminate these diseases while 

allowing surrounding tissues to survive were established. Properly localizing diseased and healthy 

cells came next in order to know where the radiation had to be deposited. Adequately collimating 

and directing radiation beams followed to ensure proper doses were deposited in tissues30. Finally, 

mechanisms to stabilize patients and coordinate anatomical and radiation locations were developed 

allowing therapeutic doses to be administered. Every task performed in radiotherapy works 

towards the ideal of providing a prescription dose to the diseased cells while providing limited 

dose to healthy cells. With technological and medical advances, the means with which to achieve 

the above-mentioned concepts increased in complexity creating the modern-day complex process 

of radiation therapy. This consists of five basic steps as shown in Figure 1: Consult, Simulation, 

Treatment Planning, Plan Review and Treatment. 

1.1.1 Consult 

Step by step information is gathered to provide the necessary criteria to properly treat a 

disease. As more information is acquired, the parameters involved in a course of treatment are 

defined and adjusted to provide a better-quality treatment. First, a disease must be identified which 

is accomplished during Consult. With technological and medical advances, more sophisticated 

mechanisms were developed to understand the inherent nature of a specific individual’s disease, 

patterns of progression, ways to treat it, and side effects that occur32. Diseases are labeled in stages 

based on size and physiological characteristics observed in the cells. Different disease labels 

require additional information to be gathered and different techniques to be used in order to treat 

the disease to best standards. The Radiation Oncologist 
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Figure 1. Flow chart for the basic steps of modern-day Radiation Therapy treatment process 

uses the diagnosis, their training on the disease’s behavior and progression, standard practice 

methods, colleague consensus, and patient conversations to move forward with a treatment by 

deciding the proceeding actions that must occur to eliminate diseased cells and preserve healthy 

cells. 

1.1.2 Simulation 

With a disease identified, defining its anatomical location and healthy cells location to a 

standardized coordinate system comes next30. Consider an analogy: radiation therapy is like 

shooting bullets at a moving target. A certain number of bullets must hit the bull’s-eye. The clearer 

the bull’s-eye and path to it are, the better chances there are to hit it. Initially, anatomical 

knowledge provides the information to localize the disease. For example, the lower pelvis is the 

region of interest for prostate cancer. Without any medical imaging a field can be focused on this 

area that will, without a doubt, include the entire prostate volume, but the target is very blurry. 

There of course are other organs in the area that must be avoided such as the bladder, rectum, and 
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Simulation

Treatment 
Planning

Plan 
Review

Treatment



4 

 

gonads. As medical imaging advanced, a single x-ray provided 2-dimensional information that 

began to outline where all these organs were located allowing more clarity as to the target’s 

location and direct paths to it. With multiple x-rays and eventually computed tomography (CT), 3-

dimensonal information can be acquired allowing complete volumes of all organs in the region of 

interest to be determined28,33,34. With 3D information, all points in a medical image can be linked 

to a coordinate system which further clarifies the bull’s-eye and allows mathematical 

representations of positions and path lengths to those positions that make up organs in the region 

of interest. Thus, if the bull’s-eye or target moves around, it can be tracked with high precision 

and accuracy. 

This of course represents the simulation portion of modern-day radiation therapy. CT 

scans, as well as other imaging modalities, provide volumetric information33 to be used for 

defining the locations of organs and coordinating them with radiation fields to allow the proper 

deposition of dose. CT scans also provided electron density information that is used to calculate 

how radiation traverses the patient and where energy is deposited delivering dose27,30,33. By 

localizing everything to a coordinate system, positions can be replicated to clearly identify the 

target to ensure the radiation can hit it. Various devices are then used to aid in positioning the 

patient within the coordinate system and minimize movement. Replicating a given position and 

stabilizing the target makes it easier to shoot at. A Radiation Therapist, based on the Radiation 

Oncologist’s directions, works to position and stabilize the patient position comfortably, produce 

markers and indicators for easy positional replication and acquire a CT scan to include desired 

organs in the image necessary to complete the remaining steps in the process. 

1.1.3 Treatment Planning 

Knowing what the disease is and having volumetric information to clearly locate the target 

and a path to it, planning how to get radiation dose to the tumor comes next. A Radiation 

Oncologist and Certified Medical Dosimetrist begin outlining the tumor and surrounding healthy 

organs on the CT scan. Sophisticated software applications then link the CT scan and these 

contours to a calculation engine for radiation transport. The calculation engine incorporates a 

model of the physical machine used to produce the radiation to estimate the dose cells would 

receive given set parameters27,30,32,35. The Dosimetrist adjusts these parameters (field sizes, beam 
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angles, distance to source, x-ray energy, fluence, etc.) until dosimetric constraints are achieved. 

The constraints have previously been determined through numerous studies over the history of 

radiotherapy that determined appropriate tumor prescription doses and tolerance doses for healthy 

organs. After many iterations of parameter adjustments, the dosimetrist and physician decide on 

and finalize a plan to be used to treat a particular patient where the dosimetric constraints are best 

met. The general descriptions of these actions are incorporated in the treatment planning portion 

of radiation therapy. It is here that the ideas for treating a patient become a reality as physical 

characteristics are established to produce a radiation dose distribution that conforms to a tumor. 

1.1.4 Plan Review 

Reviewing the decided upon plan comes next to ensure all aspects meet the intended goals 

and the treatment can be physically carried out to treat the patient with the best possible quality. A 

Qualified Medical Physicist performs an independent check on the majority of the parameters to 

be used in the treatment plan. While the main goal is to verify that dosimetric constraints are met 

and the physical parameters used in the production and delivery of radiation are appropriate, many 

documentation parameters must also be verified. Numerous interlocks exist in the devices used 

and non-congruent occurrences between all software and devices used through the entire process 

will prevent treatment. Radiation Therapists perform tasks in preparation for a treatment to confirm 

they have the materials needed. Similarly, Radiation Oncologists perform an independent review 

of the plan to form a consensus that the theoretical reasoning for a treatment is suitable for a given 

patient. A formal meeting exists for this purpose, but informal conversations also occur. Ideally 

all tasks performed up to this point in the process are reviewed and verified to allow the delivery 

of a plan to the highest achievable quality. 

1.1.5 Treatment 

With a plan developed and verified, it comes time to carry out the actions to deliver the 

radiation to the patient. The treatment plan, which contains imaging position techniques, is loaded 

onto the treatment console and machine. Next the Radiation Therapists work to help the patient 

lay on the treatment table and replicate the position they were in during their simulation CT scan. 

Various imaging techniques in the treatment room are used to align external and internal patient 

landmarks to match the tumor’s and radiation’s centralized point or isocenter. Radiation 
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Therapists, Radiation Oncologists and Qualified Medical Physicists all, at some point, verify that 

patient positioning and alignment are acceptable for treatment. With the patient position approved, 

treatment begins, and radiation is delivered. While radiation is delivered the patient is monitored 

to ensure there is minimal movement through the remainder of the delivery that will affect planned 

dose. Once the fraction’s dose is delivered, the patient is helped down from the treatment table and 

treatment information is logged. With treatment information logged, further review is conducted 

to verify that the treatment is being delivered as planned for the remainder of fractions. Upon 

completion a final review is performed to once again verify that the treatment occurred as planned. 

While this provides a brief summary of the work involved for treating a patient with 

radiation, details for the specific tasks all individuals perform over the entire process are 

cumbersome to write out with large variations (between institutions and individuals). Monitoring 

these tasks is a complex process with many industries supplying studies on the best methods to 

evaluate procedures that create these complex systems. In the modern day, quality, safety and 

procedural management practices help organizations achieve their goals by maximizing the quality 

of their products while minimizing costs (material and personal). Sophisticated outlines for the 

tasks involved within a complex process are developed to aid in identifying potential areas of risk 

to help mitigate an undesired event or product from occurring. Many fields striving to improve 

their quality, safety and procedural management practices have produced much in the 

literature23,36–49. An article published in 2013 discussed the lack of systematic research involved 

in evaluating and implementing these strategies36. Specifically, the article focused on a zero-

accident vision strategy adopted by several companies that have achieved low rates of severe 

accidents or losses while achieving their goals. Challenges with current management practices, 

due to a lack of detailed evaluation of those strategies, lead the authors to call on the community 

to produce more scientific evidence to support conclusions on the successes and failures of 

strategies implemented. This is interesting in that organizations striving for zero accidents that 

have already achieved infrequent accidents recognized there was little scientific evidence to 

support the methods used to achieve their goals. When considering radiation therapy quality, safety 

and management practices, systematically understanding the many aspects that comprise a course 

of treatment are necessary to quantitatively evaluate the successes and failures of strategies 



7 

 

implemented. Reviewing complex systems and methods to evaluate them helps to understand the 

radiotherapy process. 

1.2 Complex Systems 

Complex systems arise as humanity attempts to understand and solve problems. Over time 

more difficult problems have been addressed with more sophisticated methods. By focusing on 

individual mechanisms to determine cause and effect relationships50, science allows us to predict 

behavior in nature by creating laws aiding in future applications. However, these laws have 

constraints and one must know when and how to employ a specific law. As a system continues to 

include more mechanisms the laws and their constraints become distorted and adjustments must 

be made. An example of this can be seen from a sample problem worked in Tips On Physics: A 

Problem-Solving Supplement To The Feynman Lectures On Physics by Richard Feynman51. Here 

the importance of working and thinking circularly instead of linearly are emphasized. 

Feynman works through a simple problem to achieve an answer. The answer acquired with 

universally accepted laws of physics does not match the reality of a measurement. By reevaluating 

the problem, Feynman shows us how the initial problem was a simplification of the physical 

phenomena. He then reworks the problem with an added constraint (a neglected force) achieving 

a different answer. This step is then repeated multiple times until the theoretical answer “matches” 

the actual measurement. Each time the problem was worked previous information that was 

neglected, or unknown prior, was then used to produce a more exact answer. Furthermore, 

constraints that were used in the initial problem changed as more information was incorporated 

into later problems. This underlines the behavior of modern complex systems: each time a problem 

is worked information may or may not be included, which then varies the constraints that are used. 

Consequently, the detail desired by the observer dictates the degree to which the outcome of 

theoretical predictions is contrary to physical measurements. 

Knowing when and which laws and constraints to use is crucial to achieve a complete 

quantitative evaluation of a complex system and problem. Weinberg created three categories for 

the types of complex systems that can exist or develop: Organized Simplicity, Unorganized 

Complexity, and Organized Complexity50 as seen in Figure 2. Organized Simplicity and 

Unorganized Complexity include systems with very few or an extremely large number of 
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components. Here measurements provide results that are close to predicted values. Modern human 

systems fall into the organized complexity category. Here systems are “too complex for analysis 

and too organized for statistics”. These systems follow what Weinberg defines as the law of 

medium numbers in which large fluctuations, irregularities and discrepancies with any theory 

occur regularly when attempting to analyze the system in question. These systems include 

exceptions to the laws and constraints that are currently used to evaluate system behavior. To 

provide a systematic evaluation of a system, one must be able to account for large fluctuations, 

irregularities and discrepancies within the context of the laws and constraints established. 

 

Figure 2. Weinberg’s graph for the types of systems that can exist as complexity and randomness increase in complex systems  

Quality, safety and procedural management evaluations have come to include the 

development of process maps and diagrams, mathematical calculations from physical 

measurements, and philosophies for relationships between the two to help understand how the 

many aspects involved in a process help achieve the ideal goal. Two of the more prominent 

philosophies are Heinrich’s domino model43 and Reason’s swiss cheese model44. The ideas of a 

root cause event responsible for an undesired result and subsequent probabilistic calculation of 

their occurrence can be found in a vast majority of evaluations. With these, focus is placed on 
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individual events leading to deficiencies in factors related to component relationships and human 

interactions as described by Leveson45. Capturing these individual events and understanding cause 

and effect relationships between them allow the complete evaluation of a complex system. 

1.2.1 Control Loops 

Leveson proposed representing component functions, relationships and human interactions 

for a process visually through engineering control loop diagrams45. A manual process consists of 

an operator or controller, the controls or equipment used and display or feedback mechanisms for 

the process. The operator uses controls to perform a process and receives feedback thru display 

mechanisms to gauge how the process is progressing. For an automated process an extra 

component is added or a device that now performs tasks humans would have previously performed. 

The device, or an actuator, performs the task mechanically, electromechanically or 

computationally via hardware and software. This device has its own sensors to relay feedback for 

its performance. Figure 3 displays two simple control loops for a manual and automated process. 

 

Figure 3. Simple control loops for a manual and automated process. For the manual process the operator’s physical senses provide 
feedback for how the process is progressing, or direct perception. In the automated process all feedback is dependent on a 

mechanical or electromechanical system to provide feedback, or synthesized perception. 
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An example in radiation therapy would be the positioning of the linac treatment couch. 

Manually, a Radiation Therapist (operator) presses the unlock switch on the couch allowing it to 

be manually pushed (controls) into a desired position (process). Monitors display translational 

positions of the couch; the Radiation Therapist can visually see the position of the couch and feel 

resistance as they move the couch into position (displays). An automated approach includes a 

mechanical system that physically moves the couch by pressing buttons. Here the Therapist pushes 

a button to move the couch in a desired direction. The physical aspect has been removed and is 

now reliant on the mechanical system. Some physical senses of the operator have also been 

removed and accurate information about how the process is progressing is provided by the 

automated system. 

While completing a process, control loops help describe the actions taken and the order in 

which they occur. Details can be documented based on the operator, controls and sensory 

information used to complete a given process or task. As processes become more complex, 

additional operators, controls, and sensory displays are incorporated creating sub-processes which 

in themselves are considered complex processes. This creates control loops inside of control loops, 

or descriptive mechanisms for specific tasks within generalized tasks. An overall complex process 

is broken down into multiple sub-processes necessitating multiple control loops to describe the 

various functions, relationships and interactions that take place. As complexity increases results of 

sub-processes rely on results from other sub-processes even though there may never be direct 

interaction. Here hierarchal levels help maintain organization as process complexity increases. 

1.2.2 Process Hierarchy 

Using a top-down approach, generalized tasks are first defined that must be performed in 

order to achieve the goal of the complex process. A control loop can be generated for each 

generalized task that is defined. This establishes the first hierarchal level for radiotherapy, where 

the basic steps are defined necessary to achieve the goal of the complex process. For radiotherapy 

and this study these are defined as Consult, Simulation, Treatment Planning, Plan Review and 

Treatment (as described earlier). At this level the generalized tasks include all individuals, 

equipment and steps involved without specific information as to how they are performed. The 

second hierarchal level defines the basic steps needed to complete the generalized tasks in the 
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previous level, once again with each one generating an additional control loop. This begins to 

outline the individuals involved in each generalized task and provide more descriptive actions that 

are performed to complete the higher-level tasks. Further decompressing the tasks individuals 

perform begins to outline the specific protocols for equipment used during tasks capturing 

information about the progression of actions with the actuators and sensors involved. At some 

point, enough hierarchal levels are defined to include all actions that can occur during the complex 

process. This allows a complete sequence of events to be documented describing and linking all 

actions and the individuals that perform them to the first hierarchal level of tasks. 

Processes are designed to operate in a specific manner with a chronological order in which 

tasks are to be completed creating an ideal process progression. If one can document all actions 

that occur during a process, these actions can be compared to the ideal process operation to identify 

deviations that cause an undesired final product. These deviations include any chronological 

differences as well as any variation in the quality for the performance of each task leading to a 

sub-quality product. This information allows evaluations of how and when mistakes occur and 

their effect on the overall quality. Additional steps are generally put into place to ensure processes 

operate as intended and indicators provided to identify if an undesired event occurs requiring a 

form of intervention to take place. Ideally an evaluation system can monitor in real time the process 

operations to provide feedback on how and why a task is sub-optimal so the issues can be addressed 

and normal operations resumed. 

1.2.3 Complex System Evaluations  

Evaluations of processes rely on analytical reduction techniques to organize large systems 

into distinct components or subsystems for independent analysis45,50,52. Typically, general 

evaluations are all that is needed or desired for routine and general operations and only in special 

circumstances do evaluations begin to address the specifics causing an undesired event. As 

sequences of events take place chronologically, the overall quality of the final product of the 

process fluctuates53. If the ideal final product is represented by 100% quality, any point in time 

during the sequence of events represents a percentage of that quality. A simple example would be 

an equally weighted interpretation where when half of the process’s tasks are completed ideally 

the quality of the overall product is 50%. Metrics that are collected, or could be collected, during 
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a process can be represented as terms in an equation for the quality of the product. With the process 

maps mentioned earlier and the interactions of all components (material and human), sequences of 

events can be generated describing what took or takes place and linked to a quantitative 

representation of the goals or the quality of a process at any given time. 

The constraints imposed on a process verify that the process is progressing acceptably or 

that the terms in the equation provide the correct result45,52. These include safety constraints to 

ensure individuals are not harmed during the process and quality constraints to minimize physical, 

temporal and economic losses. Taguchi demonstrated that not completing procedural tasks to 

100% quality can affect the overall outcome regardless of the variation accepted for satisfying the 

constraints53. Understanding global and local effects in the overall process is necessary as not all 

events have a large global component. In other words, each task has a component that can affect 

the quality at that particular event and the overall quality of the process. Accounting for exceptions 

means having the ability to calculate the effect the exception has both locally and globally. 

Identifying when and how non-ideal completion of procedural tasks occur during operation and 

whether they are acceptable for achieving the complex process’s goals contributes to 

understanding what the true quality of the final product is at any given point in time. 

Theoretically, a mathematical function exists that represents the level of quality vs. time 

for a process. As each task is performed the quality of the product ideally increases with the 

completion of the final task resulting in 100% quality. This function is comprised of the 

components and operations involved which includes the individuals, task performance, task 

importance, previous task dependencies and time. For radiotherapy this includes all the steps and 

tasks involved in the generalized tasks outlined. As each task is completed the treatment plan 

parameters incrementally close in on their ideals. All these tasks in some manner work towards 

achieving the ideal dose for each cell (healthy cells receiving no dose while diseased cells receiving 

the prescription dose), properly localizing each cell in the radiation field to receive that planned 

dose or a combination of the two. 

1.2.4 Evaluating Radiation Therapy  

Essentially all tasks are linked to the quality of a treatment plan by their contribution to the 

dosimetric and geometric components of the ideal plan. As the tasks for radiotherapy progress the 
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radiation field is adjusted and conforms to the diseased cells, or tissue, while avoiding healthy 

tissues and tissues are localized to the radiations coordinate system. While it is difficult to 

demonstrate exactly how every task contributes to these components mathematically, hypothetical 

examples do provide valuable information. As tasks are completed, tissues are more clearly 

defined and localized to the radiation field coordinate system and the size and shape of the radiation 

field conforms better to the diseased tissue. In terms of a treatment plan, this means more beam 

angles are being added, field collimation is shrinking to fit the diseased tissue, and the diseased 

tissues isocenter is better aligned with the radiation field isocenter so, as radiation transverses 

matter, proper dose is deposited in the diseased tissue. The dose deposited to all tissues can then 

be used to calculate the quality of the radiotherapy process. 

Dosimetric and radiobiological analysis has aided in determining how radiation can be used 

to eliminate diseased cells while allowing healthy cells to survive29. Theoretically, the effect 

radiation has on diseased cells and healthy cells are represented via Tumor Control Probabilities 

(TCPs) and Normal Tissue Complication Probabilities (NTCPs). This is coordinated with the 

volumes of cells receiving doses. With advancements in technology, the TCPs and NTCPs can be 

constructed from treatment planning systems with low costs (physical and temporal)54 where 

diseased and healthy cells equate to the tissues contoured for a given treatment plan. These 

methods relate dose-volume data with control and complication probabilities. Ideally tumor cells 

(or the voxels containing tumor cells) receive the prescription dose while healthy cells (or voxels 

containing healthy cells) receive no dose. Realistically all cells receive dose and the amount of 

dose each cell receives impacts the calculation of the TCP and NTCP functions. A theoretical 

function can be calculated for a course of treatment corresponding to TCPs and NTCPs generated 

from treatment planning systems (TPS) in the form of Complication Free Tumor Control (CFTC) 

probabilities. CFTC can then represent a probability of radiotherapy quality (PRQ) and used to 

define the ideal goal for the Radiation Therapy complex process. 

With the ability to create a function for the quality of a treatment based on the ideal dose 

tissues receive, a benchmark can be set to compare non-ideal plans to. With the knowledge that all 

tasks relate to the dosimetric and geometric components, non-ideal plans can be created by varying 

the dosimetric and geometric parameters of a treatment plan. Working backward, starting from the 
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completion of the last task, each previous task should have a slight deviation from the ideal plan’s 

dosimetric and/or geometric components. Treatment plans can be created for these slight 

deviations and a quality function generated for each. Continuing back to the beginning of the 

process, quality functions can be created for each task and the rise in quality over time for the 

entire process can be determined. The goal of this work is to develop relationships for the rise in 

quality to the tasks outlined over the course of the radiotherapy process. 

1.3 Research Objectives 

The first objective for this work is to investigate how incremental variations of geometric 

and dosimetric parameters alter the complication free tumor control probabilistic functions from 

an ideal treatment plan. This phase will contain the majority of this thesis. All tasks in the course 

of a radiotherapy treatment work towards either: adjusting the locations and borders of delineated 

structures to more accurately and precisely define diseased and healthy tissues, adjusting radiation 

field collimation and entrance angles to better conform to the defined diseased tissue while 

avoiding defined healthy tissues, or ensuring acceptable doses are delivered to diseased and 

healthy tissues. Geometric parameters encompass tasks involved with establishing the specific 

location of all tissues with relation to the radiation isocenter as well as determining ideal radiation 

field sizes and angles. Dosimetric parameters encompass tasks involved to deliver prescription 

doses to the diseased tissue while minimizing doses to healthy tissue. Due to the nature of radiation 

the two are heavily coupled as geometric variations alter dose based on scatter and beam 

penetration. 

The second objective for this work is to estimate a possible quality vs. time plot based on 

how geometric and dosimetric treatment parameters approach their ideal values as tasks are 

completed. This portion of the thesis is a proof of concept due to the large number of variations 

that can occur while performing tasks, the numerous interpretations of how geometric and 

dosimetric parameters can be impacted and the large number of hypothetical scenarios generated 

to produce deviations. This objective serves as nothing more than a demonstration that realistic 

estimates of quality vs. time can be generated and supported with reasonable logic. It builds the 

framework for future work to be considering given the results of this dissertation. 
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2. METHODS 

An assumption will be made that a previously treated patient’s plan was ideal consisting 

of ideal treatment parameters (contours, field collimation, patient setup, etc) leading to an ideal 

course of treatment. Thus, all information that was gathered or reviewed was 100% accurate and 

all tasks performed by all individuals during the course of treatment were completed perfectly. It 

will be shown that a single function can be generated for a given treatment plan based on 

dosimetric data. With an ideal plan carried out to perfection and a corresponding function, relative 

comparisons can be made to functions generated from non-ideal plans and/or performances. Non-

ideal functions for plans and treatments can be hypothetically generated by varying the treatment 

parameters from the ideal plan. This allows a relative quantitative assessment for the quality of 

treatments that could occur due to variations from uncertainties and sub-par task performance. 

2.1 Probability of Radiotherapy Quality 

Treatment planning systems (TPS) have been used routinely for several decades now 

(commercial and institutionally developed)35. The TPS calculation of the dose a voxel receives is 

coordinated with anatomical structures delineated to determine acceptable treatment plans. This 

information can be exported in the form of Dose Volume Histograms (DVH) to be used for 

dosimetric and subsequent radiobiological analysis using TCP and NTCPs for a given treatment 

plan. Over time treatment techniques have changed and these changes can be used to demonstrate 

how complication free tumor control probability and the probability of radiotherapy quality are 

affected due to different courses of treatment using modern TPS data. For example, the treatment 

for prostate cancer transitioned from a 3D conformal 4-field box method to a multiple field 

Intensity Modulated Radiation Therapy (IMRT) technique and eventually to volume modulated 

arc therapy. 

2.1.1 PRQ Parameters 

Using the method provided by Gay et al.54, MATLAB code was created to generate TCP 

and NTCPs for prostate cancer patients based on DVHs from the TPS using Eclipse version 13 

(Varian Inc.). Delineated structures for prostate treatments included the prostate CTV (TCP), 

bladder, and rectum (NTCPs). Femoral heads were used in the initial modality example but were 

excluded for the remainder of the work due to low doses they receive in IMRT treatment plans. 

The radiobiological parameters used for calculations are displayed in Table 1. 
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Table 1. Radiobiological parameters for prostate CTV TCP, bladder, and rectum NTCPs.    

 

Radiobiological Parameters 

 a 50 TCD50 TD50 / 

Prostate   -10 1.5 65 – 1.5 

Rectum  11.11 3.1 – 76.9 3 

Bladder  2 3.6 – 80 3 

 

50 is a structure model parameter relating to the slope of the complication probability vs. dose-

response curve, TCD50 and TD50 are the tolerance doses for a 50% control or complication rate, 

/ is the alpha beta ratio where components of the linear and quadratic portion of the curve are 

equal, and a is a structure model parameter for the volume dependence of the complication 

probability29,55–57. Prostate CTV parameters were selected to conservatively represent low to 

intermediate risk patients58–60. Bladder parameters were determined based on evaluation of the 

QUNATEC organ specific publication and Burmans analysis57,61. Rectum parameters were 

selected based on the QUANTEC organ specific publication62. 

Equivalent Uniform Dose (EUD) was calculated using equation 1 where vi is the partial 

volume that receives dose Di. 

𝐸𝑈𝐷 = [∑ (𝑣𝑖𝐷𝑖
𝑎) 

𝑖=1 ]1/a                                              (eq 1) 

TCP and NTCPs were calculated using the calculated EUD with equations 2 and 3: 

𝑇𝐶𝑃 = [1 + (𝑇𝐶𝐷50/𝐸𝑈𝐷)4𝛾50]-1                                      (eq 2) 

𝑁𝑇𝐶𝑃 = [1 + (𝑇𝐷50/𝐸𝑈𝐷)4𝛾50]-1                                      (eq 3) 

20 patients were selected that completed treatment for prostate cancer using an IMRT technique. 

For each patient, a 3D conformal 4-field box plan was created using Anterior, Posterior, Right and 

Left Lateral fields for the same structures used with the IMRT plans. The planning followed normal 

clinical routines and was approved by treating physicians (assuming they would treat with the 4-

field plans). DVHs for all patients and plans were exported for offline analysis with the created 

MATLAB code. Subsequent TCPs and NTCPs were calculated for all patients and delineated 

structures. 
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From the TCP and NTCPs, a function was generated to represent the probability of 

radiotherapy quality for a planned course treatment based on complication free tumor control 

probabilities56,63 using equation 4:  

𝑃𝑅𝑄 = 𝑇𝐶𝑃 ∙ ∏ (1 − 𝑁𝑇𝐶𝑃𝑖)𝑖  (eq 4) 

This has been described as a complication free tumor control probability (P+) but for this study 

will represent the plan quality achievable (aka PRQ)56,63. It is assumed that a complication free 

tumor control probability becomes a PRQ when it is associated with a specific scenario or 

circumstance. This provides a single quantitative function to represent treatment plans. While it is 

recognized that more information is needed as to the physical meaning of this function and 

appropriate use for clinical purposes, it does provide a relative measure to assess cause and effect 

relationships between variations in treatment plans. Specifically, Boyer used a version of 

complication free tumor control probability in the late 80’s to understand how uncertainties in the 

treatment process could affect treatment outcomes63. This demonstrates its ability to be used to 

understand quantitatively how treatment outcomes vary under specified circumstances. 

2.1.2 Modality Example 

The PRQs for the IMRT plans were averaged and the same was done for the 3D conformal 

plans. The PRQ functions for both are plotted with the complication free tumor control probability 

(%) on the y-axis and the percentage of the prescription dose on the x-axis as seen in Figure 4. 
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Figure 4. Probability of Radiotherapy Quality between IMRT and 4 field box techniques plotted against a percentage of the 

prescription dose 

To further demonstrate the difference between the treatment techniques Figure 5 displays the TCP, 

NTCPs and PRQs for each technique with Figure 6 displaying the dose distributions. The 

differences between the two techniques are easily visualized in these three figures. The peak of the 

PRQ represents an optimal point where the TCP is maximized and the NTCPs are minimized. The 

reason for this is the variation of the dose distributions between the techniques. The TCP and 

NTCPs sigmoidal curves are closer for the 4-field box technique as the normal tissues receive 

higher doses resulting in a higher complication possibility. A subtle difference in the slope of the 

curves can also be seen when comparing the two treatment techniques. As the TCP or NTCPs are 

altered for any reason a unique PRQ can be generated due to the change in dose tissues or voxels 

receive. 
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Figure 5. The TCP, NTCPs and PRQs for the two treatment techniques. 
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Figure 6. The dose distributions for the 4-Field Box (left) and IMRT (right) plans 

Variations in delineating anatomical structures, production of radiation, localization of 

radiation, and geometric localization cause the deviations in doses voxels receive for any given 

course of treatment. Theoretically one can alter the TCP and NTCPs (or voxel doses directly) to 

create a range of PRQs for all possible courses of treatment. These functions represent scenarios 

where a task (or many tasks) in the course of treatment were substandard leading to a deviation 

from the ideal voxel doses. For example, a plan used the incorrect rectum contour and the true 

rectum received high doses. The rectum NTCP shifts left (receives higher doses) affecting the PRQ 

creating a constricted and smaller function. Similarly, there could have been a poor CT scan 

causing the drawn volumes to be smaller than true volumes. Regardless of the situation, generic 

plans can be generated that include possible PRQs for any scenario. Multiple scenarios or 

situations can be represented by a single PRQ. Likewise, a library of PRQs can be created to 

sample from when a specific scenario does occur or is theoretically identified. 

The first objective for this work is to investigate how incremental variations of geometric 

and dosimetric parameters alter the complication free tumor control probabilistic functions from 

an ideal treatment plan. This phase will contain the majority of this thesis. All tasks in the course 

of a radiotherapy treatment work towards either: adjusting the locations and borders of delineated 

structures to more accurately and precisely define diseased and healthy tissues, adjusting radiation 

field collimation and entrance angles to better conform to the defined diseased tissue while 

avoiding defined healthy tissues, or ensuring acceptable doses are delivered to diseased and 

healthy tissues. Geometric parameters encompass tasks involved with establishing the specific 

location of all tissues with relation to the radiation isocenter as well as determining ideal radiation 
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field sizes and angles. Dosimetric parameters encompass tasks involved to deliver prescription 

doses to the diseased tissue while minimizing doses to healthy tissue. Due to the nature of radiation 

the two are heavily coupled as geometric variations alter dose based on scatter and beam 

penetration. 

With the ability to generate a relative quantitative function (PRQ) for an ideal course of 

treatment and with a model to systematically generate the sequence of events that occurred to 

produce that treatment (as outlined in section 1.2 Complex Systems), one can now generate 

sequences of events that lead to quantitative functions (PRQs) diverting from the ideal. The first 

portion of this work will outline the various PRQs that occur as dosimetric and geometric 

components vary from their ideal counterparts. No matter what happens during a treatment course 

task the result will affect the dosimetric and geometric components for a given course of treatment. 

By systematically varying the parameters from an ideal treatment plan a library of PRQs can be 

created that encompass the dosimetric and geometric variations that occur due to errors and 

uncertainties while performing tasks. This library can then be used to estimate the PRQ whenever 

an error or uncertainty in a task is identified, realistically or hypothetically. 

2.1.3 Dosimetric Deviations 

First, an ideal treatment plan will be established for a patient with prostate cancer. It will 

be assumed that physician approved delineated structures are true representations of the actual 

volumes they possess. It will be assumed that all tasks and treatment delivery were completed 

perfectly leading to the ideal dose distribution and treatment plan providing the 100% PRQ. This 

provides a benchmark for comparison. Plans will be created that vary dosimetrically for increments 

of 1% for plus or minus 10% (20 PRQs) by changing the prescription dose and reperforming the 

dose calculation. The TCP, NTCPs and subsequent PRQs will be calculated using the original 

prescription dose in the calculation while using the DVH information from the plan with the varied 

dose. 

2.1.4 Delineation Deviations 

Next, new structures will be created by symmetrically deviating all delineated structures in 

1 mm increments. DVHs for these structures will be calculated and exported to generate 

corresponding TCP, NTCPs and PRQs. First all structures will be contracted and expanded 5 mm 
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and corresponding PRQs calculated (10 PRQs). To provide more realistic PRQs for errors in 

delineation, PRQs will be generated with only one structure deviating while the remaining 

structures true volume DVHs are used in the PRQ calculation. PRQs with varying size CTVs will 

be generated with a 5 mm contraction and 10 mm expansion to account for extreme cases where 

PTV margins fail to encompass the tumor (15 PRQs). PRQs for varying size bladders will be 

generated with 5 mm contraction and expansions (10 PRQs). Additional bladder volumes will be 

generated where the contraction and expansion only occur in the direction proximal to the tumor 

(10 PRQs). PRQs with varying Rectum sizes will be generated with 5 mm contraction and 

expansions (10 PRQs). Additional rectum volumes will be generated where the contraction and 

expansion only occur in the direction proximal to the tumor (10 PRQs). Femoral Heads will be 

excluded as their contribution is minimal as seen in the IMRT PRQ example. 

2.1.5 Geometric Deviations 

PRQs for geometric deviations will be the final sets generated. In a 3D coordinate system, 

geometric deviations will be applied in the cardinal directions (6) and in the interplanar directions 

(20), or directions that split all planes. This results in 26 geometric deviations originating from the 

origin extending 10 mm out in 1 mm increments. Cardinal direction geometric deviations that will 

be applied include: the left and right directions (20 PRQs), the anterior and posterior directions (20 

PRQs) and the superior and inferior directions (20 PRQs). The remaining geometric deviations 

involve combinations of the cardinal direction’s deviations applied simultaneously. These 

deviations include: the right/posterior/superior and left/anterior/inferior directions (20 PRQs), the 

right/anterior/inferior and left/posterior/superior directions (20 PRQs), the right/posterior/inferior 

and left/anterior/superior directions (20 PRQs), the left/posterior/inferior and 

right/anterior/superior directions (20 PRQs), the left/anterior and right/posterior directions (20 

PRQs), the left/inferior and right/superior directions (20 PRQs), the anterior/inferior and 

posterior/superior directions (20 PRQs), the left/posterior and right/anterior directions (20 PRQs), 

the left/superior and right/inferior directions (20 PRQs), and the anterior/superior and 

posterior/inferior directions (20 PRQs).  

The above mentioned deviations will create the PRQ library that treatment course errors 

and uncertainties can produce creating deviations from ideal parameters. In total the library will 
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consist of 345 PRQs that represent non-ideal treatment courses from dosimetric and geometric 

deviations. In theory, increases in normal tissue doses will cause higher probabilities of 

complication which will decrease PRQs. Similarly, decreases in tumor doses will cause lower 

probabilities of tumor control decreasing PRQs. As deviations continue to increase the PRQs will 

decrease serving as a verification that this approach quantitatively captures the impact dosimetric 

and geometric parameters have on complication free tumor control probabilities and hence the 

probability of radiotherapy quality.  

2.2 Defining The Radiation Therapy Process 

With a method to establish a single quantitative function associated with a course of 

treatment, determining exactly how the course of treatment occurs to produce this quantity follows. 

Next begins creation of a framework for a systematic model to identify all events that take place 

during the treatment process, how and when. This involves outlining the process to identify and 

label all actions and reactions that occur from start to finish. Theoretically, if the capabilities 

existed, every action and reaction could be measured, documented and analyzed and the model 

must incorporate this concept. First generalized tasks for radiotherapy treatment courses were 

defined: Consult (C), Simulation (S), Treatment Planning (TP), Planning Review (PR), Treatment 

(Tx). These define the higher-level hierarchal tasks that all actions and reactions will occur within. 

Numerous professionals are involved in the completion of the above-mentioned tasks and for this 

study are identified as Radiation Oncologists or Physicians (MD), Qualified Medical Physicists 

(QMP), Certified Medical Dosimetrists (CMD) and Radiation Therapists (RTT). Each higher-level 

task may have numerous individuals complete various subtasks as the course of treatment 

progresses which is the next step in outlining the process. 

2.2.1 Radiation Therapy Control Loops 

Here the use of control loops to identify the individuals and tasks performed helps organize 

the events that take place and bin them according to the level of detail needed for an evaluation. 

Individuals involved in the completion of the defined higher-level tasks were identified. Figure 7 

shows which individuals are involved in the Simulation (Sim) portion of the course of treatment. 
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Figure 7. A control loop for all individuals that interact with the simulation process. 

A control loop for each individual that interacts with the Simulation phase must be generated to 

describe the tasks they perform. Similar to the higher-level tasks for the entire course of treatment, 

generalized higher-level tasks for each individual were determined for Consult, Simulation, 

Treatment Planning, Plan Review and Treatment. This defines the next hierarchal level in the 

course of treatment which are the generalized tasks individuals perform to complete Consult, 

Simulation, Treatment Planning, Plan Review and Treatment for a course of treatment. Figure 8 

displays the generalized tasks a RTT performs during Simulation. To perform these tasks various 

devices and sensors are used by the RTT. These are represented by the lined boxes in the control 

loops. The vertical lined boxes on the left represent actuators, or the devices the RTT uses to 

complete Sim Prep, Immobilization, Sim Scan and Documentation. These devices include 

computers, software, cameras, CT couch attachments, head cushions, vacuum lock bags and so 

forth. The diagonal lined boxes represent the sensors that supply feedback to the RTT. These 

include computer monitors, digital displays, RTT physical senses (sight, touch, sound), audio alerts 

and so forth. As more hierarchal levels are defined the specifics for performing a task are defined 

which eventually become dependent on the equipment that is used. 
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Figure 8. Control loops for the generalized tasks a Radiation Therapist performs during Simulation. Actuators are represented by 

the vertical line boxes on the left while sensory feedback is represented by the diagonal lined boxes on the right 

Continuing in the same manner, the next hierarchal level defines more specific tasks for 

the generalized tasks individuals perform to complete Consult, Simulation, Treatment Planning, 

Plan Review and Treatment for a course of treatment. There is a pattern here associated with how 

generalized tasks are defined and subsequent specific tasks follow. As more specific tasks become 

defined, the devices used to complete the tasks become involved. Institution specific protocols 

outline which devices are used as the steps for completing those tasks are dependent on inherent 

device properties. Similarly, the feedback mechanisms used to verify proper task completion are 

dependent on inherent device properties. While the RTT is performing the Immobilization task, a 

specific step within the Sim Immobilization control loop would be to “Place a Vendor A Thermo 

Plastic mask in the hot water bath”. Many companies supply Thermo Plastic masks and a clinic 

could use masks from multiple companies as well as different types of Thermo Plastic masks. All 

devices that could be used to complete a task can be identified in an actuator list. In the lowest-

level control loops, the specific steps to complete a task are dependent on the equipment used and 

a loop for each piece of equipment can be generated. 
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Figures 9-12 demonstrate the further decompression of generalized tasks that a RTT 

performs during Simulation. The further one decompresses generalized tasks the more one 

describes the specific details a given institution uses to complete all tasks for their course of 

treatment. A large amount of time and effort is needed to define every hierarchal level and all tasks 

involved for a given institution. This incorporates all equipment available and protocols for how 

to use them. Regardless of the specifics, however, with the pattern a theoretical decompression can 

be outlined for all tasks. While specifics may vary, it can be assumed that simply labeling lower 

level hierarchal tasks will capture the numerous possibilities that explicit details in the lowest level 

tasks could encompass. In actual implementation similar mentalities follow for defining tasks in 

lower levels and the mechanisms in which they contribute to the overall quality of the course of 

treatment. Example control loop diagrams can be found in Appendix B: Radiation Therapy Control 

Loops. 

 

Figure 9. Control loops for the tasks a Radiation Therapist performs for the Sim Prep portion of Simulation. 
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Figure 10. Control loops for the tasks a Radiation Therapist performs during the Immobilization portion of Simulation. 

 

Figure 11. Control loops for the tasks a Radiation Therapist performs during the CT Scan of the Simulation. 
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Figure 12. Control loops for the tasks a Radiation Therapist performs while documenting the Simulation Portion.  

2.2.2 Radiation Therapy Process Quality 

As tasks are defined and control loops generated, the ideal level of quality for the process 

can also be established. Starting with the initial generalized tasks, the level of quality that ideally 

is achieved after completing them can be determined or estimated. As lower level tasks are defined 

for the higher-level tasks, these too can be associated with an ideal level of quality that should be 

achieved upon their completion. Continuing forward, as tasks are defined while decompressing 

higher-level tasks, ideal levels of quality can be determined for each task and control loops that 

are defined. The equally weighted example demonstrates this concept. At first there are 5 higher 

level tasks defined. After completing each task, the process’s quality increases 20%. Next, assume 

that each higher-level task was decompressed into 4 lower level tasks now equating to a total of 

20 overall tasks, all equally weighted in terms of their contribution to the final process’s quality. 

Now with every task’s completion the process’s quality increases 5%. For this example, as more 

tasks are defined while decompressing higher level tasks, the rise in quality would be equal to the 

number of tasks defined. At first a step function represents the rise in quality, but as more tasks 

are added the step function smooths out and eventually can be represented by a straight line with 

a slope of one. 
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The reality, of course, is that tasks are not equally weighted and their contribution to the 

overall quality is comprised of many factors. Each task can be thought of as a function with many 

variables that provides the quality for said task. For Radiotherapy, possible variables are accuracy 

and reliability of equipment used, using equipment properly and as intended, expertise and 

competency of the individual performing the task, the importance of the task or its contribution to 

the final quality, dependences on other tasks, previous task performance and temporal effects. The 

overall quality function is then a compilation of all task functions for the process. Determining the 

ideal quality for each task is difficult, however. The capabilities do not exist to measure and 

analyze all variables involved in a complex process to establish ideal qualities for every task. 

Furthermore, even though there is a chronological order tasks should be completed in, numerous 

tasks are capable of being performed out of order with no deterioration of the final quality. 

Determining variables to calculate the quality for every task may be unachievable but 

understanding that each task relates to the quality mathematically can provide valuable information 

as to how quality changes over time for radiotherapy. 

Triage scenarios help to begin estimating how the quality increases after each task’s 

completion. Starting with the generalized tasks, assume that after each task is completed the patient 

must be treated as is. If a patient arrives and must be treated, but the disease and its location are 

completely unknown, the result will be of poor quality due to large deviations in the treatment 

parameters that would be achieved if all tasks were completed. If the patient arrives and goes 

through consult, the quality of treatment that can be provided increases. For prostate cases, even 

without knowing exactly where the tumor and normal tissues lay, a treatment can be provided that 

eradicates the tumor. A 4-field box style technique could be set up reminiscent of older 

radiotherapy methods from the past or another patient’s plan with a similar disease, physical size 

and demographics could be used to provide a decent treatment. Without performing the remaining 

4 generalized tasks, there is still enough knowledge and expertise to treat the patient if it was 

absolutely necessary with some degree of success. Moving forward, as tasks are completed 

treatment parameters approach ideal values. In other words, treatment parameters deviations from 

their ideals decrease as tasks are completed. 
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While the variables may be unknown to directly calculate the quality, functions related to 

lower level tasks and the process, hypothesized levels of quality can still be estimated by assuming 

treatment will occur immediately following the completion of any given lower level task. Without 

knowing the “function variables”, exactly what happened during the task, or where the treatment 

parameters were related to their ideals are after said task, calculating a PRQ for each task cannot 

be done with high accuracy. The first portion of this work, however, provides a solution to this 

issue to allow accurate estimates of PRQs that could be calculated following the completion of any 

task at any time during the entire process. If the ideal quality is achieved after the final task is 

complete, all previous tasks must have an inferior quality. In other words, working backwards, 

each previous task’s quality is less than the proceeding task’s quality and something during that 

task occurred to narrow treatment parameter values towards their ideals. It can be assumed then, 

that after each task’s completion there was a deviation in treatment parameters as outlined in the 

pre-calculated PRQs generated. After the median task for treatment planning was completed, 

pretend that there was a tumor contour deviation and/or a field size deviation of 3-4 millimeters. 

Without knowing exactly how this occurred but omnisciently assuming there was a 3-4 millimeter 

deviation, a pre-calculated PRQ can be used to determine the quality for this point during the 

radiotherapy process. Thus, working backward from the final task, it can be assumed that treatment 

parameters deviate from their ideals with larger deviations occurring earlier in the process. 

2.2.3 Radiation Therapy Sequence of Events 

Tasks either directly or indirectly affect treatment parameters. A task that indirectly affects 

treatment parameters can be grouped with several other tasks to provide information or an action 

that allows another task in that group to directly alter a treatment parameter. As tasks are performed 

a specific sequence of events takes place that are directly coordinated with time. As time and the 

process progresses the detailed sequence of events gives rise to the percentage of quality that was 

achieved based on the deviations from treatment parameters ideals. This can be visualized by 

plotting the order that tasks should or could occur on an x-axis vs. their “ideal” quality after 

completion. A hypothetical plot is displayed in Figure 13 to demonstrate this. 
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Figure 13. Example for PRQ plotted against an ideal chronological process. Time is on the x-axis while hypothetical PRQ values 

are on the y-axis.  

The x-axis represents all actions and reactions that take place as outlined in the control 

loops for tasks with Figure 13 displaying the higher-level tasks for a course of treatment. As more 

hierarchal level tasks are defined, further temporal increments can be displayed in this graphical 

representation of the course of treatment. The lower-level tasks defined for Consult in which 

individuals perform to complete Consult can be input into the x-axis. Figure 14 displays the 

Consult tasks expanded while Figure 15 displays Treatment Planning tasks expanded. Ideally, 

certain individuals complete some of their tasks before the other individuals complete some of 

theirs and several tasks are iterative in nature, meaning they are repeated in order to narrow 

treatment parameters to more ideal values. Incorporating lower-level tasks then creates a long 

cumbersome list of actions and reactions, or tasks that occur during the radiotherapy complex 

process. 

To consolidate the long list of tasks generated and the order in which they occur, a notation 

was incorporated to capture all the tasks defined in hierarchal level control loops. The first letter 

represents the generalized task in a course of treatment with the subscripts representing the 

individual performing a task. CMD represents the Physicians tasks. A slash (\) represents the 

hierarchal levels for the tasks that individuals perform, representing the decompressed control 

loops constructed earlier describing more details for how higher-level tasks are performed. While 

referencing the control loops previously generated, CMD\A\A\1…N thus represents the Physician 
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performing a very specific task. CMD\A represents the Physician performing a disease overview 

for a patient. CMD\A\A represents the Physician performing the patient referral review for the 

disease overview. The CMD\A\A\4 would then represent the institution or physician specific 4th 

task in the patient referral review for the disease overview. As tasks are performed, they can be 

labeled and sequentially ordered to demonstrate what was done, who did it, how they did it and 

what they did it with. 

 

Figure 14. Portion of the PRQ vs. Time plot zoomed in to show the numerous tasks involved for completing consult. The values 

on the x-axis are found in Appendix A which outlines hypothetical tasks for a course of treatment for radiotherapy. 

 

Figure 15. PRQ vs. Time plot zoomed in to show a portion of the treatment planning tasks. Appendix A includes the values on the 

x-axis.  
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All tasks identified, labeled and ordered in a course of treatment create a complete sequence 

of events chain (SEC). A hypothetical (ideal) SEC can be found in Appendix A which can be used 

to begin estimating a quality vs. time relationship for the entire process. Each SEC will affect the 

quality vs. time as tasks or groups of tasks work to alter treatment parameter values towards their 

ideals. Identifying which treatment parameters are affected by each task and the degree to which 

they are affected must be established in order to link a realistic estimate for possible PRQs 

associated with the completion of each task. The second portion of this work is to analyze outlined 

task control loops to determine which treatment parameters tasks impact, realistic degrees these 

parameters can vary as tasks are performed, and associate appropriate PRQs with tasks to estimate 

a quality vs time relationship for the radiotherapy process. 

2.2.4 Quality, Time, and Sequences of Events  

The second objective for this work is to estimate a possible quality vs. time plot based on 

how geometric and dosimetric treatment parameters approach their ideal values as tasks are 

completed. This portion of the thesis is a proof of concept due to the large number of variations 

that can occur while performing tasks, the numerous interpretations of how geometric and 

dosimetric parameters can be impacted and the large amount of hypothetical scenarios generated 

to produce deviations. This objective serves as nothing more than a demonstration that realistic 

estimates of quality vs. time can be generated and supported with reasonable logic. 

Essentially, the beginning of the process’s quality is represented by a PRQ with very large 

deviations and as each task is performed the deviations decrease. The generalized tasks outline the 

basic points where adequate information was acquired or actions performed to achieve ideal 

parameters. This begins to establish possible limits for the PRQ values before and after each 

generalized task. Consult determines the disease and treatment options, Simulation produces the 

planning scan used to delineate structures and calculate dose, Treatment Planning physically 

delineates structures, sets radiation field parameters and calculates dose, Plan Review verifies that 

parameters within the first three generalized tasks are correct, and Treatment physically carries out 

the treatment plan to deliver the prescribed dose. A PRQ can be calculated from a generic treatment 

plan template for which as tasks are completed becomes more specific to the patient eventually 

reaching their ideal plan. As information is acquired during the process an appropriate dose can be 
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determined, the radiation beams become centralized on the disease and the radiation fields conform 

to the tumor’s shape. With the completion of each task, the generic plan becomes more specific 

and the quality ideally increases. This increase can then be plotted against time or the order with 

which tasks are performed. First, possible limits for PRQ values that can be achieved will be 

hypothesized for the 5 generalized tasks. Second, estimates for the increase of quality for the 22 

specific tasks outlined will be generated. 

To generate possible PRQ limits focus will be placed on the magnitude of deviations used 

for evaluation and the max values for the PRQs generated. The largest deviations PRQs will be 

averaged and their PRQ max values used for the quality achieved through consult with 

incrementally smaller deviations used for each additional generalized task identified. Initially with 

five generalized tasks identified 2 sets of deviations will be used to sample PRQs for each task; 9-

10 mm deviations average PRQs will be sampled for consult, 7-8 mm for simulation, 5-6 mm for 

treatment planning, 3-4 mm for plan review and 1-2 mm for treatment. Next the assumption will 

be made that treatment planning has larger deviation decreases then other tasks. 10 mm deviations 

average PRQs will be used for consult, 9 mm deviations used for simulation, 5-8 mm for treatment 

planning, 3-4 mm plan review and 1-2 mm used for treatment. Finally, PRQ max values will be 

selected to represent the quality for generalized tasks for an equally weighted approach. As seen 

in the modality example, the IMRT PRQ does not reach 100 %. Based on the ideal PRQ max value 

calculated for the case to be evaluated, PRQs will be sampled for the generalized tasks with an 

evenly distributed approach. 

With limits hypothesized for generalized task PRQ values, evaluation of the increase of 

quality within the generalized tasks will be estimated. A quick mockup of this concept was used 

to generate Figure 13. While numerous individuals perform tasks within the generalized tasks, 

focus will be placed on the main individuals that perform each generalized task. These are the MD 

for Consult, the RTT for Simulation, the CMD for Treatment Planning, the QMP for Plan Review 

and the RTT for Treatment. Within the 5 generalized tasks, an additional 22 tasks were defined for 

the second hierarchal level. These tasks are outlined in Appendix B which includes 4 tasks for 

Consult, 4 tasks for Simulation, 5 tasks for Treatment planning, 5 tasks for Plan Review and 5 

tasks for treatment. From the evaluation, appropriate treatment parameter deviations for each task 
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can be estimated and corresponding PRQs linked. With this, complete realistic PRQ value 

estimates can be associated with Figure 13 to provide a reasonable idea of how the quality increases 

throughout the entire course of treatment for radiation therapy. 
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3. RESULTS 

3.1 Treatment Parameter Variations 

Patient anatomy for the treatment plan used consisted of an origin set at the right, posterior, 

and inferior region of the prostate CTV. The bladder was located anterior to the prostate CTV with 

the rectum directly posterior. This case was chosen due to the bladder and rectum locations aligned 

on the y-axis, or longitudinally consistent, to minimize variables for validation and verification 

purposes. The coordinate system labeled the longitudinal axis (right/left) as x with +x being the 

patient’s right and -x being the patient’s left. The longitudinal axis (superior/inferior) was labeled 

z with +z being the patient’s superior and -z being the patient’s inferior. The vertical axis 

(anterior/posterior) was labeled y with +y being the patient’s posterior and -y being the patient’s 

anterior. Figure 16 and Figure 17 display screenshots of the TPS graphical user interface (GUI) 

centered on the origin to provide context for the treatment parameter variations that were 

evaluated. The plan that was treated used a prescription dose of 78 Gy delivered in 39, 2 Gy 

fractions using a 9 field IMRT method. 

 

 

Figure 16. Patient anatomy used for plan evaluations. The Rectum (brown), Bladder (yellow), CTV (red), and PTV (blue) are 

displayed with the planes centered on the coordinate systems origin. 
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Figure 17. Fields for the treatment plan used for plan evaluations. A 9 field IMRT plan with dynamic MLCs was used.    

The ideal PRQ calculated for this case is shown in Figure 18. Figure 19 displays the ideal 

TCP and NTCPs calculated and Figure 20 shows the DVHs for the ideal plan. For the PRQ and 

TCP/NTCP graphs, the x-axis consists of dose in gray (Gy) and the y-axis consists of the 

Control/Complication Probability in percent (%). For the DVH graph the x-axis is the dose in Gy 

and the y-axis is the structure volume in percent. Table 2 displays 5 additional metrics calculated 

for the PRQ curve. The first metric is the Control/Complication probability value (%) at the peak 

of the curve which was 82.99 %. The second metric is the dose the peak occurs at which was 83.85 

Gy. The third metric is the value of the PRQ curve that occurs at the prescription dose (78 Gy) 

used for the treatment plan which was 77.70 %. The fourth metric is the full width half max 

(FWHM) for the curve which was 33.15 Gy. The fifth metric is the area under the curve (AUC) 

which was 29.50 kGy%. Table 3 displays 6 additional metrics calculated for the TCP and NTCP 

curves. There are two metrics for each structure for any deviation. The first is the dose (x-axis 

value) at the 50 % Control/Complication probability. The second in the slope calculated between 

the 80 % and 20 % Control/Complication. These two graphs and 11 metrics represent the baseline 

plan that all other plan PRQs are compared with. 
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Figure 18. The Complication Free Tumor Control Probability Function calculated for an assumed Ideal Plans Dose Volume 

Histograms. This function represents the Ideal PRQ for the course of treatment. 

Table 2. PRQ metrics calculated for the Ideal Treatment Plan.  

Max Dose @ Max Rx Dose FWHM AUC 

(%) (Gy) (%) (Gy) (kGy%) 

82.99 83.85 77.70 33.15 29.50 

 

 

Figure 19. The TCP and NTCP functions generated from the ideal plan. 
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Table 3. TCP and NTCP metrics calculated from the ideal plan. 

Prostate CTV Bladder Rectum 

50% Dose 80/20 Slope 50% Dose 80/20 Slope 50% Dose 80/20 Slope 

67.76 2.93 117.49 3.85 97.99 4.10 

 

 

Figure 20. DVHs for CTV (red), bladder (yellow) and rectum (brown) for the ideal plan.  

 345 total PRQs were generated to form the sampling library. As deviation PRQs were 

calculated the following mechanisms were employed in displaying the graphs. For PRQ graphical 

displays, as deviation increments increase, plots are colored in the order of the visual spectrum or 

a rainbow color scheme. The first plot for all deviations is red, the second dark orange, orange, 

yellow, dark green and so forth. Deviations that involve “minus” treatment parameters are 

represented by dashed lines while deviations that involve “plus” treatment parameters are 

represented by dotted-dashed lines. Labeling is done to represent patient anatomy, however, which 

provides a more realistic reference for clinical scenarios. For TCP and NTCP plots, shading is used 

to differentiate between curves. As deviations increase all shades grow darker. TCPs are colored 

red with light red being the smallest deviation and dark red being the largest deviation. Bladder 

NTCPs are colored yellow with light yellow being the smallest deviation and dark yellow being 

the largest. Rectum NTCPs are colored brown with light brown being the smallest deviation and 

dark brown the largest. 
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3.1.1 Dosimetric Deviation PRQs 

The first set of treatment parameter variations evaluated were dosimetric deviations in ±1% 

increments of the prescription dose. For each set of deviations first the PRQs are plotted followed 

by a table for the PRQ metrics. Next a plot of the TCPs and NTCPs is displayed followed by a 

table for additional TCP/NTCP metrics. Finally plots of the DVHs are displayed. There was very 

little variation of the value the max occurred at for both ± percentages of the prescription dose 

revolving around 83%. For minus percentages of the prescription dose, the PRQs shift right on 

Figure 21 or simply increase in dose. For plus percentages of the prescription dose, the PRQs shift 

left on the graph or simply decreases in dose. This can visually be seen in the two graphs as well 

as seen in the dose at which the PRQ max occurs and the PRQ value at the prescription dose in the 

subsequent tables. For minus percentages of the prescription dose, the dose at which the max 

occurs steadily increases with the PRQ value at the prescription steadily decreasing. For plus 

percentages of the prescription dose, the dose at which the max occurs steadily decreases. Here the 

PRQ value at the prescription dose starts on the left side of the curves for lower percentages of the 

prescription dose deviations and slides along the curves reaching the max value then decreases as 

it slides down the right side of the curves. 

As dose is decreased in 1% increments the FWHM slightly increases which also leads to a 

slight increase in the AUC values. As dose is increased in 1% increments the FWHM slightly 

decreases which also leads to a slight decrease in the AUC values. The TCPs and NTCPs calculated 

as the dose is decreased shift right while the TCPs and NTCPs calculated as the dose is increased 

shift left. 
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Figure 21. PRQs calculated for Dosimetric Deviations in Minus 1 percent increments of the prescription dose. 

Table 4.  PRQ metrics for Dosimetric Variations in Minus 1 percent increments of the prescription dose. 

 Max Dose @ Max Rx Dose FWHM AUC 

MD1 83.00 84.83 76.32 33.15 29.81 

MD2 83.02 85.80 74.82 33.15 30.14 

MD3 83.03 86.78 73.19 35.10 30.45 

MD4 83.00 87.75 71.41 35.10 30.75 

MD5 82.98 88.73 69.48 35.10 31.05 

MD6 82.99 89.70 67.45 35.10 31.40 

MD7 83.01 90.68 65.33 36.08 31.76 

MD8 83.02 91.65 63.10 36.08 32.11 

MD9 82.98 92.63 60.74 36.08 32.42 

MD10 82.97 93.60 58.28 37.05 32.77 
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Figure 22. TCP and NTCPs calculated as dose varied with Minus 1 percent increments of the prescription dose. Lighter shades 

indicate smaller deviations while darker shades represent larger deviations. 

Table 5. TCP and NTCP metrics calculated from dosimetric decreases.  

 
Prostate CTV Bladder Rectum 

50% Dose 80/20 Slope 50% Dose 80/20 Slope 50% Dose 80/20 Slope 

MD1 68.74 2.49 118.46 3.28 98.96 3.28 

MD 2 68.74 2.41 119.44 3.16 99.94 3.28 

MD3 69.71 2.41 121.39 3.16 100.91 3.28 

MD4 70.69 2.34 122.36 3.04 101.89 3.16 

MD5 71.66 2.34 123.34 3.04 102.86 3.16 

MD6 71.66 2.28 124.31 3.04 103.84 3.16 

MD7 72.64 2.28 126.26 3.04 105.79 3.04 

MD8 73.61 2.28 127.24 2.93 106.76 3.04 

MD9 74.59 2.22 129.19 2.93 107.74 3.04 

MD10 75.56 2.22 130.16 2.93 108.71 2.93 

 

 Plots of the DVHs for plans with variation in dose are displayed in Figure 23 and Figure 

26. Similarly, minus percentages of the prescription dose deviation plans caused the DVHs to shift 

left as structure volumes received less dose. Plus percentages of the prescription dose deviation 

plans caused the DVHs to shift right as structure volumes received more dose. The DVH graphs 

are placed throughout the results section for more of a qualitative reference. A thorough 

quantitative analysis of the DVHs will not be part of this work and is left for future projects. The 

importance of the DVHs displayed in the results section is to give the reader a general sense of 

their behavior in relation to the deviations, the limits they approach, and the relationship they have 
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with TCPs/NTCPs as well as PRQs. This provides a full walk through as to how the physical 

changes in plans manifest themselves in complication free tumor controls or PRQs. Changes to 

the PRQs, TCPs, NTCPs, and DVHs from deviations can all be viewed to help better understand 

how the deviations impact the quality from any given deviation. 

 

Figure 23. DVHs for Prostate CTV (red), Bladder (yellow), and Rectum (brown) for plans calculated with minus 1% increments 

of the prescription dose. All DVHs shift left. 

 

Figure 24. PRQs calculated for Dosimetric Deviations in Plus 1 percent increments of the prescription dose. 
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Table 6: PRQ metrics for Dosimetric Variations in Plus 1 percent increments of the prescription dose. 

 Max Dose @ Max Rx Dose FWHM AUC 

PD1 82.99 82.88 78.94 32.18 29.23 

PD2 82.99 82.88 80.02 32.18 28.95 

PD3 83.01 81.90 80.93 32.18 28.67 

PD4 83.00 80.93 81.68 31.20 28.38 

PD5 83.00 79.95 82.28 32.18 28.11 

PD6 83.00 78.98 82.72 31.20 27.86 

PD7 82.99 78.98 82.96 31.20 27.60 

PD8 83.00 78.00 83.00 31.20 27.33 

PD9 83.00 77.03 82.85 30.23 27.08 

PD10 82.99 76.05 82.52 30.23 26.84 

 

 

Figure 25. TCP and NTCPs calculated as dose varied with Plus 1 percent increments of the prescription dose. Lighter shades 

indicate smaller deviations while darker shades represent larger deviations. 

Table 7. TCP and NTCP metrics calculated from dosimetric increases. 

 
Prostate CTV Bladder Rectum 

50% Dose 80/20 Slope 50% Dose 80/20 Slope 50% Dose 80/20 Slope 

PD1 66.79 2.49 116.51 3.28 97.01 3.28 

PD2 66.79 2.56 114.56 3.42 96.04 3.42 

PD3 65.81 2.49 113.59 3.28 95.06 3.42 

PD4 64.84 2.56 112.61 3.28 94.09 3.42 

PD5 64.84 2.56 111.64 3.28 93.11 3.42 

PD6 63.86 2.65 110.66 3.57 92.14 3.42 

PD7 62.89 2.65 109.69 3.57 91.16 3.57 

PD8 62.89 2.65 108.71 3.57 91.16 3.57 

PD9 61.91 2.65 107.74 3.57 90.19 3.57 

PD10 61.91 2.74 106.76 3.57 89.21 3.57 



45 

 

 

Figure 26. DVHs for Prostate CTV (red), Bladder (yellow), and Rectum (brown) for plans calculated with plus 1% increments of 

the prescription dose. All DVHs shift right. 

3.1.2 Delineation Deviation PRQs 

 The second set of treatment parameter deviations evaluated consisted of delineation 

deviations that occur while outlining and defining all structures of interest, which were the prostate 

CTV, bladder and rectum for this study. As structures were isotopically contracted, this was 

considered a minus deviation and when they were expanded this was considered a plus deviation. 

Thus, all PRQ graphs are represented by dashed lines for M# mm deviations and dotted-dashed 

lines for P# mm deviations. 
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Figure 27. PRQs calculated when expanding and contracting all structures in 1 mm increments. 

Table 8: PRQ metrics as all structures are contracted and expanded in 1 mm increments. 

 Max Dose @ Max Rx Dose FWHM AUC 

M1 86.74 86.78 78.19 37.05 33.60 

M2 90.16 89.70 78.40 40.95 38.34 

M3 92.91 93.60 78.43 45.83 43.37 

M4 94.75 96.53 78.34 49.73 48.08 

M5 95.70 98.48 78.25 52.65 52.13 

P1 79.96 81.90 76.93 30.23 26.80 

P2 77.50 80.93 75.86 29.25 24.88 

P3 75.47 79.95 74.66 28.28 23.46 

P4 73.42 78.98 73.14 27.30 22.17 

P5 71.39 78.98 71.31 26.33 21.07 

 

As all structures were contracted the max PRQ values increased from 86.74 % to 95.70 % 

with the dose at which the max occurred at increasing too beginning at 86.78 Gy and finishing at 

98.48 Gy. The PRQ value at the prescription dose had little change with an average value of 78.32 

± 0.1%. The FWHM increased starting at 37.05 Gy and finishing at 52.65 Gy. The AUC also 

increased from 33.60 Gy% to 52.13 Gy%.  As all structures were expanded the max PRQ values 

decreased from 79.96 % to 71.39 % with the dose at which the max occurred decreasing beginning 

at 81.90 Gy and finishing at 78.98 Gy. The PRQ value at the prescription dose decreased with 

expansions starting at 76.93 % and ending at 71.31 %. The FWHM decreased with expansions 
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beginning at 30.23 Gy and finishing at 26.33 Gy. The AUC also decreased from 26.80 kGy% to 

21.07 kGy%. 

 

Figure 28. TCPs and NTCPs as all structures are contracted in 1 mm increments. 

 

Figure 29. TCPs and NTCPs as all structures are expanded in 1 mm increments. 
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Table 9. TCP and NTCP metrics calculated from all structure isotropic contractions and expansions. 

 
Prostate CTV Bladder Rectum 

50% Dose 80/20 Slope 50% Dose 80/20 Slope 50% Dose 80/20 Slope 

M1 67.76 2.49 118.46 3.28 102.86 3.28 

M2 67.76 2.49 119.44 3.16 108.71 3.04 

M3 67.76 2.49 119.44 3.16 116.51 2.83 

M4 67.76 2.41 120.41 3.04 127.24 2.65 

M5 67.76 2.41 121.39 3.04 147.71 2.28 

P1 67.76 2.49 116.51 3.28 95.06 3.42 

P2 67.76 2.49 116.51 3.28 93.11 3.42 

P3 67.76 2.49 115.54 3.28 91.16 3.57 

P4 67.76 2.49 115.54 3.28 89.21 3.73 

P5 67.76 2.49 115.54 3.28 88.24 3.73 

 

 The TCP curves for the prostate CTV for both contractions and expansions of all structures 

remained unchanged in the ±5 mm range. The bladder experienced small changes in its NTCP 

curves with a larger shift right as structures were contracted compared to the shift left from 

expansions. The rectum experienced the greatest change in its NTCP curves. As the rectum was 

contracted there was a larger shift in the curves to the right with a slight decrease in slope by the 

largest contraction. The shifts right became larger with each additional mm contraction. The shifts 

left became smaller with each additional mm expansion. Figure 30 displays the DVHs for all 

structures with isotropic delineation deviations for ± 5 mm. There are inflection points for the 

bladder and rectum DVHs at around 53 Gy and 14 Gy respectively. For contraction deviations the 

DVHs are above the ideal DVHs left of the inflection point and below the ideal DVHs right of the 

inflection point. 
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Figure 30. DVHs for all structures as they are contracted and expanded. For bladder and rectum contraction DVHs first appear 

above the initial line then inflect and appear below the initial line around 14 Gy for the rectum and 53 Gy for the bladder. 

Next PRQs were calculated with just contractions and expansions of the bladder. There 

was minimal change in the PRQs with bladder delineation deviations with small changes between 

105 Gy and 120 Gy. The max PRQ value for bladder contraction deviations was 83.02 ± 0.01 % 

with 82.97 ± 0.01 % for expansion deviations. The dose the max values occurred at was 83.85 Gy 

for both contractions and expansions. The PRQ value at the prescription dose was 77.71 % for 

bladder contractions and 77.70 % for expansions. The FWHM was 33.54 ± 0.53 % for contractions 

and 33.15 % for expansions. The AUC for contractions was 29.66 ±0.06 kGy% and 29.41 ± 0.03 

kGy% for expansions. 
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Figure 31. PRQs calculated when the Bladder is contracted and expanded in 1 mm increments. 

Table 10: PRQ metrics as the Bladder is contracted and expanded in 1 mm increments. 

 Max Dose @ Max Rx Dose FWHM AUC 

M1 83.00 83.85 77.71 33.15 29.58 

M2 83.01 83.85 77.71 33.15 29.62 

M3 83.02 83.85 77.71 33.15 29.66 

M4 83.02 83.85 77.71 34.13 29.69 

M5 83.03 83.85 77.71 34.13 29.74 

P1 82.98 83.85 77.70 33.15 29.46 

P2 82.97 83.85 77.70 33.15 29.43 

P3 82.96 83.85 77.70 33.15 29.40 

P4 82.96 83.85 77.70 33.15 29.39 

P5 82.96 83.85 77.70 33.15 29.39 

 

The NTCP curves for the bladder contractions and expansions are the same as displayed in Figure 

28 and Figure 29. Figure 32 and Figure 33 plot the bladder delineation deviations with the rectum 

NTCPs and prostate CTV TCPs unchanged. 
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Figure 32. TCPs and NTCPs as the Bladder in contracted in 1 mm increments. 

 

 

Figure 33. TCPs and NTCPs as the Bladder is expanded in 1 mm increments. 
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Table 11. TCP and NTCP metrics calculated from bladder isotropic contractions and expansions. 

 
Prostate CTV Bladder Rectum 

50% Dose 80/20 Slope 50% Dose 80/20 Slope 50% Dose 80/20 Slope 

M1 67.76 2.49 118.46 3.28 97.99 3.28 

M2 67.76 2.49 119.44 3.16 97.99 3.28 

M3 67.76 2.49 119.44 3.16 97.99 3.28 

M4 67.76 2.49 120.41 3.04 97.99 3.28 

M5 67.76 2.49 121.39 3.04 97.99 3.28 

P1 67.76 2.49 116.51 3.28 97.99 3.28 

P2 67.76 2.49 116.51 3.28 97.99 3.28 

P3 67.76 2.49 115.54 3.28 97.99 3.28 

P4 67.76 2.49 115.54 3.28 97.99 3.28 

P5 67.76 2.49 115.54 3.28 97.99 3.28 

 

 

Figure 34. DVHs for contraction and expansion of the bladder in 1 mm increments. 

 Next the bladder was contracted and expand only in the direction proximal to the tumor, 

or posteriorly in the +y coordinate direction and inferiorly in the –z direction. There was still a 

small change in PRQs, but a larger change than when the entire bladder was contracted and 

expanded. Visually the difference can be seen on the right side of Figure 35 between 100 Gy and 

120 Gy. 
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Figure 35. PRQs calculated when the Bladder is contracted and expanded in the directions proximal to the tumor in 1 mm 

increments. 

Table 12. PRQ metrics as the Bladder is contracted and expanded in the directions proximal to the tumor in 1 mm increments. 

 Max Dose @ Max Rx Dose FWHM AUC 

M1 83.01 83.85 77.71 33.15 29.62 

M2 83.03 83.85 77.71 34.13 29.72 

M3 83.04 83.85 77.72 34.13 29.80 

M4 83.05 83.85 77.72 34.13 29.87 

M5 83.06 83.85 77.72 34.13 29.93 

P1 82.96 83.85 77.70 33.15 29.38 

P2 82.92 83.85 77.69 33.15 29.24 

P3 82.88 83.85 77.68 33.15 29.09 

P4 82.83 83.85 77.67 33.15 28.92 

P5 82.77 83.85 77.66 33.15 28.75 

 

The PRQ max values on average were 83.04 ± 0.02 % when the bladder was contracted away from 

the prostate CTV and 82.87 ± 0.07 % when expanded towards the prostate CTV. The dose where 

the max value occurred did not change for any proximal bladder contractions or expansions with 

a value of 83.85 Gy. Bladder proximal contractions FWHM were 33.15 Gy for the 1 mm 

contraction and 34.13 Gy for all others. Bladder proximal expansions FWHM were 33.15 Gy for 

all. The AUC slightly increased with proximal contractions beginning at 29.62 kGy% for 1 mm 

contraction and ending at 29.93 kGy% for 5 mm contraction. The AUC slightly decreased from 
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29.38 kGy% to 28.78 kGy%. The bladder NTCP curves experienced a greater shift right with 

proximal contractions than shifts left from bladder expansions. 

 

Figure 36. TCPs and NTCPs calculated when the Bladder is contracted in the directions proximal to the tumor in 1 mm increments. 

 

Figure 37. TCPs and NTCPs calculated when the Bladder is expanded in the directions proximal to the tumor in 1 mm increments. 
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Table 13. TCP and NTCP metrics calculated from bladder contractions and expansion in directions proximal to the tumor. 

 
Prostate CTV Bladder Rectum 

50% Dose 80/20 Slope 50% Dose 80/20 Slope 50% Dose 80/20 Slope 

M1 67.76 2.49 118.46 3.16 97.99 3.28 

M2 67.76 2.49 120.41 3.16 97.99 3.28 

M3 67.76 2.49 122.36 3.16 97.99 3.28 

M4 67.76 2.49 125.29 3.04 97.99 3.28 

M5 67.76 2.49 127.24 3.04 97.99 3.28 

P1 67.76 2.49 115.54 3.28 97.99 3.28 

P2 67.76 2.49 114.56 3.28 97.99 3.28 

P3 67.76 2.49 112.61 3.42 97.99 3.28 

P4 67.76 2.49 111.64 3.28 97.99 3.28 

P5 67.76 2.49 110.66 3.42 97.99 3.28 

 

 

Figure 38. DVHs for contractions and expansions of the bladder direction proximal to the tumor.  

The rectum delineation deviations change in PRQs was similar to the PRQs for all structure 

delineation deviations. For rectum contractions the PRQs grew in max value and widened with the 

right side of the PRQs expanding. For rectum expansions the PRQs decreased in max value and 

contracted with the right side of the PRQs contracting. PRQ max’s for rectum contractions began 

at 86.85 % for 1 mm contractions rising to 94.90 % for 5 mm contractions. PRQ max’s decreased 

for expansions starting at 79.76 % dropping to 71.67 %. The dose the max value occurred at 

increased for contractions from 86.78 Gy to 95.55 Gy and decreased for expansions from 81.90 
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Gy to 78.98 Gy. FWHMs increased for contractions beginning at 37.05 Gy growing to 49.73 Gy 

and decreased for expansions starting at 31.20 Gy dropping to 26.33 Gy. The AUC increased from 

33.59 kGy% to 48.63 kGy% for contractions and decreased starting at 26.71 kGy% to 21.21 kGy% 

for expansions. 

 

Figure 39. PRQs calculated when the Rectum is contracted and expanded in 1 mm increments. 

Table 14. PRQ metrics as the Rectum is contracted and expanded in 1 mm increments. 

 Max Dose @ Max Rx Dose FWHM AUC 

M1 86.85 86.78 78.49 37.05 33.59 

M2 90.24 89.70 78.86 40.95 38.12 

M3 92.80 92.63 79.02 44.85 42.58 

M4 94.34 94.58 79.07 47.78 46.35 

M5 94.90 95.55 79.08 49.73 48.63 

P1 79.76 81.90 76.65 31.20 26.71 

P2 77.19 80.93 75.46 29.25 24.74 

P3 75.10 79.95 74.22 28.28 23.31 

P4 73.10 78.98 72.79 27.30 22.05 

P5 71.67 78.98 71.61 26.33 21.21 

 

The rectum NTCPs for contractions had a large shift to the right and a decrease in slope by 

the 5 mm contraction NTCP. With each mm contraction the shift right increased in magnitude. For 

expansions there was a small shift left. With each mm expansion the shift left decreased in 

magnitude. 
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Figure 40. TCPs and NTCPs calculated when the Rectum is contracted in 1 mm increments.  

 

Figure 41. TCPs and NTCPs calculated when the Rectum is expanded in 1 mm increments. 
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Table 15. TCP and NTCP metrics calculated from rectum contractions and expansions. 

 
Prostate CTV Bladder Rectum 

50% Dose 80/20 Slope 50% Dose 80/20 Slope 50% Dose 80/20 Slope 

M1 67.76 2.49 117.49 3.28 102.86 3.28 

M2 67.76 2.49 117.49 3.28 108.71 3.04 

M3 67.76 2.49 117.49 3.28 116.51 2.83 

M4 67.76 2.49 117.49 3.28 127.24 2.65 

M5 67.76 2.49 117.49 3.28 147.71 2.28 

P1 67.76 2.49 117.49 3.28 95.06 3.42 

P2 67.76 2.49 117.49 3.28 93.11 3.42 

P3 67.76 2.49 117.49 3.28 91.16 3.57 

P4 67.76 2.49 117.49 3.28 89.21 3.73 

P5 67.76 2.49 117.49 3.28 88.24 3.73 

 

 

Figure 42. DVHs for contractions and expansions of the rectum in 1 mm increments. 

For proximal rectum delineation deviations, the PRQs experienced similar behavior with 

the contraction PRQs growing in size and expansion PRQs shrinking in size. The max PRQ values 

increased from 86.51 % rising to 94.87 % with contractions and decreased from 76.65 % to 69.04 

%. The dose the max occurred at increased with contractions beginning at 86.78 Gy rising to 95.55 
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Gy and decreased with expansion beginning at 81.90 Gy falling to 78.00 Gy. The PRQ value at 

the prescription dose slightly increased with contractions from 78.44 % to 79.08 % while it 

decreased for expansion from 76.60 % to 69.04 %. The FWHMs increased from 36.08 Gy to 49.73 

Gy with contractions and decreased from 30.23 Gy to 25.35 Gy. The AUC increased with 

contractions from 33.19 kGy% to 48.39 kGy% and decreased from 26.62 kGy% to 19.76 kGy% 

with rectum proximal expansions. 

 

Figure 43. PRQs calculated when the Rectum is contracted and expanded in the directions proximal to the tumor in 1 mm 

increments. 

Table 16. PRQ metrics as the Rectum is contracted and expanded in the directions proximal to the tumor in 1 mm increments. 

 Max Dose @ Max Rx Dose FWHM AUC 

M1 86.51 86.78 78.44 36.08 33.19 

M2 89.91 89.70 78.84 40.95 37.62 

M3 92.74 92.63 79.01 44.85 42.44 

M4 94.32 94.58 79.07 47.78 46.26 

M5 94.87 95.55 79.08 49.73 48.39 

P1 79.65 81.90 76.60 30.23 26.62 

P2 76.58 80.93 75.13 29.25 24.33 

P3 73.73 78.98 73.30 27.30 22.47 

P4 71.27 78.00 71.27 26.33 21.00 

P5 69.04 78.00 69.04 25.35 19.76 

 

The NTCPs for the rectum when it is contracted in the direction proximal to the tumor have 

a large shift right on the graph with an eventual decrease in slope by the 5 mm contraction rectum 



60 

 

NTCP. For each mm contraction the magnitude of the shift right increases. For proximal 

expansions NTCPs shift left on the graph with a decrease in the magnitude of the shift with each 

additional mm expansion. 

 

Figure 44. TCPs and NTCPs calculated as the Rectum is contracted in the directions proximal to the tumor in 1 mm increments. 

 

Figure 45. TCPs and NTCPs calculated as the Rectum is expanded in the directions proximal to the tumor in 1 mm increments. 
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Table 17. TCP and NTCP metrics calculated from rectum contractions and expansions in directions proximal to the tumor. 

 
Prostate CTV Bladder Rectum 

50% Dose 80/20 Slope 50% Dose 80/20 Slope 50% Dose 80/20 Slope 

M1 67.76 2.49 117.49 3.28 101.89 3.16 

M2 67.76 2.49 117.49 3.28 107.74 3.04 

M3 67.76 2.49 117.49 3.28 116.51 2.83 

M4 67.76 2.49 117.49 3.28 126.26 2.56 

M5 67.76 2.49 117.49 3.28 142.84 2.34 

P1 67.76 2.49 117.49 3.28 95.06 3.42 

P2 67.76 2.49 117.49 3.28 92.14 3.57 

P3 67.76 2.49 117.49 3.28 90.19 3.57 

P4 67.76 2.49 117.49 3.28 88.24 3.73 

P5 67.76 2.49 117.49 3.28 87.26 3.73 

 

 

Figure 46. DVHs for contractions and expansions for the rectum in the direction proximal to the tumor. 

 Finally, the prostate CTV contours were contracted and expanded to calculate 

corresponding PRQs. An additional 5 mm expansion was applied making the largest prostate CTV 

expansion 10 mm.  There was little change in PRQs with all contraction and expansions within ±5 

mm. For 6 mm to 10 mm expansions however the PRQs effectively collapsed. The PRQ max 

values had an average of 82.64 ± 0.13 % for contractions. For 1 mm to 5 mm expansions PRQs 

max average was 83.13 ± 0.20 % and decreased from 80.92 % to 3.33 % for 6 mm to 10 mm 

expansions. The dose at which the max occurred was the same for all prostate CTV delineation 
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deviations within ±5 mm with a value of 83.85 Gy. The dose the max occurred at increased from 

84.83 Gy to 95.55 Gy for 6 mm to 10 mm expansions. The PRQ value at the prescription dose 

slightly decreased with contractions from 77.41 % to 76.88 %. For expansions the values first 

slightly increased but then decreased from the 4 mm expansion on to 1.14 %. The FWHM for 

contractions was 33.15 Gy for the 1 mm contraction and 32.18 Gy for the rest. For expansions the 

FWHM values were 33.15 Gy for the first 6 expansions then decreased to 24.38 Gy for the last 3 

expansions. The AUC slightly decreased for contractions from 29.38 kGy% to 29.16 kGy%. For 

expansions the AUC slightly increased but began to slightly decrease with the 4 mm expansion 

PRQ falling to 0.96 kGy%. 

 

Figure 47. PRQs calculated when the Prostate CTV is contracted and expanded in 1 mm increments. 
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Figure 48. Magnified view of Prostate CTV delineation deviations PRQs.  

Table 18. PRQ metrics as the Prostate CTV is contracted and expanded in 1 mm increments. 

 Max Dose @ Max Rx Dose FWHM AUC 

M1 82.81 83.85 77.41 33.15 29.38 

M2 82.71 83.85 77.24 32.18 29.31 

M3 82.63 83.85 77.12 32.18 29.26 

M4 82.55 83.85 76.98 32.18 29.21 

M5 82.48 83.85 76.88 32.18 29.16 

P1 83.16 83.85 77.99 33.15 29.63 

P2 83.24 83.85 78.13 33.15 29.68 

P3 83.27 83.85 78.18 33.15 29.70 

P4 83.21 83.85 78.08 33.15 29.66 

P5 82.79 83.85 77.39 33.15 29.38 

P6 80.92 84.83 74.32 33.15 28.22 

P7 69.49 86.78 56.31 29.25 22.43 

P8 34.66 92.63 17.20 24.38 9.83 

P9 12.19 94.58 4.48 24.38 3.43 

P10 3.33 95.55 1.14 24.38 0.96 

 

 TCPs for contractions were effectively unchanged meaning Figure 49 is similar to the ideal 

TCP and NTCP plot (Figure 19). For prostate CTV expansions up to 5 mm the TCPs remained 

effectively unchanged. From the 6 mm expansion on the TCPs experience larger shifts right with 

a decrease in slope. 
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Figure 49. TCPs and NTCPs calculated as the Prostate CTV is contracted in 1 mm increments. 

 

Figure 50. TCPs and NTCPs calculated as the Prostate CTV is expanded in 1 mm increments. 
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Table 19. TCP and NTCP metrics calculated from prostate CTV contractions and expansions. 

 
Prostate CTV Bladder Rectum 

50% Dose 80/20 Slope 50% Dose 80/20 Slope 50% Dose 80/20 Slope 

M1 67.76 2.49 117.49 3.28 97.99 3.28 

M2 67.76 2.49 117.49 3.28 97.99 3.28 

M3 67.76 2.49 117.49 3.28 97.99 3.28 

M4 67.76 2.41 117.49 3.28 97.99 3.28 

M5 67.76 2.41 117.49 3.28 97.99 3.28 

P1 67.76 2.49 117.49 3.28 97.99 3.28 

P2 67.76 2.49 117.49 3.28 97.99 3.28 

P3 67.76 2.49 117.49 3.28 97.99 3.28 

P4 67.76 2.49 117.49 3.28 97.99 3.28 

P5 67.76 2.49 117.49 3.28 97.99 3.28 

P6 68.74 2.41 117.49 3.28 97.99 3.28 

P7 75.56 2.10 117.49 3.28 97.99 3.28 

P8 94.09 1.64 117.49 3.28 97.99 3.28 

P9 112.61 1.37 117.49 3.28 97.99 3.28 

P10 135.04 1.16 117.49 3.28 97.99 3.28 

 

 

Figure 51. DVHs for contractions and expansions for the prostate CTV in 1 mm increments. 

3.1.3 Geometric Deviation PRQs 

Geometric deviations were the next set of treatment parameters variations evaluated. 26 

directions were evaluated to include all cardinal direction “vectors” and interplanar “vectors”. 
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These are displayed in 13 sets of graphs as plots display shifts in equal and opposite directions. 

The first shifts are in the lateral direction (±x or patient right/left) and PRQs are plotted in mm 

increments for left and rights shifts. Left shifts are denoted by dashed lines while right shifts are 

denoted by dashed and dotted lines. For left and right shifts there are small differences in the PRQs 

which visually can be seen on the right side of the plot in Figure 52. Both sets of shifts PRQ max 

values decreases slightly as shifts increased with left shifts beginning at 82.91 % and finishing at 

79.85 % while right shifts began at 83.02 % and ended at 82.22 %. The PRQ max occurred at 

83.85 Gy for the first 5 deviations left and 82.88 Gy for the last 5 deviations left. The PRQ max 

occurred at 83.85 Gy for all right shifts. The PRQ value at the prescription dose also decreased 

slightly from 77.68 % to 76.33 % for left shifts and 77.72 % to 77.20 % for right shifts. The FWHM 

decreased for left shifts from 33.15 Gy to 31.20 Gy. The FWHM was 33.15 Gy for all rights shifts. 

The AUC slightly decreased for all shifts dropping from 29.42 kGy% to 26.92 kGy% for left shifts 

and 29.54 kGy% to 29.05 kGy% for right shifts.  

 

Figure 52. PRQs calculated for geometric deviations in the right and left directions in 1 mm increments. 
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Table 20. PRQ metrics for geometric deviations in the right and left directions in 1 mm increments.  

 Max Dose @ Max Rx Dose FWHM AUC 

L1 82.91 83.85 77.68 33.15 29.42 

L2 82.79 83.85 77.66 33.15 29.31 

L3 82.56 83.85 77.62 33.15 29.09 

L4 82.29 83.85 77.58 33.15 28.84 

L5 81.97 83.85 77.51 32.18 28.58 

L6 81.65 82.88 77.42 32.18 28.29 

L7 81.31 82.88 77.28 32.18 27.99 

L8 80.87 82.88 77.08 31.20 27.64 

L9 80.39 82.88 76.79 31.20 27.29 

L10 79.85 82.88 76.33 31.20 26.92 

R1 83.02 83.85 77.72 33.15 29.54 

R2 82.99 83.85 77.72 33.15 29.53 

R3 82.95 83.85 77.71 33.15 29.50 

R4 82.86 83.85 77.70 33.15 29.43 

R5 82.78 83.85 77.69 33.15 29.37 

R6 82.69 83.85 77.69 33.15 29.31 

R7 82.63 83.85 77.68 33.15 29.28 

R8 82.54 83.85 77.62 33.15 29.23 

R9 82.40 83.85 77.48 33.15 29.15 

R10 82.22 83.85 77.20 33.15 29.05 

 

The prostate CTV TCP is unchanged for lateral shifts of ±10 mm. For left shift deviations 

the bladder NTCP experiences a small shift right while the rectum NTCPs shift left. For right shift 

deviations the bladder NTCPs experiences a right shift while the rectum NTCPs have a tiny left 

shift. 
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Figure 53. TCPs and NTCPs calculated for geometric deviations shifted right in 1 mm increments. 

 

Figure 54. TCPs and NTCPs calculated for geometric deviations shifted left in 1 mm increments. 
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Table 21. TCP and NTCP metrics calculated from Left and Right geometric deviations. 

 
Prostate CTV Bladder Rectum 

50% Dose 80/20 Slope 50% Dose 80/20 Slope 50% Dose 80/20 Slope 

L1 67.76 2.49 117.49 3.28 97.99 3.28 

L2 67.76 2.49 117.49 3.16 97.99 3.28 

L3 67.76 2.49 117.49 3.16 97.99 3.42 

L4 67.76 2.49 117.49 3.16 97.01 3.42 

L5 67.76 2.49 117.49 3.16 97.01 3.28 

L6 67.76 2.49 117.49 3.28 97.01 3.42 

L7 67.76 2.49 117.49 3.28 96.04 3.42 

L8 67.76 2.49 117.49 3.28 96.04 3.42 

L9 67.76 2.49 117.49 3.16 95.06 3.42 

L10 67.76 2.49 118.46 3.16 95.06 3.42 

R1 67.76 2.49 117.49 3.28 97.99 3.28 

R2 67.76 2.49 117.49 3.28 97.99 3.28 

R3 67.76 2.49 117.49 3.16 97.99 3.28 

R4 67.76 2.49 118.46 3.28 97.99 3.28 

R5 67.76 2.49 118.46 3.16 97.99 3.28 

R6 67.76 2.49 119.44 3.16 97.99 3.42 

R7 67.76 2.49 119.44 3.16 97.99 3.42 

R8 67.76 2.49 120.41 3.16 97.01 3.42 

R9 67.76 2.49 120.41 3.16 97.01 3.42 

R10 67.76 2.49 121.39 3.16 97.01 3.42 

 

 

Figure 55. DVHs for left and right geometric deviations. 

 Next geometric deviations in the vertical direction (±y or patient anterior/posterior) were 

evaluated. Shifts in the anterior direction are represented by the dashed lines while posterior shifts 

are represented by dashed and dotted lines. Anterior shift deviation PRQs max value increased for 
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the first 3 mm than decreased from 4 mm on. The other 4 PRQ metrics followed similar behavior 

for anterior shift deviations. Please refer to Table 22 for quantitative specifics. Posterior shift PRQs  

 

Figure 56. PRQs calculated for geometric deviations in the anterior and posterior directions in 1 mm increments. 

Table 22. PRQ metrics geometric deviations in the anterior and posterior directions in 1 mm increments. 

 Max Dose @ Max Rx Dose FWHM AUC 

A1 86.73 86.78 78.52 36.08 33.15 

A2 89.89 89.70 78.94 39.98 36.77 

A3 91.52 90.68 79.07 40.95 39.06 

A4 91.29 90.68 78.90 40.95 38.96 

A5 90.07 89.70 78.04 39.00 37.17 

A6 86.86 89.70 73.32 36.08 33.58 

A7 68.84 91.65 43.94 29.25 22.43 

A8 36.30 94.58 14.73 24.38 10.27 

A9 11.42 95.55 3.77 23.40 3.18 

A10 2.26 94.58 0.79 23.40 0.65 

P1 79.23 81.90 76.39 30.23 26.37 

P2 75.51 79.95 74.45 28.28 23.71 

P3 72.16 78.98 71.99 26.33 21.59 

P4 68.98 78.00 68.98 25.35 19.81 

P5 66.11 77.03 65.60 24.38 18.34 

P6 63.45 76.05 61.86 24.38 17.08 

P7 60.95 75.08 57.87 23.40 15.96 

P8 58.64 74.10 53.91 22.43 15.01 

P9 56.39 73.13 50.02 22.43 14.16 

P10 54.30 73.13 46.27 21.45 13.37 
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max values gradually decreased beginning at 79.23 % and ending at 54.30 %. The dose at the max 

value decreased from 81.90 Gy to 73.13 Gy. The PRQ value at the prescription dose decreased 

from 76.39 % to 46.27 %. The FWHM decreased from 30.23 Gy to 21.45 Gy while the AUC 

decreases as well from 26.37 kGy% to 13.37 kGy%. 

TCPs for anterior shift deviations begin to shift right at 6 mm. They then experience large 

right shifts and decrease in slope. The bladder NTCPs experience a shift left with increased anterior 

deviations. The rectum NTCPs experience larger shifts right and decrease in slope with increased 

anterior deviations. For Posterior deviations the TCP is unchanged. The bladder NTCPs shift right 

as posterior deviations increase. The rectum NTCPs experience a smaller shift left decreasing in 

magnitude with increased posterior deviations. 

 

Figure 57. TCPs and NTCPs calculated for geometric deviations shifted anteriorly in 1 mm increments.  
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Figure 58. TCPs and NTCPs calculated for geometric deviations shifted posteriorly in 1 mm increments. 

Table 23. TCP and NTCP metrics calculated from Anterior and Posterior geometric deviations. 

 
Prostate CTV Bladder Rectum 

50% Dose 80/20 Slope 50% Dose 80/20 Slope 50% Dose 80/20 Slope 

A1 67.76 2.49 114.56 3.28 102.86 3.28 

A2 67.76 2.49 112.61 3.42 108.71 3.04 

A3 67.76 2.49 109.69 3.42 117.49 2.83 

A4 67.76 2.49 107.74 3.57 129.19 2.56 

A5 67.76 2.41 105.79 3.57 147.71 2.28 

A6 69.71 2.41 103.84 3.57 175.01 0.00 

A7 80.44 1.95 101.89 3.73 0.00 0.00 

A8 96.04 1.61 99.94 3.73 0.00 0.00 

A9 114.56 1.35 98.96 3.73 0.00 0.00 

A10 140.89 1.11 97.01 3.91 0.00 0.00 

P1 67.76 2.49 120.41 3.16 94.09 3.42 

P2 67.76 2.49 123.34 3.16 91.16 3.57 

P3 67.76 2.49 126.26 3.04 89.21 3.57 

P4 67.76 2.49 129.19 2.93 87.26 3.73 

P5 67.76 2.49 133.09 2.83 85.31 3.91 

P6 67.76 2.49 136.01 2.74 84.34 3.73 

P7 67.76 2.49 139.91 2.74 82.39 3.91 

P8 67.76 2.49 144.79 2.65 81.41 3.91 

P9 67.76 2.49 148.69 2.56 80.44 3.91 

P10 67.76 2.49 152.59 2.49 79.46 3.91 
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Figure 59. DVHs for anterior and posterior geometric deviations. 

 Longitudinal geometric deviations (±z or patient superior/inferior) evaluations followed. 

There was a subtle change in PRQs expect for the 8 mm to 10 mm superior deviations as can be 

seen in Figure 60. Inferior shifts are represented by dashed lines while superior shifts are 

represented by dashed and dotted lines. The PRQ max values for inferior deviations slightly 

decreased from 82.78 % to 82.00 %. Superior deviations PRQ max values had a small increase for 

the first 3 mm deviations then continued to decrease from there. At the 8 mm superior deviation 

the max dropped to 79.80 % falling to 19.79 % for the 10 mm deviation PRQ. The dose the max 

occurred at was 83.85 Gy for the first 6 and last deviation PRQS for inferior deviations. For 

superior deviations the dose the max occurred at was 83.85 Gy for the first 7 deviations then 

increased to 93.60 Gy. There was a minimal decrease then increase in PRQ value at the prescription 

dose for inferior deviations with an average value of 77.63 ± 0.03 %. The same behavior occurred 

for the first 7 superior deviations with the PRQ values at the prescription dose being 77.65 ± 0.16 

%. From 8 mm to 10 mm the value dropped from 72.42 % to 8.17 %. The FWHM for inferior 

deviations was 33.15 Gy for the first 6 and 32.18 Gy to the remaining 4. The AUC slightly 

decreased for inferior deviations from 29.39 kGy% to 28.96 kGy%. For superior deviations the 

AUC decreased from 29.48 kGy% to 5.05 kGy% with the majority of the decreasing occurring 

from the 8 mm to 10 mm deviations. 



74 

 

 

Figure 60. PRQs calculated for geometric deviations in the superior and inferior directions in 1 mm increments. 

Table 24. PRQ metrics for geometric deviations in the superior and inferior directions in 1 mm increments.  

 Max Dose @ Max Rx Dose FWHM AUC 

I1 82.78 83.85 77.67 33.15 29.39 

I2 82.67 83.85 77.67 33.15 29.34 

I3 82.50 83.85 77.66 33.15 29.25 

I4 82.24 83.85 77.61 33.15 29.05 

I5 82.17 83.85 77.62 33.15 29.02 

I6 82.04 83.85 77.61 33.15 28.93 

I7 81.91 82.88 77.60 32.18 28.82 

I8 81.96 82.88 77.62 32.18 28.88 

I9 81.97 82.88 77.61 32.18 28.91 

I10 82.00 83.85 77.61 32.18 28.96 

S1 83.06 83.85 77.71 33.15 29.48 

S2 83.05 83.85 77.68 33.15 29.37 

S3 83.17 83.85 77.70 33.15 29.36 

S4 83.11 83.85 77.66 33.15 29.17 

S5 83.01 83.85 77.60 33.15 28.95 

S6 83.02 83.85 77.55 33.15 28.84 

S7 82.81 83.85 77.24 32.18 28.56 

S8 79.80 84.83 72.42 31.20 26.65 

S9 56.71 88.73 38.75 25.35 16.31 

S10 19.79 93.60 8.17 21.45 5.05 

 

There was no change in TCPs for inferior shifts. At the 8 mm superior deviation the TCPs 

shifted right with a decrease in slope. Bladder NTCPs experienced a shift right for inferior 
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deviations and a smaller shift left for superior deviations. For rectum NTCPs there was a small 

shift left for inferior deviations and a small shift right for superior deviations. 

 

Figure 61. TCPs and NTCPs calculated for inferior geometric deviations in 1 mm increments. 

 

Figure 62. TCPs and NTCPs calculated for superior geometric deviations in 1 mm increments. 
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Table 25. TCP and NTCP metrics calculated from Superior and Inferior geometric deviations. 

 
Prostate CTV Bladder Rectum 

50% Dose 80/20 Slope 50% Dose 80/20 Slope 50% Dose 80/20 Slope 

I1 67.76 2.49 119.44 3.16 97.99 3.28 

I2 67.76 2.49 120.41 3.16 97.99 3.42 

I3 67.76 2.49 122.36 3.16 97.01 3.42 

I4 67.76 2.49 124.31 3.04 97.01 3.28 

I5 67.76 2.49 126.26 2.93 97.01 3.28 

I6 67.76 2.49 129.19 2.93 97.01 3.28 

I7 67.76 2.49 131.14 2.83 97.01 3.42 

I8 67.76 2.49 133.09 2.93 97.01 3.42 

I9 67.76 2.49 136.01 2.83 97.01 3.42 

I10 67.76 2.49 138.94 2.74 97.01 3.42 

S1 67.76 2.49 115.54 3.28 97.99 3.28 

S2 67.76 2.49 114.56 3.42 97.99 3.42 

S3 67.76 2.49 112.61 3.28 97.99 3.42 

S4 67.76 2.49 111.64 3.42 97.99 3.42 

S5 67.76 2.49 109.69 3.42 97.99 3.42 

S6 67.76 2.49 108.71 3.42 98.96 3.28 

S7 67.76 2.49 107.74 3.57 98.96 3.28 

S8 69.71 2.34 106.76 3.57 98.96 3.28 

S9 82.39 1.91 105.79 3.57 98.96 3.28 

S10 103.84 1.49 104.81 3.73 98.96 3.42 

 

 

Figure 63. DVHs for superior and inferior geometric deviations. 
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 Next shifts were applied in all directions simultaneously in 1 mm increments. This 

corresponded to equal magnitude shifts in the left, anterior, and inferior directions (Lt/Ant/Inf) and 

in the right, posterior, and superior directions (Rt/Post/Sup). The Lt/Ant/Inf shifts are denoted by 

dashed lines while the Rt/Post/Sup shifts are denoted by dashed and dotted lines. This is the first 

geometric deviation with a visual difference on the left side of the PRQ curves shown in Figure 

64. The Lt/Ant/Inf PRQs experienced a reversal in behavior at the 5 mm deviation on. The PRQ 

max first increases from 86.46 % to 92.66 % then decreases to 22.41 % for Lt/Ant/Inf geometric 

deviations. The Rt/Post/Sup deviations PRQ max’s decreased from 79.31 % to 0.65 %. The dose 

the max occurred at for Lt/Ant/Inf deviations increased from 86.78 Gy to 104.33 Gy. For 

Rt/Post/Sup deviations the dose the max occurred at decreased for the first 7 deviations (81.90 Gy 

to 76.05 Gy) then increased to 79.95 Gy. The FWHM for Lt/Ant/Inf deviations increase for the 

first mm deviations (36.08 Gy to 43.88 Gy) then decreased to 25.35 Gy. For Rt/Post/Sup deviations 

the FWHM decreased from 30.23 Gy to 21.45 Gy by the 9 mm deviation and was 23.40 Gy for 

the 10 mm deviation. The AUC increased from 33.01 kGy% to 41.87 kGy% for the first 5 

Lt/Ant/Inf deviations then decreased to 6.68 kGy%. Rt/Post/Sup deviations AUC decreased from 

26.40 kGy% to 0.18 kGy%. 

 

Figure 64. PRQs calculated for geometric deviations in the Right/Posterior/Superior and Left/Anterior/Inferior directions in 1 mm 

increments.  
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Table 26. PRQ metrics for geometric deviations in the Right/Posterior/Superior and Left/Anterior/Inferior directions in 1 mm 

increments.  

 Max Dose @ Max Rx Dose FWHM AUC 

L/A/I1 86.46 86.78 78.51 36.08 33.01 

L/A/I2 89.51 88.73 78.99 39.98 36.66 

L/A/I3 91.68 90.68 79.20 41.93 39.86 

L/A/I4 92.60 92.63 79.12 42.90 41.51 

L/A/I5 92.66 92.63 78.37 43.88 41.87 

L/A/I6 91.47 92.63 74.97 42.90 40.36 

L/A/I7 86.47 94.58 61.29 39.00 35.22 

L/A/I8 71.53 98.48 32.83 31.20 25.17 

L/A/I9 46.02 101.40 11.82 26.33 14.31 

L/A/I10 22.41 104.33 3.85 25.35 6.68 

R/P/S1 79.31 81.90 76.41 30.23 26.40 

R/P/S2 75.60 79.95 74.49 29.25 23.74 

R/P/S3 72.36 78.98 72.14 26.33 21.68 

R/P/S4 69.36 78.00 69.36 26.33 20.00 

R/P/S5 66.34 77.03 66.00 24.38 18.47 

R/P/S6 62.85 76.05 61.91 23.40 16.95 

R/P/S7 56.16 76.05 55.11 22.43 14.58 

R/P/S8 32.42 78.00 32.42 21.45 8.03 

R/P/S9 5.54 79.95 5.40 21.45 1.46 

R/P/S10 0.65 79.95 0.63 23.40 0.18 

 

Lt/Ant/Inf deviations TCPs experienced a large shift right with a decrease in slope from 

the 6 mm deviation on. The same behavior was seen for the Rt/Post/Sup deviations but the 

Lt/Ant/Inf deviations shift was more constant while the Rt/Post/Sup deviations shift increased in 

magnitude. The bladder NTCPs experienced a shift left for Lt/Ant/Inf deviations and a larger shift 

right with Rt/Post/Sup deviations. The rectum NTCPs experienced a shift right for Lt/Ant/Inf 

deviations and a shift left for Rt/Post/Sup deviations. 
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Figure 65. TCPs and NTCPs calculated for geometric deviations applied in negative directions of 1 mm increments. 

 

Figure 66. TCPs and NTCPs calculated for geometric deviations applied in positive direction of 1 mm increments.  
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Table 27. TCP and NTCP metrics calculated from Left/Anterior/Inferior and Right/Posterior/Superior geometric deviations. 

 
Prostate CTV Bladder Rectum 

50% Dose 80/20 Slope 50% Dose 80/20 Slope 50% Dose 80/20 Slope 

L/A/I1 67.76 2.49 116.51 3.28 101.89 3.16 

L/A/I2 67.76 2.49 115.54 3.28 107.74 3.04 

L/A/I3 67.76 2.49 113.59 3.42 113.59 2.93 

L/A/I4 67.76 2.49 112.61 3.42 119.44 2.83 

L/A/I5 67.76 2.49 112.61 3.42 125.29 2.65 

L/A/I6 69.71 2.41 111.64 3.42 128.21 2.56 

L/A/I7 73.61 2.22 110.66 3.42 131.14 2.56 

L/A/I8 84.34 1.86 109.69 3.42 134.06 2.49 

L/A/I9 98.96 1.61 109.69 3.42 137.96 2.34 

L/A/I10 114.56 1.37 109.69 3.42 140.89 2.34 

R/P/S1 67.76 2.49 118.46 3.28 94.09 3.42 

R/P/S2 67.76 2.49 119.44 3.16 91.16 3.57 

R/P/S3 67.76 2.49 121.39 3.16 89.21 3.57 

R/P/S4 67.76 2.49 122.36 3.16 87.26 3.73 

R/P/S5 67.76 2.49 124.31 3.04 85.31 3.73 

R/P/S6 68.74 2.49 126.26 3.04 84.34 3.91 

R/P/S7 70.69 2.34 128.21 2.93 83.36 3.91 

R/P/S8 79.46 2.00 131.14 2.93 82.39 3.91 

R/P/S9 104.81 1.49 133.09 2.93 81.41 3.91 

R/P/S10 137.96 1.12 136.01 2.74 80.44 4.10 

 

 

Figure 67. DVHs for Rt/Post/Sup and Lt/Ant/Inf geometric deviations.  

The next set of geometric deviations evaluated consisted of shifts in 1 mm increments in 

the right, anterior, and inferior (Rt/Ant/Inf) direction and in the left, posterior, and superior 

(Lt/Post/Sup) direction. Lt/Post/Sup deviations are denoted by dashed lines while Rt/Ant/Inf 
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deviations are denoted by dashed and dotted lines. Similar behavior was observed as seen in the 

previous geometric deviations previously. Lt/Post/Sup deviation PRQ max values decreased from 

79.20 % to 0.22 %. Rt/Ant/Inf deviations PRQs experienced a reversal in behavior from the 5 mm 

deviation on. The max values increased from 86.58 % to 93.57 % before decreasing to 3.40 %. 

The dose the max occurred at for Lt/Post/Sup deviations decreased for the first 6 deviations then 

increased for the remainder. For quantitative specifics please see Table 28. The dose the max 

occurred at for Rt/Ant/Inf deviations increased from 86.78 Gy to 109.20 Gy. The PRQ values at 

the prescription dose for Lt/Post/Sup deviations decreased from 76.36 % to 0.22 %. The PRQ 

values at the prescription dose for Rt/Ant/Inf deviations slightly increased for the first 3 deviations 

(78.53 % to 79.18 %) then decreased to 0.41 %. The FWHM for Lt/Post/Sup decreased from 30.23 

Gy to 22.43 Gy. Rt/Ant/Inf deviations FWHMs increased for the first 5 deviations (36.08 Gy to 

45.83 Gy) then decreased to 27.30 Gy. The AUC for Lt/Post/Sup deviations decreased from 26.30 

kGy% to 0.06 kGy%. Rt/Ant/Inf deviations AUCs increased for the first 4 deviations (33.17 kGy% 

to 44.05 kGy%) then decreased to 1.11 kGy%. 

 

Figure 68. PRQs calculated for geometric deviations in the Right/Anterior/Inferior and Left/Posterior/Superior directions in 1mm 

increments.   
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Table 28. PRQ metrics for geometric deviations in the Right/Anterior/Inferior and Left/Posterior/Superior directions 1 mm 

increments. 

 Max Dose @ Max Rx Dose FWHM AUC 

R/A/I1 79.20 81.90 76.36 30.23 26.30 

R/A/I2 75.35 79.95 74.33 28.28 23.55 

R/A/I3 71.84 78.98 71.71 26.33 21.37 

R/A/I4 68.49 78.00 68.49 25.35 19.55 

R/A/I5 65.31 77.03 64.76 24.38 17.99 

R/A/I6 61.80 76.05 60.43 23.40 16.47 

R/A/I7 54.73 76.05 53.23 22.43 14.05 

R/A/I8 28.05 78.00 28.05 21.45 6.92 

R/A/I9 3.25 79.95 3.18 22.43 0.87 

R/A/I10 0.22 78.98 0.22 22.43 0.06 

L/P/S1 86.58 86.78 78.53 36.08 33.17 

L/P/S2 89.95 89.70 79.01 39.98 37.40 

L/P/S3 92.48 92.63 79.18 42.90 41.50 

L/P/S4 93.57 93.60 78.89 45.83 44.05 

L/P/S5 93.12 94.58 76.46 45.83 44.04 

L/P/S6 87.92 96.53 60.30 40.95 38.05 

L/P/S7 65.01 102.38 21.71 31.20 22.88 

L/P/S8 31.78 106.28 5.26 26.33 9.97 

L/P/S9 11.15 108.23 1.40 26.33 3.51 

L/P/S10 3.40 109.20 0.41 27.30 1.11 

 

The TCPs for Lt/Post/Sup deviations experienced a right shift from the 6 mm deviation on 

that increased in magnitude with increasing deviations. The TCPs for the Rt/Ant/Inf deviations 

experience a small right shift for the 6 mm deviation and larger right shifts with slight increases in 

magnitude for the remainder deviations. The bladder NTCPs experienced a right shift for 

Lt/Post/Sup deviations and a small left shift for Rt/Ant/Inf deviations. The rectum NTCPs 

experienced a left shift that decreased in magnitude with larger shifts in the Lt/Post/Sup deviations. 

For Rt/Ant/Inf deviations rectum NTCPs experienced a shift right that increased with magnitude 

with larger shifts. 
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Figure 69. TCPs and NTCPs calculated for geometric deviations shifted to the patients left, posteriorly and superiorly in 1 mm 

increments. 

 

Figure 70. TCPs and NTCPs calculated for geometric deviations shifted to the patients right, anteriorly and inferiorly in 1 mm 

increments. 
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Table 29. TCP and NTCP metrics calculated from Left/Posterior/Superior and Right/Anterior/Inferior geometric deviations. 

 
Prostate CTV Bladder Rectum 

50% Dose 80/20 Slope 50% Dose 80/20 Slope 50% Dose 80/20 Slope 

R/A/I1 67.76 2.49 118.46 3.16 94.09 3.42 

R/A/I2 67.76 2.49 119.44 3.16 91.16 3.57 

R/A/I3 67.76 2.49 120.41 3.16 89.21 3.73 

R/A/I4 67.76 2.49 121.39 3.16 87.26 3.73 

R/A/I5 67.76 2.49 123.34 3.04 85.31 3.91 

R/A/I6 68.74 2.49 124.31 3.04 83.36 3.73 

R/A/I7 70.69 2.34 126.26 3.04 82.39 3.91 

R/A/I8 81.41 1.91 128.21 2.93 81.41 3.91 

R/A/I9 111.64 1.39 130.16 2.93 81.41 3.91 

R/A/I10 157.46 0.00 133.09 2.83 80.44 3.91 

L/P/S1 67.76 2.49 116.51 3.28 102.86 3.16 

L/P/S2 67.76 2.49 115.54 3.28 108.71 3.04 

L/P/S3 67.76 2.49 114.56 3.42 116.51 2.83 

L/P/S4 67.76 2.49 114.56 3.28 126.26 2.65 

L/P/S5 68.74 2.41 113.59 3.28 142.84 2.34 

L/P/S6 74.59 2.16 113.59 3.42 159.41 2.05 

L/P/S7 91.16 1.71 112.61 3.28 169.16 1.95 

L/P/S8 110.66 1.41 112.61 3.42 174.04 0.00 

L/P/S9 131.14 1.19 111.64 3.42 177.94 0.00 

L/P/S10 153.56 0.00 111.64 3.28 180.86 0.00 

 

 

Figure 71. DVHs for Rt/Ant/Inf and Lt/Post/Sup geometric deviations. 

 Right, posterior, and inferior (Rt/Post/Inf) and left, anterior, and superior (Lt/Ant/Sup) 

geometric deviations evaluations followed. Lt/Ant/Sup deviations are denoted with dashed lines 

while Rt/Post/Inf deviations are denoted with dashed and dotted lines. The Lt/Ant/Sup deviation 
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PRQs experienced a reversal in behavior from the 4 mm deviation on. The Rt/Post/Inf deviations 

PRQ max values decreased from 79.08 % to 26.88 %. Lt/Ant/Sup deviations PRQ max values 

increased from 86.76 % to 90.03 % then fell to 1.09 %. The dose that Rt/Post/Inf deviations PRQ 

max values occurred at decreased from 81.90 Gy to 75.08 Gy then increased for the last deviation 

to 76.05 Gy. The dose at which the max occurred for Lt/Ant/Sup deviations fluctuated between 

86.78 Gy and 90.68 Gy: please refer to Table 30 for specific values. The PRQ values at the 

prescription dose decreased for Rt/Post/Inf deviations from 76.36 % to 26.17 %. Lt/Ant/Sup 

deviation PRQ values at the prescription dose slightly increased for the first 3 mm (78.50 % to 

78.92 %) and decreased to 0.59 %. The FWHM decreased for Rt/Post/Inf deviations beginning at 

30.23 Gy and ending at 20.48 Gy by the 10 mm deviation. The FWHM decreased for Lt/Ant/Sup 

deviations increased from 36.08 Gy to 39.00 Gy for the first 3 mm then decreased to 22.43 Gy by 

the 10 mm deviation. The AUC followed similar behavior decreasing from 26.29 kGy% to 6.40 

kGy% for Rt/Post/Inf deviations and began at 32.99 kGy% rising to 36.41 kGy% before falling to 

0.30 kGy% for Lt/Ant/Sup deviations. 

 

 

Figure 72. PRQs calculated for geometric deviations in the Right/Posterior/Inferior and Left/Anterior/Superior directions in 1mm 

increments.   
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Table 30. PRQ metrics for geometric deviations in the Right/Posterior/Inferior and Left/Anterior/Superior directions in 1 mm 

increments. 

 Max Dose @ Max Rx Dose FWHM AUC 

R/P/I1 79.08 81.90 76.36 30.23 26.29 

R/P/I2 75.51 79.95 74.49 28.28 23.73 

R/P/I3 72.16 78.98 72.02 26.33 21.60 

R/P/I4 69.04 78.00 69.04 25.35 19.84 

R/P/I5 66.04 77.03 65.49 24.38 18.31 

R/P/I6 62.90 76.05 61.31 23.40 16.87 

R/P/I7 59.04 75.08 56.29 23.40 15.33 

R/P/I8 52.80 75.08 49.62 21.45 13.25 

R/P/I9 41.48 75.08 39.39 20.48 10.05 

R/P/I10 26.88 76.05 26.17 20.48 6.40 

L/A/S1 86.76 86.78 78.50 36.08 32.99 

L/A/S2 89.49 88.73 78.88 39.00 35.70 

L/A/S3 90.03 88.73 78.92 39.00 36.41 

L/A/S4 88.61 87.75 78.49 37.05 34.59 

L/A/S5 86.00 86.78 76.65 34.13 31.62 

L/A/S6 79.97 86.78 69.37 31.20 26.95 

L/A/S7 60.45 87.75 44.16 25.35 17.62 

L/A/S8 30.72 89.70 17.28 22.43 8.08 

L/A/S9 7.98 90.68 3.98 21.45 2.12 

L/A/S10 1.09 89.70 0.59 22.43 0.30 

 

The TCPs for Rt/Post/Inf geometric deviations began shifting right at the 7 mm deviation 

and increased in magnitude with larger deviations. Lt/Ant/Sup deviation TCPs began shifting left 

with the 5 mm deviation and increased in magnitude with larger deviations. The bladder NTCPs 

for Rt/Post/Inf geometric deviations shifted right with an eventual decrease in slope. The bladder 

NTCPs had a shift to the left that decreased in magnitudes with larger deviations and had a slight 

increase in slope for Lt/Ant/Sup geometric deviations. Rt/Post/Inf geometric deviations rectum 

NTCPs shifted left decreasing in magnitude with larger deviations. Lt/Ant/Sup geometric 

deviations rectum NTCPs had a large shift right increasing in magnitude with larger deviations 

and eventually decreasing in slope. 
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Figure 73. TCPs and NTCPs calculated for geometric deviations shifted to the patients right, posteriorly and inferiorly in 1 mm 

increments. 

 

Figure 74. TCPs and NTCPs calculated for geometric deviations shifted to the patients left, anteriorly and superiorly in 1 mm 

increments. 
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Table 31. TCP and NTCP metrics calculated from Right/Posterior/Inferior and Left/Anterior/Superior geometric deviations. 

 
Prostate CTV Bladder Rectum 

50% Dose 80/20 Slope 50% Dose 80/20 Slope 50% Dose 80/20 Slope 

R/P/I1 67.76 2.49 122.36 3.16 94.09 3.42 

R/P/I2 67.76 2.49 127.24 3.04 91.16 3.57 

R/P/I3 67.76 2.49 133.09 2.93 89.21 3.57 

R/P/I4 67.76 2.49 139.91 2.74 87.26 3.73 

R/P/I5 67.76 2.49 147.71 2.65 85.31 3.91 

R/P/I6 67.76 2.49 155.51 2.49 83.36 3.73 

R/P/I7 68.74 2.49 163.31 2.28 82.39 3.91 

R/P/I8 69.71 2.41 172.09 2.16 81.41 3.91 

R/P/I9 73.61 2.22 180.86 0.00 80.44 3.91 

R/P/I10 80.44 2.00 189.64 0.00 79.46 3.91 

L/A/S1 67.76 2.49 113.59 3.42 102.86 3.16 

L/A/S2 67.76 2.49 109.69 3.42 109.69 3.04 

L/A/S3 67.76 2.49 105.79 3.57 119.44 2.83 

L/A/S4 67.76 2.49 102.86 3.73 130.16 2.56 

L/A/S5 68.74 2.49 100.91 3.73 142.84 2.28 

L/A/S6 70.69 2.34 97.99 3.91 151.61 2.16 

L/A/S7 79.46 2.00 96.04 3.91 157.46 2.10 

L/A/S8 93.11 1.71 94.09 3.91 162.34 2.00 

L/A/S9 113.59 1.37 93.11 4.10 167.21 1.95 

L/A/S10 144.79 1.07 91.16 4.10 172.09 1.91 

 

 

Figure 75. DVHs for Rt/Post/Inf and Lt/Ant/Sup geometric deviations. 

 Left, Posterior, and Inferior (Lt/Post/Inf) deviations and Right, Anterior, and Superior 

(Rt/Ant/Sup) deviations were next evaluated. Dashed lines represent Lt/Post/Inf PRQs and dashed 

and dotted lines represent Rt/Ant/Sup PRQs. Rt/Ant/Sup PRQs experienced a reversal in behavior 
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from the 4 mm deviation on. Lt/Post/Inf PRQ max values decreased from 78.92 % to 22.23 %. 

Rt/Ant/Sup PRQ max values increased for the first 3 (86.73% to 90.14 %) then decreased to 0.62 

%. The dose the PRQ max occurred at decreased from 81.90 Gy to 75.08 Gy then increased to 

76.05 % for the last Lt/Post/Inf geometric deviation. Rt/Ant/Sup deviations values for the dose the 

max occurred fluctuated: please see Table 32 for specifics. PRQ values at the prescription dose 

decreased for Lt/Post/Inf deviations from 76.27 % to 21.77 %. Rt/Ant/Sup deviations PRQ values 

at the prescription dose rose from 78.51 % to 78.90 % before falling to 0.31 %. The FWHM for 

Lt/Post/Inf deviations decreased from 30.23 Gy to 20.48 Gy. The Rt/Ant/Sup deviation PRQ 

FWHMs increased from 36.08 Gy to 39.00 Gy then decreased to 22.43 Gy. The AUC decreased 

for Lt/Post/Inf PRQs falling from 26.15 kGy% to 5.31 kGy%. The AUC for Rt/Ant/Sup PRQs first 

increased (32.98 kGy% to 36.52 kGy%) then decreased to 0.18 kGy%. 

 

Figure 76. PRQs calculated for geometric deviations in the Left/Posterior/Inferior and Right/Anterior/Superior directions in 1mm 

increments.   
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Table 32. PRQ metrics for geometric deviations in the Left/Posterior/Inferior and Right/Anterior/Superior directions in 1 mm 

increments. 

 Max Dose @ Max Rx Dose FWHM AUC 

R/A/S1 86.73 86.78 78.51 36.08 32.98 

R/A/S2 89.38 88.73 78.87 39.00 35.61 

R/A/S3 90.14 89.70 78.90 39.00 36.52 

R/A/S4 89.06 88.73 78.47 38.03 35.19 

R/A/S5 86.74 87.75 76.70 35.10 32.55 

R/A/S6 80.02 86.78 67.53 31.20 27.37 

R/A/S7 54.99 89.70 35.28 25.35 15.91 

R/A/S8 22.17 91.65 10.39 22.43 5.91 

R/A/S9 4.53 91.65 2.00 22.43 1.24 

R/A/S10 0.62 90.68 0.31 22.43 0.18 

L/P/I1 78.92 81.90 76.27 30.23 26.15 

L/P/I2 75.08 79.95 74.20 28.28 23.43 

L/P/I3 71.51 78.98 71.49 26.33 21.23 

L/P/I4 68.33 77.03 68.23 25.35 19.45 

L/P/I5 65.30 76.05 64.45 24.38 17.93 

L/P/I6 62.13 75.08 60.18 23.40 16.54 

L/P/I7 57.94 75.08 54.77 22.43 14.92 

L/P/I8 50.57 75.08 47.34 21.45 12.57 

L/P/I9 37.21 75.08 35.51 20.48 8.96 

L/P/I10 22.23 76.05 21.77 20.48 5.31 

 

Rt/Ant/Sup geometric deviation TCPs experienced a large shift right beginning with the 5 

mm deviation increasing in magnitude and decreasing in slope with larger deviations. Lt/Post/Inf 

deviations TCPs experienced a smaller shift right beginning with the 7 mm deviation increasing 

in magnitude and decreasing in slope with larger deviations. The bladder NTCPs for Rt/Ant/Sup 

deviations shifted left decreasing in magnitude and increasing in slope with larger deviations. The 

bladder NTCPs for Lt/Post/Inf deviations had a large shift right increasing in magnitude and 

decreasing in slope with larger deviations. Rt/Ant/Sup deviation rectum NTCPs experienced a 

right shift increasing in magnitude and decreasing in slope with larger deviations. Lt/Post/Inf 

deviation rectum NTCPs experienced a smaller left shift decreasing in magnitude and increasing 

in slope with larger deviations. 
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Figure 77. TCPs and NTCPs calculated for geometric deviations shifted to the patients right, anteriorly and superiorly in 1 mm 

increments. 

 

Figure 78. TCPs and NTCPs calculated for geometric deviations shifted to the patients left, posteriorly and inferiorly in 1 mm 

increments. 
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Table 33. TCP and NTCP metrics calculated from Right/Anterior/Superior and Left/Posterior/Inferior geometric deviations. 

 
Prostate CTV Bladder Rectum 

50% Dose 80/20 Slope 50% Dose 80/20 Slope 50% Dose 80/20 Slope 

R/A/S1 67.76 2.49 113.59 3.28 102.86 3.16 

R/A/S2 67.76 2.49 109.69 3.42 108.71 3.04 

R/A/S3 67.76 2.49 106.76 3.57 116.51 2.83 

R/A/S4 67.76 2.49 103.84 3.57 126.26 2.56 

R/A/S5 68.74 2.49 101.89 3.73 139.91 2.41 

R/A/S6 71.66 2.28 98.96 3.73 154.54 2.16 

R/A/S7 83.36 1.91 97.01 3.73 165.26 2.00 

R/A/S8 100.91 1.55 96.04 3.91 172.09 1.91 

R/A/S9 124.31 1.26 94.09 3.91 176.96 0.00 

R/A/S10 158.44 0.00 93.11 4.10 180.86 0.00 

L/P/I1 67.76 2.49 121.39 3.16 94.09 3.57 

L/P/I2 67.76 2.49 126.26 2.93 91.16 3.57 

L/P/I3 67.76 2.49 132.11 2.83 88.24 3.73 

L/P/I4 67.76 2.49 137.96 2.74 86.29 3.73 

L/P/I5 67.76 2.49 144.79 2.65 85.31 3.73 

L/P/I6 67.76 2.49 151.61 2.49 83.36 3.91 

L/P/I7 68.74 2.49 159.41 2.41 82.39 3.91 

L/P/I8 70.69 2.34 167.21 2.28 81.41 3.91 

L/P/I9 75.56 2.16 175.01 2.16 80.44 3.91 

L/P/I10 82.39 1.95 183.79 0.00 79.46 3.91 

 

 

Figure 79. DVHs for Lt/Post/Inf and Rt/Ant/Sup geometric deviations. 

 Next geometric deviations in the left and anterior (Lt/Ant) direction, and right and posterior 

(Rt/Post) direction were evaluated. Lt/Ant deviations are indicated by dashed lines and Rt/Post 

deviations are represented by dashed and dotted lines. Lt/Ant deviation PRQs experienced a 
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reversal in behavior from the 4 mm deviation on. Lt/Ant deviation PRQ max values rose from the 

first 3 shifts (86.69 % to 91.31 %) then decreased to 12.20 %. Rt/Post deviation PRQ max values 

decreased from 79.25 % to 46.61 %. The dose the max occurred at decreased for Rt/Post deviations 

(81.90 Gy to 77.03 Gy). The dose the max occurred for Lt/Ant deviations fluctuated: please see 

Table 34 for quantitative specifics. The dose the max occurred at decreased for Rt/Post deviations 

from 81.90 Gy to 74.10 Gy. Lt/Ant deviations PRQ values at the prescription dose increased for 

the first three deviations (78.51 % to 79.10 %) then decreased to 4.24 %. The PRQ values at the 

prescription dose decreased from 76.40 % to 42.55 % for Rt/Post geometric deviations. The 

FWHM for Lt/Ant deviation PRQs increased from 36.08 Gy to 39.98 Gy then decreased to 22.43 

Gy. The FWHM for Rt/Post deviation PRQs decreased from 30.23 Gy to 20.48 Gy. The AUC for 

Lt/Ant deviation PRQs increased for the first three deviations (33.10 kGy% to 38.47 kGy%) then 

decreased to 3.37 kGy%. The AUC for Rt/Post deviation PRQs decreased from 26.39 kGy% to 

11.33 kGy%. 

 

Figure 80. PRQs calculated for geometric deviations in the Right/Posterior and Left/Anterior directions in 1 mm increments.  
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Table 34. PRQ metrics for geometric deviations in the Right/Posterior and Left/Anterior directions in 1 mm increments. 

 Max Dose @ Max Rx Dose FWHM AUC 

L/A1 86.69 86.78 78.51 36.08 33.10 

L/A2 89.73 88.73 78.94 39.00 36.50 

L/A3 91.31 90.68 79.10 39.98 38.64 

L/A4  91.09 90.68 78.93 39.98 38.47 

L/A5 89.94 89.70 78.06 39.00 36.82 

L/A6 87.23 88.73 74.21 36.08 33.79 

L/A7 75.79 90.68 54.62 31.20 25.87 

L/A8 53.49 92.63 27.77 26.33 15.89 

L/A9  30.77 94.58 12.29 23.40 8.53 

L/A10 12.20 94.58 4.24 22.43 3.37 

R/P1 79.25 81.90 76.40 30.23 26.39 

R/P2 75.61 79.95 74.52 29.25 23.78 

R/P3 72.24 78.98 72.07 26.33 21.63 

R/P4 69.20 78.00 69.20 26.33 19.92 

R/P5 66.35 77.03 65.87 24.38 18.45 

R/P6 63.61 76.05 62.16 23.40 17.16 

R/P7 60.82 75.08 58.13 23.40 15.96 

R/P8 57.55 74.10 53.76 22.43 14.73 

R/P9 53.23 74.10 48.78 21.45 13.27 

R/P10 46.61 74.10 42.55 20.48 11.33 

 

The Lt/Ant geometric deviation TCPs experienced a shift right beginning at the 6 mm 

deviation increasing in magnitude and decreasing in slope with larger deviations. The Rt/Post 

geometric deviation TCPs experienced a small right shift beginning at the 8 mm deviation 

increasing in magnitude and decreasing in slope with larger deviations. The bladder NTCPs for 

Lt/Ant deviations experienced a shift left that decreased in magnitude and increased in slope with 

larger deviations. For Rt/Post deviations the bladder NTCPs experienced a shift right that increased 

in magnitude and decreased in slope with larger deviations. The Lt/Ant deviations rectum NTCPs 

experience a right shift decreasing in slope with larger deviations. The Rt/Post deviation rectum 

NTCPs shifted left decreasing in magnitude and increasing in slope with larger deviations. 
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Figure 81. TCPs and NTCPs calculated for left and anterior geometric deviations in 1 mm increments. 

 

Figure 82. TCPs and NTCPs calculated for right and posterior geometric deviations in 1 mm increments. 
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Table 35. TCP and NTCP metrics calculated from Left/Anterior and Right/Posterior geometric deviations. 

 
Prostate CTV Bladder Rectum 

50% Dose 80/20 Slope 50% Dose 80/20 Slope 50% Dose 80/20 Slope 

L/A1 67.76 2.49 114.56 3.28 102.86 3.28 

L/A2 67.76 2.49 111.64 3.42 108.71 3.04 

L/A3 67.76 2.49 109.69 3.42 116.51 2.83 

L/A4  67.76 2.49 107.74 3.57 125.29 2.65 

L/A5 67.76 2.41 105.79 3.57 133.09 2.49 

L/A6 69.71 2.34 103.84 3.57 137.96 2.41 

L/A7 76.54 2.05 101.89 3.73 141.86 2.34 

L/A8 87.26 1.78 100.91 3.73 145.76 2.28 

L/A9  97.99 1.58 98.96 3.73 149.66 2.22 

L/A10 112.61 1.39 97.99 3.91 152.59 2.16 

R/P1 67.76 2.49 120.41 3.16 94.09 3.42 

R/P2 67.76 2.49 123.34 3.04 91.16 3.57 

R/P3 67.76 2.49 126.26 2.93 89.21 3.57 

R/P4 67.76 2.49 130.16 2.93 87.26 3.57 

R/P5 67.76 2.49 134.06 2.83 85.31 3.73 

R/P6 67.76 2.49 138.94 2.74 84.34 3.91 

R/P7 67.76 2.49 142.84 2.65 82.39 3.73 

R/P8 68.74 2.49 147.71 2.56 81.41 3.91 

R/P9 69.71 2.41 153.56 2.49 80.44 4.10 

R/P10 71.66 2.34 158.44 2.41 80.44 4.10 

 

 

Figure 83. DVHs for Rt/Post and Lt/Ant geometric deviations. 

 Next the left and inferior (Lt/Inf) deviations and right and superior (Rt/Sup) deviations 

were evaluated. Dashed lines represent Lt/Inf deviation PRQs while dashed and dotted lines 

represent Rt/Sup deviation PRQs. The Lt/Inf deviations PRQ max values decreased from 82.67 % 
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to 76.11 %. PRQ max values decreased for Rt/Sup deviations as well from 83.05 % to 8.69 % with 

the majority of the decrease occurring during the last three deviations. The dose the max occurred 

at for Lt/Inf deviations decreased from 83.55 Gy to 81.90 Gy. For Rt/Sup deviations the dose the 

max occurred at increased from 83.85 Gy to 95.55 Gy with the majority of the increase occurring 

during the last three deviations. There was a slight decrease in the PRQ values at the prescription 

dose; Lt/Inf deviations decreased from 77.64 % to 73.26 % while Rt/Sup deviations decreased 

from 77.71 % to 2.99 % with the majority of the decreases occurring during the last three 

deviations. The FWHM decreased for Lt/Inf deviations from 33.15 Gy to 29.25 Gy while the 

Rt/Sup deviations FWHM decreased from 33.15 Gy to 22.43 Gy with the majority of the decreases 

occurring during the last three deviations. The AUC decreased for Lt/Inf from 29.27 kGy% to 

24.63 kGy%. For Rt/Sup deviations the AUC decreased from 29.48 kGy% to 2.28 kGy% with the 

majority of the decreases occurring during the last three deviations. 

 

Figure 84. PRQs calculated for geometric deviations in the Left/Inferior and Right/Superior directions in 1 mm increments. 
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Table 36. PRQ metrics for geometric deviations in the Left/Inferior and Right/Superior directions in 1 mm increments. 

 Max Dose @ Max Rx Dose FWHM AUC 

L/I1 82.67 83.85 77.64 33.15 29.27 

L/I2 82.30 83.85 77.57 33.15 29.00 

L/I3 81.79 82.88 77.49 32.18 28.59 

L/I4 81.17 82.88 77.33 32.18 28.04 

L/I5 80.61 82.88 77.18 31.20 27.59 

L/I6 80.06 81.90 76.98 31.20 27.14 

L/I7 79.47 81.90 76.66 30.23 26.67 

L/I8 78.77 81.90 76.17 30.23 26.18 

L/I9 77.80 81.90 75.22 30.23 25.57 

L/I10 76.11 81.90 73.26 29.25 24.63 

R/S1 83.05 83.85 77.71 33.15 29.48 

R/S2 82.97 83.85 77.67 33.15 29.31 

R/S3 82.93 83.85 77.65 33.15 29.18 

R/S4 82.76 83.85 77.58 33.15 28.93 

R/S5 82.58 83.85 77.46 33.15 28.69 

R/S6 82.50 83.85 77.26 33.15 28.58 

R/S7 82.07 83.85 76.40 32.18 28.27 

R/S8 75.81 85.80 66.07 30.23 24.80 

R/S9 40.48 91.65 21.64 23.40 11.15 

R/S10 8.69 95.55 2.99 22.43 2.28 

 

The TCPs for Lt/Inf deviations were effectively unchanged for the first 9 deviations then 

had a small right shift with decreased slope. Rt/Sup deviation TCPs experienced larger right shifts 

decreasing in slope for the last 3 deviations. The bladder NTCPs for Lt/Inf deviations experience 

a right shift increasing in magnitude and decreasing in slope with larger deviations. Rt/Sup 

deviation bladder NTCPs experience a left shift decreasing in magnitude and increasing in slope 

with larger deviations. Rectum NTCPs for Lt/Inf deviations experienced a shift left while Rt/Sup 

deviation rectum NTCPs experienced a small shift right. 
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Figure 85. TCPs and NTCPs calculated for left and superior geometric deviations in 1 mm increments. 

 

Figure 86. TCPs and NTCPs calculated for right and inferior geometric deviations in 1 mm increments. 
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Table 37. TCP and NTCP metrics calculated from Left/Inferior and Right/Superior geometric deviations. 

 
Prostate CTV Bladder Rectum 

50% Dose 80/20 Slope 50% Dose 80/20 Slope 50% Dose 80/20 Slope 

L/I1 67.76 2.49 118.46 3.16 97.99 3.42 

L/I2 67.76 2.49 120.41 3.16 97.01 3.42 

L/I3 67.76 2.49 122.36 3.04 97.01 3.42 

L/I4 67.76 2.49 124.31 3.04 96.04 3.28 

L/I5 67.76 2.49 126.26 3.04 95.06 3.42 

L/I6 67.76 2.49 128.21 2.93 95.06 3.42 

L/I7 67.76 2.49 131.14 2.93 94.09 3.42 

L/I8 67.76 2.49 133.09 2.93 94.09 3.57 

L/I9 67.76 2.41 136.01 2.74 94.09 3.42 

L/I10 68.74 2.41 138.94 2.74 93.11 3.42 

R/S1 67.76 2.49 115.54 3.28 97.99 3.28 

R/S2 67.76 2.49 114.56 3.28 97.99 3.28 

R/S3 67.76 2.49 113.59 3.28 97.99 3.28 

R/S4 67.76 2.49 112.61 3.42 97.99 3.28 

R/S5 67.76 2.49 111.64 3.42 97.99 3.28 

R/S6 67.76 2.49 110.66 3.42 97.99 3.28 

R/S7 67.76 2.41 109.69 3.42 97.99 3.28 

R/S8 71.66 2.28 109.69 3.42 97.99 3.42 

R/S9 90.19 1.71 108.71 3.42 98.96 3.28 

R/S10 118.46 1.30 108.71 3.57 98.96 3.28 

 

 

Figure 87. DVHs for Rt/Sup and Lt/Inf geometric deviations. 

 The next set of geometric deviations evaluations performed were in the anterior and inferior 

(Ant/Inf) directions and in the posterior and superior (Post/Sup) directions. Ant/Inf PRQs are 

denoted by dashed lines while Post/Sup PRQs are denoted by dashed and dotted lines. The Ant/Inf 

deviation PRQs experienced a reversal in behavior from the 6 mm deviation on. The PRQ max 
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values for Ant/Inf deviations increased for the first 4 deviations from 86.53 % to 93.20 % then 

decreased to 5.74 %. The PRQ max values for Post/Sup deviations decreased from 79.28 % to 1.53 

%. The dose the max occurred at increased for Ant/Inf deviations from 86.78 Gy to 105.30 Gy. 

For Post/Sup deviations the dose the PRQ max occurred at fluctuated: please see Table 38 for 

quantitative specifics. The PRQ value at the prescription dose for Ant/Inf deviations increased for 

the first 3 deviation from 78.52 % to 79.19 % then decreased to 0.89 %. For Post/Sup deviations 

the PRQ value at the prescription dose decreased from 76.39 % to 1.52 %. The FWHMs for Ant/Inf 

deviations increased from 36.08 Gy to 44.85 Gy for the first 5 deviations then decreased to 25.35 

Gy. Post/Sup deviations FWHMs decreased from 30.23 Gy to 21.45 Gy except for the last 

deviation where it increased to 22.43 Gy. The AUC increased from 33.11 kGy% to 43.25 kGy% 

for the first four Ant/Inf deviations then decreased to 1.78 kGy%. The AUC for Post/Sup 

deviations decreased from 26.36 kGy% to 0.42 kGy%. 

 

Figure 88. PRQs calculated for geometric deviations in the Anterior/Inferior and Posterior/Superior directions in 1 mm increments. 
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Table 38. PRQ metrics for geometric deviations in the Anterior/Inferior and Posterior/Superior directions in 1 mm increments. 

 Max Dose @ Max Rx Dose FWHM AUC 

A/I1 86.53 86.78 78.52 36.08 33.11 

A/I2 89.84 88.73 79.00 39.98 37.20 

A/I3 92.24 91.65 79.19 42.90 40.89 

A/I4 93.20 93.60 79.03 44.85 43.01 

A/I5 93.01 93.60 77.85 44.85 43.25 

A/I6 90.50 94.58 70.80 41.93 40.01 

A/I7 76.43 97.50 39.41 34.13 28.50 

A/I8 46.39 102.38 11.91 27.30 14.66 

A/I9 18.94 104.33 3.23 25.35 5.73 

A/I10 5.74 105.30 0.89 25.35 1.78 

P/S1 79.28 81.90 76.39 30.23 26.36 

P/S2 75.52 79.95 74.43 28.28 23.68 

P/S3 72.26 78.98 72.06 26.33 21.62 

P/S4 69.12 78.00 69.12 26.33 19.86 

P/S5 66.15 77.03 65.69 24.38 18.35 

P/S6 63.44 76.05 62.10 23.40 17.09 

P/S7 60.36 75.08 58.01 23.40 15.82 

P/S8 50.09 76.05 48.38 22.43 12.64 

P/S9 15.18 78.98 15.18 21.45 3.80 

P/S10 1.53 78.98 1.52 22.43 0.42 

 

Ant/Inf deviation TCPs experienced a shift right beginning at the 6 mm deviation 

increasing in magnitude and decreasing in slope with larger deviations. Post/Sup deviation TCPs 

experienced a shift right beginning at the 8 mm deviation increasing in magnitude and decreasing 

in slope with larger deviations. The bladder NTCPs for Ant/Inf deviations shifted left while 

Post/Sup bladder NTCPs had a larger shift right. Rectum NTCPs for Ant/Inf deviations 

experienced a larger shift right increasing in magnitude and decreasing in slope with larger 

deviations. Post/Sup deviations rectum NTCPs experience a left shift decreasing in magnitude and 

increasing in slope with larger deviations. 
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Figure 89. TCPs and NTCPs calculated for anterior and inferior geometric deviations in 1 mm increments. 

 

Figure 90. TCPs and NTCPs calculated for posterior and superior geometric deviations in 1 mm increments. 
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Table 39. TCP and NTCP metrics calculated from Anterior/Inferior and Posterior/Superior geometric deviations. 

 
Prostate CTV Bladder Rectum 

50% Dose 80/20 Slope 50% Dose 80/20 Slope 50% Dose 80/20 Slope 

A/I1 67.76 2.49 116.51 3.28 102.86 3.16 

A/I2 67.76 2.49 115.54 3.28 107.74 3.04 

A/I3 67.76 2.49 114.56 3.28 115.54 2.83 

A/I4 67.76 2.49 113.59 3.28 124.31 2.65 

A/I5 67.76 2.41 112.61 3.28 139.91 2.34 

A/I6 70.69 2.28 111.64 3.42 159.41 2.10 

A/I7 82.39 1.91 110.66 3.42 182.81 0.00 

A/I8 98.96 1.58 109.69 3.57 0.00 0.00 

A/I9 117.49 1.32 108.71 3.57 0.00 0.00 

A/I10 137.96 1.12 107.74 3.42 0.00 0.00 

P/S1 67.76 2.49 118.46 3.28 94.09 3.42 

P/S2 67.76 2.49 119.44 3.28 91.16 3.57 

P/S3 67.76 2.49 120.41 3.16 89.21 3.57 

P/S4 67.76 2.49 121.39 3.16 87.26 3.57 

P/S5 67.76 2.49 123.34 3.04 85.31 3.73 

P/S6 67.76 2.49 124.31 3.04 84.34 3.91 

P/S7 67.76 2.41 126.26 3.04 83.36 3.91 

P/S8 71.66 2.28 128.21 2.93 82.39 3.91 

P/S9 90.19 1.75 129.19 2.93 81.41 3.91 

P/S10 122.36 1.26 131.14 2.93 80.44 3.91 

 

 

Figure 91. DVHs for Ant/Sup and Post/Inf geometric deviations. 

 Left and posterior (Lt/Post) geometric deviations and right and anterior (Rt/Ant) deviations 

evaluations followed. Lt/Post deviations PRQs are represented by dashed lines while Rt/Ant 

deviations PRQs are represented by dashed and dotted lines. The Rt/Ant deviation PRQs 
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experienced a reversal in behavior from the 5 mm deviation on. The PRQ max values for Lt/Post 

deviations decreased from 79.13 % to 46.71 %. The PRQ max values for Rt/Ant deviations 

increased for the first 4 deviations from 86.73 % to 91.61 % before decreasing 6.04 %. The dose 

the max occurred at for Lt/Post deviations decreased from 81.90 Gy to 74.10 Gy. The dose the 

max occurred at for Rt/Ant increased from 86.78 Gy to 97.50 Gy. The PRQ value at the 

prescription dose for Lt/Post deviations decreased from 76.35 % to 42.10 %. For Rt/Ant deviations 

the prescription dose PRQ value increased for the first 3 deviations (78.52 % to 79.07 %) then 

decreased to 1.66 %. The FWHMs decreased for Lt/Post deviations from 30.23 Gy to 20.48 Gy. 

The FWHMs for Rt/Ant deviations increased for the first 3 deviations (36.08 Gy to 40.59 Gy) then 

decreased to 24.38 Gy. The AUC for Lt/Post deviations decreased from 26.29 kGy% to 11.32 

kGy%. The AUC for Rt/Ant deviations increased for the first 4 (33.17 kGy% to 39.55 kGy%) then 

decreased to 1.74 kGy%. 

 

Figure 92. PRQs calculated for geometric deviation in Left/Posterior and Right/Anterior directions in 1 mm increments. 
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Table 40. PRQ metrics for geometric deviation in Left/Posterior and Right/Anterior directions in 1 mm increments. 

 Max Dose @ Max Rx Dose FWHM AUC 

L/P1 79.13 81.90 76.35 30.23 26.29 

L/P2 75.31 79.95 74.32 28.28 23.56 

L/P3 71.65 78.98 71.58 26.33 21.29 

L/P4 68.46 77.03 68.41 25.35 19.53 

L/P5 65.54 76.05 64.81 24.38 18.06 

L/P6 62.79 75.08 60.96 23.40 16.80 

L/P7 60.06 75.08 56.82 22.43 15.64 

L/P8 57.07 74.10 52.63 22.43 14.51 

L/P9 52.97 74.10 47.89 21.45 13.14 

L/P10 46.71 74.10 42.10 20.48 11.32 

R/A1 86.73 86.78 78.52 36.08 33.17 

R/A2 89.81 88.73 78.94 39.98 36.71 

R/A3 91.59 90.68 79.07 40.95 39.23 

R/A4 91.61 90.68 78.85 40.95 39.55 

R/A5 90.59 90.68 77.77 39.98 38.14 

R/A6 87.29 90.68 71.82 37.05 34.49 

R/A7 73.61 92.63 47.22 30.23 25.15 

R/A8 45.73 95.55 18.37 25.35 13.49 

R/A9 18.99 97.50 5.56 23.40 5.36 

R/A10 6.04 97.50 1.66 24.38 1.74 

 

TCPs for Lt/Post deviations experienced a small shift right beginning at the 8 mm deviation 

with a slight decrease in slope. TCPs for Rt/Ant deviations experienced a larger shift right 

beginning at the 6 mm deviation increasing in magnitude and decreasing in slope with larger 

deviations. Lt/Post deviations bladder NTCPs experienced a shift right that increased in magnitude 

and decreasing in slope. Rt/Ant deviations bladder NTCPs experienced a small shift left decreasing 

in magnitude and increasing in slope with larger deviations. Rectum NTCPs for Lt/Post deviations 

experienced a left shift decreasing in magnitude and increasing in slope with larger deviations. 

Rt/Ant deviations rectum NTCPs experienced a larger right shift increasing in magnitude and 

decreasing in slope with larger deviations. 
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Figure 93. TCPs and NTCPs calculated for left and posterior geometric deviations in 1 mm increments. 

 

Figure 94. TCPs and NTCPs calculated for right and anterior geometric deviations in 1 mm increments. 
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Table 41. TCP and NTCP metrics calculated from Left/Posterior and Right/Anterior geometric deviations. 

 
Prostate CTV Bladder Rectum 

50% Dose 80/20 Slope 50% Dose 80/20 Slope 50% Dose 80/20 Slope 

L/P1 67.76 2.49 119.44 3.16 94.09 3.42 

L/P2 67.76 2.49 122.36 3.16 91.16 3.57 

L/P3 67.76 2.49 125.29 2.93 88.24 3.73 

L/P4 67.76 2.49 129.19 2.93 86.29 3.73 

L/P5 67.76 2.49 132.11 2.93 85.31 3.73 

L/P6 67.76 2.49 136.01 2.83 83.36 3.73 

L/P7 67.76 2.49 139.91 2.74 82.39 3.91 

L/P8 68.74 2.41 143.81 2.56 81.41 3.91 

L/P9 68.74 2.41 148.69 2.56 80.44 3.91 

L/P10 70.69 2.34 152.59 2.41 79.46 4.10 

R/A1 67.76 2.49 114.56 3.28 102.86 3.28 

R/A2 67.76 2.49 112.61 3.28 108.71 3.04 

R/A3 67.76 2.49 110.66 3.42 117.49 2.83 

R/A4 67.76 2.49 108.71 3.57 127.24 2.56 

R/A5 67.76 2.41 106.76 3.57 141.86 2.34 

R/A6 70.69 2.34 105.79 3.57 155.51 2.16 

R/A7 78.49 2.00 103.84 3.57 164.29 2.00 

R/A8 93.11 1.67 102.86 3.73 170.14 1.95 

R/A9 109.69 1.44 100.91 3.73 174.04 0.00 

R/A10 127.24 1.22 99.94 3.73 176.96 0.00 

 

 

Figure 95. DVHs for Lt/Post and Rt/Ant geometric deviations. 

 Next deviations applied in the left and superior (Lt/Sup) and right and inferior (Rt/Inf) 

directions were evaluated. Dashed lines denoted the Lt/Sup deviation PRQS while dashed and 

dotted lined denote the Rt/Inf deviations. The Lt/Sup deviation PRQ max values decreased from 
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83.01 % to 10.48 % with the majority of the decrease occurring in the last three deviations. The 

PRQs max values for Rt/Inf averaged 82.83 ± 0.25 %. For Lt/Sup deviations the dose the max 

occurred at increased from 83.85 Gy to 94.58 Gy with the majority of the increase occurring in the 

last three deviations. Rt/Inf deviations dose that the max occurred at averaged 84.05 ± 0.41 %.t 

The PRQ value at the prescription dose for Lt/Sup deviations decreased from 77.70 % to 3.69 % 

with the majority of the decrease occurring in the last three deviations. Rt/Inf deviations PRQ value 

at the prescription dose fluctuated: please see Table 42 for quantitative specifics. The FWHMs for 

Lt/Sup deviations PRQs decreased from 33.15 Gy to 22.43 Gy with the majority of the decreasing 

occurring in the last three deviations. The FWHMs for Rt/Inf deviations was 33.15 Gy for 

deviations except the 8 mm deviation where the FWHM was 34.13 Gy. The AUC for Lt/Ant 

deviations decreased from 29.42 kGy% to 2.70 kGy% with the majority of the decrease occurring 

in the last three deviations. For Rt/Inf deviations the AUC increased from 29.45 kGy% to 30.19 

kGy% but decreased on the last deviation to 29.80 kGy%. 

 

Figure 96. PRQs calculated for geometric deviations in the Left/Superior and Right/Inferior directions in 1 mm increments. 
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Table 42. PRQ metrics for geometric deviations in the Left/Superior and Right/Inferior directions in 1 mm increments. 

 Max Dose @ Max Rx Dose FWHM AUC 

L/S1 83.01 83.85 77.69 33.15 29.42 

L/S2 83.01 83.85 77.68 33.15 29.31 

L/S3 83.09 83.85 77.70 33.15 29.27 

L/S4 83.00 83.85 77.66 33.15 29.06 

L/S5 82.91 83.85 77.57 33.15 28.88 

L/S6 82.91 83.85 77.36 32.18 28.81 

L/S7 82.45 84.83 76.50 32.18 28.44 

L/S8 76.95 85.80 67.38 30.23 25.25 

L/S9 45.43 90.68 25.72 24.38 12.57 

L/S10 10.48 94.58 3.69 22.43 2.70 

R/I1 82.84 83.85 77.69 33.15 29.45 

R/I2 82.83 83.85 77.73 33.15 29.52 

R/I3 82.77 83.85 77.75 33.15 29.52 

R/I4 82.70 83.85 77.76 33.15 29.50 

R/I5 82.84 83.85 77.84 33.15 29.68 

R/I6 82.92 83.85 77.89 33.15 29.79 

R/I7 83.01 83.85 77.88 33.15 29.92 

R/I8 83.17 83.85 77.74 34.13 30.18 

R/I9 83.01 84.83 77.11 33.15 30.19 

R/I10 82.24 84.83 75.42 33.15 29.80 

 

TCPs for Lt/Sup deviations experienced a larger shift right beginning at the 8 mm deviation 

increasing in magnitude and decreasing in slope with larger deviations. Rt/Inf deviations TCPs 

experienced a small change on the last deviation with a small shift right. Lt/Sup deviations bladder 

NTCPs experienced a left shift decreasing in magnitude and increasing in slope with larger 

deviations. Rt/Inf bladder NTCPs experienced a right shift increasing in magnitude and decreasing 

in slope with larger deviations. Rectum NTCPs for Lt/Sup deviations experienced a small shift 

right with an even smaller shift right for Rt/Inf deviations rectum NTCPs. 
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Figure 97. TCPs and NTCPs calculated for left and superior geometric deviations in 1 mm increments. 

 

 

Figure 98. TCPs and NTCPs calculated for right and inferior geometric deviations in 1 mm increments. 
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Table 43. TCP and NTCP metrics calculated from Left/Superior and Right/Inferior geometric deviations. 

 
Prostate CTV Bladder Rectum 

50% Dose 80/20 Slope 50% Dose 80/20 Slope 50% Dose 80/20 Slope 

L/S1 67.76 2.49 115.54 3.28 97.99 3.28 

L/S2 67.76 2.49 113.59 3.42 97.99 3.28 

L/S3 67.76 2.49 112.61 3.28 97.99 3.42 

L/S4 67.76 2.49 111.64 3.42 97.99 3.42 

L/S5 67.76 2.49 109.69 3.42 97.99 3.42 

L/S6 67.76 2.49 109.69 3.42 98.96 3.28 

L/S7 67.76 2.41 108.71 3.42 98.96 3.28 

L/S8 71.66 2.28 107.74 3.57 98.96 3.28 

L/S9 88.24 1.75 106.76 3.57 98.96 3.28 

L/S10 115.54 1.35 106.76 3.57 99.94 3.28 

R/I1 67.76 2.49 119.44 3.16 97.99 3.28 

R/I2 67.76 2.49 121.39 3.16 97.99 3.28 

R/I3 67.76 2.49 123.34 3.04 97.99 3.42 

R/I4 67.76 2.49 125.29 2.93 97.01 3.42 

R/I5 67.76 2.49 128.21 3.04 97.99 3.42 

R/I6 67.76 2.49 131.14 2.93 97.99 3.28 

R/I7 67.76 2.49 134.06 2.83 97.99 3.28 

R/I8 67.76 2.49 136.99 2.83 97.99 3.28 

R/I9 67.76 2.41 139.91 2.74 97.99 3.42 

R/I10 68.74 2.41 143.81 2.65 98.96 3.28 

 

 

Figure 99. DVHs for Lt/Sup and Rt/Inf geometric deviations. 

 The final geometric deviations evaluated were shifts applied in the anterior and superior 

directions (Ant/Sup) and posterior and inferior (Post/Inf) directions. Dashed line represents the 

Ant/Sup deviation PRQs while dashed and dotted lines represented the Post/Inf deviations PRQs. 
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The Ant/Sup deviation PRQs experienced a reversal in behavior from the 4 mm deviation on. 

Ant/Sup deviations PRQ max values increased for the first 3 deviations from 86.76 % to 90.06 % 

then decreased to 0.55 %. The PRQ max values for Post/Inf deviations decreased from 79.03 % to 

43.97 %. For Ant/Sup deviations the dose the max occurred at fluctuated: please see Table 44 for 

quantitative specifics. The dose the max occurred at for Post/Inf deviations decreased from 81.90 

Gy to 74.10 Gy. The PRQ value at the prescription dose for Ant/Sup deviations slightly increased 

for the first 3 deviations from 78.50 % to 78.91 % then decreased to 0.33 %. The PRQ value at the 

prescription dose for Post/Inf deviations decreased from 76.33 % to 39.14 %. For Ant/Sup 

deviations the FWHMs increased for the first 3 deviations from 36.08 Gy to 39.00 Gy then 

decreased to 22.43 Gy. The FWHMs for Post/Inf deviations decreased from 30.23 Gy to 20.48 Gy. 

The AUC for Ant/Sup deviations increased for the first 3 deviations from 33.00 kGy% to 36.44 

kGy% then decreased to 0.15 kGy%. The AUC decreased for Post/Inf deviations from 26.24 kGy% 

to 10.53 kGy%. 

 

Figure 100. PRQs calculated for geometric deviations in the Anterior/Superior and Posterior/Inferior directions in 1 mm increments. 
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Table 44. PRQ metrics for geometric deviations in the Anterior/Superior and Posterior/Inferior directions in 1 mm increments. 

 Max Dose @ Max Rx Dose FWHM AUC 

A/S1 86.76 86.78 78.50 36.08 33.00 

A/S2 89.52 88.73 78.87 39.00 35.76 

A/S3 90.06 89.70 78.91 39.00 36.44 

A/S4 88.69 87.75 78.51 37.05 34.69 

A/S5 86.11 86.78 76.86 34.13 31.72 

A/S6 78.94 86.78 67.93 30.23 26.35 

A/S7 49.74 88.73 32.51 24.38 13.90 

A/S8 18.37 89.70 9.48 22.43 4.81 

A/S9 3.80 89.70 1.98 22.43 1.02 

A/S10 0.55 87.75 0.33 22.43 0.15 

P/I1 79.03 81.90 76.33 30.23 26.24 

P/I2 75.38 79.95 74.40 28.28 23.63 

P/I3 72.06 78.98 71.94 26.33 21.54 

P/I4 68.87 78.00 68.87 25.35 19.76 

P/I5 65.94 76.05 65.38 24.38 18.27 

P/I6 63.06 76.05 61.38 24.38 16.92 

P/I7 59.99 75.08 56.76 22.43 15.61 

P/I8 56.49 74.10 51.86 21.45 14.30 

P/I9 51.54 74.10 46.16 21.45 12.69 

P/I10 43.97 74.10 39.14 20.48 10.53 

 

Ant/Sup deviations TCPs experienced a shift right beginning at the 5 mm deviation 

increasing in magnitude and decreasing in slope with larger deviations. The Post/Inf deviations 

TCPs experience a small shift right beginning at the 8 mm deviation. The bladder NTCPs for 

Ant/Sup deviations experienced a left shift decreasing in magnitude and increasing in slope with 

larger deviations. For Post/Inf deviations bladder NTCPs experienced a right shift increasing in 

magnitude and decreeing in slope with larger deviations. The rectum NTCPs for Ant/Sup deviation 

experienced a larger right shift increasing in magnitude and decreasing in slope with larger 

deviations. Post/Inf deviations rectum NTCPs experience a left shift decreasing in magnitude and 

increasing in slope with larger deviations. 
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Figure 101. TCPs and NTCPs calculated for anterior and superior geometric deviations in 1 mm increments. 

 

Figure 102. TCPs and NTCPs calculated for posterior and inferior geometric deviations in 1 mm increments. 
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Table 45. TCP and NTCP metrics calculated from Anterior/Superior and Posterior/Inferior geometric deviations. 

 
Prostate CTV Bladder Rectum 

50% Dose 80/20 Slope 50% Dose 80/20 Slope 50% Dose 80/20 Slope 

A/S1 67.76 2.49 113.59 3.42 102.86 3.16 

A/S2 67.76 2.49 109.69 3.42 109.69 3.04 

A/S3 67.76 2.49 105.79 3.42 118.46 2.74 

A/S4 67.76 2.49 102.86 3.73 130.16 2.56 

A/S5 68.74 2.49 100.91 3.73 149.66 2.22 

A/S6 71.66 2.28 97.99 3.91 183.79 0.00 

A/S7 84.34 1.86 96.04 3.91 0.00 0.00 

A/S8 101.89 1.55 94.09 4.10 0.00 0.00 

A/S9 124.31 1.26 92.14 4.10 0.00 0.00 

A/S10 155.51 0.00 90.19 4.32 0.00 0.00 

P/I1 67.76 2.49 121.39 3.16 94.09 3.42 

P/I2 67.76 2.49 127.24 3.04 91.16 3.57 

P/I3 67.76 2.49 132.11 2.93 89.21 3.57 

P/I4 67.76 2.49 138.94 2.74 87.26 3.73 

P/I5 67.76 2.49 145.76 2.65 85.31 3.91 

P/I6 67.76 2.49 152.59 2.49 83.36 3.73 

P/I7 67.76 2.49 160.39 2.34 82.39 3.91 

P/I8 68.74 2.49 169.16 2.22 81.41 3.91 

P/I9 69.71 2.34 176.96 0.00 80.44 3.91 

P/I10 71.66 2.28 184.76 0.00 79.46 3.91 

 

 

Figure 103. DVHs for Ant/Sup and Post/Inf geometric deviations. 

3.2 Radiation Therapy Quality vs. Time Relationship 

 With the library of PRQs generated estimating quality vs. time relationships can begin. 

Three interpretations were generated for general and specific tasks to demonstrate approaches 
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individuals or clinics could take to understand the progression quantitatively of their radiotherapy 

process. Minus and plus percentages of the prescription dose PRQs were omitted for the quality 

vs. time relationship portion leaving a library of 325 PRQs for sampling. PRQs were first grouped 

into sets defined by the magnitude of their deviations. Expansions, contractions, and geometric 

offsets of 1 mm were grouped together and so forth. Figure 104 displays the average PRQs for 

each set of deviations plotted with one another. As deviations decreased the average PRQs 

increased in peak, value at the prescription dose, FWHM and AUC. The dose that the peaks occur 

at fluctuates and will be discussed later in 4.1.3 PRQ Behavior. 

 

Figure 104. Plot for the average PRQ for a set of deviations as PRQs are grouped by their deviation magnitudes.  

The control and complication probability ranges that PRQs fell into are displayed in Figure 

105. 15 % (49 PRQs) had a max value less than 50 %. 29 % (95 PRQs) had a max value higher 

than the ideal plan or 82.99 %. 58% (187 PRQs) had a max value between 70-90 %. Only 12 PRQs 

had a max value between 20-40 %. 
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Figure 105. Distribution as PRQs are sorted based on the number of PRQs (y axis) within a range of complication/control 

probabilities (x axis). 

This established the library of PRQs to be sampled from when determining the progression of 

quality from any given sequence of events in radiotherapy. 

3.2.1 Generalized Tasks 

 The first interpretation of the quality vs. time relationship grouped the general tasks with 

the deviation average PRQs. With 5 general tasks and 10 deviation average PRQ sets, two sets 

were assigned to each general task. Larger deviations were coordinated with earlier tasks then the 

average of each set was calculated. Consult was represented by the 9-10 mm deviation PRQs 

average, simulation was represented by the 7-8 mm deviation PRQs average, treatment planning 

was represented by the 5-6 mm deviation PRQs average, plan review was represented by the 3-4 

mm deviation PRQs average, and treatment was represented by the 1-2 mm deviation PRQs 

average. This corresponded to a PRQ max value of 25.78 % for consult, 49.65 % for simulation, 

70.98 % for treatment planning, 76.64 % for plan review, and 79.71 % for treatment. As treatment 

continues and eventually is completed after several weeks, it is assumed that the quality continues 

to increase to the ideal PRQ max value of 82.99 %. While the ideal PRQ max value was not the 

largest for this study, it could be assumed that this value could increase to larger values with the 

completion of treatment. As discussed in 4.1.3 PRQ Behavior however, the largest PRQs occur 

with contracted volumes from the normal tissues. These are more indicative of the absence of 
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normal tissues or incomplete volumes. The peak of the average PRQs associated with general tasks 

was then assumed to occur after a work week for each task or 40 hours as seen in Figure 106. 

 

Figure 106. Quality vs Time interpretation one with each generalized task PRQ being calculated with two deviation magnitude 
PRQ averages. Consult is represented by 9-10 mm deviation PRQ averages. Simulation is represented by 7-8 mm deviation PRQ 

average. Treatment Planning is represented by 5-6 mm deviation PRQ averages. Plan review is represented by 3-4 mm deviation 

PRQ averages. Treatment is represented by 1-2 mm deviation magnitude PRQ averages. 

The second interpretation of quality vs. time relationship assumes that larger increases in 

quality occur during treatment planning. General tasks were then assigned the following PRQs: 

consult was represented by the 10 mm deviation PRQs average, simulation was represented by the 

9 mm deviation PRQs average, treatment planning was represented by the 5-8 mm deviation PRQs 

average, plan preview was represented by the 3-4 mm deviation PRQs average, and treatment was 

represented by the 1-2 mm deviation PRQs average. This corresponded to a PRQ max value of 

22.47 % for consult, 29.15 % for simulation, 60.32 % for treatment planning, 76.64 % for plan 

review, and 79.71 % for treatment. Figure 107 displays the quality vs. time relationship for the 

second interpretation. As treatment continues and eventually is completed after several weeks, it 

is assumed that the quality would continue to increase to the PRQ max value of a specified 

sequence of events. 
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Figure 107. Quality vs. Time interpretation two with each generalized task being calculated by assigning various deviation 
magnitude PRQ averages. Consult is represented by 10 mm deviation PRQ average. Simulation is represented by 9 mm deviation 

PRQ average. Treatment Planning is represented by 5-8 mm deviation PRQ averages. Plan review is represented by 3-4 mm 

deviation PRQ averages. Treatment is represented by 1-2 mm deviation magnitude PRQ averages.  

The third interpretation of the quality vs. time relationship assumed an equal weighed 

increase in quality for general tasks. Instead of using averages of PRQs, single PRQs were selected 

to represent the increase in quality. The library of PRQs was arranged in order of ascending max 

values for easier sampling. General tasks were coordinate with PRQs that reached control and 

complication probabilities of specified values, or achieved max values, in 15 % increments. 

Consult was represented by a PRQ with a 15 % max value, simulation was represented by a PRQ 

with 30 % max value, treatment planning was represented by a PRQ with a 45 % max value, plan 

review was represented by a PRQ with a 60 % max value, and treatment was represented with a 

PRQ with s 75 % max value. Figure 108 displays the quality vs. time relationship for the third 

interpretation. As treatment continues and eventually is completed after several weeks, it is 

assumed that the quality would continue to increase to the PRQ max value of a specified sequence 

of events. 
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Figure 108. Quality vs. Time interpretation three with each generalized task being calculated by assigning various deviation PRQ 
percentages. Consult is represented by a 15 % PRQ. Simulation is represented by a 30 % PRQ. Treatment Planning is represented 

by a 45 % PRQ. Plan review is represented by a 60 % PRQ. Treatment is represented by a 75 % PRQ. 

 These three interpretations for quality vs. time relationships demonstrate how a clinic can 

define their unique increase in quality for radiotherapy as tasks are completed. 

3.2.2 Specific Tasks 

 Specific task quality vs time relationships were generated for the three interpretations 

outlined for the general tasks. PRQs were selected from the library related to the general task PRQs 

sampled and associated. For interpretation one, PRQs sampled to represent specific tasks within 

consult were selected from the range of PRQs with max values between 0.00 % and 25.78 %, 

PRQs with max values between 25.78 % and 49.65 % represent simulation specific tasks and so 

forth. An evenly distributed approach was employed when selecting PRQs for specific tasks within 

a general task. There were less options for PRQ selection in the lower quality PRQs limiting the 

ability to evenly distribute the quality increases for consult and simulation. 
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Figure 109. Quality vs. Time interpretation one for specific tasks. 

Figure 109 displays the quality vs. time relationship for PRQs selected for specific tasks in 

interpretation one. During this interpretation the majority of the quality increase occurs during the 

first two weeks of the course of treatment. Figure 110 displays the second interpretation of the 

quality vs time relationship. Here the majority of the quality increase occurs during the third and 

fourth week of the course of treatment. During this interpretation it was assumed that the majority 

of the quality increase occurred during the treatment planning portion. 
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Figure 110. Quality vs. Time interpretation two for specific tasks. 

Figure 111 displays the third interpretation for specific task quality vs. time relationships. 

For this interpretation focus was placed on selecting percentages of quality to represent tasks as 

opposed to associating deviation average PRQs with tasks. This interpretation emphasized an equal 

weighted distribution for all tasks (general and specific) with the PRQs sampled. For the 22 

specific tasks identified and the 83.00 % PRQ max for the ideal each task correlated to an 

approximant increase in quality of 4 % per task. 
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Figure 111. Quality vs. Time interpretation three for specific tasks. 

3.2.3 Quality vs. Time Relationships 

 The three interpretations described above demonstrate the ability to sample a possible PRQ 

for any given task over time. Depending on the preference of an individual or clinic, variation can 

occur in how appropriate selections from the PRQ library relate to the tasks in a given process. 

Viewing the PRQ library in totality can provide insight into the decisions used to sample PRQs 

for task relation and meaningful quality vs. time relationship plots. Figure 112 and Figure 113 

display graphs of the entire PRQ library that were created in 2 and 3 dimensions. PRQs for both 

were plotted in ascending order of PRQ max values. Similar plots could be created based on all 

PRQ metrics and combinations of them. For this study focus was placed on the max value that was 

calculated for all deviations. In total 325 PRQs were used for sampling of the 345 created and 

those are included in the figures below. Minus and plus dose deviation PRQs were omitted as 

discussed later. For the 2D plot each PRQ was plotted with a 39 Gy offset (half the prescription 

dose) to better coordinate where the peaks appear on the plot. There is a steep rise in control and 

complication probabilities at the beginning of the curve due to the under sampling of low 

complication free tumor control probabilities. A portion of near constant PRQ max values occurs 

around 83 % or close to the ideal max value. There are also the appearances of various trend lines 

that occur as PRQ functions overlap. This gives rise to multiple trends lines that are plotted within 

this one graph. 
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Figure 112. 2D Plot of all calculated PRQs plotted in ascending order. 

 Figure 113 displays the 3D plot of the PRQ library created in ascending order. The z-axis 

(into the page) is the PRQ number (#) with the y-axis being the control and complication 

probability (%) and the x-axis being dose (Gy). This provides the best reference for the 

relationships of how quality increases with decreases in deviations. Specifically, the variation of 

the dose the PRQ max occurs at can be viewed with ease in Figure 113. This plot provides an 

overall informative reference for the range of complication free tumor control probabilities created 

by applying deviations to a plan and the metrics incorporated with each PRQ. The shift in the dose 

the max occurs at can be seen clearly as a curve in the PRQs on the right side and the numerous 

PRQs on the left with larger values for the dose the max occurs at. Groups of similar PRQs from 

different deviations cause the appearance of thicker lines to form at certain probabilities. 
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Figure 113. 3D Plot of all calculated PRQs plotted in ascending order. 

SEC operate within this range of PRQs creating the realm in which treatments exist. Any 

deviations that could occur will produce PRQs within this domain and range. 
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4. DISCUSSION 

 The sensitivity of complication free tumor control probabilities allows a thorough means 

of evaluating how deviations in treatment parameters alter the doses tissues receive. Only using 

up to 10 mm delineation or geometric deviations, a wide range of PRQs was generated varying in 

max value from 0.22 % to 95.70 %. Pockets appear within this range given specific circumstances 

where numerous deviations produce similar PRQs. For instance, geometric deviations including 

an anterior or posterior component produce comparable PRQs for various deviation increments 

evaluated. This can be seen in Figure 113 and Figure 120 in section 4.1.3 PRQ Behavior with the 

2D plot of all PRQs where the appearance of thick black lines occur. This demonstrates the concept 

of deviations from various scenarios producing similar results. To better understand the PRQs that 

could be generated given specific scenarios one must evaluate the behavior of the doses tissues 

receive or the behavior of the DVHs, TCPs, and NTCPs. 

4.1 Initial Analysis 

Complication free tumor control probability functions behavior can be seen in the results 

for the various deviations in Chapter 3 Results. Similarly, TCP, NTCP, and DVH behaviors are 

also observed as variations are applied to an “ideal” plan with their plots following the 

complication free tumor control probabilities (PRQs). The dynamic behavior observed in DVHs, 

TCPs, NTCPs, and PRQs provides valuable insight into the physical means in which actions from 

tasks in the radiotherapy process physically alter dose to tissues. The domain and range 

possibilities can be estimated from this study’s data set to understand how fluctuations occur in 

the DVHs, TCPs, NTCPs, and PRQs as deviation scenarios alter doses to tissues. 

4.1.1 DVH Behavior 

Figure 114 displays all prostate CTV DVHs. Figure 115 displays all bladder DVHs. Figure 

116 displays all rectum DVHs. As deviations were evaluated boundary conditions for all structures 

DVHs can be estimated. Three regions are used here to describe the DVHs based on the behavior 

observed. Drawing a line from the upper left corner to the bottom right corner of the DVH graphs 

defines these regions. The first region is the bottom left of the graphs, the second is the area around 

the line splitting the graph and the third is the upper right of the graphs. Deviations applied will 

cause normal tissue DVHs to fluctuate between the first and second region while tumor DVHs 
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would fluctuate in the third region. Unacceptable DVHs for normal tissues begin to occur as DVHs 

shift towards the third region or begin to have large sections above the drawn line. Depending on 

the sensitivity of the normal tissue in question an appropriate DVH varies between the first and 

second region. As tumor DVHs begin to encroach in any manner towards the second region they 

become unacceptable as the tumor does not receive the prescription dose increasing the chance of 

not being eradicated. 

 

Figure 114. DVHs for all prostate CTV deviations that were evaluated. 
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Figure 115. DVHs for all bladder deviations that were evaluated. 

 

Figure 116. DVHs for all rectum deviations that were evaluated. 

In the case evaluated for this study the “ideal” rectum DVH operated in the first region, the 

“ideal” bladder DVH operated in the second region and the “ideal” prostate CTV DVH operated 

in the third region. Deviations that increased rectal dose began to push the rectum DVHs into the 

second region while decreases further pushed the DVHs to the lower left corner of the graph. The 

bladder deviations that decreased bladder dose pushed the DVHs toward the first region and 
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deviations that increased bladder dose pushed the DVHs toward the third region. Deviations that 

decreased prostate CTV dose had their DVHs pulled toward the second region which only occurred 

with larger deviations. Additional combinations of deviations that could be calculated will produce 

similar DVHs within these regions outlined for each structure. By continually creating plans to 

account for possible deviations and combinations of deviations, DVHs can be generated for any 

scenario to fill out the empty space on the graph for each structure and encapsulate these 

possibilities. Hypothetically if plans with all possible combinations of deviations were created a 

complete PRQ library could be established. At some point however creating plans for scenarios 

with large deviations will not produce meaningful or usable information. There is a limit to the 

extent of deviations needed to create a full PRQ library. This is related to the catastrophic limit 

and is discussed in section 4.1.4 Quality vs. Time Relationships. 

As actions are performed or as tasks are completed, doses to structures are altered. As 

mentioned earlier actions or tasks either indirectly or directly affect the dosimetric and geometric 

components of a treatment plan by either providing information for or physically altering a 

treatment parameter. These actions, outlined in the radiotherapy process, cause large or small 

volumes of tissues to experience a change in the dose they are receiving. Understanding how an 

action then changes a tissue’s DVH can then be extrapolated out to the overall effect on the quality 

or the control and complication probabilities. For instance, completing actions related to delimiting 

structures to their ideals would see of flow of normal tissue DVH’s towards the lower left corner, 

or a flow in the direction moving from the second to the first region, while the prostate CTV DVHs 

would flow into the upper right corner or in the third region. Imaging for patient setup actions 

would decrease geometric deviations and normal tissue DVHs would once again flow in the 

direction moving from the second to first region while the prostate CTV DVH would flow into the 

corner of the third region. As DVHs flow back and forth between the first, second, and third regions 

as actions are performed and deviations are minimized, the TCPs and NTCPs change as well. 

4.1.2 TCP and NTCP Behavior 

Initial review of TCP and NTCP plots show the dynamic behavior of delineated structures 

for applied delineation and geometric deviations. Figure 117 displays all prostate CTV TCPs. For 

the prostate CTV, as the dose is removed from increasing volumes of the tumor the curves shift 
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right and eventually decrease in slope. Of the deviations evaluated, deviations larger than 5 mm 

are necessary to cause measurable change in prostate CTV TCPs. This of course is related to the 

definition of Planning Target Volume (PTV) and the rationale used in treatment methodologies in 

radiation therapy to account for uncertainties and ensure the tumor will receive the prescribed dose. 

For this case the margin was a 6.5 mm symmetrical expansion with exceptions for areas pushing 

into surrounding normal tissues, most notably the posterior portion due to the rectum. Differences 

in the TCP begin to be seen as deviations approach this margin. The 5 mm geometric deviations 

applied in the anterior directions, either solely or in combination with other translational directions, 

cause slight changes seen visibly in the TCP plots. This either causes the line to appear thicker 

(Ant, Lt/Ant/Inf, Lt/Ant, Ant/Inf, Rt/Ant, CTV expansion) or in some cases even causes the plotted 

line to appear as its own curve (Rt/Ant/Inf, Lt/Ant/Sup, Rt/Ant/Sup, Ant/Sup, CTV expansion). 

From 6 mm on for geometric deviations the TCPs begin to experience larger shifts to the right and 

large decreases in slope. For delineation deviations the 6 mm deviation TCP shifts right and 

continues to fall to the right with increased deviations. 

 

Figure 117. Plot consisting of all prostate CTV TCPs calculated for applied deviations. 

From these evaluations a domain and range can be identified for TCP functions that can 

occur from the numerous hypothetical scenarios plausibly generated. The contractions of the CTV 

cause the TCPs to be unchanged meaning these TCPs are a left side limit for the TCP for the given 
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plan. A plan in which CTV contractions cause the TCPs to experience a shift left would establish 

the left side limit more notable with smaller margins used for a given PTV. Prostate CTV 

deviations that cause larger portions of the CTV be outside of and away from PTV, or the 

prescription dose points in the dose cloud, create the TCPs on right side of Figure 117. For the 

range of deviations evaluated, the right side limit is set by the 10 mm deviations. Combination of 

delineation and/or geometric deviations for the most part will produce TCPs inside these ranges. 

Some combinations, such as an underdrawn prostate CTV with a 10 mm geometric deviation, will 

produce TCPs father right on the graph. These however will produce PRQs equal to zero and will 

be excluded from this study and analysis. The catastrophic region is defined as deviations in the 

range that produce PRQs equal to zero. This is discussed more thoroughly in the following section 

on 4.1.4 Quality vs. Time Relationships and the catastrophic limit. 

Figure 118 displays all bladder NTCPs while Figure 119 displays all rectum NTCPs. For 

normal tissues, delineation expansions cause NTCPs to shift right and contractions cause NTCPs 

to shift left. This is due to the normal tissues receiving more dose as they are expanded into the 

PTV and receiving less dose as they are contracted away from the PTV. With larger right shifts 

NTCPs also experienced a decrease in slope with larger left shifts NTCPs experiencing a slight 

increase in slope. Shifts right, or scenarios that decreased dose to a normal tissue, generally had 

larger magnitude shifts than their counterpart left shifts. Typically, as a NTCP shifted left the 

magnitude of the shift would decrease while right shifts magnitudes would increase with larger 

deviations. Geometric deviations with a posterior component cause rectum NTCPs to shift left and 

bladder NTCPs right. Geometric deviations with an anterior component cause the bladder NTCP 

to shift left and the rectum NTCPs to shift right. 
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Figure 118. Plot consisting of all bladder NTCPs calculated for applied deviations. 

 

Figure 119. Plot consisting of all rectum NTCPs calculated for applied deviations. 

The bladder NTCPs left side limits are generated by anterior geometric deviations. 

Delineation deviations have little effect on bladder NTCPs. The right side limits are generated by 

the posterior geometric deviations. For the rectum NTCPs the left side limits come from the 

posterior deviations and the right side limits from the anterior deviations. As described before 

combinations of deviations will produce NTCPs within these boundaries. The left side of the 
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NTCPs represents the main area of interest as deviations that cause these NTCPs are related to 

larger doses to the normal tissues. The right side becomes important when balancing dose to the 

tumor and normal tissues. The distance between the furthest left NTCP and furthest right NTCP 

provides information on the quality of the plan. This indicates a level of optimization as a larger 

distance implies one normal tissue is being overdosed while another is receiving very little dose. 

This is best seen in Figure 58 displaying the posterior geometric deviation TCPs and NTCPs graph. 

The 10 mm deviation NTCPs have the largest distance between them as dose has been shifted into 

the rectum and away from the bladder. There is a relationship between this distance and the 

sensitivities of the tissues. Data currently exist for the distances between normal tissue NTCPs 

from approved and treated plans. This relationship can then be quantified and used to further 

optimize the planning process. 

4.1.3 PRQ Behavior 

Figure 120 displays a 2D plot of all PRQs from delineation and geometric deviations 

plotted together. The left side of the PRQs is defined by scenarios where deviations maintained 

prescription doses for the tumor. As the tumor begins to lose dose, the left side of a PRQ shifts 

right and the max decreases, as can be seen with the numerous PRQs in the central portion and 

right side of the graph. The right side of the PRQs is defined by scenarios where the deviations 

minimize the normal tissues doses as well as maintain tumor prescription doses. The right side 

shifts left and the max decreases with scenarios where deviations increase doses to normal tissues. 

The peak then is a representation of how well any scenarios deviations maintains tumor dose and 

minimizes normal tissues doses. The peaks, or dose the max occurs at, vary back and forth 

depending on the deviation scenario. Of the centrally located PRQs, those with peaks on the left 

have their loss of quality dominated by high normal tissue doses while ones with peaks on the right 

have their loss of quality dominated by low tumor doses. 
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Figure 120. All PRQs plotted on the same graph. 

These establish the boundary conditions for which the radiotherapy process operates for 

this prostate CTV IMRT plan. Any given sequence of events (SOE), or SEC, will produce a 

probability function inside these limits. Combinations of deviations will produce similar PRQs 

that essentially collapse to zero at a faster rate than single deviations. For example, a geometric 

deviation in the posterior direction and a delineation deviation of the rectum in the anterior 

direction will cause large volumes of the rectum to be irradiated, growing in magnitude with larger 

deviations. There are situations in which a geometric deviation and delineation deviation cancel 

each other out, but this would still produce a PRQ within this range. 

The appearance of thick black lines on the left as PRQs collapse is related to increases in 

rectal doses. By expanding the rectum into the PTV or having a geometric offset shifting the 

rectum into the PTV, similar decreases occur in different deviation scenarios and manifest on the 

left side of the graph. Around 80 Gy a distinct curve can be viewed when tracing the peaks of the 

PRQs. Starting around the ideal (82.99 % or near the thickest black line) rectum dominated PRQs 

peaks shift left then begin shifting right around 50 %. The shift back to the right occurs with 

geometric deviations large enough to remove the tumor outside of the PTV decreasing its dose. 

Similar behavior is observed with anterior geometric deviations and PRQs of the right side of the 
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graph where bladder dose dominates the PRQ but it is not as distinct. Left sided PRQs are 

correlated with the more sensitive normal tissues. The main contributor to the collapse in PRQs on 

the right side comes from the tumor losing dose. 

It was observed that 34.2 % (111/325) of PRQs were larger than the ideal PRQ, or the 

initial treatment plan PRQ, meaning that more optimal scenarios provide better avoidance of 

normal tissues while still maintain appropriate tumor coverage. 9.23 % (30/325) of these PRQs 

came from the contraction deviations calculated and may not be realistic as typically individuals 

are trained to be conservative in volume contour estimates. Contractions deviations were stopped 

at 5 mm because these contours are unreasonably small for the tissue’s volume. These contractions 

however created the largest PRQs and increases the dose the max occurs at. A relationship exists 

then as to a limit that the dose the max occurs at can vary from the prescription dose. Situations 

with large PRQs and larger doses at which the max occurs have a relationship with smaller 

volumes. This can be an indicator to a clinic that volumes are under drawn or possibly not all 

normal tissue contours have been completed. In these cases, larger PRQs are more of an indicator 

that something is incorrect as opposed to an extremely well designed and executed treatment plan. 

Figure 113 displayed all PRQs plotted in ascending order in 3D providing valuable 

information to the possibilities of treatment quality. As tasks are completed, deviations are 

minimized, and one essentially climbs the peaks of the PRQs tracing out a path. The sequence of 

events (SOE) is correlated with this path. As tasks are completed, PRQs are sampled related to 

appropriate representative deviations and viewing each PRQ sampled as a frame in a movie one 

can watch the quality increase. A movie was created with each frame being the PRQ plotted in 

ascending order. As PRQs increased (tasks being completed minimizing deviations) the peak of 

the PRQs fluctuate from right to left. This is indicative of the balancing act of getting dose to the 

tumor and minimizing dose to the normal structures. As the plots shift to the right dose to the tumor 

is low and as they shift left doses to normal tissues are too high. 

It is here that as one traces out the peaks of PRQs viewed in ascending order that an 

interesting behavior is observed. As the peaks shift left and right while increasing in max value a 

relationship to damped harmonic oscillation can be seen. Thus, a complex process can be 

understood in terms of damped harmonic oscillation with the amplitude representative of 
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deviations amplitudes. Incidents, poor performance or new information learned would create larger 

deviations which would then start the damped harmonic oscillation process again. Over long 

periods of time a signal can be generated then consisting of a series of damped harmonic 

oscillations related to the tasks performed and the performance of those tasks. Such a signal is a 

massive step towards real time monitoring of quality in a complex process. 

4.1.4 Quality vs. Time Relationships 

Figure 113 is the main result from this work and displays the PRQs plotted in ascending 

order or the PRQ library used to estimate quality vs. time relationships. This is the most 

informative graph to provide a sense of the how quality varies for the complex process of radiation 

therapy for prostate IMRT plans. At low control and complication probabilities the peaks shift 

along the dose axis between 70 Gy to 110 Gy. This is related to the overdosing of normal tissues 

and under dosing the tumor from certain deviations. Less dose to the tumor produces the PRQs 

with a higher dose values that the max occurs at while more dose to the normal tissues produces 

PRQs with max values occurring closer to the prescription dose. Taking any individual PRQ then, 

one can assess the types of doses that delineated structures are receiving based the graphs and PRQ 

metrics. 

As tasks are completed a distinct SOE is defined while PRQs are sampled to represent 

progress to the final PRQ achieved. Figures 121-123 show 3D plots for all PRQs with the specific 

task interpretations of quality vs. time PRQs highlighted in red. As tasks are defined and deviations 

linked to those tasks, PRQs are sampled. This demonstrates how a clinic achieves their quality for 

treatments or how the clinic jumps from peak to peak while actions ideally decrease deviations to 

provide the best treatment possible. A question arises then as to the means for generating a 

meaningful PRQ library. 
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Figure 121. 3D Plot consisting of all PRQs with the PRQs sampled for specific tasks in interpretation 1 highlighted in red. 

 

Figure 122. 3D Plot consisting of all PRQs with the PRQs sampled for specific tasks in interpretation 2 highlighted in red. 
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Figure 123. 3D Plot consisting of all PRQs with the PRQs sampled for specific tasks in interpretation 3 highlighted in red. 

An assumption will be made that any course of treatment would not be provided in any 

manner without providing the chance of a benefit to the patient. This means that some tasks must 

be completed and that deviations at this point are in the range that will produce a non-zero PRQ 

or a measurable entity. While errors and accidents can cause deviations that will produce PRQs 

equal to zero, safety structures exist to prevent this leading to the field of quality and safety. When 

evaluating the quality of radiotherapy, the main region of interest contains scenarios and actions 

that produce measurable PRQs and the region where the PRQs begin to approach zero. 

This lends to an explanation for the scenarios and actions that produce PRQs equal to zero 

as there are many. The scenarios and actions that produce PRQs equal to zero are considered 

catastrophic events or catastrophic errors; doses to tissues in this region cause severe 

complications, death from the disease, or the ultimate catastrophic error of patient death from a 

radiation overdose. This becomes the definition of the catastrophic region; Sequences of events in 

which the magnitude of their deviations produces PRQs equal to zero. For this study the 

catastrophic region is likely around deviations of 12-15 mm as at this point essentially all PRQ 

calculations will be zero. 

Practically speaking, however, determining the area where PRQs began to approach zero 

is of more relevance, or essentially determining the range of deviations that began to produce near 
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zero PRQs. Quality and safety practices are intended to prevent catastrophic events, and safety 

structures are designed to provide indicators or warnings before such events occur. Understanding 

the scenarios and deviations that cause these provides increased value to the radiotherapy safety 

sciences. This area will be referred to as the catastrophic limit, or the range of deviations that 

produce a specific amount of PRQs below a certain value. The catastrophic limit then defines the 

region of deviations that begin to produce a rise in quality, or a measurable entity to begin tracking 

how quality varies. Operating in the catastrophic region is contrary to the goal of radiation therapy, 

or any complex process for that matter, and understanding when this limit is being approached is 

necessary for identifying undesired operations or determining that a benefit is not being provided 

to a patient in radiotherapy. 

For this study there are numerous PRQs that approach zero within the 10 mm deviation 

range evaluated. While low PRQs are under sampled keep in mind that only generalized deviations 

were investigated. Combinations of deviations within the 10 mm deviation range would produce 

an increased number of low PRQs to sample from. As seen with the amount of PRQs in the 70-90 

% range, combination deviations would produce similar results for low PRQs. This 10 mm 

deviation range is effective then in capturing the behavior of PRQs and provides a realistic estimate 

for the catastrophic limit for this case. This creates a deviation set that produces a meaningful PRQ 

library to sample from for quality vs. time relationships. There is logic and rational used to 

determine the amount and types of deviation needed. Future studies will benefit from the types of 

deviations sets generated and used depending on the type of evaluations desired. 

 As deviation sets are created, PRQ libraries are generated to link with SOE. An additional 

step is needed to determine how PRQs will be sampled, their links to deviations, and relations to 

the tasks in the process. Defining the quality vs. time relationship then becomes a normalization 

problem. With a SOE set and a PRQ deviation set, the rates that PRQs increased as SOEs are 

completed must be determined. Depending on the amount of time a given task takes and the 

proposed increase in quality for that task, or the decrease in deviations, a clinic can appropriately 

map the increase inequality for their inherent operation. This is related to the variables of a function 

described earlier in section 2.2.2 and 2.2.3. An analogy is that the PRQ library forms a mountain 

of quality that must be climbed in order to treat a patient successfully. As the procedure progresses 
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the mountain is ascended and one now tracks how fast the mountain is ascended as well as the 

final peak reached. The majority of future work is based on this concept, or evaluating the rates 

that clinics achieve higher quality of treatments with their specific procedures. 

4.2 Verification and Validation Analysis 

The simple deviations that were applied with a favorable patient geometry allows 

verification of the meaningful information gained due to the change in PRQs observed. Deviations 

were chosen to be realistic possibilities based on errors that could and have occurred. As seen with 

the catastrophic limit and region, a large portion of scenarios will produce results that are not 

quantitative in that their PRQ is equal to zero. The magnitude of deviations investigated was 

sufficient to produce a range of PRQs that reach the catastrophic limit, allowing the measurement 

of realistic scenarios to assess routine operations as well as track a path into the catastrophic region. 

4.2.1 Delineation Variations 

 For the tumor, delineation contractions should have little to no effect on the outcome of the 

treatment. This is due to the PTV being the planning delineation used to account for possible errors 

or uncertainties in the treatment course, ensuring the tumor will receive the prescribed dose. As 

the volume contracts, there is still a fairly homogenous dose distribution in the region providing 

the prescribed dose. In Figure 48 this is demonstrated by the need to magnify the graph in order to 

visualize the difference. Here differences in PRQs mainly stem from the inhomogeneities in the 

dose distribution, or hot and cold spots. Depending on the location of these inhomogeneities in 

relation to the contraction deviations, the PRQ will be affected accordingly. In this case the hot 

spots are located on periphery of the tumor, so as the volume shrinks there is a slight decrease in 

PRQ as the average dose per unit volume decreases. 

 As the tumor is expanded, a change in PRQ should occur as the volume begins to exceed 

the PTV. The margin for the PTV in general was 6.5 mm excluding adjacent normal tissues. The 

edges of the PTV begin to experience larger dose gradients meaning if the tumor volume did extend 

to this area the tumor edges would receive doses less than the prescription. In Figure 47 it can be 

seen that when the tumor volume is expanded the PRQ begins to decrease. For each additional mm 

the volume is expanded there is a large decrease in PRQ which is expected as significant tumor 
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volumes are not receiving doses even close to the prescription dose in some cases. The same effect 

is observed in Figure 47 in which the TCP begins to shift right at the 6 mm deviation expansion. 

 The bladder is a less sensitive tissue in comparison to the rectum and the patient geometry 

favors the bladder for this case as it has less surface area adjacent to the tumor then the rectum. 

Refer to Figure 31 for visual reference. With bladder contractions and expansions there is little to 

no effect on the PRQs. When viewing the geometry this can be expected as relatively small 

volumes begin receiving dose as deviations increase. The NTCPs for the bladder have small 

changes with each deviation in comparison to all NTCPs observed and the bladder NTCPs are 

already to the far right of Figure 32 and Figure 33 for the ideal plan. The proximal bladder 

delineation deviations in themselves serve as a validation by demonstrating that the bladder is still 

sensitive to changes in dose from deviations. In this case there is a noticeable change on the right 

side of the PRQ. Due to the low dose the bladder received in this case the NTCPs provide the best 

refence for the deviations effect. 

 The rectum is a more sensitive tissue and has a larger portion of its volume adjacent to the 

tumor. Small deviations cause large changes in the doses to those adjacent rectal volumes. Rectal 

contractions cause less does to the adjacent volumes and increase the PRQs as indicated by the 

NTCPs large right shift. This is expected since as the rectum moves away from the tumor it should 

receive less dose and a lower complication probability. Rectal expansions did the opposite and 

caused the adjacent volumes to receive more dose. This lead to decreases in PRQs and left shifts 

of the rectal NTCPs as large volume of the rectum are now receiving prescription doses. The 

proximal rectal contractions and expansions behaved in a similar manner. The lowest control and 

complication probabilities occurred with the largest proximal rectum expansion PRQs. This is as 

expected as expansion only in the proximal direction adds less volume to the overall rectal volume 

but still receives the same doses as the isotopically expanded rectum. The proximal expansion 

contour then has a large dose per volume increasing the probability of complication. 

4.2.2 Geometrics Variations 

 This case was chosen due to the patient geometry which makes it favorable for verification 

with geometric deviations. The three structures used in evaluation are relatively well aligned on 

the same axis (±y, anterior/posterior, or longitudinal axis). Motion in this axis limits variables that 
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could affect the doses to tissues. Posterior motion increases dose to the rectum, which is the more 

sensitive tissue, and anterior motion increases dose to the bladder or the less sensitive tissue. The 

PTV is not a complete isotropic expansion of the CTV either and this can be used to further validate 

that large motions in the inhomogeneous directions should be seen in the results. Referring to 

Figure 16 it can be seen that the posterior margin is smaller than others, the superior margin larger 

and that the volume of the tumor is posteriorly weighted. 

 Left and right motion has little effect on the PRQs. In these scenarios dose is not increasing 

in normal tissues and large portions of the tumor still receive the prescription dose 10 mm out as 

can be seen scrolling through the CT slices. There is little change in PRQs with inferior motion 

which has the larger margin between the PTV and CTV on the superior side of the tumor. Superior 

motion has little effect on the PRQs until the 8 mm deviation. It is here that the PRQ begins to 

drop. This is expected as large portions of the bottom of the tumor began to lose prescription dose 

at these deviations. 

 Anterior and posterior motion cause large changes in PRQs as seen in Figure 56. As 

deviations in the posterior direction increase the PRQs steadily decreases. The bladder continues 

to lose dose with each deviation while the rectum has a large portion of the prescription dose 

shifted into it as seen in the subsequent DVHs and NTCPs. Due to the posteriorly weighted volume 

of the tumor at the 10 mm deviation the tumor volume still receives a large dose with a slight dip 

at the end of the DVH. This can be seen in the posterior deviation PRQs as the left side experiences 

little change and the majority of the decrease comes from overdosing the rectum. 

 Anterior deviations PRQs initially increase before beginning to decrease. This is due to the 

rectum being the more sensitive structure. This is best observed in Figure 57 where there is a 

crossover of the bladder and rectum NTCPs that occurs with the 3 mm deviation. In this figure it 

is seen that the bladder continues to receive higher dose while the rectum dose continues to 

decrease which is expected. This further validates that the PRQ is accurately representing the 

treatment plan as a whole by including information from all delineated structures. At 6 mm the 

tumor also begins to lose considerable dose. The posterior margin for the tumor was smaller than 

the rest due to the proximity of the rectum and as anterior shifts increase large portions of the 

tumor volume begin to lose dose. This is seen in anterior deviation PRQs as the left sides shift 
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right and the PRQs collapse around 98 Gy. This is expected as anterior motion in this case is more 

sensitive due to the reduced margin of the posteriorly weighted tumor volume. 

 From here deviations that have a geometric component in any direction experience similar 

behavior as seen in their PRQs, TCPs, NTCPs, and DVHs. For geometric deviations that include 

all directions numerous PRQs fall below 20 % as the consequences of the scenario increases dose 

to a normal tissue while simultaneously losing dose to the tumor. This constitutes the PRQs in the 

middle of the plots. As discussed earlier, PRQs with a left side farther to the right are indicative of 

the tumor losing dose, the further right the less dose the tumor is receiving. This is the case for the 

smallest PRQs observed in this study’s deviation set that occurred. This involved an anterior 

component that in combination with another direction or directions significantly shifts the dose 

distribution away from the majority of the tumor and into a normal tissue (bladder). Here the 

posterior portion of the tumor receives little dose and the majority of the prescription dose in the 

dose distribution has been shifted into the bladder. Even though the bladder is more resistant it still 

receives such larger doses that the collapse of the PRQ functions in these scenarios is the greatest. 

Reviewing all geometric deviations, the directions in which the shifts are occurring match with the 

expected effects in dose that both the tumor and normal tissues experience from the offsets. 

4.2.3 Radiation Biology Parameter Variation 

There are many interpretations and varieties of radiobiological parameters that can be used 

depending on the criteria used for selecting endpoints and survival. These include matching 

population studies to cellular cultures, patient sample selections, statistical model selection, 

determining normal tissue endpoints and most important to this work, the effect of process 

uncertainties55,57–60,64–73. Several of the research goals proposed from QUNATEC aim to address 

these issues and provide a framework for researcher to achieve better reproducibility with their 

results. By varying the radiobiological parameters, the behavior of complication free tumor control 

probabilities can be verified to represent the intrinsic nature of the dose distributions impact. 

Changes in the size, shape, and location of PRQs are dependent then on the justification used when 

choosing radiobiological parameters. Three studies were selected that had variations in the 

parameters used to demonstrate that similar behavior in the PRQs are observed and results are 

inherent to the dose distributions caused by deviations. 
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The first study proposed a range of values to be used for the structure model parameter 

relating to volume a59. Two verification tests where done using the lowest and highest values for 

each structure. For prostate a = -7 and -15, for bladder a = 12 and 4, and for rectum a = 8 and 3. 

The larger values are indicative of more sensitivity in normal tissues and tumor control probability 

is less sensitive to cold spots. The delineation deviations for all structures and geometric deviations 

in the anterior and posterior direction were evaluated as seen in Figure 27 and Figure 56. The ideal 

PRQ using the original parameters is plotted for reference in black. It can be seen that overall the 

PRQs are smaller with large a values for each structure which is expected as more weight is being 

placed on the normal tissues doses due to the larger values. The bladder and rectum values are 

much closer together, meaning their sensitives are more similar due to volume effects. In this case 

the bladder has the higher value making its overall volume more sensitive meaning its PRQs should 

experience large magnitude changes compared to the rectum. This is seen in both the delineation 

and geometric deviations. 

 

Figure 124. Delineation Deviations PRQs for the first verification test using alternate radiobiological parameters. 
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Figure 125. Anterior and Posterior Deviations PRQs for the first verification test using alternate radiobiological parameters. 

 The second verification test used the lower values that where proposed and the subsequent 

delineation and geometric deviations PRQs plots are displayed below. With lower values normal 

tissues volumes are less sensitive to radiation and tumors control probability is more sensitive to 

cold spots. It can be seen that the overall PRQs are larger than the ideal as expected. Once again 

the bladder and rectum values are almost equal meaning they are relatively similar in sensitivity. 

In both verification tests the anterior geometric deviations effectively crash towards the center of 

the plot, demonstrating that loss of dose to the tumor is being captured and represented. 
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Figure 126. Delineation Deviations PRQs for the second verification test using alternate radiobiological parameters. 

 

Figure 127. Anterior and Posterior Deviations PRQs for the second verification test using alternate radiobiological parameters. 

 The third verification test used varied most radiobiological parameters being displayed in 

Table 4666. The PRQs with this verification test have different shapes differentiating for the 

stereotypical gaussian curves. The behavior observed however is the same from delineation and 

geometric deviations. With anterior geometric deviations the PRQ crash still occurs beginning at 

the 6 mm deviation due to the loss of tumor dose. Here it will be noted that for anterior deviations 
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all verifications experience at first an increase in the PRQs then a decrease. This is due to the 

rectum losing dose before bladder dose increases to the point of dominating the right side of the 

PRQs. 

Table 46. Radiobiological parameters used for verification test 3. 

 

Radiobiological Parameters 

 a 50 TCD50 TD50 / 

Prostate   -13 2.2 67.5 – 1.5 

Rectum  8.33 2.66 – 80 5.4 

Bladder  2 3.6 – 80 7.5 

 

 

Figure 128. Delineation Deviations PRQs for the third verification test using alternate radiobiological parameters. 



149 

 

 

Figure 129. Anterior and Posterior Deviations PRQs for the third verification test using alternate radiobiological parameters. 

The next verification test used the parameters displayed in Table 4767. This publication 

incorporated a wildly different value for the TCD50 from that seen in other literature. This produced 

a function with an early steep rise with a flat top near 100 % control/complication probability as 

seen in Figure 130 and Figure 131. Essentially the function is a bloated gaussian function. This is 

expected as the low value for TCD50 means the probability for controlling the tumor will be 

achieved at low doses. Despite the wildly different function however, similar behavior is observed 

as seen with all other PRQs. 

Table 47. Radiobiological parameters used for verification test 4. 

 

Radiobiological Parameters 

 a 50 TCD50 TD50 / 

Prostate   -10 1 28.34 – 1.2 

Rectum  8.33 4 – 80 3.9 

Bladder  2 4 – 80 8 
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Figure 130. Delineation Deviations PRQs for the fourth verification test using alternate radiobiological parameters. 

 

Figure 131. Anterior and Posterior Deviations PRQs for the fourth verification test using alternate radiobiological parameters. 

The final verification test that was run simply varied the treatment parameters by 20 %. 

Figure 132 and Figure 133 display PRQs for delineation deviations of all structures and geometric 

deviations in the anterior and posterior direction when the parameters were increased by 20 %. 

The main difference is that all PRQs are shifted to the right with their peaks occurring at larger 

doses with a slightly larger value than the ideal. PRQs still steadily decrease for posterior geometric 
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deviations and anterior deviations begin to collapse on the left side at the 6 mm deviation due to 

loss of tumor dose. 

 

Figure 132. Delineation Deviation PRQs for the fifth verification test that increases parameters by 20 %.  

 

Figure 133. Anterior and posterior deviation PRQs for the fifth verification test that increased parameters by 20 %. 

 Figure 134 and Figure 135 display PRQs for delineation and geometric deviations when 

the parameters were decreased by 20 %. For the decrease in parameters the PRQs are shifted to 
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the left with their peaks decreasing in value. Similar behavior is observed as seen with all PRQs 

that have been generated. 

 

Figure 134. Delineation Deviation PRQs for the fifth verification test that decreased parameters by 20 %. 

 

Figure 135. Anterior and posterior deviation PRQs for the fifth verification test that decreased parameters by 20 %. 

4.3 Potential Applications 

With the ability to quantitatively evaluate a treatment plan and track its progress through 

the process, many immediate applications and future projects are presented. It provides the ability 
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to directly correlate devices, equipment and process steps to a relative quantitative measurement 

to understand their overall effect on possible patient outcomes. It allows a means to measure past 

incidents and monitor current practices with a few simple metrics. By creating generalized tasks 

and generalized deviations, clinics with different detailed methods of performing their processes 

can compare results consistently with complication free tumor control probabilities. Setting 

standards for the field can be determined based on quantitative evaluations of the methods and 

actions used to complete treatment courses as opposed to expert consensus. Being able to trace 

actions to their effect on the overall quality leads to the ability to build more accurate and precise 

models for the response of tissues to radiation and the methods to deliver therapeutic doses. 

4.3.1 Device, Equipment, and Process Evaluations 

The complexity of radiation therapy has continued to significantly change over the past 

three decades29,30,74–90. As much as radiation therapy has changed in that time, the future will 

continue to see innovations and evolutions of the tools and methods used to treat cancer patients. 

With this comes increased complexities and changes in radiotherapy procedures. This presents a 

problem: technological advances are changing the way patients are treated faster than the field can 

fully understand these new technologies and develop appropriate methods for incorporating them 

into the clinical routine91. The result is that the implementation of devices surpasses the 

development of adequate protocols and procedures for these technologies let alone their impact on 

the final quality of treatment. Attention has been brought to incidents that have occurred in 

radiotherapy and the medical physics profession resulting from the use of new technologies 

implemented clinically24,25,92. The field still lacks a tool to quantitatively evaluate the impact new 

devices, equipment and procedures have if not used or performed optimally. 

One example comes from what is now a fundamental device used in most treatments; the 

multi-leaf collimator. The multi-leaf collimator had a patent filed in 198793, and publications on 

appropriate use continued through the 1990’s77,94–98. It was not until 2001 that a formal report was 

published to assist the radiation therapy community with acquisition, testing, commissioning, daily 

use and quality assurance of this device that was already being used across the country99. Another 

example occurs with IMRT, which is also now a fundamental component of modern day 

treatments. IMRT publications on its uses began emerging the in late 1990’s100–104 and similarly 
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the formal report for tools and techniques for the use of IMRT was published in 2011105. Task 

Group (TG) reports published by the American Associate of Physicists in Medicine (AAPM) 

provide guidance for installation, commissioning and ongoing quality assurance for devices, 

equipment and special procedures in radiation therapy17,35,56,99,105–114 but are often lacking in 

procedural details. These have proven to have deficiencies and recently Medical Physics Practice 

Guidelines (MPPG) have been released to further aid device and equipment usage as well as 

procedure performances techniques51,115–123. These come with a disclaimer however, contrary to 

the nature of having reports to guide procedures and practices, and there is still no means to validate 

the effects on patient outcomes from imperfect use of devices, equipment or procedures. 

Systematic methods are needed to allow the evaluation of new technologies to quantitatively 

demonstrate the extent that risks are mitigated and the quality of treatments being achieved. 

By building SEC the specific places in procedures where devices and equipment are used 

are identified. Quantitative data can now be generated to demonstrate how a malfunction or misuse 

of devices, equipment or procedures changes the complication free tumor control probability and 

hence treatment quality. Quantitative data can be gathered to determine normal means of 

operations to help guide what constitutes an unacceptable malfunctioning or misused device, 

equipment or procedure. There are data currently available in clinics related to the shifts applied 

after cone beam computer tomographic (CBCT) scans for the final setup for patient prostate 

treatments. A clinic’s average shifts then would correlate to the final setup task in the generalized 

task for treatment providing a deviation decrease by that amount. Hypothetically say the clinic has 

an average of a 1 mm shift in the anterior and posterior direction. If there were no other deviations 

that occurred, this would be the change in the PRQs for the 1 mm geometric deviation complication 

free tumor control to the ideal complication free tumor control. If there are other deviations, or if 

devices and equipment uncertainties become incorporated into the result, the actual deviations that 

occur at that point no longer match ideals and the effects can quantitatively be compared to the 

ideal decrease that should have occurred. 

Reviewing the results for geometric deviations in the anterior and posterior directions, if a 

SOE occurs in which the deviations are within tolerance (± 1 mm) this gives a 3.75 % change in 

the quality of radiotherapy treatment. Recognize however that the posterior 1 mm deviation quality 
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is less than the ideal while the anterior deviation is greater than the ideal quality. If a clinic is 

shifting their patients from an anterior direction to the origin for whatever reason, they are actually 

losing quality for this case. This leads to the possibility of a 7.5 % decrease in the quality of 

treatment achievable based alone on geometric deviations in the posterior direction occurring 

within tolerance. Now assume a scenario with a CBCT resolution of ± 1 mm incorporated into the 

above that is off in the posterior direction, and the patient is setup an additional mm in the posterior 

direction. The final setup task in the general task of treatment now has a 7 % decrease from the 

ideal. Actions and tasks related to ensuring the final setup shifts and CBCT are operating properly 

within the process create unique SOEs that can be identified, stored and used for future evaluations. 

Within clinics there are many examples as described above where a plethora of data already 

exists in the various databases that are currently used in radiation medicine. Similarly applying 

this methodology to all devices, equipment and procedures to quantitatively demonstrate the extent 

that they affect quality within given tolerances can be accomplished, let alone for scenarios with 

out of tolerance occurrences. Future work is required to evaluate the data that is currently stored. 

Implementations of new devices, equipment, or procedures can be evaluated quantitatively then 

assessed as to their projected improvements to the radiotherapy process. This continues to aid the 

quality and safety agenda in a systematic fashion to identify and mitigate undesired events from 

occurring. 

4.3.2 Incident Learning Systems Examples 

The amount of hypothetical scenarios that can occur leading to a given PRQ can be 

overwhelming to generate. Incident learning systems, or past examples, are one of the best places 

to begin narrowing down the scenarios that should be generated and evaluated. These of course 

represent situations that have occurred and there is plenty of value to understanding the impact 

they had, quantitatively. These examples provide the basis for marking SOEs related to 

unacceptable performances during a process providing guidance for future monitoring of 

processes. 

Initially an example is treated as a single event that affects the quality vs. time relationship 

at a certain point or specific task. For severe incidents this would be representative of a PRQ equal 

to zero or an increase in deviations of a magnitude leading to the catastrophic region. One example 
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coming from the New York Times24,25,92 articles almost a decade ago involves the jaws being left 

open during an SRS treatment. Without knowing the exact details, quality vs. times plots can be 

generated for this event. It can be assumed that during the treatment is when the event occurred. 

The last PRQ on each of the three generalized tasks for quality vs. relationship plots in section 

3.2.1 would be zero or the function collapses completely. For the specific task quality vs time 

relationship plots it can be assumed the event occurred during the specific task of delivery, or the 

second to last PRQ. The last two PRQs for the quality vs. time plots in section 3.2.2 would then 

be zero or the plot has a sharp drop to zero. This would also be displayed on a 3D plot where once 

again the PRQs continue to increase until dropping to zero at the second to last specific task plotted. 

It can be argued that the specific task in which the event occurred was not delivery and was 

another specific task during treatment. Similar methodology follows. If the specific task was the 

pre-treatment preparation task instead, the 18th PRQ in the quality vs. time plots in section 3.2.2 

would then drop to zero as well as the 18th PRQ in a 3D plot. The quality would continue to rise 

until having a steep drop to zero over the course of time the specific task takes. Even though the 

event did not occur during the other generalized tasks, an evaluation can still be completed using 

the same methodology for tasks that involve setting jaw positions. Some obvious examples are 

during the review of the TPS parameters task during plan review, the plan setup task during 

treatment planning, or achieving plan objectives during treatment planning. Each of these tasks 

has the potential for the jaws to be left open or verification of the jaw positions to be unacceptable. 

This would cause the quality vs time plots to crash to zero at these specific task points. If specific 

tasks are linked to the jaw positions, it can be argued that those points are also possibilities for 

where the quality drops to zero. 

Pretend now that the event occurred during treatment planning, but the jaw positions error 

was discovered and corrected during plan review. The quality vs. time plot would experience a 

sharp drop to zero then a steep rise back up to the quality achieved with the correct jaw positions. 

At whatever specific task was determined to have caused the error, the quality vs time plot would 

crash to zero until rising again during the review of the TPS parameters task. In the same way if 

the error occurred during the pre-treatment preparation task but was discovered during the final 

setup or delivery, the quality vs. time plot would decrease and increase at those points respectively. 
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This example is of a severe incident however that operates in the catastrophic region. Such 

events are rare, but this does demonstrate how the quality vs. time relationship behaves due to a 

catastrophic event. There are plenty of events lacking in severity that occur frequently which can 

provide valuable information with more immediate use. Events with minor errors or near misses 

are the best examples. In these cases, there are not as drastic of changes in quality vs. time 

relationships and errors can be seen propagated through the entire system over time. In the first 

two interpretations of quality vs. time, the quality is directly linked to the magnitude of deviations 

occurring at any given task. If an event occurred that caused a 1 mm posterior deviation, all points 

past that would have their quality decreased by this amount. By the end of the course of treatment 

instead of the deviations decreasing from 1 mm to zero for the last tasks, the deviations would 

actually decrease from 2 mm to 1 mm giving a 3.75 % decrease in quality from the ideal. 

If multiple events occur causing deviations this can also be tracked. Assume that at the half 

way point of the process the 1 mm posterior deviation error occurred. From this point on the quality 

is decreased by 3.75 % from the ideal for each point. Assume another event then occurs three 

quarters of the way through the process that also causes a 1 mm posterior deviation. From this 

point on the quality is now decreased by 7.5 % than the ideal and after all tasks are completed the 

final quality reaches 75.51 % as opposed to 82.99 %. This also allows evaluation of strategies and 

methods used to detect and prevent errors. Instead of the second error occurring, if the first error 

was detected three quarters of the way through the process the quality at this point would increase 

an additional 3.75 % as now a tasks was completed to decreases the posterior deviation. While 

these are simple examples the methodology can be extrapolated out for numerous errors that cause 

deviations or tasks that catch and fix said errors. As incidents, events, and normal process 

operations are evaluated, quantitative information becomes available to provide improved decision 

support for efficiency and resource allocation needs in the clinic. 

4.3.3 Improving Models for Patient Outcomes 

As departments begin to quantitatively evaluate their devices, equipment, processes and 

incident examples, an easy cross comparison is now achievable using the methodology outlined in 

this work. The creation of generic tasks at several levels allows departments to group their 

procedures into the generalized and specific tasks. Complication free tumor control probabilities 
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allow the quantitative comparison of these results to better understand procedural performance on 

patient quality. This allows a systematic approach to scientifically evaluate successes and failures 

when incorporating new devices, equipment and procedures. 

For this study only three structures were used to demonstrate the proof of concept. An 

interesting observation is made from this as constructing more realistic models requires additional 

structures to be included. With small deviations the dose cloud mainly affects the three structures 

used in this study. With larger deviations however, specifically in multiple directions, the dose 

cloud is substantially directed towards other organs and tissues that are unaccounted for. These 

organs and tissues are now receiving considerable doses in these situations and will have a large 

contribution to the decrease in quality. 

Moving forward, including as many organs as possible as well as a surrogate organ to 

represent all tissues unaccounted for provides the most realistic results. Delineating a surrogate 

organ is not complicated and most planning software allows this to be done with ease. A body 

contour can outline the entirety of tissues and simply subtracting all delineated tissues (in this case 

prostate CTV, bladder and rectum) from the body will create a structure to provide dosimetric 

statistics. At this point in time dummy variables for the radiobiological parameters could be 

estimated to best account for the response of tissues that have not been robustly studied and how 

to combine numerous tissues together in a meaningful way. This would be best achieved by 

running iterations on the parameters for such a structure to optimize the collapse of the PRQ to a 

more central location. This may also lead to more peaks centered at the prescription dose as more 

dependence on all normal tissues is included pushing the peaks down and shifting them to the left. 

This is what is seen as bladder and rectum doses were increased and decreased. As both were 

contracted the peaks increased and shifted right and when expanded the peaks decreased and 

shifted left. 

The radiobiological parameters used in this study were developed to represent population 

based outcomes matched with cellular culture studies. While they represent population data well, 

they may not be acceptable for individual patient evaluations. The verification and validation 

section demonstrated that changes in parameters created PRQs that exhibit similar behavior. Any 

given patient may have changes in their parameters analogous to the five different verification tests 
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performed. This works methodology still allows a quantitative result to be acquired for evaluation. 

Currently determining these parameters is not possible but several areas of research are working 

towards this124–131. Patient demographic factors such as genetics, environmental impacts, and 

patient lifestyles will affect these parameters. As knowledge is increased into these factors 

relationships on radiobiological parameters, appropriate values can be used to fully optimize 

patient specific treatments. 

While refining radiobiological parameters to represent individual patients is important, 

uncertainties in devices, equipment and process performances also impact patient outcomes. 

Currently poor outcomes related to sub optimal performances are included in the risk percentages 

used for patient outcomes. A patient experiencing rectal complications will be categorized in the 

percent of patients that experience complications. As is seen with anterior and posterior deviations, 

this complication could be due to geometric deviations instead. Risks patients face from treatments 

can be further refined to provide more accurate analyses. Specifically, adaptive radiotherapy will 

provide results on delineation and geometric uncertainties to demonstrate what final doses to 

tissues actually ended up being. Reexamining clinical studies with adaptive radiotherapy studies 

and complication free tumor control probabilities will further refine the risks associated with 

courses of treatment. 

Last, optimizing procedural performance can be accomplished using complication free 

tumor control probabilities. The results of this work demonstrate that a higher quality of treatment 

was achievable for the case evaluated. Using the current practices and dose statistics, this went 

unnoticed and the plan was approved for treatment. This type of evaluation provides additional 

knowledge for the intrinsic nature of the plan and allows insight into the effects that performance 

deviations can have on treatment. Patient specific instructions for setup and delivery can help 

minimize situations that decrease the quality of treatment. Incorporating these into the current 

practice can further increase the quality of treatments provide to patients. 
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5. CONCULSION 

Complication free tumor control probabilities can be used to quantitatively represent a 

given radiation therapy treatment relatively. By varying treatment parameters, quantitative 

functions can be generated to represent possible outcomes from non-ideal treatments. These 

outcomes are linked to all tasks involved over a full course of treatment based on the estimated 

treatment parameter variations that could occur. As the radiation therapy process progresses, its 

quality can be tracked as deviations are identified, realistically or hypothetically. This can be used 

to evaluate devices, equipment and process performance to provide decision support for resource 

allocation in clinical practices. This establishes a systematic mechanism for comparison across the 

field of radiation oncology to demonstrate the effectiveness of strategies implemented in a 

reproducible manner. 

5.1 Research Objectives Review 

 Both research objectives outlined in section 1.3 were achieved with a high level of success. 

The first objective investigated how treatment parameter deviations affect complication free tumor 

control probabilities to be used for creating a PRQ library to represent the range of quality for a 

given treatment course. Initially it was hypothesized that PRQs would not be highly sensitive to 

the deviations proposed. This raised concern that measurable differences in PRQs might not be 

achievable with small deviations and that the overall magnitude of deviations proposed would not 

possess enough variation to provide meaningful interpretations of quality vs. time relationships for 

a course of radiation therapy. Extra steps were anticipated to deal with this issue by creating 

additional, unrealistic plans in an attempt to force the PRQs to smaller values that could represent 

earlier stages of the radiotherapy treatment process. This was unnecessary though as the PRQs 

were highly sensitive to deviations as demonstrated in the results section. This improves the 

robustness of this work in that a single plan was evaluated as opposed to multiple plans and 

approaches evaluated with their results stitched together to form the PRQ library. The most 

important aspect of this relates to the unchanged multileaf collimator sequences and configurations 

that have come to dominate modern day radiotherapy treatment deliveries105. By using the same 

multileaf collimator sequence and configuration, the actual variation in treatment quality that could 

occur given a proposed treatment plan has been defined.  
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 The deviations used in this study provided significant value in understanding the potential 

quality of treatments, but improvements could have been made. Reviewing the PRQs presented in 

the results section, it is clear that the bladder has the smallest contribution to the overall 

complication free tumor control probabilities. While there is much ambiguity in the radiobiological 

parameters for the bladder, the variation in inter and intra fractional volume, and the corresponding 

endpoints related to these two57,61, this work could have been enhanced by using parameters that 

increased the bladders contribution to complication free tumor control probabilities. Situations that 

increase bladder doses are undesirable even if their effects do not lead to minor or severe 

complications. A primary goal of radiation therapy is to avoid dose to normal tissue and 

constructing a model that identifies increases in doses to them has more practical applications. 

When evaluating the quality of a treatment then, identifying increases in normal tissue doses 

regardless of the severity of complication is necessary when attempting to quantify the results. The 

linear no threshold model provides the justification for this29.  

While the deviations that were evaluated provided a sufficient PRQ library to understand 

treatment quality variations, PRQs with max values below 50 % complication free tumor control 

were under sampled. This was due to the simplistic nature of the deviations proposed. Additional 

types of deviations could have been included to provide a more homogenous distribution of PRQs. 

Combinations of delineation and geometric deviations are very practical and represent realistic 

scenarios that currently occur during courses of treatment. It is easy to image situations where the 

volume of a normal tissue is underdrawn, and a geometric offset occurs in the same direction as 

the unaccounted for tissue. This results in smaller deviation magnitudes producing larger decreases 

in PRQs. Creating more anisotropic delineation deviations is also more practical to represent 

realistic clinical practices61,62,132. These include contractions and expansions in various directions 

as well as non-uniform contractions and expansions. Due to the large variability of contours in 

general, extensive amounts of delineation deviations and their corresponding PRQs possess 

immediate applicability to quantifying the quality of treatment courses.  

This study used a logistic model with population based radiobiological parameters that best 

represent the normal tissues and low to intermediate risk disease for prostate cancer treatments. 

The reality is that these values do not directly correlate between population data and any specific 
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patient. Further improvement to identify variation in treatment quality, specific on an induvial 

patient level, could be established by using multiple values for these parameters. As seen in section 

4.2.3, a variety of radiobiological parameters were used for verification and validation 

purposes59,66,67. In Figures 124-135, it can be seen that the ideal PRQ from this study produced a 

PRQ centrally located compared to the PRQs created with the variant radiobiological parameters 

used for verification and validation. This can be expected as the values chosen best represent 

population data creating “average” values. In section 4.2.3 however, all structure delineations and 

anterior/posterior deviations were the only deviation sets evaluated. A more complete PRQ library 

can be created by evaluating all proposed deviations with incremental changes in radiobiological 

parameters. Parameters for all structures can be varied in equal amounts, individual structure 

parameters can be varied independently, and random variations of parameters within specified 

ranges could be used to generate additional PRQs. 

   With the above mentioned additional PRQs that could be generated, quality vs. time 

relationships can be further expanded upon. The second research objective was more open ended 

serving as a proof of concept, however its major limitation was the size of the PRQ library to 

sample from. In this work several interpretations that clinics could use to understand the increase 

in quality as tasks are performed and completed were presented in section 3.2. A more homogenous 

distribution of PRQs allows better sampling providing more precise and accurate association of 

lower level specific tasks with PRQs earlier in the process. This also enables additional lower 

hierarchies to be defined for specific tasks which can be associated with unique PRQs. The 

radiotherapy process for this work was categorized into 22 tasks. Defining another 2 hierarchal 

levels, assuming four additional tasks for the defined specific tasks in this study, would create 88 

and 352 highly specific tasks, respectively. Once again, this increases the precision and accuracy 

of quality vs. time relationships and the association with highly specific tasks to realistic PRQs.  

The second objective for this study focused on an assumption that tasks were performed in 

order and completed ideally with the first attempt. This generated quality vs. time relationships 

that continually increased over time. The reality however is that variations in quality will occur 

thorough out the entire process and tasks will be performed out of order or repeated. Any task 

performed could decrease the quality compared to the previous task(s). With a limited PRQ library 
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to sample from, the iterative nature of the radiation therapy complex process is difficult to model 

in detail. A broader PRQ library with the amount of PRQs much greater than the defined tasks 

provides the ability to expand on these possibilities generating accurate models for quality vs. time 

relationships with more sophisticated sequence of event chains. Most of the future work stemming 

from this dissertation is related to these concepts: modeling increased sets of deviations creating 

enhanced PRQ libraries, continually defining lower lever hierarchal tasks outlining the immaculate 

details of the radiotherapy complex process and associating the two to increase the knowledge and 

understanding as to how specific actions at any point in time affect the quality of a course of 

treatment. 

5.2 Future Work 

The results from this study provide a framework for expanding the quality and safety 

agenda for radiation therapy in a quantitative manner. Potential applications and future studies 

have already been mentioned and alluded to, but a more detailed outline for direct steps to be taken 

moving forward will encompass the remainder of this work. An estimated chronological 

progression of the research to follow based on the analyses and conclusions from the results is 

presented below. 

To begin, it is recognized that creating realistic analyses of treatment courses are desirable. 

This will be achieved using this framework by developing methods to model deviations to a greater 

degree and including all tissues receiving dose to determine complication free tumor control 

probabilities. The purpose for these is to establish more homogenous PRQ distributions for any 

given treatment plan that represents all possible scenarios related to uncertainties and errors that 

could occur. The initial work for modeling deviations to a greater degree is discussed in generating 

anisotropic and non-uniform delineations and geometric offsets. Current software enables these 

with ease, however, further mechanisms require development to include models representing 

device, equipment and procedural specific deviations and their effects on treatment parameters. 

Current work in adaptive radiotherapy and an extensive literate review of delineation and 

geometric errors currently experienced will help guide the development of mechanisms to 

incorporate more detailed deviations. 
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The inclusion of all tissues in the PRQ calculation can also be accomplished in the near 

future. While there are limited tissues with robust analyses determining appropriate radiobiological 

parameters, the use of surrogate structures provides the ability to account for all other tissues that 

do receive dose. Significant work is required to determine appropriate radiobiological parameters 

for all tissues and accounting for them in some manner begins this process. Adherence to the linear 

no threshold model once again provides justification for this approach. Although physiological 

endpoints related to dose are unknown for these types of tissues, including some relationship to 

complication probabilities must occur as any dose received by normal tissues has the potential to 

produce a stochastic response in due time. Furthermore, this is a novel idea and the contribution 

that all tissues receiving dose have on treatment outcomes has been largely neglected with focused 

placed on tissues receiving large doses. Preventing minor complications in the future will depend 

on including analyses of all tissues receiving dose.  

This study focused on a prostate IMRT technique. Future studies will benefit the field by 

performing this type of analysis for all types of treatment techniques and modalities. These include 

plans with a single field, dual fields, 4 fields, and multiple fields with static collimation. 

Additionally, dynamic collimation for the above mentioned plans and field arrangements can be 

evaluated to demonstrate quantitatively the effect deviations have on the quality of treatments 

given specific techniques. Expanding this framework to all diseases types is only natural and will 

require additional analyses to determine appropriate catastrophic regions and catastrophic limits 

for each case. It is recognized that technological advances and process improvements have resulted 

in higher quality treatments over the years, but the opportunity to directly link quantitative 

specifics to these advances is now available for retrospective analyses for all avenues of 

radiotherapy. This provides a quantitative systematic mechanism to evaluate the strategies used 

over the years to improve the quality of treatments based on their effects to diseased and normal 

tissues. With extensive PRQ libraries generated and retrospective analysis completed, more precise 

and accurate deviational decreases with tasks are completed can follow. This leads to improved 

models for quality vs. time relationships. Eventually however, applying the results of ideal quality 

vs. time relationships in real time are desired.  
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As defined tasks are completed information is acquired, stored, and associations with 

quality vs. time relationships can be determined. The majority of this future work will occur with 

thorough evaluations of data that are currently collected and stored in radiation therapy and 

correlating them to defined tasks. Currently, analysis of data stored in radiation therapy is deficient 

compared to the magnitude of data collected. Multiple databases exist for patient management 

systems, treatment machines, treatment planning systems, additional devices, equipment, and 

quality assurance practices. All data that are stored already possess relationships with one another 

through database management systems theory with keys, super keys, unique keys and so forth. 

These keys provided unique identifies to correlate data with the tasks defined throughout the 

process, corresponding treatment parameters and hence quality vs. time relationships. As tasks are 

completed in real time, numerous elements in the database are populated. By scanning or querying 

the databases, it can be determined when tasks are completed and an appropriate PRQ can be 

sampled to represent the theoretical quality at any moment.  

Several opportunities for future work have been presented here with the potential for more 

stemming from expansions of this work’s ideas and their results. As stated at the beginning of the 

introduction, radiation therapy continues to reconsider its approaches to quality, safety and 

procedural management as new information is learned and new tools developed. In the future there 

is no doubt that approaches will continue to be reconsidered as new problems and issues emerge. 

The emergence of such will require new individuals to develop sophisticated methods to address 

those issues further increasing the quality and safety of radiation therapy. With that, the author 

would like to thank the reader for making it to the end of this manuscript. The first step in 

improving quality and safety in any field, at any time, is to make an effort to do so.  
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Appendix A: Sequence of Events for Radiation Therapy 

Consult  

CAA\E\A\1…N → CAA\E\B\1…N → CAA\E\C\1…N → 

CAA\A\A\1…N → CRN\A\A\1…N → CMD\A\A\1…N → CMD\A\B\1…N → CMD\A\C\1…N → 

CMD\A\D\1…N → 

CMD\B\A\1…N → CMD\B\B\1…N → CMD\B\C\1…N → CMD\B\D\1…N → 

CMD\C\A\1…N → CMD\C\B\1…N → CMD\C\C\1…N → CMD\C\D\1…N → 

CMD\D\A\1…N → CMD\D\B\1…N → CMD\D\C\1…N → CMD\D\D\1…N → 

Simulation  

SAA\E\A\1…N → SAA\E\B\1…N → SAA\E\C\1…N → 

SRTT\A\A\1…N → SRTT\A\B\1…N → SRTT\A\C\1…N → SRTT\A\D\1…N → SRTT\A\E\1…N → 

SRTT\E\A\1…N → SRTT\E\C\1…N → 

SRTT\B\A\1…N → SRTT\B\B\1…N → SRTT\B\C\1…N → SRTT\B\D\1…N → SRTT\E\A\1…N → 

SRTT\E\B\1…N → SRTT\E\C\1…N → 

SRTT\C\A\1…N → SRTT\C\B\1…N → SRTT\C\C\1…N → SRTT\C\D\1…N → SRTT\E\A\1…N → 

SRTT\E\B\1…N → SRTT\E\C\1…N → 

SRTT\D\A\1…N → SRTT\D\B\1…N → SRTT\D\C\1…N → SRTT\E\A\1…N → SRTT\E\B\1…N → 

SRTT\E\C\1…N → 

Tx Planning  

TPCMD\A\A\1…N → TPCMD\A\B\1…N → TPCMD\A\C\1…N → TPCMD\A\D\1…N → 

TPCMD\B\A\1…N → TPCMD\B\B\1…N → TPMD\B\C\1…N → TPCMD\B\C\1…N → 

TPCMD\B\D\1…N → 

TPCMD\C\A\1…N → TPCMD\C\B\1…N → TPCMD\C\C\1…N → TPCMD\C\D\1…N → 

TPMD\C\C\1…N → TPMD\C\D\1…N → 
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TPCMD\D\A\1…N → TPCMD\D\B\1…N → TPCMD\D\C\1…N → TPCMD\D\D\1…N → 

TPCMD\E\A\1…N → TPCMD\E\B\1…N → TPCMD\E\C\1…N → TPCMD\E\D\1…N → 

Plan Review  

PRMD1\A\A\1…N → PRMD1\A\B\1…N → PRMD1\A\C\1…N → PRMD1\A\D\1…N → 

PRMD2\A\A\1…N → PRMD2\A\B\1…N → PRMD2\A\C\1…N → PRMD2\A\D\1…N → 

PRRTT\A\A\1…N → PRRTT\A\B\1…N → PRRTT\A\C\1…N → PRRTT\A\D\1…N → 

PRQMP\A\A\1…N → PRQMP\A\B\1…N → PRQMP\A\C\1…N → PRQMP\A\D\1…N → 

PRQMP\B\A\1…N → PRQMP\B\B\1…N → PRQMP\B\C\1…N → PRQMP\B\D\1…N → 

PRQMP\C\A\1…N → PRQMP\C\B\1…N → PRQMP\C\C\1…N → PRQMP\C\D\1…N → 

PRQMP\D\A\1…N → PRQMP\D\B\1…N → PRQMP\D\C\1…N → PRQMP\D\D\1…N → 

Treatment  

TAA\F\A\1…N → TAA\F\B\1…N → TAA\F\C\1…N → TRTT\F\A\1…N → TRTT\A\C\1…N → 

TRTT\A\A\1…N → TRTT\A\B\1…N → TRTT\A\C\1…N → TRTT\F\A\1…N → TRTT\A\C\1…N → 

TRTT\B\A\1…N → TRTT\B\B\1…N → TRTT\B\C\1…N → TRTT\B\D\1…N → 

TRTT\C\A\1…N → TRTT\C\B\1…N → TRTT\C\C\1…N → TRTT\C\D\1…N → TQMP\C\B\1…N → 

TQMP\C\C\1…N → TQMP\C\D\1…N → TMD\C\B\1…N → TMD\C\C\1…N → TMD\C\D\1…N → 

TRTT\D\A\1…N → TRTT\D\B\1…N → TQMP\D\B\1…N → TMD\D\B\1…N → TRTT\D\C\1…N → 

TRTT\E\A\1…N → TRTT\E\B\1…N → TRTT\E\C\1…N → TRTT\E\D\1…N 
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Appendix B: Radiation Therapy Control Loops 

Consult 

 

Appendix B Figure 1. Control Loop for the Physicians specific tasks in the Consult general task 
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Simulation 

 

Appendix B Figure 2. Control Loop for the Radiation Therapist specific tasks in the Simulation general task. 
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Treatment Planning 

 

Appendix B Figure 3. Control Loop for the Certified Dosimetrist specific tasks in the Treatment Planning general task. 
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Plan Review 

 

Appendix B Figure 4. Control Loop for the Qualified Medical Physicists specific tasks in the Plan Review general task. 
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Treatment 

 

Appendix B Figure 5. Control Loop for the Radiation Therapists specific tasks in the Treatment general task. 
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